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Cell wall 1,6-B-glucan synthesis in Saccharomyces
cerevisiae depends on ER glucosidases | and Ill, and
the molecular chaperone BiP/Kar2p

Jan Fredrik Simons?, Melanie Ebersold and plasmic reticulum (ER) and depend on a complex set of
Ari Helenius?3 lumenal and membrane-bound molecular chaperones and
folding enzymes (Gething and Sambrook, 1992; Helenius
Department of Cell Biology, Yale University School of Medicine, et al, 1992). Most polysaccharides are synthesized in the
333 Cedar Street, New Haven, CT 06520-8002, USA Golgi complex or extracellularly with the exception of
present address: CuraGen Corporation, 555 Long Wharf Drive, N-linked oligosaccharides and GPl-anchors which are
ylf}gsgﬁyggarce;qsfalblérgt?)f;/ for Biochemistry, Swiss Federal Institute SymheSiZEd in the .ER (KomeId and Kornfeld, 1985)'
of Technology Ztich, Universitaetstrasse 16, CH-8092rich, When glycoproteins pass through the secretory pathway,
Switzerland the N-linked glycans undergo extensive modifications. In
3Corresponding author the ER, glucosidases | and Il remove the three glucose
e-mail: ari.helenius@bc.biol.ethz.ch residues present on the core oligosaccharides 3(Glc

Mans_oGIcNAC,). Glucosidase | removes the outermost
The role of glucose trimming in the endoplasmic 1,2-0-linked glucose residue, and glucosidase Il the two
reticulum of Saccharomyces cerevisiaeas investigated ~ remaining 1,3a-linked residues (Kornfeld and Kornfeld,
using glucosidase inhibitors and mutant strains devoid ~ 1985).
of glucosidases | and II. These glucosidases are respons- 1N mammalian cells, the trimming of glucoses is con-
ible for removing glucose residues from the N-linked ~ nected to a molecular chaperone cycle involving two
core oligosaccharides attached to newly synthesized lectin-like chaperones, calnexin and calreticulin. Calnexin
polypeptide chains. In mammalian cells they particip- IS a type | membrane-bound molecule (Degen and
ate together with calnexin, calreticulin and UDP- Williams, 1991) and calreticulin a soluble lumenal protein
glucose:glycoprotein glucosyltransferase in the folding ~ (Michalak et al, 1992). They specifically bind to mono-
and quality control of newly synthesized glycoproteins.  glucosylated N-linked glycans (GMans_¢GICNAG,) that
In S.cerevisiagglucosidase Il is encoded by th&sLS2 are formed after removal of the two outermost glucoses
gene, and glucosidase |, as suggested here, by the by the ER glucosidases or by the action of the UDP-
CWH41gene. Using castanospermine (am-glucosidase glucose:glycoprotein  glucosyltransferase (UGGTase)
inhibitor) and yeast strains defective in glucosidase I,  (Hammondet al, 1994; Hebertet al, 1995; Peterson
glucosidase Il and BiP/Kar2p, it was demonstrated et al, 1995; Wareet al, 1995; Spiroet al, 1996).
that cell wall synthesis depends on the two glucosidases UGGTase is a 170 kDa soluble enzyme that resides in the

and BiP/Kar2p. In double mutants with defects in both ER and adds back a single glucose residue to fully
BiP/Kar2p and either of the glucosidases the phenotype  deglucosylated N-glycans (Trombeth al. 1989). Since
was particularly clear: synthesis of 1,6B-glucan— the glucosyltransferase only reglucosylates incompletely
a cell wall component—was reduced; the cell wall  folded proteins, it is thought to serve as a folding sensor
displayed abnormal morphology; the cells aggregated; in the quality control process (Souset al, 1992;

and their growth was severely inhibited. No defects in Hammond and Helenius, 1993). The addition and removal
protein folding or secretion could be detected. We  of glucose residues allows substrates to undergo cycles of
concluded that glucose trimming in S.cerevisiaeis binding and release, which promotes correct folding and
necessary for proper cell wall synthesis, and that the  at the same time prevents incompletely folded proteins
glucosidases function synergistically with BiP/Kar2p from exiting the ER.

in this process. BiP/Grp78 is another important molecular chaperone in
the ER (Haas and Wabl, 1983). A member of the hsp70

Keywords BiP/Kar2p/cell wall synthesis/endoplasmic family, it associates with humerous incompletely folded,

reticulum/glucosidase/1,B-glucan unassembled or misfolded proteins, and is believed to

promote folding through cycles of ATP-dependent binding
and release of the substrates (Kassenbrock and Kelly,
1989; Flynnet al, 1991; Gething and Sambrook, 1992;
Knittler and Haas, 1992; Gaut and Hendershot, 1993;
The secretory pathway is responsible for the synthesis, Simonset al., 1995).

post-translational modification and sorting of a large  The ER ofSaccharomyces cerevisigesimilar to that
variety of proteins, lipids and oligosaccharides targeted to of mammalian cells in many respects. It contains a
the plasma membrane, the organelles of the vacuolarfunctional homologue of BiP/Grp78 (Normingtaet al,
apparatus, and for secretion. In fungi and plants a large 1989; Roseet al,, 1989) as well as several proteins that
fraction of the secretory activity is devoted to production share homology with the components of the calnexin
of enzymes and polysaccharides for the cell wall. Folding cycle. The latter include glucosidase | (Esmen al,
and oligomeric assembly of proteins occur in the endo- 1984), glucosidase Il (Trombettd al., 1996), the calnexin
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homologue Cnelp (De Virgiliet al., 1993; Parlatiet al., Results
1995) and Kre5p which is homologous to UGGTase
(Fernandezt al, 1996). As in mammalian cells, neither
the two glucosidases nor the calnexin homologue are
essential for growth.

On the other hand, yeast cells lackitRE5 grow
poorly and have altered morphology (Meadtial., 1990),
suggesting that Kre5p has functions unrelated to a putative
calnexin cycle. InS.cerevisiagBiP/Kar2p is needed for
proper protein folding (Simonst al, 1995). In addition,
it is essential for translocation of proteins into the E
(Brodsky and Schekman, 1993).

Here, the role of glucose trimming &.cerevisiaavas
analyzed using mutant strains and inhibitors. Our data
suggest that the previously descrili&d/H41gene encodes
yeast glucosidase |. Disruption of this gene, or of the
glucosidase Il gene5LS2 caused a synthetic growth
defect in cells also containing &ar2 mutation. This
suggested a functional relationship between BiP/Kar2p
and glucose trimming in the ER. The growth phenotype
was not due to extensive inability of the double mutants
to support protein folding in the ER, but rather to a
decrease in the synthesis of cell wall B&fucan.

Effects of a glucosidase inhibitor on S.cerevisiae
In mammalian cells the activity of ER glucosidases |
and Il can be inhibited by glucose analogues such as
castanospermine (CST) (Elbein, 1991). To test whether
glucose trimming is similarly inhibited irS.cerevisiag
wild-type cells were treated with CST for 1.5 h. The
SDS-PAGE mobility of**S-labeled carboxypeptidase Y
(CPY) was found to be slower than in untreated cells
R (Figure 1, lanes 1-3). Treatment of the cell lysates with
endoglycosidase H (Endo H) confirmed that the reduced
mobility was due to a change in oligosaccharide processing
(lanes 5-7). While we could conclude that CST inhibited
trimming in S.cerevisiagthe inhibition did not seem to
be complete: CPY synthesized in a glucosidase I-deficient
strain, gls1-1 (Esmonet al, 1984), migrated somewhat
more slowly than the CST-treated species (Figure 1, lane
4). The partial block in glucose trimming by CST had no
effect on cell growth at either 37°C (Figure 2A) or at 25°C.
To examine whether CST would have an effect on
strains with a compromised ER protein-folding machinery,
the growth of fivekar2 mutant strains was analyzed at
different temperatures in the presence of the inhibitor.
Two of the strainskar2-159andkar2-203 which are not
viable at 37°C (Mogekt al,, 1990; Sanderst al, 1992),

— ~ were analyzed at 25 and 30°C. The three other strains,
wWT |32 WT = kar2-1, kar2-127andkar2-133 were grown and analyzed
£ o at 37°C.
cST [=|t]s]-]-l1]5]- The most pronounced defect was seen win2-127
(mM) The cells were almost completely growth-arrested at 37°C
= - - (Figure 2B). At this temperature, mutankar2-1 and
- - - : kar2-133were also affected by CST, judging by increased
- e doubling times. Similar growth inhibition was observed
using anothea-glucosidase inhibitor, 1-deoxynojirimycin.
| -EndoH | +EndoH | Mutantskar2-159andkar2-203 which could not be tested
1 2 345 6 7 8 at 37°C, proved insensitive to CST at 30°C. None of the

mutants suffered growth defects at 25°C. Taken together,
Fig. 1. CST inhibits ER associated glucose trimming in yeast. CPY the results indicated that Sensitivity to the giucosidase

was analyzed in mock-treated wild-type cells (lane 1) or cells i - r . o
preincubated in the presence of 1 mM (lane 2) or 5 mM CST (lane 3) inhibitors correlated with the temperature-induced inactiv

for 1 h 20 minbefore radiolabeling for 30 min. To prevent CPY from  ation of BiP/Kar2p.

exiting the ER, DTT was added at 10 mM for 10 min before the

radioactive pulse (Simonat al, 1995). A mutant straingls1-1, Glucosidase I-deficient kar2 strains have growth
lacking glucosidase | activity was similarly radiolabeled in the efects

presence of DTT (lane 4). CPY was recovered by immunoprecipitation - . . .
from the cell lysates and analyzed by SDS—PAGE. Part of the The apparent functional relationship between the glucosid-

immunoisolated CPY from each sample was subjected to Endo H ases a_nd _BiP/Kaer was Conf_irmed using double mutants
digestion before gel analysis (lanes 5-8). defective in Kar2p and glucosidase |. Sevé@i2 strains
Ak B 25
1 wild type -CST kar2-127 -CST
20 4 2 ]
g ] 4CST
£15 1.5
2 ]
2 10 -
] +CST
5 1 0.5 3
0 T T LRSS B 0 T T T T
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Fig. 2. Growth of thekar2-127strain is inhibited by CST. Wild-typeA) or kar2-127(B) cells were grown at 37°C in the absen®) (or presence
(O) of 1 mM CST. Cell growth was monitored by measuring optical density (OD) at 599 nm.
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Fig. 3. CWH41encodes yeast ER glucosidaseA) (The mobility of

PDI from gls1-1or wild-type (WT) cells (lanes 2 and 3), gis1-1

cells transformed wittCWH41/GLS1(lane 1) was analyzed by

Western blot. B) Wild-type, CWH41disrupted Acwh4)) or gls1-1

cells were incubated in the presence of 10 mM DTT to retain CPY in
the ER (Simont al, 1995) and radiolabeled. CPY was
immunoprecipitated from the cell lysates and analyzed by SDS-PAGE
(lanes 1-3). Part of the samples were subjected to Endo H treatment
before gel analysis (lanes 4-6).

were crossed with a strain carrying the non-functional
glucosidase | allelgls1-1 (Esmonet al, 1984). Growth

kar2-127

kar2-127 glsi-1
kar2-127 Agls2
kar2-127 gls1-1/CWH41
kar2-127/KAR2 glsi-1

WT
glsi-1
WT
gls2A

oooomp®oOO@

25°C

Fig. 4. Glucosidases | and |l are essential for the viabilitykaf2-127
cells at 34°C. The indicated strains were serially diluted (4-fold)
starting at 0.2 OByg units/ml, seeded onto rich medium plates, and
grown at either 25 or 34°C.

et al, 1996) had 33% amino acid sequence identity with
human glucosidase | (KalzRer et al, 1995). Like
mammalian glucosidase |, it appeared to be a type Il
transmembrane protein (Kalz-er et al, 1995; Jiang
et al, 1996).

To determine whether it encoded yeast glucosidase |, a
PCR-generated copy dEWH41 was expressed in the
kar2-127 glsl-1double mutant. We found that glucose
trimming of PDI was restored (Figure 3A), and the slow
electrophoretic mobility of CPY was changed to that of
wild-type cells. Furthermore, whe@WH41was disrupted
in a haploid strain, the ER form of CPY co-migrated with
the ER form obtained from thgls1-1 strain (Figure 3B,

of haploid daughter cells was assessed after sporulationlanes 2 and 3). The mobility shift was due to differences

and tetrad dissection.
With two strains,kar2-127 and kar2-159 mating was

in glycan processing, since CPY from wild-type and
mutant strains co-migrated after Endo H digestion (lanes

successful and the spores showed a growth pattern indicat4—6). Importantly, unlikekar2-127 gls1-1 the CWH41-
ive of a synthetic interaction between glucosidase | and transformedkar2-127 gls1-icells were able to grow at

BiP/Kar2p. The defect was most severe ficar2-127

elevated temperature (Figure 4).

gls1-1 spores whose growth, even at 25°C, was barely ~ These results strongly suggested, without formally prov-

sufficient for retrieval of colonies for further analysis. At
37°C, these spores were unable to grow.

That the slow-growing spores carried thks1-1 allele
was confirmed by slower SDS—PAGE mobility of the ER-
resident glycoprotein protein disulfide isomerase (PDI)

compared with cells with intact glucosidase | (see Materials

and methods). The presence kdir2-159 in the slow-

ing it, that CWH4L1is the gene for glucosidase | and that
it represents the same gene @kS1 They furthermore
confirmed that lack of glucosidase | activity due to the
glsl-1mutation causes a synthetic growth defect in cells
compromised in BiP/Kar2p function.

Growth defects by disrupting glucosidase Il

growing spores was verified by taking advantage of this To test whether the synthetic growth defec_:t observgd with
allele’s lethal phenotype at 37°C (see Materials and glsl-landkar2-127could be reproduced with glucosidase
methods). We also found that the viability of representative I, the GLS2gene was disrupted in thear2-127strain by

slow-growing spores from thkar2-127 glsl1-Icross was
restored by transforming the cells with a single copy
plasmid carrying th&KAR2gene (see Figure 4).

We concluded that the poor growth of the spores

deleting the entire ORF by homologous recombination
(Trombettaet al, 1996). Glucosidase ll-deficient trans-
formants were identified based on the slower SDS—-PAGE
mobility of PDI.

obtained in the crosses was caused by the combination of Thegls2disruptedkar2-127strain was essentially non-

defective glucosidase | arlcar2 genes. The more severe

viable at 34°C. Only after extended incubation periods

growth defect in these experiments compared with those could some growth be observed. By comparing diluted

in CST was most likely due to incomplete inhibition of
glucose trimming by the inhibitor.

The CWH41 gene encodes glucosidase |

samples, it was concluded that the severity of the pheno-
type was similar to that observed in thar2-127 gls1-1
double mutant strain (Figure 4). Together with the growth
defect observed for thiear2-127strain in the presence of

By searching the yeast genome library, we found that a CST, this showed that the temperature-sensitive growth
previously described yeast protein called Cwh41p (Jiang phenotype was not simply a consequence of the accumula-
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tion of triglucosylated glycans as in thar2-127 gls1-1
strain. Assuming that the only activity of the glucosidases
is to trim N-glycans, the growth defect was rather due to
the failure to generate monoglucosylated or glucose-free
N-glycans.

Protein maturation is normal in kar2-127 lacking
glucosidase | and Il activity

Given the role of BiP/GRP78 and glucose trimming in
protein folding in mammalian cells, it was of interest to
test whether the synthetic growth defect in the double
mutants was due to complications in glycoprotein folding
and maturation. A variety of experiments were performed
to analyze the conformational maturation, intracellular

Cell wall synthesis in yeast
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transport and secretion of endogenous glycosylated yeast

proteins. The proteins tested were CPY, the mating phero-
monea-factor and invertase. The experiments were per-
formed in thekar2-127 strain after 12 h incubation at
37°C and a 60 min preincubation in 2 mM CST.

It was found that both pro-factor and invertase

efficiently exited the ER both in the presence and absence

of CST. The high-mannose post-ER form of invertase
appeared simultaneously in control and CST-treated cells
after a 5 min radiolabeling (Figure 5A). The kinetics by
which the intracellular form oéi-factor disappeared from
the cells was also unaffected by the presence of the
inhibitor (Figure 5B). In pulse—chase experiments, the
ability of the CST-treated mutant to secrete proteins into
the medium was also unchanged.

The transport of CPY to the vacuole was less efficient
in the kar2-127 mutant compared with wild-type cells
(J.F.S. and A.H., unpublished results); however, the pres-
ence of CST did not further affect its transport rate (Figure
5C). Neither was any difference observed in the rate of
disulfide bond formation in newly synthesized CPY. The
transport kinetics of CPY in the early secretory pathway
could not be determined due to the fuzzy appearance of
the ER and Golgi forms in thd&ar2-127 strain. This
heterogeneity was most likely caused by incomplete glycan
processing in the ER of thkar2-127 strain, as discrete
bands were seen in the presence of CST.

We also monitored the unfolded protein response
(Shamuet al,, 1994), by determining the level i{AR2
MRNA by Northern blot analysis in CST-treatkdr2-127
cells and in the double mutants grown at 25°C. While the
amount ofKAR2 mRNA was several fold higher in all
three mutant strains than in the wild-type, no difference
was observed betweekar2-127 alone and the double

CST
Chase
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C

+
0[s5]10]20]40

"'."!!!l'JmCPY
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Fig. 5. Protein transport and maturation proceeds normally in CST-
treatedkar2-127cells. kar2-127cells were grown at 37°C for 12 h,
incubated for 60 min in the absence or presence of 2 mM CST,
radiolabeled for 5 min and chased for the indicated times in the
presence of cycloheximide and unlabeled methionine and cysteine.
Invertase Q), pro-a-factor B) and CPY C) were retrieved by
immunoprecipitation from the cell lysates and analyzed by SDS—
PAGE. A temperature-sensitive strain blocked in transport between ER
and Golgi,sec18-1 provided markers for the ER-retained forms of
invertase (A) and pra~factor (B) (lanes 11 and 12)Dj Induction of
the unfolded protein response pathway in glucosidase-deficient cells
(lanes 2 and 4), or cells treated with CST for 30 min (lane 6) was
compared with untreated wild-type cells (lanes 1, 3 and 5) by
monitoring KAR2mRNA levels by Northern-blot analysis. mCPY,
mature vacuolar CPY.

implicated in the synthesis of cell wall 1[Bglucan (Jiang
et al, 1996). Kre5p, the UGGTase homologue of yeast,

mutants. The unfolded protein response was also testeds also involved in the same process (Meadeal., 1990).

in wild-type cells disrupted for either glucosidase | or II,
or cells treated with CST. As shown in Figure 5D, no
increase inKAR2 mRNA levels was observed compared
with control cells.

It was apparent that, although the combination of defects
in Kar2p and ER glucosidases resulted in a dramatic
growth defect, the folding and maturation of glycoproteins
appeared normal. The major cause for inhibition of growth
was therefore likely to be elsewhere.

Defective cell wall 1,6-B-glucan synthesis in double
mutants

When considering alternative causes for the growth defect,
we noted that theCWH41 gene had been previously

In addition, it had been reported that disruptionkdRE5
resulted in cell aggregation (Meadenal, 1990), a defect
also observed for thkar2-glucosidase double mutants.

To determine whether thiear2-127glucosidase double
mutant had a defect in cell wall synthesis, we measured
the cell wall content of 1,-glucan using an alkali
extraction-1,3-glucanase protocol (Browet al, 1994).

In agreement with previously reported measurements for

wild-type cells (Brownet al, 1994), the 1,§-glucan in
wild-type andkar2-127cells constituted ~20% of the total

alkali-insoluble glucan (Figure 6). In contrast to the
reported decrease in 1fBglucan in aCWHA41ldeficient

strain (Jianget al,, 1996), we did not observe a clear-cut
reduction in ourCWH41disrupted strain. This may have
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Fig. 6. Pronounced cell wall 1,8-glucan deficiency in glucosidase-
lacking kar2-127strains. Cells were grown until stationary phase and
the percentage alkali-insoluble 1B8glucan of total cell wall alkali-
insoluble glucans was determined. Each column represents the mean
value of three or more experiments. The error bars indicate standard
deviation of the mean.

reflected differences in strain background. Tgks1-1
strain (Esmoret al,, 1984), on the other hand, did show
a 35% decrease of 1{B-glucan compared with the isogenic
wild-type strain (data not shown). For ti&d S2deficient
strain a 30% reduction was observed.

In double mutants, the amount of 1glucan was
greatly diminished. The average 13églucan content in
thekar2-127 gls1-Istrain was 6% of total alkali-insoluble
glucan—about one-third of the level in wild-type cells. In
the kar2-127 Agls2 strain the 1,83-glucan content was
5%. The levels were essentially as low as those we
measured for &KRE5 disruptant (Meaderet al, 1990).
The reduction in cell wall glucan was specific for the 1,6-
B-form.

We also determined the 1[Bglucan level in a&CNEL:

various mutants, wild-type and mutant strains were grown
at 25°C, harvested in early logarithmic phase, fixed,
sectioned and analyzed by electron microscopy. In the
wild-type strain the cell wall was even and had a defined
thickness all around the cell (Figure 7, panel a). On higher
magnification (see insert), the typical layered structure
was apparent, with the dark-staining outer layer of manno-
proteins clearly distinguishable. The cell wall of tkexr2-

127 mutant was morphologically indistinguishable from
that of the wild-type strain (Figure 7, panel b). Also the
glucosidase |- and Il-deficient single mutants were largely
normal (panel c, onlyAgls2 strain shown). A slight
roughness in the outer part of the cell wall was, however,
apparent in some of these cells. This was also observed
in some wild-type cells, but the frequency of appearance
was higher in the glucosidase mutants.

Analysis of thekar2-127 glucosidase double mutants
revealed marked changes both in cell wall architecture
and in the appearance of the cell body (Figure 7, panels
d and e). The electron-dense mannoprotein rim staining
was absent. The outer boundary of the cell wall was rough
and ill-defined. The thickness of the wall was variable. In
some regions the cell wall was almost absent. The cells also
displayed changes in the cytoplasm. Numerous vacuolar
structures that were only occasionally seen in wild-type
cells were present. There was also a clear increase in ER-
like membranes throughout the cell.

Interestingly, theCNE1disrupted strain had a cell wall
morphology that resembled that of the double mutants,
although less perturbed. Cells with an uneven outer cell
wall surface and a reduction in the electron density of the
mannoprotein layer were frequently observed (Figure 7,
panel g).

We also examined the morphology of théRES5 dis-
ruptant (Meaderet al, 1990) (Figure 7, panel f). Similar
changes as in the double mutants were observed, although
both the cell wall defects and the accumulation of mem-
branous and vacuolar structures were more severe. Cell

disrupted strain, as this gene encodes the only proteinwall alterations resembling those observed have also been

with homology to mammalian calnexin (De Virgilit al.,
1993; Parlatiet al., 1995). In these cells there was no
reduction of 1,68-glucan, instead a slight increase was
observed.

Taken together, the results indicated a direct or indirect
involvement of not only ER glucosidases | and Il, but
also of Kar2p in 1,8-glucan synthesis. As no defect in
1,6-glucan was found fokar2-127and only moderate

reported for mutants lacking th€RE1, KRE6 or KRE9
genes, all of which have reduced cell wall B&jucan
(Booneet al, 1990; Brown and Bussey, 1993; Roemer
et al, 1994).

Discussion
Glucosidases | and Il are present in the ER of almost all

changes in the single glucosidase mutants, the resultseukaryotes from yeast to man. Their primary role is to
indicated that Kar2p and the glucosidases contributed totrim core N-linked glycans added to newly synthesized

the synthesis of 1,8-glucan in a synergistic manner.

Aberrant cell wall morphology in the double

mutants

The outermost layer of theS.cerevisiaecell wall is
composed of mannoprotein fibrils that make up ~25% of

glycoproteins. In mammalian cells this process is linked
to glycoprotein folding and quality control (see Helenius
et al, 1997). Our results suggested that Sncerevisiae
their function may have a different emphasis. Instead of
playing a general role in glycoprotein maturation, it
was found that the glucosidases participated directly or

its dry weight. It has an electron-dense appearance inindirectly in cell wall synthesis. More specifically, the two

ultra-thin sections. Underlying the mannoproteins are the
1,6- and 1,3B-glucans that comprise 5% and 60% of
cell wall mass, respectively (for a recent review see Cid
et al, 1995). They form an amorphous layer in which the
1,6f-glucan is thought to serve as an anchor for the
mannoproteins (Meadest al, 1990).

To examine the morphology of the cell wall in the

400

glucosidases and BiP/Kar2p were found to be syner-
gistically involved in the production of 1,B8-glucan, a
cell wall component.

The cell wall of S.cerevisiags a large and complex
structure with a distinctive composition and morphology.
During the cell cycle it undergoes dynamic changes and
its properties are strictly regulated (Gad al,, 1995). The
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o

Fig. 7. Changed cell wall morphology and accumulation of
intracellular membranes in glucosidase-deficiemt2-127strains. Cells
were grown to early logarithmic phase and prepared for electron
microscopy as described in Materials and methods. Para&lsvild-
type cells; b) kar2-127single mutant; €) Agls2 cells; d) kar2-127
gls1l-1double mutant; ) kar2-127Agls2 double mutant;f) Akre5
cells; @) Acnelcells.
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outermost layer consists of highly glycosylated manno- glucosidase single mutants had wild-type or only slightly
proteins that make up ~25% of the total weight of the cell abnormal phenotypes, suggested that the function of the
wall. They form fibrillar structures which give an electron- glucosidases is closely related to the chaperone function
dense appearance in electron micrographs (Horrisberg ancbf BiP/Kar2p.
Vonlanthen, 1977). The other major constituents are the |t is noteworthy that ifS.cerevisiachas a calnexin/
1,64- and 1,3B-glucans that comprise 5% and 60% of calreticulin pathway, it must represent a stripped-down
the cell wall, respectively. Together with small amounts version. Despite the homology of Kre5p with the UGGTase
of chitin, they form an amorphous, less intensively stained no transferase activity has been detected in yeast lysates
layer below the mannoproteins (Cit al, 1995). The  (Fernandezt al, 1994). In addition, there is only one
1,68-glucan serves as an anchor for the mannoproteins andygtein that is homologous to calnexin and calreticulin.
is necessary for the structural integrity of the mannoprotein ; s Cnelp, which like calnexins carries a C-terminal
layer (Booneet al, 1990; Brown and Bussey, 1993, yansmembrane region, but lacks the typical negatively
Roemeret al, 1994). charged cytoplasmic domain and the ER retrieval signal
The 1,68-glucans differ from the other cell wall poly- (De Virgilio et al, 1993; Parlatiet al, 1995). While
saccharides in being synthesized intracellularly. Bussey ~,o s ot essential for cell growth, it has been suggested
and co-workers have identified several genes that affect;, 2’ role in ER retention and quality control because
their synthesis (Boonet al, 1990). Unlike the synthesis cell surface expression of-factor receptor and secretion

of chitin and 1,38-glucan, which occurs at the plasma of aj-antitrypsin occurs somewhat faster in cells devoid
: h -
membrane (Cicet al, 1995), the proteins and enzymes of CNEL1 than in wild-type cells (Parlatet al., 1995).

involved in 1,68-glucan synthesis are localized to sites : ;
along the secretory pathway. Kre5p and Cwh41p are ER Whethe'r Cnelp associates with these or oiher newly
synthesized proteins is not known.

proteins, Kre6p appears to reside in the Golgi, and Krelp ) i
is thought to occur at the plasma membrane (Boetre. When we analyzed@NELdisrupted strain, we detected

1990; Meaderet al, 1990; Roemeet al, 1994; Jian normal or somewhat increased amounts of -giucan
et al, 1996). The cellular location of Kre9p is unknown, compared with wild-type cells. However, in electron
but it also seems to be somewhere in the secretory pathwaymicrographs, the cell wall was clearly abnormal. It had
(Brown and Bussey, 1993). That at least part of the the uneven appearance of ker2-127glucosidase double
synthetic steps leading to the formation of B@fucan mutants and th&KRESdisrupted strain, albeit less pro-
occur within the organelles of the secretory pathway is nounced. Attempts at creatingCNE k-disrupteckar2-127
supported by the observed intracellular presence of 1,6-strain failed, suggesting that such a mutant might be non-
B-glucan by immunogold labeling (Horrisberg and viable. Attempts to cross tHear2-127strain with aAcnel
Clerk, 1987). strain also failed. This was probably due to unsuccessful
Of previously identified proteins involved in 18- mating caused by the karyogamy defect in Keg2-127
glucan synthesis, Cwh41p and Kre5p are both related to strain. While inconclusive at this point, these results are
the glucose-processing machinery in the ER of mammalian consistent with a synthetic interaction between K#R2
cells. CWHA41is, as shown here, most likely the gene for andCNElgenes. The role of Cnelp in cell wall synthesis
glucosidase I, whil&KRE5encodes a homologue of UDP-  as well as in protein secretion thus remains unclear and
glucose:glycoprotein glucosyltransferase (UGGTase), anneeds to be further explored.
ER enzyme found in most eukaryotic cells including other  Another possible explanation for the effects on the cell
yeasts such aSchizosaccharomyces pon(garodiet al, wall is that glucosidases | and Il, Kre5p and Cnelp are
1984; Fernandeet al, 1994; Parkeet al, 1995). Together girectly involved in 1,68-glucan synthesis or processing.
with glucosidase Il and the two ER resident chaperones ywhjle ‘little is known about the biosynthesis of 136-
calnexin and calreticulin, these enzymes constitute a giycan and its integration into the cell wall, it is likely to
chaperone cycle important for the maturation of N- j,qlve glycoproteins and lipid precursors synthesized in
glycosylated proteins in mammalian cells (@tal, 1993, o ER Based on its homology to the UGGTase, one may
Hammondet al, 1994; Hebertet al, 1995; Peterson hypothesize that Kre5p is a transferase needed for the
et al, 1995). synthesis of polyglucose itself or other oligosaccharide

Although we could not observe any effects of defective : ;
glucose trimming on the maturation of several major structures (such as GPI anc_hors) needed in the generation
of 1,6f-glucans or for their attachment to other cell

lycoproteins, it is possible that a calnexin-like cycle does
glycop P y wall and plasma membrane components. In the case

exist in yeast. It might facilitate proper folding and of a-agglutinin and possibly other cell wall proteins,

maturation of a selected group of proteins including one :
or more of the enzymes involved in 1fBglucan synthesis. anchorage to the cell wall occurs through covalent linkage

Folding of such proteins could occur without the calnexin ©f @ 1,68-glucan chain to the protein’s C-terminal glycosyl
cycle if the molecular chaperone BiP/Kar2p was fully Phosphatidylinositol (GPI) module (de Nobel and Lipke,
functional. Redundancy in the folding machinery would 1994; Luet al, 1995). _ .
allow the BiP/Kar2p system to take over if the calnexin  In summary, we have observed a functional connection
cycle were not operational. We have seen examples ofbetween ER glucosidases and Bip/Kar2p in cell wall 1,6-
such redundancy between calnexin/calreticulin and BiP/ B-glucan synthesis i$.cerevisiaeGiven the importance
Grp78 in the retention of proteins in the ER of mammalian of the cell wall for yeast and for many other species,

cells (Hammond and Helenius, 1994; Zhastaal,, 1997). including plants, and considering the complexity of poly-
The fact that the double mutants had highly abnormal cell saccharides, it is not surprising that its synthesis involves
walls and a strong growth defect, whereas Kse2 or the coordinated action of many ER enzymes and factors.
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Table |. Yeast strains used in this study

Strain Genotype Source

NY914 his3A200, leu2-3112 ura3-52 MATa P.Novick

NY432 ura3-52 sec18-1 MATa P.Novick

MS539 ade2-101 ura3-52 kar2-127 MATa M.Rose

MS177 ade2-101 ura3-52 kar2-159 MATa Vogel et al,, 1990
MS533 trp1A1, ura3-52 kar2-133 MATa M.Rose

MS1000 trplA1, ura3-52 kar2-1, MATa M.Rose

MS1351 ade2-101leu2-3112 trp1Al, ura3-52 kar2-127 MATa M.Rose

MLY1601 leu2-3112; pep4::URA3gls1-1, MATa Esmonet al., 1984
TA405/Akre5 leu2-3112 canl-100 kre5::HIS3 MATa Meadenet al., 1990
JFSY5-1 ade2-101 ura3-52 kar2-127 gls1-1(from cross between MS539 and MLY1601) This study
JFSY11-1 ade2-101 gls2::URA3 kar2-127 MAT a; derived from MS539 This study
JFSY13-1 JFSY5-1 transformed with pRS316-KAR2 This study
JFSY14-1 JFSY5-1 transformed with pBPH1-CWH41/GLS1 This study
JFSY17-1 his3D200Q leu2-3112; gls1::URA3 MATa; derived from NY914 This study
JFSY18-1 his3D20Q leu2-3112; cnel::URA3MATa; derived from NY914 This study
JFSY19-1 his3D20Q leu2-3112; gls2::URA3 MATa; derived from NY914 Trombettat al., 1996

Materials and methods

Yeast strains
Yeast strains used in this study are listed in Table I.

Reagents and media
All reagents were purchased from Sigma Chemical Co. (St Louis, MO)

removed at timed intervals and the €9 was measured. That CST
remained active throughout the 23 h incubation was confirmed by
subjecting cell lysates from the 23 h time-point to Western blot analysis
using an anti-protein disulfide isomerase (PDI) antibody. Only PDI
of the slower mobility diagnostic of incomplete glucose trimming
was present.

unless otherwise stated. Restriction enzymes were from New England Yeast transformation

Biolabs (Beverly, MA). For PCR reactions, Pwo DNA polymerase from
Boehringer-Mannheim (Indianapolis, IN) was used. Cells were grown
in YPD medium [1% yeast extract, 2% bactopeptone (Difco Laboratories,
Detroit, MI) and 2% glucose]. Tetrad formation was induced by growing

Cells were transformed by a modified lithium acetate protocol. Typically,
20 ml of cells were grown to 0.5-1 ODU/ml, harvested by centrifugation
and resuspended in 2 ml LISORB (100 mM Li-acetate, 10 mM Tris—
HCI, pH 8.0, 1 mM EDTA 1 M sorbitol). After incubation at 30°C for

cells on sporulation plates containing 1% potassium acetate, 0.1% bacto-30 min, cells were pelleted and resuspended in JIODISORB. 25 pl

yeast extract, 0.05% dextrose, 2% bacto-agar (Difco Laboratories).

Plasmid constructs and PCR

The KAR2gene was excised asRvul fragment from plasmid pMR48
(Roseet al, 1989) and inserted int&ma-digested pRS316 (Sikorski
and Hieter, 1989) to obtain pRS316-KAR2. To construct pBPH1-
CWH41/GLS1,CWH41was PCR-amplified from yeast genomic DNA
isolated according to standard procedures (in Ausubel, 1994). The 5
end primer was JFS00396'(ECCAAGCTTACGCG TCGACGTGG-
ATAATAACGGTTCAGG-3') and the 3 end primer JFS00496 (5
CCCAAGCTTGCTTGTAAACAATAACATTCCC-3). The PCR prod-
uct was digested witlsal and Hindlll and inserted under the control
of the alcohol dehydrogenase promoter into plasmid pBPH1 cut with
the same enzymes. pBPH1 contain€&N4 origin of replication and a
URAG3selective marker.

For disruption ofGLS1 the URA3gene was amplified from plasmid
pSFNB44 using two sets of overlapping primers: for the eénd
JFS00596 (5GTAATTTAGAAGTTCAATTATTGTATGCGTGACAC-
ACTATCTTTTTTTTGATTTCGG-3) and JFS00197 (SGTATCGTG-
ACCAATTTTAGATCATTTCGGTCAGAACAGCCACATTTTCGCG-
TAATTTAGAAGTTC-3'), and for the 3 end JFS00696 (5AAA-
TGCTGGCTCTAACTAAGAGATGCGAGGACCCTTTTCGCCAATT-
TTTTTTTTTTCGTC-3) and JFS00297 (STCTCACAGCCG-
CATCGAAATGTAAATAAACGACGAGAAAAAAAAAGCTGAAA-
ATGCTGGCTCTAAC-3). This gave a PCR product in which the

of cell suspension was added to {0 sonicated and boiled salmon
sperm DNA (5 mg/ml), 1Qul LISORB and 0.3-1ug of the transforming
DNA, and the mixture was incubated for 30 min at 30°C. 46@&0%

(w/v) PEG 3350 (Sigma) in LITE (100 mM Li-acetate, 10 mM Tris—
HCI, pH 8.0, 1 mM EDTA) was added and the incubation was continued
for 30 min at 30°C. Cells were then heat-treated for 5 min at 42°C,
washed once in O and spread onto selective minimal medium agar
plates. Transformants were subjected to a second round of growth on
selective plates before further characterized.

Western blot analysis

Cell lysates were made by vortexing the cells in 1% SDS in PBS in the
presence of acid-washed glass beads. Proteolysis was inhibited by the
addition of 1 mM PMSF (Boehringer-Mannheim) and d¢/ml each of
chymostatin, leupeptin, antipain and pepstatin (CLAP) (Sigma). Cell
debris was removed by centrifugation and cell lysate corresponding to
1-2 ODU of cells was separated by SDS-PAGE. The proteins were
transferred to a nitrocellulose membrane (Schleicher and Schuell, Keene,
NH) using a semi-dry blotting apparatus (Hoefer Scientific Instruments,
San Francisco, CA). The membrane was preincubated for 16 h in 3%
(w/v) powdered milk in PBS at 4°C, followed by anti-PDI antibody for

1 h at room temperature. The membrane was washed with PBS and
incubated for 1 h with a goat anti-rabbit antibody conjugated to
horseradish peroxidase (Pierce, Rockford, IL). After additional washings
in PBS the membrane was incubated with Luminol (Pierce) and exposed

URA3gene was flanked on both sides by 90 nucleotides corresponding to X-ray film.

to GLS1 The construct for disruption of5LS2 was generated as
described before by Trombettt al. (1996).

For disruption of theCNE1 gene, a PCR fragment was generated
from plasmid pBS-CNE1::URA3 using th€NEZLspecific primers
JFS00895 (5TACACGATTCTTGTACGC-3) and JFS00995 (5
CAATGGACCTGCCAATG-3). The PCR product contained théRA3
gene flanked by ~500 and 300 nucleotidesGME1 at the 8 and 3

Genotype analysis of spores

Spores were screened for the presence of glucosidase | activity by

assessing the electrophoretic mobility of PDI by Western blot analysis.
To determine which spores from tigés1-1 kar2-15%ross carried the

kar2 mutation, the spores were grown at 37°C. At this temperature the

kar2-159 mutation alone causes cell death. For every tetrad analyzed,

ends, respectively. Transformation with this construct caused an internal two spores were viable and two non-viable. All glucosidase deficient

deletion of 5/6 of theCNE1open reading frame.
All disruptions were confirmed by PCR analysis of chromsomal DNA
isolated from the transformed cells.

Growth in the presence of CST
Cells were grown in the presence of 1 mM CST (Sigma) in YPD
medium in a total volume of 40Ql. 20 pl of the cell suspension was

colonies that grew poorly at 25°C were found to carrykhe2-159allele.

To demonstrate that tHear2-127allele caused the growth phenotype
in the presumptiveyls1-1 kar2-127double mutants, two representative
slow-growinggls1-1 carrying spores were transformed with the single
copy plasmid, pRS316-KAR2, which contained the wild-tyk&R2
gene. The growth of the transformants was compared with that of the
untransformed mother cells at 25 and 34°C.
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Radiolabeling and immunoprecipitations for 48 h. Ultrathin sections were cut on a Reichert/Jung microtome, and
Before radiolabeling, cells were grown for 12-16 h in bacto-yeast further contrasted using lead citrate and uranyl acetate.

nitrogen base (Difco) supplemented with 2% glucose and the appropriate

amino acids and/or nucleotide bases. When cells were labeled in the

presence of CST (1 or 5 mM) a 30- to 90-min preincubation with the Acknowledgements

drug preceded the radioactive pulse. In experiments that required DTT
during the pulse, the reducing agent was added at 10 mM 10 min before
the pulse and kept throughout the labeling reaction. Invertase synthesis
was induced by incubating the cells in 0.1% glucose for 1 h. Radiolabeling
was typically performed in 200-300l of minimal medium and 200—
300 uCi of [**S]Promix (Amersham Corp., Arlington Heights, IL).
Chases were initiated by the addition of 1/10 volumes of non-radioactive
methionine and cysteine, 100 mM each, and 10 mM cycloheximide.
Radiolabeling or the chase was terminated by the addition of 2 volumes
of ice-cold 40 mM Na azide in PBS. Cells were disrupted by vortexing
in 50-100pl of 1-2% SDS in PBS in the presence of glass beads,
followed by 5 min boiling. Proteolysis was inhibited by the addition of

1 mM PMSF and CLAP (see above). Cell debris was pelleted and the . . .
lysate was added to 10 volumes of 1% Triton X-100 in PBS. The lysate ?éil\ﬁisalv;g;ded to S.Ferro-Novick from the National Institute of Health
was incubated for 12-16 h at 4°C with the appropriate antibodies '

and Protein A—Sepharose beads (Sigma). The immunocomplexes were

washed twice at room temperature in 10 mM 'I_'ris, pH 7.5, 100 MM References

NaCl, 0.2% SDS, 0.01% Triton X-100 and boiled in SDS-PAGE sample

buffer in the presence of 25 mM DTT. The samples were analyzed by Ausubel,F.M. (1994)Current Protocols in Molecular BiologyJohn
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P.Brennwald for the anti-CPY antibody. We also want to thank Dr Antti
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J.-X.Zhang and M.Aebi for critical review of the manuscript. This work
was supported by a postdoctoral fellowship from Human Frontiers
Science Program (LT-140/93) to J.F.S. and a grant from the National
Institute of Health (CA46128) to A.H. Support was also provided by a

7.5% SDS-PAGE. Wiley & Sons, Inc., New York.
Boone,C., Sommer,S.S., Hensel,A. and Bussey,H. (1990) YcR&
Northern blot analysis genes provide evidence for a pathway of cell vafllucan assembly.

Cells were grown at 25°C to a density of 1 ODU/ml, and RNA was J. Cell Biol, 110, 1833-1843.

prepared from 10 ml of cell suspension. Total RNA was isolated by Brodsky,J.L. and Schekman,R. (1993) A Sec63p-BiP complex from
extraction with hot acidic phenol (Ausubel, 1994). 1§ RNA of each yeast is required for protein translocation in a reconstituted
sample was separated on a 1% denaturing agarose gel, and transferred proteoliposomeld. Cell Biol, 123 1355-1363.

to a Hybond-N membrane as described by the manufacturer (AmershamBrown,J.L. and Bussey,H. (1993) The ye&®E9 gene encodes an O
International plc, Little Chalfont, UK). Transfer was done using the glycoprotein involved in cell surfacB-glucan assemblyMol. Cell.
Turboblotter (Schleicher and Schuell, Keene, NH). Hybridization condi- Biol., 13, 6346-6356.

tions were as described previously by Ausubel (1994). Brown,J.L., Roemer,T., Lussier,M., Sdicu,A.-M. and Bussey,H. (1994)

The DNA probe was generated by PCR using pRS316—-KAR2 as a  The K1 killer toxin: molecular and genetic applications to secretion
template together with primers JFS012958 GTTTTTCAACAGAC- and cell surface assembly. In Johnston,J.R. (édiojecular Genetics
TAAGCGCTGGC-3) and JFS01395 (SCTACAATTCGTCGTGTTCG- of Yeast. A Practical ApproachRL Press, Oxford University Press,
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[a-32P]dCTP was added to a 10 PCR reaction containing unlabeled  Cid,V.J., Duran,A., Del Rey,F., Snyder,M.P., Nombela,C. and Sanchez,M.
nucleotides at 5(M each. The probe was separated from unincorporated  (1995) Molecular basis of cell integrity and morphogenesisSin
nucleotides on a Sephadex G-25 column (Pharmacia Biotech, Sweden) cerevisiae Microbiol. Rev, 59, 345-386.

before being used for hybridization. Degen,E. and Williams,D.B. (1991) Participation of a novel 88-kD
protein in the biogenesis of murine class | histocompatibility molecules.

Glucan determination J. Cell Biol, 112, 1099-1115.

Cell wall glucans were determined as previously described (Betvaih, de Nobel,H. and Lipke,P.N. (1994) Is there a role for GPlIs in yeast cell-

1994). Briefly, cells were grown to stationary phase in YPD. Cells from wall assembly?rends Cell Biol. 4, 42—45.

10 ml suspension were washed ip@® and divided equally into four De Virgilio,C., Burckert,N., Neuhaus,J.-M., Boller,T. and Wiemken,A.
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Electron microscopy UDP-glc:glycoprotein glucosyltransferase mRNA is induced by stress

50 ml of cells grown to early logarithmic phase (1-2 ODU/ml) were conditions but the enzyme is not essential for viabilE)BO J, 15,
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1:1 mixture of ethanol with Spurr-low viscosity embedding medium 355 33-45.
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