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Complex sphingolipids in yeast are known to 
function in cellular adaptation to 
environmental changes. One of the yeast 
complex sphingolipids, mannosylinositol 
phosphorylceramide (MIPC), is produced by 
the redundant inositol phosphorylceramide 
(IPC) mannosyltransferases Csg1 and Csh1. 
The Ca2+-binding protein Csg2 can form a 
complex with either Csg1 or Csh1 and is 
considered to act as a regulatory subunit. 
However, the role of Csg2 in MIPC synthesis 
has remained unclear. In this study, we found 
that Csg1 and Csh1 are N-glycosylated with 
‘core-type’ and ‘mannan-type’ structures, 
respectively. Further identification of the 
glycosylated residues suggests that both Csg1 
and Csh1 exhibit membrane topology with 
their C-termini in the cytosol and their 
mannosyltransferase domains in the lumen. 
After complexing with Csg2, both Csg1 and 
Csh1 function in the Golgi, then are delivered 
to the vacuole for degradation. However, 
uncomplexed Csh1 cannot exit from the 
endoplasmic reticulum. We also 
demonstrated that Ca2+ stimulates 

IPC-to-MIPC conversion, due to a 
Csg2-dependent increase in Csg1 levels. Thus, 
Csg2 has several regulatory functions for 
Csg1 and Csh1, including stability, transport, 
and gene expression. 
 

Glycosphingolipids (GSLs)2 are 
ubiquitous and abundant components of the 
eukaryotic plasma membrane that function in 
numerous cellular processes, such as 
proliferation, differentiation, and adhesion (1). 
They are also involved in the formation of 
membrane lipid microdomains (lipid rafts), 
which serve as platforms for effective signal 
transduction (2). In mammals, several hundred 
GSLs differing in number and/or type of sugar 
chains constitute some of the complex 
sphingolipids. In contrast, the sphingolipid 
composition in the yeast Saccharomyces 
cerevisiae is quite simple, existing of only three 
myo-inositol-containing complex sphingolipids. 

The simplest of the yeast sphingolipids, 
inositol phosphorylceramide (IPC), which is 
essential for cell growth (3, 4), comprises a 
common ceramide backbone carrying a 
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phosphoinositol. There are five IPCs (IPC-A, -B, 
-B’, -C, and -D), which differ in the position 
and/or number of hydroxyl groups within the 
ceramide moiety (5-7). The other two yeast 
sphingolipids are mannose-containing GSLs that 
are not required for normal cell growth, though 
their loss results in altered sensitivities to several 
drugs (8-11). Mannosylinositol 
phosphorylceramide (MIPC) is formed by the 
addition of mannose to IPC, and addition of 
another phosphoinositol generates 
mannosyldiinositol phosphorylceramide 
(M(IP)2C).  

MIPC synthesis is catalyzed by either of 
two homologous IPC mannosyltransferases, 
Csg1 and Csh1, which prefer different IPC 
species as substrates (12, 13). Cells carrying a 
double mutation, Δcsg1 Δcsh1, are sensitive to 
external Ca2+ (5, 12, 14), suggesting a role for 
the GSLs in cellular stress response. We recently 
demonstrated that the Ca2+-binding protein Csg2 
(14, 15), interacts with both Csg1 and Csh1 (12). 
Our Δcsg1 Δcsg2 cells had no MIPC synthase 
activity, and introduction of a Δcsg2 mutation 
into the Δcsh1 cells also resulted in a significant 
reduction in activity (12). Thus, interaction with 
Csg2 is essential for the activity of Csh1 and is 
quite important for that of Csg1. 

The existence of the Ca2+-binding 
regulatory subunit Csg2 and two different 
catalytic subunits, Csg1 and Csh1, implies that 
IPC-to-MIPC conversion is a highly regulated 
process. However, the exact functions of Csg2 
and Ca2+ in MIPC synthesis remain unclear. In 
the present study, we report that Csg2 functions 
in the production, stability, and transport of 
Csg1 and/or Csh1. In addition, we found that 
Ca2+ treatment increases Csg1 levels in a 
Csg2-dependent manner and enhances MIPC 
synthesis. 
 

Experimental Procedures 

 
Yeast Strains and Media –– Saccharomyces 
cerevisiae strains used are listed in Table I. The 
Δcsg2::URA3 cells were constructed by 
replacing the 0.41 kb EcoRI-HincII region in the 
CSG2 gene with URA3 marker. The 
Δpep4::LEU2 cells were constructed as 
described elsewhere (16). The Δprb1::KanMX4 
cells were constructed by replacing the entire 
open reading frame with the KanMX4 marker. 
Cells were grown either in YPD medium (1% 
yeast extract, 2% peptone, and 2% glucose) or in 
synthetic complete (SC) medium (0.67% yeast 
nitrogen base (Sigma, St. Louis, MO) and 2% 
glucose) containing nutritional supplements. 

The chromosomal CSG1 gene was tagged 
at its 3’-terminus with three copies of a FLAG 
(3xFLAG) epitope by replacing the CSG1 gene 
with a fragment containing both the 
CSG1-3xFLAG and a HIS3 marker. To produce 
the DNA fragment used for this homologous 
recombination, an ~ 1 kb region of chromosomal 
DNA covering the 3’-half and 3’-downstreasm 
region of the CSG1 gene was amplified by PCR 
using the primers 
5’-GGAAGCAGTACAAAAGATGGCGC-3’ 
and 5’-CCCACACACGGTTGTTATCCTAG-3’. 
The amplified DNA was cloned into pGEM-T 
Easy (Promega, Madison, WT), generating the 
pSU74 plasmid. Then, the termination codon of 
the CSG1 gene in the plasmid was replaced with 
an XbaI site by site-directed mutagenesis using a 
QuikChange™ kit (Stratagene, La Jolla, CA) 
and the primers 
5’-GGGAAATAACAGCTCGTCTAGAAATG
GTATGACTCCAAC-3’ and 
5’-GTTGGAGTCATACCATTTCTAGACGAG
CTGTTATTTCCC-3’, creating pSU78. Finally, 
the 1.8 kb SpeI fragment of pAK453 containing 
the 3xFLAG tag and the HIS3 marker was 
inserted into the XbaI site of pSU78. The 
generated CSG1-3xFLAG-HIS3 construct was 
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amplified by PCR and used for homologous 
recombination. The CSH1 and CSG2 genes were 
similarly tagged with 3xFLAG. 
 
Plasmids –– The pSU8 (CSG2-3xHA, LEU2 
marker, 2 µ), pSU30 (CSG1-HIS6-MYC, HIS3 
marker, 2 µ), and pSU41 (CSH1-HIS6-MYC, 
HIS3, 2 µ) plasmids, encoding Csg2 
C-terminally tagged with triple HA (3xHA) 
(Csg2-3xHA), Csg1 C-terminally tagged with 
His6 and Myc (Csg1-His6-Myc), and 
Csh1-His6-Myc, respectively, have been 
described previously (12). Glycosylation 
mutants of CSG1 (CSG1-N224Q-HIS6-MYC, 
pSU145) and CSH1 (CSH1-N51Q-HIS6-MYC, 
pSU108; CSH1-N247Q-HIS6-MYC, pSU109; 
CSH1-N51/247Q-HIS6-MYC, pSU193) were 
created from a pSU30 or pSU41 plasmid by 
site-directed mutagenesis using the 
QuikChange™ kit. Two complementary 
oligonucleotides were used to construct each 
mutant. The sequences of the sense 
oligonucleotides (with mutated nucleotides 
underlined) were 
5’-TGGCGCATACCTAAGCAGGGGACAGT
AAGAATC-3’ (CSG1-N224Q-HIS6-MYC), 5’- 
CCCAATGGCTTCCAGTCAACATTCTATGA
G-3’ (CSH1-N51Q-HIS6-MYC), and 5’- 
GATTATAAAATGCATCAGAATTCTTTTTT
CTC-3’ (CSH1-N247Q-HIS6-MYC). 
 
Immunoprecipitation –– Yeast strains were 
grown in YPD medium at 30˚C to 1.0 A600 unit. 
Cells were suspended in buffer A (50 mM 
Tris-HCl (pH 7.5), 150 mM NaCl, 10% glycerol, 
4 M urea, 1 mM phenylmethylsulfonyl fluoride 
(PMSF), and 1X Complete™ protease inhibitor 
mixture (EDTA free; Roche Diagnostics, 
Indianapolis, IN)) and vigorously mixed with 
glass beads for 10 min at 4˚C. After removal of 
cell debris and glass beads by centrifugation at 
500 x g for 5 min at 4˚C, the supernatant (total 

cell lysates) was centrifuged at 100,000 x g for 1 
h at 4˚C. The precipitates (integral membrane 
proteins) were suspended in buffer B (50 mM 
Tris-HCl (pH 7.4), 150 mM NaCl, 2 mM NaF, 1 
mM EDTA, 1 mM ethylene glycol bis 
(2-aminoethyl ether)-tetra acetic acid, 1% Triton 
X-100, 1 mM PMSF, and 1X Complete™) and 
incubated overnight at 4˚C with an anti-FLAG 
M2 or anti-Myc (A7470) agarose conjugate 
(Sigma). The agarose beads were then washed 
three times with washing buffer (20 mM 
Tris-HCl (pH 7.5), 137 mM NaCl, and 0.05% 
Tween 20), and bound proteins were eluted with 
2X sample buffer (125 mM Tris-HCl (pH 6.8), 
4% SDS, 20% glycerol, and a trace amount of 
bromophenol blue). The immunoprecipitates 
were treated with 2-mercaptoethanol (final 
concentration, 5%) and boiled for 5 min. 
 
Sucrose gradient fractionation –– Sucrose 
gradient fractionation was performed as 
described elsewhere (17), with minor 
modifications. Briefly, approximately 4 x 109 
cells were harvested, suspended in 10 ml buffer 
C (100 mM Tris-HCl (pH 9.4) and 40 mM 
2-mercaptoethanol), and incubated at room 
temperature for 10 min. After centrifugation, 
cells were resuspended in 10 ml buffer D (50 
mM Tris-HCl (pH 7.5) and 1.2 M sorbitol), and 
incubated at 30ºC for 30 min with 1 mg 
Zymolyase 100T (Seikagaku Corp., Tokyo, 
Japan). The resulting spheroplasts were washed 
with 10 ml buffer D and lysed in lysis buffer (20 
mM HEPES-NaOH (pH 7.5), 0.8 M sorbitol, 2 
mM MgCl2, 1X CompleteTM, 1 mM PMSF, and 
1 mM dithiothreitol) by passaging through a 
27-gauge needle four times. Unlysed cells were 
removed by centrifugation at 1,000 x g for 5 min, 
and the supernatant was recovered and saved. 
This lysis step was repeated two more times. All 
of the supernatants were pooled and then 
centrifuged (10,000 x g, 10 min), yielding a final 
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supernatant. The cell supernatant (0.4 ml) was 
loaded onto a step sucrose gradient (22, 26, 30, 
34, 38, 42, 46, 50, 54, 60%, and 75% (wt/vol) 
sucrose, each in 0.35 ml buffer (10 mM 
HEPES-NaOH (pH 7.5), 2 mM MgCl2, 1X 
CompleteTM, 1 mM PMSF, and 1 mM 
dithiothreitol). After Samples were centrifuged 
at 250,000 x g for 2.5 h at 4˚C, 8 fractions (0.53 
ml each) were collected from top to bottom. 
Each fraction was diluted with two volumes of 
lysis buffer, and membrane proteins were 
collected by centrifugation at 100,000 x g for 30 
min at 4˚C. The proteins were suspended in 2X 
sample buffer, and subjected to immunoblotting. 
 
Deglycosylation by Peptide N-glycosidase 
(PNGase) F –– Removal of N-glycans was 
performed on integral membrane proteins or on 
the immunoprecipitates using PNGase F (New 
England Biolab, Beverly, MA) for 1 h at 37˚C, 
according to the manufacturer’s instruction. 
 
Immunoblotting –– Immunoblotting was 
performed as described previously (18). The 
anti-FLAG antibody M2 (1.4 µg/ml; Stratagene), 
anti-Myc antibody PL14 (2 µg/ml; Medical & 
Biological Laboratories, Nagoya, Japan), 
anti-Dpm1 antibody 5C5 (2 µg/ml; Invitrogen, 
Carlsbad, CA), and an anti-Anp1 antiserum 
(1:4000 dilution; a gift from Dr. Sean Munro, 
Medical Research Council Laboratory of 
Molecular Biology, Cambridge, UK) (19) were 
used as primary antibodies. HRP-conjugated 
anti-mouse or anti-rabbit IgG F(ab’)2 fragment 
(both from GE Healthcare Bio-Sciences, 
Piscataway, NJ, and diluted 1:5000) was used as 
the secondary antibody. Labeling was detected 
using ECL™ (GE Healthcare Bio-Sciences), 
ECL™ plus kit (GE Healthcare Bio-Sciences), 
or Lumi-LightPLUS Western Blotting Substrate 
(Roche Diagnostics). 
 

Real-time quantitative PCR –– Total RNA was 
isolated using the YeaStar RNA Kit™ (Zymo 
Research, Orange, CA) according to the 
manufacturer’s manual. cDNA was prepared 
from 5 µg total RNA using a first-strand cDNA 
synthesis kit for reverse 
transcription-polymerase chain reaction (AMV) 
(Roche Diagnostics) according to the 
manufacture’s protocol. Real-time PCR was 
performed using a TaqMan PCR kit on an 
Applied Biosystems 7500 Real Time PCR 
system (Applied Biosystems, Foster City, CA). 
TaqMan universal PCR master mix, primers 
(CSG1, 
5’-GAACGGGACAGTAAGAATCCTACAA-3
’ and 
5’-CATGAAGAGCCTTTAGTAATGGAGAA-
3’; CSH1, 5’-GAGGGCGGATGCAATACG-3’ 
and 
5’-CAACCATCATCCAAGTCAATGTAAA-3’
; CSG2, 5’-AACGGCGACAACGGAAACT-3’ 
and 5’-GCAGCCACGAAGCAAAATACA-3’; 
ACT1, 5’-TGGATTCCGGTGATGGTGTT-3’ 
and 
5’-AAATGGCGTGAGGTAGAGAGAAA-3’), 
and probes (CSG1, 
5’-CTGCTTACTACAAGATGCATAGTTATT
CAT-3’; CSH1, 
5’-TTTCATCCTTTCGCATTATGGT-3’; CSG2, 
5’-AAGTTCATTAACCTTCTATCTGACCTT
T-3’; ACT1, 
5’-CTCACGTCGTTCCAATTTACGCT-3’) 
were purchased from Applied Biosystems. The 
50 µl PCR mixtures included 5 µl reverse 
transcription product, 2X TaqMan Universal 
PCR Master Mix, 0.25 µM TaqMan probe, 0.9 
µM forward primer, and 0.9 µM reverse primer. 
The reactions were incubated in a 96-well plate 
at 95˚C for 10 min, followed by 40 cycles at 
95˚C for 15 s, and 60˚C for 1 min. All reactions 
were run in triplicate. 
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In Vivo [3H]Dihydrosphingosine (DHS) 
Labeling –– [3H]DHS labeling assay was 
performed as described previously (12). 
 

RESULTS 
 

N-glycosylation in Csg1 and Csh1 –– To 
detect endogenous Csg1 and Csh1, we inserted a 
3xFLAG tag into the 3’-termini of the 
endogenous CSG1 and CSH1 genes, generating 
SUY69 and SUY73 cells, respectively. The 
tagged proteins were immunoprecipitated and 
detected by immunoblotting with anti-FLAG 
antibodies. Csg1-3xFLAG (predicted molecular 
mass 47 kDa) was detected as two bands, a 
major 46 kDa band and a weak 48 kDa band 
(Fig. 1A). Consistent with a previous report (13), 
the upper 48 kDa band was determined to be an 
N-glycosylated form, since it shifted to 46 kDa 
upon treatment with PNGase F. Similarly, 
Csh1-3xFLAG (predicted molecular mass 47 
kDa) was detected as several bands of 47.5 kDa, 
49 kDa, and a broad band of 55-70 kDa (Fig. 
1B). All the bands converged at 46 kDa upon 
treatment with PNGase F (Fig. 1B). These 
results indicate that both Csg1 and Csh1 carry 
N-glycans. 
 

Effects of Csg2 on the glycosylation status 
of Csh1 –– Recently, we reported that Csg2 
forms a complex with Csg1 or Csh1 (12). 
Therefore, we next examined the effects of Csg2 
on the glycosylation status of Csg1 and Csh1. 
Neither the gel mobility nor protein levels of 
Csg1-3xFLAG differed in the Δcsg2 cells 
compared to those in cells bearing the wild-type 
CSG2 (Fig. 2A). In contrast, the broad bands of 
55-70 kDa representing Csh1-3xFLAG were 
completely converted in the Δcsg2 mutant to the 
49 kDa band (Fig. 2A), which may have the 
endoplasmic reticulum (ER) “high 
mannose-type” glycan as discussed below. 

We also investigated the glycosylation 
status of overproduced Csg1 and Csh1. Both 
proteins were expressed as C-terminally 
His6-Myc-tagged proteins under their own 
promoters from multicopy (2 µ) plasmids. As 
shown in Fig. 2B, their glycosylation status was 
similar to the endogenously expressed proteins. 
Csg1-His6-Myc was detected as 46 kDa and 48 
kDa bands. PNGase F treatment demonstrated 
that the 48 kDa band but not the 46 kDa band 
again represented a glycosylated form (data not 
shown). Csh1-His6-Myc was observed as 49 kDa 
and broad, 55-70 kDa bands (Fig. 2B), all of 
which shifted to 46 kDa with PNGase F 
treatment (data not shown). Next, we 
investigated the effects of co-overproduction of 
Csg2-3xHA on the glycosylation status and 
protein levels of Csg1-His6-Myc and 
Csh1-His6-Myc. Although overproduction of 
Csg2-3xHA had little effect on the ratio of 
glycosylated to nonglycosylated forms of 
Csg1-His6-Myc, it did cause increases in the 
protein levels of both forms (Fig. 2B). In 
contrast, Csg2-3xHA overproduction 
significantly affected the glycosylation status of 
Csh1-His6-Myc. The 49 kDa band of 
Csh1-His6-Myc was diminished, and, 
concomitantly, the broad 55-70 kDa was 
enhanced. These results suggest that interaction 
with Csg2 affects the protein level and 
glycosylation of Csg1 and Csh1, respectively. 
 

Modification of Csh1 with the 
mannan-type glycosylation –– Two different 
N-glycan structures have been found in yeast 
proteins (20, 21). One is the ‘mannan-type’ 
structure, which consists of a backbone of about 
50 mannose residues with short side branches. 
Several cell wall and periplasm proteins carry 
this type of modification. On the other hand, 
proteins localized in the ER, Golgi, endosomes, 
vacuole, or plasma membrane often have a much 
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smaller ‘core-type’ structure with only a few 
mannoses (Fig. 3A). The much higher molecular 
mass of Csh1-3xFLAG (55-70 kDa; Fig. 1B) 
compared to the predicted mass (47 kDa) is 
characteristic of mannan-type modification with 
dozens of sugars. To confirm this, we expressed 
Csh1-His6-Myc and Csg1-His6-Myc in mutants 
lacking Van1, an enzyme involved in the 
synthesis of mannan-type structures (Fig. 3A). 
As shown in Fig. 3B, the gel mobility of 
Csg1-His6-Myc was unchanged in the Δvan1 
cells. In contrast, the broad 55-70 kDa bands of 
Csh1-His6-Myc observed in the wild-type cells 
were diminished in the Δvan1 mutants, but a 51 
kDa band appeared, which may carry an 
incomplete mannan-type structure (Fig. 3C). 
These results suggest that Csh1 is 
N-glycosylated with a ‘mannan-type’ structure, 
whereas Csg1 may be modified with ‘core-type’ 
glycosylation. 

 
Defective trafficking of Csh1 from the ER 

to the Golgi by CSG2 deletion –– In Δcsg2 cells, 
Csh1-3xFLAG, normally a broad 55-70 kDa 
band, appeared as a 49 kDa band (Fig. 2A). It is 
highly likely that the 49 kDa band carries 
N-glycans of the high mannose-type, which are 
found in the ER and are the precursors of the 
mannan-type structure. Mannan-type 
modification is known to occur in the Golgi 
apparatus (21), so the loss of the mannan-type 
modification on Csh1 in the Δcsg2 cells suggests 
that Csh1 cannot exit the ER without interacting 
with Csg2. To test this further, we examined the 
subcellular distribution of Csh1 in wild-type 
(CSG2+) and Δcsg2 cells by sucrose gradient 
fractionation. As shown Fig. 4, Csh1-3xFLAG 
carrying N-glycans of the mannan-type 
(Csh1-3xFLAG (M)) and high mannose-type 
(Csh1-3xFLAG (H)) were co-fractionated with 
the Golgi marker Anp1 and the ER marker 
Dpm1, respectively, in wild-type cells (CSG2+). 

In contrast, most of Csh1-3xFLAG in the Δcsg2 
mutant cells carried N-glycans of the high 
mannose-type (Csh1-3xFLAG (H)) and 
co-fractionated with Dpm1 (Fig. 4). These 
results indicate that Csh1 cannot exit the ER 
without Csg2. 
 

The effects of Csg2 on the degradation 
and transport of Csg1 and Csh1 – Integral 
membrane proteins like Csg1 and Csh1 can be 
degraded either by the proteasome, after 
dislocation from the ER membrane 
(ER-associated degradation (ERAD)) (22), or by 
vacuolar proteases, after transport to the 
vacuoles. To further examine the effect of Csg2 
on the stability and transport of Csg1 and Csh1, 
we constructed a double null mutant for PEP4 
and PRB1, which each encodes a major vacuolar 
protease. In the Δpep4 Δprb1 mutant, the 
amount of endogenously expressed 
Csg1-3xFLAG was increased (Fig. 5A), 
suggesting that Csg1 is delivered to the vacuole 
for degradation. In addition, the pattern and 
intensity of this band were similar in the Δcsg2 
Δpep4 Δprb1 mutant, indicating that free Csg1 
follows the same fate as that of Csg1 complexed 
with Csg2. The Csh1 level was also increased in 
the Δpep4 Δprb1 mutant (Fig. 5B), but strikingly 
so, implying that it is normally degraded in the 
vacuole. However, introduction of the Δcsg2 
mutation into the Δpep4 Δprb1 cells greatly 
reduced the Csh1-3xFLAG to levels similar to 
those observed in wild-type (PEP4+ PRB1+ 
CSG2+) cells. This supports the contention that 
free Csh1 cannot exit the ER, since mutations in 
the vacuolar protease had no effect on Csh1 
levels in the absence of Csg2. Free Csh1 may 
instead be subjected to rapid degradation by 
ERAD. In summary, Csg2 exerts different 
effects on the transport of Csg1 and Csh1. 
 

Determination of N-glycosylation sites in 
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Csh1 and Csg1 –– Csh1 and Csg1 exhibit 
similar hydrophobic profiles and are predicted 
by the TopPredII 1.1 program (23) to be integral 
membrane proteins with up to three 
transmembrane segments (Fig. 6A; H1 to H3). In 
addition, Csh1 and Csg1 contain two (Asn-51 
and Asn-247) and six (Asn-224, Asn-295, 
Asn-298, Asn-370, Asn-379, and Asn-380) 
potential N-glycosylation sites, respectively (Fig. 
6A). To determine which of the Csh1 sites are 
N-glycosylation sites, Asn to Gln mutants 
(N51Q, N247Q, and N51Q/247Q) were 
constructed and overexpressed in yeast cells as 
His6-Myc-tagged proteins. Both N51Q and 
N247Q mutants exhibited faster migration than 
that of the wild-type protein, and the 
N51Q/N247Q double substitution resulted in a 
single 46 kDa band, corresponding to the 
nonglycosylated form (Fig. 6B). These results 
indicate that both Asn-51 and Asn-247 in Csh1 
are modified by glycosylation. N-glycosylation 
occurs only in the ER lumen. Therefore, our 
results indicate that both Asn-51 and Asn-247 
are localized in the lumenal side and, thus, the 
H2 region must not traverse the membrane. The 
proposed topology model is illustrated in Fig. 
6C. 

Since Csg1 shares high similarities with 
Csh1 in amino acid sequence and hydrophobic 
profile, it is reasonable to consider that Csg1 
exhibits similar transmembrane topology. Of the 
six potential N-glycosylation sites, only Asn-224 
is predicted to be in the lumenal domain. Thus, 
we created an N224Q mutant and examined its 
glycosylation status. The N224Q mutant Csg1 
was detected as a single 46 kDa band, in contrast 
to wild-type Csg1-His6-myc, which was detected 
as two bands (Fig. 6B). This result indicates that 
Asn-224 in Csg1 is indeed modified by 
glycosylation. Thus, it is highly likely that Csg1 
exhibits the same transmembrane topology as 
Csh1 (Fig. 6C). 

 
Enhanced synthesis of MIPC in the 

presence of Ca2+ –– Since Csg2 has a 
Ca2+-binding domain, we next examined 
whether Ca2+ treatment caused changes in the 
protein levels of Csg1, Csh1 and Csg2. Cells 
were treated with 0, 0.1, 1, 10, or 100 mM CaCl2, 
and endogenously expressed Csg1-3xFLAG, 
Csh1-3xFLAG, and Csg2-3xFLAG were 
examined by immunoblotting following PNGase 
F treatment to remove N-glycans. Treatment 
with Ca2+ did result in dose-dependent increases 
in Csg1-3xFLAG (Fig. 7A). However, treatment 
was less effective in the Δcsg2 cells, suggesting 
that Csg2 is involved in this process. In contrast, 
endogenously expressed Csh1-3xFLAG and 
Csg2-3xFLAG were nearly unchanged by 
treatment with Ca2+ (Fig. 7A). 

To investigate whether the increases in 
protein levels were due to enhanced gene 
expression, we performed real-time PCR 
analyses. The mRNA levels of CSG1 were 
increased upon treatment with Ca2+, in a 
dose-dependent manner (Fig. 7B). Again, 
however, Ca2+ treatment had no significant 
effect on CSH1 and CSG2 mRNA levels. Thus, 
the increases in Csg1 protein levels could be 
explained by enhanced gene expression. 

Next, we investigated whether the 
up-regulation of these proteins by Ca2+ affects 
MIPC synthesis. Cells were treated with 
increasing concentrations of Ca2+ then labeled 
with [3H]DHS. As reported previously (12, 24, 
25), [3H]DHS was metabolized to IPC, MIPC, 
and M(IP)2C with various ceramide species (A-, 
B-, B’-, C, and D-type). Treatment of wild-type 
cells with Ca2+ caused a dose-dependent 
reduction in IPC-C levels and increases in 
MIPC-A and MIPC-C levels (Fig. 8), suggesting 
that IPC-to-MIPC conversion was stimulated by 
the Ca2+. M(IP)2C-C was also increased, 
probably due to the increase in the substrate 
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MIPC-C. Increases in IPC-A and IPC-D levels 
were also observed, although the mechanism 
behind this was unclear. These results suggest 
that exogenous Ca2+ causes a change in 
sphingolipid composition by affecting the 
activities of several sphingolipid-metabolizing 
enzymes, including MIPC synthases. 
 

DISCUSSION 
 

Yeast sphingolipids contain only one 
mannose, the addition of which is catalyzed by 
one of two distinct IPC mannosyltransferase 
complexes, Csg1-Csg2 or Csh1-Csg2. The 
product itself, MIPC, and its metabolite M(IP)2C 
appear to function in cellular adaptation to 
environmental changes like high Ca2+ levels, 
oxidative stress, and drug treatment (5, 8-12, 14, 
26). Therefore, IPC-to-MIPC conversion may be 
a key regulatory step for determining cellular 
sphingolipid composition. Indeed, we found that 
this step is stimulated in the presence of Ca2+ 
(Fig. 8). As a result, IPC levels were reduced, 
and MIPC/M(IP)2C levels were increased. The 
enhanced IPC-to-MIPC conversion in the 
presence of Ca2+ was nicely explained by 
increases in the mRNA and protein levels of 
CSG1 but not of CSH1 (Fig. 7 A and B).  

Csg2 was found to be involved in the 
Ca2+-dependent Csg1 increase (Fig. 7A). In 
addition, overproduction of Csg2 also resulted in 
an increase in Csg1 level (Fig. 2B). Thus, a 
signaling pathway that transduces signal from 
Csg2 to the CSG1 gene expression may exist. 
Binding of Ca2+ to Csg2 or Csg2 overproduction 
might enhance the signal, leading to increases in 
CSG1 mRNA. 

Secreted proteins and those localized in 
the ER, Golgi, endosomes, plasma membrane, 
and vacuole are synthesized by the ER-bound 
ribosome. Only properly folded proteins can exit 
from the ER, while proteins that are misfolded 

due to mutation or misassembly into a proper 
complex are removed by an ER quality control 
system, the so-called ERAD (27-29). In the 
present study, we determined that Csh1 is unable 
to exit from the ER unless it forms a complex 
with Csg2 (Figs. 2, 4, and 5B); apparently free 
Csh1 is removed by ERAD. In contrast, free 
Csg1 was transported to the vacuole via the 
Golgi, in a similar fashion to Csg1 complexed 
with Csg2 (Figs. 2A and 5A). This suggests that 
Csg1 can fold into its proper conformation to 
some extent in the absence of Csg2. Consistent 
with these results, Csh1 had no activity in the 
Δcsg2 cells, whereas Csg1 retained activity, 
albeit weak activity (12). 

Herein, we also identified the 
N-glycosylated amino acid residues of Csg1 and 
Csh1. Based on these results, we proposed 
membrane topology for both Csg1 and Csh1, as 
illustrated in Fig. 6C. Csg1 and Csh1 are integral 
membrane proteins with two transmembrane 
domains (H1 and H3) or perhaps one, if H1 acts 
as a signal sequence. At present, it is not clear 
whether H1 is removed from the mature Csg1 or 
Csh1 as a signal sequence or acts as a 
transmembrane domain. In our model the 
C-termini are localized in the cytosol, whereas 
the conserved mannosyltransferase domains are 
in the lumen. However, this topology differs 
from a previously proposed Csg1 topology, in 
which both H2 and H3 span the membrane with 
Nlumen/Ccyto (N-terminus, lumen; C-terminus, 
cytosol) and Ncyto/Clumen orientation, respectively 
(13). This model was based on two principles. 
First, the authors claimed that Csg1 contains five 
potential glycosylation sites, all of which are 
preceded by the H2 region. Thus, they 
concluded that the C-terminal hydrophilic tail 
must be glycosylated, although they did not test 
this experimentally. However, we found an 
additional potential glycosylation site (Asn-224) 
localized between H2 and H3. Both our cloned 
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CSG1 gene and the gene registered in the 
Saccharomyces genome database 
(http://yeastgenome.org/) encode a Csg1 protein 
with 382 amino acid residues, whereas the 
amino acid sequence in that report contained 
only 381 residues (13). The missing amino acid 
residue is a Gly following the glycosylated 
Asn-224. Since N-glycosylation occurs on an 
Asn residue with the consensus sequence 
Asn-X-Thr or Asn-X-Ser, lack of the Gly 
residue must have resulted in the omission of 
Asn-224 as a potential N-glycosylation site. In 
the present study, we created an N224Q mutant 
and thereby determined that Asn-224 is indeed 
glycosylated (Fig. 6B). The second basis for the 
previous topology model was that in isolated 
membranes a C-terminal, 24 kDa band appeared 
following treatment with Trypsin. However, 
there are unsolved problems in the authors’ 
interpretation. If their topology model was 
correct, the molecular mass of the protected 
band would be ~14 kDa. Moreover, the doublet 
bands corresponding to glycosylated and 
non-glycosylated bands unexpectedly became a 
single weak band upon treatment with Trypsin 
(13). Thus, it is unlikely that the 24 kDa band 
was a genuine, membrane-protected band. 

The Ca2+-sensitive phenotype of Δcsg1 
Δcsh1 and Δcsg2 cells is caused by an 
accumulation of IPC-C, which contains a 
ceramide composed of phytosphingosine and a 
monohydroxylated fatty acid (5-7). Previous 
reports have suggested that Ca2+ induces 
irreversible changes in the plasma membrane 
and/or cell wall in Δcsg1 and Δcsg2 cells that 
increases Ca2+ influx and leads to cell death (5). 
However, it is unclear whether Ca2+ directly 
perturbs the plasma membrane or affects its ion 
permeability through IPC-C-dependent signal 
transduction. The latter model, which we prefer, 

is supported by the fact that the Ca2+-sensitive 
phenotype of the Δcsg2 cells was suppressed by 
the mutations of two genes involved in signal 
transduction, the protein kinase TOR2 and the 
phosphatidylinositol-4-phosphate 5-kinase MSS4 
(30). Phosphatidylinositol-4,5-bisphosphate 
(PtdIns(4,5)P2) generated by Mss4 modulates 
several cellular events, including actin 
polarization and cell growth, via the Rho1 
GTPase and Tor pathways (31-35). These 
signaling events are mediated by 
PtdIns(4,5)P2-binding proteins (33-35). A recent 
study found that the plasma membrane 
localization of Mss4 is disturbed in Δcsg2 cells 
(36), suggesting that accumulation of IPC-C or 
loss of MIPC causes mislocalization of Mss4. 
IPC-C contains three hydroxyl groups in the 
ceramide moiety and, thus, is predicted to 
interact, via hydrogen bonds, with other IPC-C 
molecules or with other lipid molecules that 
contain hydroxyl groups and/or amino groups, 
and thereby generate lipid microdomains. We 
speculate that Ca2+ binds to the phosphate group 
of IPCs and alters the lipid microdomain, 
leading to changes in the signaling pathways of 
Mss4 and Tor2. 

Yeast microdomains are known to be 
composed of ergosterol and sphingolipids (2). 
We recently reported that a shift in the sphingoid 
base of the yeast sphingolipids from 
phytosphingosine/DHS to sphingosine disrupts 
the lipid microdomain (37). In that study we also 
demonstrated that yeast was highly sensitive to 
Ca2+, suggesting a link between Ca2+-sensitivity 
and lipid microdomain formation. However, 
further work will be required to confirm any 
involvement of lipid microdomains in the 
Ca2+/IPC-C-mediated signal transduction 
pathway.
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FIGURE LEGENDS 
 
Fig. 1. N-glycosylation of Csg1 and Csh1. Control KA31-1A (CSG1 CSH1) cells and SUY69 
(CSG1-3xFLAG CSH1) cells (A) or SUY73 (CSG1 CSH1-3xFLAG) cells (B) were grown at 30˚C in 
YPD medium. The fractions of integral membrane proteins were prepared and subjected to 
immunoprecipitation using anti-FLAG M2 antibodies. Immunoprecipitates, untreated or treated with 
PNGase F, were separated by SDS-PAGE and subjected to immunoblotting with anti-FLAG M2 
antibodies. Csg1-3xFLAG* and Csh1-3xFLAG* indicate N-glycosylated forms of the proteins. 
 
Fig. 2. Effect of Csg2 on the glycosylation status and protein levels of Csg1 and Csh1. A, SUY69 
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(CSG1-3xFLAG CSG2+), SUY75 (CSG1-3xFLAG Δcsg2), SUY73 (CSH1-3xFLAG CSG2+), and 
SUY80 (CSH1-3xFLAG Δcsg2) cells were grown at 30˚C in YPD medium. The fractions of integral 
membrane proteins were prepared and subjected to immunoprecipitation using anti-FLAG M2 
antibodies. Immunoprecipitates were separated by SDS-PAGE, followed by immunoblotting with 
anti-FLAG antibodies. B, KA31-1A cells bearing pRS425 (vector) or pSU8 (CSG2-3xHA) were 
transfected with pSU30 (CSG1-HIS6-MYC; upper panel) or pSU41 (CSH1-HIS6-MYC; lower panel). 
Cells were grown at 30˚C in SC medium lacking histidine and leucine. The fractions of integral 
membrane proteins were prepared and subjected to immunoprecipitation using anti-Myc antibodies. 
Immunoprecipitates were separated by SDS-PAGE, and Csg1-His6-Myc and Csh1-His6-Myc were 
detected by immunoblotting with anti-Myc antibodies. Csg1-3xFLAG*, Csh1-3xFLAG*, 
Csg1-His6-Myc*, and Csh1-His6-Myc* indicate N-glycosylated forms of the proteins. 
 
Fig. 3. Studies of N-glycan types in Csg1 and Csh1. A, Pathways and factors in the Golgi apparatus of 
S. cerevisiae involved in the maturation of two different N-linked glycans. The high mannose-type 
N-glycans are attached to the protein in the ER and are further modified in the Golgi. The N-glycans 
initially receive a single α-1,6-linked mannose by Och1. In ‘mannan-type’ structures, this mannose is 
extended to a long mannan backbone by the sequential action of two mannan polymerases (M-Pol)-I 
(a heterogenous dimeric enzyme containing Mnn9 and Van1) and M-Pol-II (a multi-complex enzyme 
containing Mnn9, Mnn10, Mnn11, Anp1, and Hoc1). The backbone is then branched with 
α-1,2-linked mannose by Mnn2 and Mnn5, and phosphomannose is added by Mnn6. Finally, the 
addition of α-1,6-linked mannose by Mnn1 terminates the ‘mannan-type’ synthesis. In contrast, the 
‘core-type’ structure receives two mannoses by an unidentified enzyme and Mnn1. B and C, BY4741 
(VAN1+) and 7116 (Δvan1) cells, each bearing pSU8 (CSG2-3xHA), were transfected with pSU30 
(CSG1-HIS6-MYC) (B) or pSU41 (CSH1-HIS6-MYC) (C). Cells were grown at 30˚C in SC medium 
lacking histidine and leucine. The fractions of integral membrane proteins were prepared, and 
Csg1-His6-Myc and Csh1-His6-Myc were immunoprecipitated with anti-Myc antibodies. 
Immunoprecipitates were separated by SDS-PAGE, and proteins were detected by immunoblotting 
with anti-Myc antibodies. Csg1-His6-Myc* and Csh1-His6-Myc* indicate N-glycosylated forms of the 
proteins. 
 
Fig. 4. An essential role for Csg2 in the exit of Csh1 from the ER. SUY73 (CSH1-3xFLAG CSG2+) 
and SUY80 (CSH1-3xFLAG Δcsg2) cells were grown at 30˚C in YPD medium. Cell lysates were 
fractionated on a sucrose density gradient. Fractions were analyzed by immunoblotting with 
anti-FLAG, anti-Anp1, and anti-Dpm1 antibodies. Anp1 and Dpm1 were utilized as specific markers 
for the Golgi and ER, respectively. Csh1-3xFLAG (M) and Csh1-3xFLAG (H) indicate proteins 
carrying N-glycans of mannan-type and high mannose-type, respectively. 
 
Fig. 5. Differing effects of Csg2 on the degradation of Csg1 and Csh1 in the vacuole. A and B, 
Csg1-3xFLAG-expressing cell lines SUY69 (CSG2+ PEP4+ PRB1+), SUY96 (CSG2+ Δpep4 Δprb1), 
and SUY99 (Δcsg2 Δpep4 Δprb1) (A) and Csh1-3xFLAG-expressing cell lines SUY73 (CSG2+ PEP4+ 
PRB1+), SUY98 (CSG2+ Δpep4 Δprb1), and SUY100 (Δcsg2 Δpep4 Δprb1) (B) were grown at 30˚C in 
YPD medium. The fractions of integral membrane proteins were subjected to immunoprecipitation 
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with anti-FLAG M2 antibodies. Immunoprecipitates were separated by SDS-PAGE, and 
Csg1-3xFLAG and Csh1-3xFLAG were detected by immunoblotting with anti-FLAG M2 antibodies. 
Csg1-3xFLAG* and Csh1-3xFLAG* indicate N-glycosylated forms of the proteins; Csg1-3xFLAG** 
and Csh1-3xFLAG** denote possible degradation products; (•) indicates non-specific bands. 
 
Fig. 6. N-glycosylation sites and predicted transmembrane topology of Csh1 and Csg1. A, 
Hydrophobic profiles of Csh1 (upper panel) and Csg1 (lower panel) were obtained using the DNA 
Strider program version 1.2 (38) with Kyte and Doolittle hydrophilicity values (39). Hn represents a 
potential transmembrane-spanning domain as predicted by the TopPredII 1.1 program (23). M denotes 
the conserved mannosyltransferase domain. The position of each asparagine residue that is a potential 
N-glycosylation site is also indicated with its amino acid number. B, KA31-1A cells bearing pSU8 
(CSG2-3xHA) were transfected with pSU41 (CSH1-HIS6-MYC), pSU108 (CSH1-N51Q-HIS6-MYC), 
pSU109 (CSH1-N247Q-HIS6-MYC), pSU193 (CSH1-N51/247Q-HIS6-MYC), pSU30 
(CSG1-HIS6-MYC), or pSU145 (CSG1-N224Q-HIS6-MYC). The fractions of integral membrane 
proteins prepared from these cells were subjected to immunoprecipitation with anti-Myc antibodies. 
Immunoprecipitates were separated by SDS-PAGE, and proteins were detected by immunoblotting 
with anti-Myc antibodies. C, A model for the transmembrane topology of Csh1 and Csg1. Csh1 and 
Csg1 are integral membrane proteins with two (H1 and H3) or one (H3) transmembrane domain. The 
C-termini are located in the cytosol, and the mannosyltransferase domains (M) are located in the 
lumen. 
 
Fig. 7. Ca2+-dependent increases in Csg1 protein levels. A, Csg1-3xFLAG-expressing cell lines 
SUY69 (CSG2+) and SUY75 (Δcsg2), Csh1-3xFLAG-expressing cell lines SUY73 (CSG2+) and 
SUY80 (Δcsg2), and the Csg2-3xFLAG-expressing cell line SUY71 (CSG2+) were grown at 30˚C for 
3 h in YPD medium containing 0, 0.1, 1, 10, or 100 mM CaCl2. The fractions of integral membrane 
proteins were prepared, treated with PNGase F to remove N-glycans, and separated by SDS-PAGE. 
Proteins were detected by immunoblotting with anti-FLAG antibodies or, to demonstrate uniform 
protein loading, anti-Dpm1 antibodies. B, KA31-1A cells were grown for 3 h at 30˚C in YPD medium 
containing 0, 0.1, 1, 10, or 100 mM CaCl2. Total RNA was prepared from these cells, converted to 
cDNA, and subjected to real-time PCR using primers and probes specific for CSG1, CSH1, CSG2, or 
ACT1 (actin). Values presented are CSG1, CSH1, and CSG2 mRNA levels relative to the level of 
ACT1 mRNA. All values represent a mean ± SD from three independent experiments. 
 
Fig. 8. Stimulation of MIPC synthesis by Ca2+ treatment. KA31-1A cells grown in YPD medium were 
incubated with 0, 10, or 100 mM CaCl2 for 1 h at 30˚C. Cells were then labeled with [3H]DHS for 3 h 
at 30˚C. Lipids were extracted and separated by TLC with chloroform/methanol/4.2 N ammonia (9/7/2, 
v/v/v) (upper panel). Since IPC-D and MIPC-A, as well as B and B’ species, are not separated by this 
solvent system, lipids were also resolved by chloroform/methanol/acetic acid/water (16/6/4/1.6, 
v/v/v/v) (lower panel). Labeled lipids were detected by autoradiography. The asterisk indicates 
unidentified metabolites of DHS.
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TABLE I. Yeast strains used in this study 
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
Strain Genotype Source 
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
KA31-1A MATa ura3 leu3 his3 trp1 Ref. 40 
BY4741 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 Ref. 41 
7116 BY4741, Δvan1::KanMX4 Ref. 42 
SUY69 KA31-1A, csg1::CSG1-3xFLAG HIS3 This study 
SUY71 KA31-1A, csg2::CSG2-3xFLAG HIS3 This study 
SUY73 KA31-1A, csh1::CSH1-3xFLAG HIS3 This study 
SUY75 KA31-1A, csg1::CSG1-3xFLAG HIS3 Δcsg2::URA3 This study 
SUY80 KA31-1A, csh1::CSH1-3xFLAG HIS3 Δcsg2::URA3 This study 
SUY96 KA31-1A, csg1::CSG1-3xFLAG HIS3 
 Δpep4::LEU2 Δprb1::KanMX4 This study 
SUY98 KA31-1A, csh1::CSH1-3xFLAG HIS3 
 Δpep4::LEU2 Δprb1::KanMX4 This study 
SUY99 KA31-1A, csg1::CSG1-3xFLAG HIS3 
 Δcsg2::URA3 Δpep4::LEU2 Δprb1::KanMX4 This study 
SUY100 KA31-1A, csh1::CSH1-3xFLAG HIS3 
 Δcsg2::URA3 Δpep4::LEU2 Δprb1::KanMX4 This study 

 
 
 
 
 
 
 
 
 




















