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Genetic tailoring of N-linked oligosaccharides: the role of glucose residues in
glycoprotein processing ofSaccharomyces cerevisiae in vivo

Claude AJakob, Patricie Burdal, Stephan te Heeséh selectively removes oneal,2-inked mannose residue
Markus Aebil:2 and Jirgen Roth (MangGIcNACcy) before the glycoproteins exit the ER (Helenius,
Division of Cell and Molecular Pathology, CH-8091 Zurich, Switzerland and 1994; Moremgret al, 1994)' By usmg the gIUCOS|dase inhibitors
Unstitute for Microbiology, CH-809Zurich, Switzerland castanospermine and 1-deoxynojirimycin, Hammeindl. (1994)

Received on June 13, 1997; revised on July 247;laccepted on July 31, 1997 f"md Hebertet al. (1995) demonStrated in r_nammalian cells the
importance of monoglucosylated-linked oligosaccharides for

2To whom correspondence should be addressed at: Institute for binding to calnexin. Morepver, UDP-glucose: glycoprotein gluco-
Microbiology, Schmelzbergstrasse 7, CH-8092 Zirich, Switzerland syltransferase, present i8.pombe (Fernandezet al, 1994),

. ; - D.melanogastefParkeret al, 1995) and rat (Trombetta and Parodi
In higher eukaryotes a quality control system monitoring the : : . : J
folding state of glycoproteins is located in the ER and is com- 1|992)'I’IS'[ %blew%c; Leg)l(ucosylr?t((aerOh otl)ligosatcchhar|dFesrlrg:<$Z %
posed of the proteins calnexin, calreticulin, glucosidase 1I, 9YCOProteins which expose hydrophobic patches (Fe &
and UDP-glucose: glycoprotein glucosyltransferase. It is be- 1994). The misfolded reglucosylated glycoprotgln can be recog d&ed
lieved that the innermost glucose residue of th-linked ofi-  2nd bound b%’ r?alnexm hand thertlab)f/ Iretalntlad in the fol lﬁg
gosaccharide of a glycoprotein serves as a tag in this control Environment of the ER. The correctly folded glycoprotein would
system and therefore performs an important function in the then become a substrate for glucosidase Il and be able to exit the ER.
protein folding pathway. To address this function, we con- This quality control model first postulated by Hammond aad
structed Saccharomyces cerevisia&rains which contain non- Helen“fs (19?4) dforl mammalian Cﬁ"S defln?asfa centr?l k;ole\of
glucosylated (GQ), monoglucosylated (G1), or dig]ucosylated mg?g Lfg;ég:gssﬁgg?glrggg?u'gogﬁa?ggtg?ygoppr?te'n owénggn
(G2) glycoproteins in the ER and used these strains to study enen, éﬁ
the role of glucose residues in the ER processing of glycopro- used yeast genetic techniques and constructed strains which céntain
teins. These alterations of the oligosaccharide structure did "°nglucosylated or mono- or diglucosylated glycoproteins in thelER
not result in a growth phenotype, but the induction of the un- and stu@ed p_ossmle effects on glycoprotein processing. Our dafa are
folded protein response upon treatment with DTT was much  compatible with the model that only the monoglucosylated and:hot
higher in GO and G2 strains as compared to wild-type and G1 the non- or diglucosylatddHinked oligosaccharides are the positive
strains. Our results providein vivo evidence that the G1 oligo-

signal for protein folding in the ER vivo
saccharide is an active oligosaccharide structure in the ER
glycoprotein processing pathway ofS.cerevisiae Further-
more, by analyzing N-linked oligosaccharides of the con-
structed strains we can directly show that no general Sequence homologies of the ORF YBR229c to pig liver and

Results

L€8/SGL/2/8/31911e/q02.

glycoprotein glucosyltransferase exists is.cerevisiae human lymphocyte glucosidase I
Key words:protein folding/protein glycosylation/protein Using the amino acid sequence derived from the pig liger
transport/quality control/yeast glucosidase Il (Fluraet al, 1997), we performed a database

search in the nonredundant protein database and identifieg an
open reading frame &.cerevisiaavith a sequence S|m|lar|ty ofC
34% (GenEMBL accession no. Z36098). The yeast amino zgmd
sequence showed a sequence identity of 46% in the mipre
In higher eukaryotes, there is growing evidence of a quality controbnserved C-terminal regions (amino acids 234-954; datashot
system monitoring the folding status of glycoproteins in thahown). This ORF YBR229c, now term&dl.S2 was replacedm
endoplasmic reticulum (ER). This system ensures that misfoldedth the geneticin resistance gene by homologous recombination.
glycoproteins will be retained in the ER and either be subject ta order to biochemically confirm that this locus encodgs
refolding or degradation. Correctly folded glycoproteins then exiglucosidase Il, membrane fractions of wild-typgs1-1and =
the ER for further processing in the Golgi apparatus and are sorisgls2 cells were assayed for glucosidase Il activity. The
to their final destination®N-Linked glycoproteins are either co- or membrane-enriched protein preparation of &leS52deficient
post-translationally translocated into the lumen of the ER wherelmglls displayed a 5-fold reduced enzymatic activity as compared
the oligosaccharyltransferase transfers a preassembled oligosaccteaioth wild-type andjls1-1cells in two independenfigls2

ide GlgaMangGIcNAc, (G3) from dolichyl-pyrophosphate to strains (Tabldl). We do not know the nature of the residual
asparagine residues in the sequon Asn - X - Ser/Thr (Kornfeld asdbstrate-hydrolizing activity in thigls2 preparations since the
Kornfeld, 1985; Roth, 1995). Once transferred to protein theubstrate was stable in samples incubated without crude extract.
oligosaccharide is subject to timming by the glucosidase | removirigurthermore, the mobility of mature vacuolar CPY ofAlyés2

the terminabi1,2-linked glucose residue (GdangGIcNACy; G2),  strains was slightly reduced due to the inability to trim the two
followed by the action of glucosidase Il which cleaves sequentiallylucose residues of each oligosaccharide (see below). These
the remainingal,3-linked glucose residues (@WangGIcNAc,,  findings in addition to the amino acid sequence similarity
G1; ManGIcNAcy, GO). Finally, inS.cerevisiaca-mannosidase |  confirmed that the locus ORF YBR229c¢ encoded glucosidase |l.
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0 1998 Oxford University Press 155



C.A.Jakob et al.

Table I. Yeast strains used in this study

Strain Genotype Reference

SS328 MAT a ade2-101 ura3-52 hiA200 lys2-801 (Vijayraghavaret al, 1989)

MLY1601 MATa leu2-3, 112\pep4::URA3 gls1-1 (Latterich and Schekman, 1994)

YG592 MATa ade2-101 ura3-52 hisZ)0 lys2—-801alg6::HIS3 (Reis®t al, 1996)

YG126 MATa ade2-101 ura3-52 hi&300 lys2—-801\alg8::HIS3 (Stagljaet al, 1994)

YG428 MATa ade2-101 ura3-52 his300 tyrlAalgl10::KanMX This study

YG427 MATa ade2-101 ura3-52 hia300 lys2—-801Agls2::KanMX This study

YG590 MATa ade2-101 ura3-52 hisZ0 lys2—-801Agls2::KanMXAalg6::HIS3 This study

YG424 MATa ade2—101 ura3-52 hisZ0 lys2—-801Agls2::KanMXAalg8::HIS3 This study

YG491 MATa ade2-101 ura3-52 hsZ0 lys2—-801Agls2::KanMX Aalg10::KanMX This study

YG571 MATa ade2-101 ura3-52 hid300 lys2—801 ura3-52::UPRE-lacZ-URA3 This study

YG572 MATa ade2-101 ura3-52 hia300 lys2—801Agls2::KanMX ura3-52::UPRE-lacZ-URA3 This study

YG595 MATa ade2-101 ura3-52 hsA0 lys2—-801Aalg6::HIS3 ura3-52::UPRE-lacZ-URA3 This study

YG567 MATa ade2—-101 ura3-52 hi&2300 lys2-801alg8::HIS3 ura3-52::UPRE-lacZ-URA3 This study

YG568 MATa ade2-101 ura3-52 hid300 lys2—801alg10::KanMX ura3-52::UPRE-lacZ-URA3 This study g

YG596 MATa ade2-101 ura3-52 hisA0 lys2—-801Agls2::KanMXAalg6::HIS3 ura3-52::UPRE-lacZ- URA3  This study §

YG569 MATa ade2-101 ura3-52 hsZ0 lys2—-80Wgls2::KanMXAalg8::HIS3 ura3-52::UPRE-lacZ-URA3  This study 2

YG570 MATa ade2-101 ura3-52 A0 lys2—-801Agls2::KanMX Aalg10::KanMX This study (_Cbi

ura3-52::UPRE-lacZ-URA3 o

YG556 MATa ade2-101 ura3-52 hi&300 lys2-801 leu2 sec18-50 This study g

YG603 MATa ade2-101 ura3-52 hid300 lys2—-801 leuAgls2::KanMXAalg6::HIS3 sec18-50 This study ﬁ

YG562 MATa ade2-101 ura3-52 hia300 lys2—-801 leuAgls2::KanMXAalg8::HIS3 sec18-50 This study §

YG563 MATa ade2—-101 ura3-52 hia300 lys2-801 leu2gls2::KanMX Aalg10::KanMX sec18-50 This study §
3
o

Table II. Glucosidase Il activity of membrane-enriched protein preparations with the Agls2 mutation should make it possible to genetica%/
tailor the structure of the oligosaccharide on glycoproteins in&he
Strain Glucosidase Il activity Relative GLS2p activity ER (Figurel, Tablelll). To test this hypothesis, appropriate
Wild-type 287 U mg proteint 1.0 AalgXAgls2 strains were constructed and characterized. he
growth rates of all strains were equal to wild-type cells andao

Is1-1 270U tein 0.9
isl > (clone 3 57U ma pro i 0.2 temperature-dependent growth phenotype was observed (da% not
gls2(clone 3) mg prote ) : shown). Nonlethal mutations in thelg genes lead to ano
Agls2(clone 7) 50 U mg protein 0.2 incomplete assembly of the dolichol-linked oligosaccharide &hd

Logarithmically growing cells were dirupted in 0.25 M sucrose, 10 mM thereby form a suboptimal substrate for the oligosaccharyltrails-
Tris-HCI (pH 7.5), 1.5 mM AEBSF using glass beads. The membranes werlérase (Sharmt al, 1981). The effect of this suboptimal
enriched by the addition of 1% triton-X-100 and centrifugation. The substratén vivois apparent by the occurrence of underglyco%—
glucosidase Il activity was assayed according to Brada and Dubach (1984) lated glycoproteins such as CPY and Wbplp. Protein extract of
using 4‘mett.h};"“mbe'"flewlb‘;D('jgf'“COpt{]ra”OS'd as S“bs_”atle- Tlhe_ tSpeC'f'C exponential growing yeast strains were subjected to Westerndblot
enzyme activity was calculated trrom the range of maximal velocity . . . .
(incubation < 5 min). One unit enzyme activity was defined as the release of':malySIS using anti-CPY and antl—Wbplp _Sera' As eXPeCted%he
1 umol 4-methyl-umbelliferon per minute. The protein concentrations were AgIs2 mutant showed no underglycosylation of both glycopro-
determined by using the Bio-Rad protein assay. The following strains were teins CPY and Wbp1p (Figuelane 2), because the completegl
used: wild-type, SS32@is1-1, MLY1601; Agls2(clone 7), YGA27. assembled dolichol-linked oligosaccharide is transferred to ‘the
nascent polypeptide chains. Furthermore, the combinatiorg of
L ) . Agls2with deletions iralg genes did not modulate the extent gf
Genetic tailoring of oligosaccharide structures underglycosylation of CPY and Wbp1p (Figréanes 3-8): the s

. o
In order to obtaitN-linked oligosaccharides of defined structurePattern of underglycosylation of both, CPY and Wbp1p, was got
on glycoproteins in the ER &.cerevisiaethe Agls2 mutation ~ altered in theAalg cells by addition of thedgls2 mutation.
was crossed with several yeast strains harboring deletions in #lgwever, we observed a different molecular weight of the
lipid-linked oligosaccharide biosynthetic pathway. Incompletd€sulting glycoproteins due to the altered biosynthesis and
lipid-linked oligosaccharide can be transferred to protein, albeffimming of the oligosaccharides. This alteration is visualized
with a reduced efficiency (Stagljat al, 1994). InAalg6 cells  best in the case of the fully glycosylated Wbplp which showed
nonglucosylated oligosaccharide (GO; Redgsal, 1996) is the slowest mobility id\gls2andAalglAgls2cells (Figure2B,
transferred, imalg8 strains monoglucosylated (G1; Stagkar lanes 2 and 8), and an intermediate mobilitafg8Agls2 cells
al., 1994) and imalg10 strains diglucosylated oligosaccharide (Figure 2B, lane 7). InAalg6Agls2 cells, the fully glycosylated
(G2; this study and Burdet al, unpublished observations) as form of Wbplp had the same molecular weight as the wild-type
depicted in Figurel. In the absence of glucosidase Il activity, cells (Figure?B, lanes 6 and 1, respectively). A similar change in
glucose residues should remain on the protein-bound oligosanobility was observed for the different CPY glycoforms. These
charides. Therefore, the combination of spedfig deletions altered mobilities showed that in the absence of glucosidase Il,
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OTase EndoH, and analyzed by HPLC. To prevent modification by

:’"'CEMP - M Golgi mannosyltransferases the temperature-conditional
sec18-50mutation (Esmoret al, 1981; Novicket al, 1981;

ALGI10 T l GLS1 Verosteket al, 1991, 1993) was introduced into all analyzed

strains. The cells were shifted to nonpermissive temperature for

:_“(:554» i M 30 min prior to labeling to block the fusion of ER vesicles to the
Golgi. As expected, thédalglQ\gls2 mutation lead to the
ALGS T * Agls2 accumulation of the incomplete LLO GMangGIcNAC,
(G2M9), theAalg8Agls2 mutations to the GidangGIcNAc,
Aalg8 (G1M9) and theAalgBAgls2 mutations to the MaBIcCNAC,
':'"Q? M (M9) LLO (Figure3; LLO). The identity of the EndoH-released
NLO signals (Figure3; NLO) was determined by mixing
ALG6 T * Agls2 appropriate LLO and NLO extracts and HPLC analysis (Figure

3; LLO+NLO). In the wild-type strain, the NLO consisted of
QM —— Export MangGIcNAc, and MagGIcNAc, oligosaccharides. In the

Aalg6Agls2 mutant strain the same oligosaccharide composition
as in the wild-type strain was found (M@lcNAc, and

Key: == Dolichol-P-P MangGIcNAcQ_. The MarGIcNAC, _and I_\/IargG!cNAcz sig_nals
B GlcNAc completely disappeared upon digestion wittmannosidase &
; gan (data not shown)in the Aalg8Agls2 double mutant the3
C

GlciMangGIcNACc, was identified by mixing experiments, thg
other occurring peak appears to beBlangGIcNAc, (G1M8, ¢
Fig. 1. Principle of genetic tailoring of oligosaccharides. By the introduction S€€ Discussiof since only one oligosaccharide speci

of Agls2 deletion alone and by combination of the deletibaig1\gls2, it (GlciManyGIcNACcy) was detectable after-mannosidase treat-3
was possible to maintain the structuréNdinked oligosaccharides after ment (data not shown). Likewise, in the case of\tig1\gls2 =
transfer to a protein in the diglucosylated form)aig8Agls2in the ! Glta 2
monoglucosylated form and &alg6 or AalgéAgls2in the unglucosylated double mutant the NLO structure NoGICNAC, was '§'
form. In theAgls2 strains the\-inked oligosaccharides remain unmodified ~ cOnfirmed and presumably the @itangGIcNAC, (G2M8, see Q

with respect to thei1,3-linked glucose residues due to the inactivation of the discussion) also exists. Uponamannosidase digestion of the
glucosidase Il whereas #@lg deletion strains the oligosaccharide is NLO only one single o|igosaccharide (@‘MamGIcNAcz) was 3
sequentially trimmed by the glucosidase Il. OTase, oligosaccharyltransferaseqatectable (data not shown). Hence, by HPLC analysis ofthe

N-linked oligosaccharides, we could directly show that tﬁe
al,3-linked glucose residues were not removed from glycopr&t?%?ijggﬁr\'/?\? Qstructures as predicted by genetics OCC“”‘%;’ n
teins and were still found on vacuolar proteins (e.g., mature CPY):.
Most significantly, these glucose residues were also retained on
the ER-resident protein Wbplp. This data shows by differencégsence of a general glycoprotein glucosyltransferase activi
in electrophoretic mobility that the combinationatd andgls2 ] o . o
mutations makes it possible to tailor the glucosylation state sfince thehalgéAgls2 strain is glucosidase Il deficient, gluco
glycoproteinsn vivo. residues transferrgd to protein-bound ohgosacchand_e; !

general glycoprotein glucosyltransferase ought to be visiblegp

r ; : o~ ; analyzing the NLO profile of théalg6Agls2strain. The LLO of &

tNai:Blpekde (it?;i%gsacchande composition of glycoproteins of the theAalg6Agls2mutant strain consisted mainly of M@IicNAc; <

(Figure 3, LLO). No glucose-containing LLO were detecte
In order to verify the differences in protein-linked oligosacchartikewise, no NLO of a larger size than M&cNAc, of the
ide composition as observed by SDS-PAGE (Fi@yrdipid- same strain were observed (FigeNLO) confirming the
linked oligosaccharides (LLO) and-linked oligosaccharides absence of a general glycoprotein glucosyltransfer&eerevi-
(NLO) were labeled with3H]mannose, extracted, released withsiae (Fernandezt al, 1994).

B

/q09A|6

2

Bl

a

Table Ill. Structure of oligosaccharides of N-linked glycoproteins in mutant yeast strains

220z 1snbny |z uo 1senb AqR9

Genotype LLO structuré Final NLO structuré Underglycosylation
Wild-type GlcgMangGIcNACo MangGIcNAC, No
Aalgb ManyGIcNACc, MangGIcNAC; Yes
Aalg8 GlgMangGIcNAco MangGIcNAcC, Yes
Aalg10 GleMangGIcNAC, MangGIcNACc, Yes
Agls2 GlgMangGIcNAco Glc,MangGIecNAC, (G2) No
AalgbAgls2 ManGIcNAc, MangGIcNAc, (GO0) Yes
Aalg8Agls2 GlgMangGIcNACc, GlcyMangGIcNACc, (G1) Yes
Aalg10Agls2 Glc,MangGIcNAC, Glc,MangGIcNAc, (G2) Yes

aStructure of dolichol-linked oligosaccharides (LLO) and oligosaccharides on glycoproteins before trimming.
boligosaccharide structure on glycoproteins (NLO) after endogenous glucosidase trimming.
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Fig. 2. Glycosylation patterns of CPY and Wbplp in various yeast strains.

Logarithmically growing cells were pelleted and broken with glass beads in
the presence of 2 mM PMSF. The protein extract of 0.375 OD equivalents

was separated by SDS—PAGE (7.5% acrylamide) and transferred to

nitrocellulose. CPY (A) and Wbp1p (B) was visualized by Western blotting

by using chemiluminescence. The positions of mature proteins (mCPY,

mWhbp1p) and the glycoforms lacking one (-1) or two (-2) oligosaccharides

are indicated. The introduction of thgls2 mutation did not modulate the
extent of CPY or Wbplp glycosylation. The following strains were used:
SS328 (1); YG427 (2); YG592 (3); YG126 (4); YG428 (5); YG590 (6);

YGA424 (7); YG491 (8). The relevant genotype is indicated above each lane.

Disturbing the protein folding and transport of CPY by DTT

The absence of any detectable growth phenotypalgXAgls2
strains demonstrate that a potential quality control/folding systematurated normally and was targeted to the vacuole upon dillﬁion

requiring correctly glucosylated glycoproteins was not limiting
for growth in these strains. In order to assay for the role of glucose
residues on glycoprotein folding, we have chosen two experi-
mental approaches: first, reducing the efficiency of protein
folding by the addition of DTT (Simoret al, 1995), and second,
determining the degree of induction of the unfolded protein
response (UPR; Most al, 1992) as a measure for the extent of
misfolded proteinsin vivo. Reducing agents such as DTT
modulate the redox potential in the ER. In yeast, it has been shown
that proteins containing disulfides are retained in the ER, whereas
the transport of proteins devoid of disulfide bonds such as
o-factor is not affected (Jamsaal, 1994; Simongt al, 1995).

We examined the concentration-dependent interference of DTT
on the transport of CPY by monitoring the proteolytic digestion
of the protein during its maturation. Concentrations of higher than
0.5 mM DTT reversibly blocked the export of CPY out of the ER
irrespective of the oligosaccharide structure (Fighiré&urther-
more, an underglycosylated form of the ER-resident p1CPY
(Figure 4A—C, p1CPY*) occurred. Both, the p1CPY and tl¢
underglycosylated p1CPY* displayed identical molecular weight
upon treatment with endoglycosidase H (Figd®). Upon §
diluting DTT to 0.5 mM, the transport and maturation of CP
reoccurred demonstrating the reversibility of the DTT-inducgd
transport block. Moreover, upon reinitiating the protein transpért,
the p1CPY* then disappeared, either due to glycosylation %nd
export or degradation (FiguAc). In a pulse chase experiment;
we were able to demonstrate that CPY, trapped in the ER by BTT,

3
o
o
c
©
] Aalgl0Agls2 8
wild-type Aalg6Agls2 Aalg8Agls alglO0Agls 8
ypP 5
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d 1 [dpm g
[dpm1 Jdpm}| |dpm] E
23 6 4 909 )
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M9 Q
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)
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! an 30 60 ! 0 (min} 0 00 g
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Fig. 3. Analysis of oligosaccharide composition of LLO and NLO by HPLC. The LLO were labeled for 30 min, extracted and hydrolidied) &octuffereyet
al. (1995). The hydrolized LLO were then trimmed with EndoH and desalted by ion-exchanger chromatography. The NLO were tebtektedt#dn of the
LLO. The glycoproteins were digested with trypsin and the NLO released by EndoH treatment. The samples were desaltelamg@areeramatography.
The LLO, NLO, and LLO/NLO mixing samples were separated and analyzed by HPLC as described previoustt 8Latad3; Zuffereyet al, 1995). The
lipid-linked (LLO) or N-inked (NLO) origin of the oligosaccharides is indicated. The identity of the oligosaccharide structures are given: M; & Man
MangGIcNACcy; M9, ManyGIcNACy; G1M8, GlgMangGIcNACcy; G1IM9, GlgMangGIcNACy; G2M8, GlgMangGIcNAC,; G2M9, GleMangGIcNAcy; G3M9,
GlcgMangGIcNACc,. Question marks indicate the proposed structures. The following strains were used in this figure: wild-type (@BEAG)S2 (YG603);
ANalg8Agls2 (YG562);Aalg1lgls2 (YG563).
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A wild-type Agls2
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Fig. 4. Influence of DTT on transport and glycosylation of CEY). Two OD units of each yeast strain per DTT concentration were labeled with
[35-S]methionine at 37T for 10 min. The cells were broken in the presence of 2 MM PMSF, CPY was immunoprecipitated and subjected to SDS—PAGE. The
labeled proteins were visualized by salicylate-enhanced autoradiography. Irrespective of the genotypes, CPY was retaRedsidém pl form at

concentrations higher than 5 DTT. In addition, an underglycosylated form of CPY (p1CPY*) appeaBydlyo OD units of cells were preincubated with

5 mM DTT at 37C for 10 min before adding the radioactive label. The difference in molecular weight disappeared upon treatment witl)EhslolDD

units of cells per time point were preincubated with 5 mM DTT a€3dr 10 min before adding the radioactive label. The pulse was for 10 min. The chase was
initiated (time = 0 min) by a 10-fold dilution of DTT and an excess of unlabeled methionine. The chase reaction was teyrauiditegi20 mM azide at the

given time points (chase time is given in minutes). Upon dilution of the DTT, the p1CPY and the underglycosylated pl*Céhalyreorocessed and

transported to Golgi and the vacuol@) @fter preincubation in 5 mM DTT for 10 min and labeling withg]methionine for 10 min the chase was initiated by
addition of an excess of unlabeled methionine and cysteine and the DTT was diluted to 0.5 mM. The chase reaction wasyesdirege2D mM azide at

given time points. The cells were broken in the presence of 2 mM PMSF and CPY was immunoprecipitated, EndoH-treatedjecie¢tien SDS—PAGE.

The labeled proteins were visualized by salicylate-enhanced autoradiography. The intensity of the bands were quantfiedihpsgholmager and the

transport rate determined agpTndicating the time point when half of the labeled protein was present in the vacuolar form. The following strains wete used:
SS328Agls2, YG427;Aalg6, YG526;Aalg8, YG126;Aalgl0, YG428;AalgbAgls2 YG590;Aalg8Agls2, YG424;Aalglingls2 YG491. The relevant genotype

is indicated. Abbreviations: p1CPY, ER proCPY; p2CPY, Golgi-modified proCPY; mCPY, mature vacuolar CPY; ppCPY, EndoH-degtypdsgPY and

p2CPY, respectively; pCPY, EndoH-deglycosylated mCPY.
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of the reducing agent (Figud®). Furthermore, the transport of 9
CPY was independent of the glucose composition (wild-type, G185 &
or G2) of theN-linked oligosaccharides (FiguréD). We g’
determined the transport rate of CPY by quantifying the bands of 6
the proCPY (ER and Golgi form) and the CPY (vacuolar form) g s
using a Phosphoimager. The transport rate of CPY of theg ; I
wild-type andAgls2 strains were identical §5= 18 min). In the

other strains, CPY was processed at a slightly slower rgje=(T )
23 and >30 min, respectively), however, no glucose-dependent
transport rate was observed. CPY bearing G1 glycoproteins was H
transported from ER to vacuole at the same rate as CPY
exhibiting the G2 oligosaccharide (Figu4P). Likewise, the

CPY transport from ER to Golgi was not influenced by the
glucose composition of the oligosaccharide (data not shown). A'g 5.Induction of-galactosidase by unfolded protein response. The
reduced transport rate of underglycosylated CPY has bedi =900 o plasmid (Moriet al, 1992) was integrated into the
reported previously (Wintheet al, 1991; te Heesen and Aebi, genome as a single copy into yeast strains with genetically tailored

1994). oligosaccharides. The yeast strains were incubated in minimal medium
containing the appropriate amino acids and 0.5 mM DTT for 2 or 4 h. One

oMV |
nDTTZh‘
lDTI‘Ah‘f

-galact
[

Agls2

Aalg6

Adlg8
Aalgl0 2

AalgbAgls2

Aalg10Agls2

OD unit of cells were pelleted and subjected tottymlactosidase assay 9

. : according to Guarente (1983) using o-nitrophenyl-3-d-galactopyranosid asza
Induction of unfolded protein response substrate. The galactosidase activity was corrected for cell numbers and %

In yeast the presence of misfolded proteins in the ER iéeaction time. The enzyme activity was assayed in duplicates in two separgte
t 'tt, d f the ER | into th | . - xperiments. The following strains were used in this figure: wt, wild-type 2
ransmitted from the umen Into the nucleus via a Slgna?YGSH);AgIsZ(YGS72);AaIgG(YG595);AaIgS(YG567);AaIglO =
transduction pathway requmng.th@El protein kinase (Cogep (YG568); AalgbAgls2 (YG596); Aalg8Agls2 (YG569); Aalgl(Agls2 g
al., 1993; Moriet al, 1993; Nikawaet al, 1993). Specific ~ (YG570).£SD. MV, minimal medium. =
transcription factors such as Haclp (Cox and Walter, 1996) bind S

to specific promoter segments, the unfolded protein response . ] ) S
elements (UPRE), present and highly conserved in the promoté&fgcose residue to complete the synthesis of the dolichol-linked
of KARZBIP, PDI1, EUG1, andFKB2 (Shamuet al, 1994) and  oligosaccharide precursor. Upon inactivation of this locBis
activate the appropriate genes. Such a regulatory system allo@glg10) the lipid-linked oligosaccharide is transferred in the
for a direct measurement of the unfolded protein content in the E¥glucosylated form (G2) to glycoproteins. The trimming of tie
in vivo(Mori et al, 1992). We used a reporter system based on tfgucose residues was not impaired. Infibig10strain the UPR 3
E.coli B-galactosidagéacZ)gene under the control of the UPRE Was the same as in the wild-typelg8 andAalg8Agls2strains. 3
of the yeasKAR2BIP promoter. We ligated the UPRE upstreamHowever, upon combination éalg10with Agls2 and thereby <
of the B_gajactosidase gene according to MDdl. (1992) and preserving the\l'ImI.(Ed O“gosaCChar!de structure in the G2 forr§
integrated itas a Sing|e copy into thra3-52locus. This Sing|e the Un.f0|ded protein responselwas induced by DTT. We ConCﬁ de
copy reporter construct, placed at the identical location in dihat with respect to the induction of the UPR by DTTABg8 &
strains tested, allowed a direct comparison of the UPR in ttiutation was epistatic ovAgls2, butAalgl0was not.
different strains used. By the sensitive 3-galactosidase read-out,

we quantified the extent of misfolded proteins in the ER of thBiscussion

various yeast strains with genetically tailodinked oligosac- &
charides. Tunicamycin is known to strongly induce the unfoldedsing the combined approach of the complete yeast gengme
protein response (Mogt al, 1992). Upon tunicamycin treat- information and yeast genetic techniques, we were able to oljfain
ment, the [3-galactosidase activity was strongly stimulated in ajeast strains with tailored oligosaccharides not only on lipid-
strains as compared to untreated cells (40- to 50-fold induction linked precursors but also linked to proteins. By HPLC analy@is
single experiment, data not shown). When incubating the celige confirmed the structures of the oligosaccharides suggested by
with 0.5 mM DTT, a concentration interfering with protein genetics. Interestingly, the NLO in the wild-type and in the
folding but not abolishing the ER to Golgi transport (FigureAalgéAgls2 strains consisted of two different oligosaccharidgs
4A,D), we observed a differential response. Wild-type cells digMangGIcNAc, and MagGIcNACy). In the Aalg8Agls2 and §

not induce R-galactosidase activity upon DTT treatment, whereAalg1QAgls2 strains one signal did not coelute with markér
Agls2 cells did (Figure5). The deletion ofGLS2 leads to oligosaccharides. The NLO Mg@BICNAC, is converted to
conservation of th&l-linked oligosaccharides in the diglucosy- MangGIcNAc; by the action of the ER mannosidase | (Grondih
lated G2 form (Tabldll). The Aalgé mutation prevents the and Herscovics, 1992; Lipari and Herscovics, 1994). In analogy
addition of the innermostil,3-linked glucose residue and to the mannosidase I-trimmed M&ICNAC, structures in the
thereby renders thBl-linked oligosaccharide structure in the wild-type and in theAalg6Agls2 strains, we suppose that the
unglucosylated GO form. lalg6 cells, the UPR was also second oligosaccharide species represents the corresponding
stimulated upon treatment with DTT. Furthermore, the additionahannosidase I-trimmed products  Aalg8Agls2,

loss of glucosidase Il activity ilvalg6Agls2cells did not change GlciMangGIcNAcy; AalglQAgls?2, GlMangGIcNAcy). The

this response to DTT (FiguB. TheAalg8 mutation leads to the two oligosaccharide species can be converted to only one by
transfer of monoglucosylated oligosaccharides (G1) and idigesting with a-mannosidase confirming the identity of
combination with thé\gls2 deletion the single glucose remains Glc;MangGIcNACcy/GlciMangGIcNAc,  and  GleMangGlc-

on the oligosaccharide of glycoproteins. In contrashaty6, NAcyGlcoMangGIcNAC, in the Aalg8Agls2 and AalglQAgls2
Aalg6Agls2 andAgls2cells, the UPR was not induced neither instrains, respectively. The presence of these two oligosaccharides
Aalg8 nor in Aalg8Agls2 cells. Alg10p transfers the outermost suggests that glucose trimming is not a prerequisite for mannosidase

1
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| activity. Interestingly, trimming of the lipid-linked oligosacchar-  In eukaryotes, the UDP-glucose: glycoprotein glucosyltrans-
ide by mannosidase | seems not to occur. ferase reglucosylates proteins displaying hydrophobic patches on
These strains with tailored NLO provided the tools totheir surface (Fernandest al, 1994). InS.cerevisiagKRES a
investigate the involvement of the innermm&t3-linked glucose  glucosyltransferase probably involved in cell wall biosynthesis
residue ofN-linked oligosaccharides @.cerevisiadn coping (Meadenet al, 1990) is the only locus displaying significant
cellular stress and its involvement in protein foldimgivo. In  sequence homology to the UDP-glucose: glycoprotein glucosyl-
higher eukaryotic cells the innermost glucose residielioked ~ transferase protein. However, no glycoprotein glucosyltransfer-
oligosaccharides is involved in binding to calnexin and calreticulidgse activity has been determined Srcerevisiae Our NLO
as shown by experiments using the glucosidase inhibitoalysis data and the UPREeZresults support the view that a
castanospermine and 1-deoxynojirimycin (Hammatdal,  general glycoprotein glucosyltransferase is abséhterevisiae
1994; Hebertet al, 1996), glucosidase Il-deficient mouse (Fernandeet al, 1994): thealg6single and\algéAgls2double
lymphoma cells (Ora and Helenius, 1995) andtro reglucosy- ~ mutant ceIIs_contaln no glucose res_ldues on their lipid-linked
lated ribonuclease B (Rodagt al, 1996; Zapuret al, 1997). ol_lgos_accharldes .and thisgls2 mutation would prevent the
According to the model of Hammond and Helenius (1994§Mming of putatively reglucosylateN-linked glycoproteins.
monoglucosylated oligosaccharides Nfinked glycoproteins Ve analyzed both, the LLO and NLO of thalg@Agls2 strain.
play a central role in the protein refolding process. However, tﬁi expected the LLO consisted mainly of MGitNACc,. The

in vivoimportance of this glucose residue for the overall foldind>-© G?rﬂle showed thg" prr]esence of M?;ICNA(;Z alnd
process of proteins in the ER has not been demonstrated dire rgGICNAG; structures, but there was no evidence for glucose-

in any organism. I$.cerevisiagusing a reporter construct under cONtaiNing oligosaccharides in this strain. However, a protéin-

=
the control of the UPRE &fAR2BIP (Mori et al, 1992), we were

specific  glucosyltransferase  reglucosylatingN-linked S
g > , X - 2
able to demonstrate the involvement of the monoglucosylat%{eh mannose oligosaccharides of only a minor portion sbf

" . ; . . . -glycoproteins cannot completely be excluded by our HPEC
e e e oo oy GUBETIent S Such an algosaccharde ou b belngie
9 it of detection. Furthermore, using the UPREEZ reporter 3

V,\\l"}h protein folding. Since we wanted to study the Influence o nder mild reducing conditions, both, tl&alg6 and the é
dinked oligosaccharides it was not feasible to employ tWnip,4engiso strains, induced the UPR to a similar extert,
camycin, a drug blockinti-linked glycosylation and known t0 i qieating that such a general glycoprotein glucosyltransferase in
strongly mducg the unfolde.d protein response (UPR). We USE&rerevisiads very unlikely to exist. The lack of this glucosylff,%
low concentration of DTT instead shown to still allow proteinyansferase makes a quality control system apparently leaky.=The
transport albeit at a reduced rate. Glycoproteins with fixef,estion remains ho.cerevisiaecopes with such an opers
nonglucosylated and diglucosylatédlinked oligosaccharides  system, There are several possibilities to be considered. Recently
induced the UPR under these mild reducing conditions whereggpynet al.(1997) have shown that the calnexin-oligosaccharitle
the response of the strain with monoglucosylated oligosacchagteraction prevented the glucose cleavage by glucosidase IEBy
ides was the same as in wild-type cells. We postulate that undgch means, a G1 oligosaccharide-binding protein in the ER of
these conditions of stress the monoglucosylated oligosaccharidgcerevisiae(e.g., Cnelp) may reduce the cleavage rate 2of
dependent folding process may be required in wild-type cellglucosidase Il by monitoring the folding state of a bou
Inactivation of this system leads to a higher degree of misfoldeglycoprotein. Further, a chaperone-like function of glucosidase II
proteins in the ER and a subsequent induction of the UPay also be possible. Here, glucosidase Il would discrimirate
Apparently, the GO and the G2 oligosaccharides failed to interagétween folded and misfolded glycoproteins. The trimming of the
with elements of the folding system, e.g., Cnelp, the calnexinnermost glucose residue would only occur if a protein Kas
analogue (de Virgiliet al, 1993; Parlatet al, 1995) and hence, attained its correct three-dimensional structure. However, suéﬂ a
the cells have a reduced ability to handle misfolded proteinproperty needs to be demonstrated. 8
However, inS.cerevisiaga direct involvement of Cnelp in the  Our experimental system made it possible to assign a spegific
refolding network has never been demonstrated. In highéunction of the monoglucosylated oligosaccharide in the proéés-
eukaryotes though, Waet al. (1995) and Spir@t al. (1996) sing of glycoproteins in the ER. However, this function is not
showed that calnexin and calreticulin, respectively, bound tessential, because Agls2 strains has no detectable growth
oligosaccharides of the structure @fans_dGIcNAc,. More  phenotype. For specific glycoproteins, e.g., CPY, folding, expait,
recently, Rodaret al. (1996) and Zapuet al.(1997) were able and correct targeting is not dependent on the oligosaccharide
to show that the single monoglucosylated oligosaccharide ¢Bchwaigeet al, 1982; Wintheet al, 1991) suggesting back-uf#
ribonuclease B was responsible for the binding to dog pancregigstems in the process of protein maturation. However, the
calnexin and calreticulin. degradation of incorrectly folded CPY molecules in the %?
We note that the unfolded protein responsigts2strain (G2) ~ requires the oligosaccharide structures (Kebpl, 1996). The
was lower than the response of fag1\gls2 (G2), thehalge ~ genetic tal_lorlng of these structures makes it possible to address
(GO) or theAalgAgls2 (GO) strains. We propose that this their function in this process.
difference is due to the underglycosylation of glycoproteins in the
Aalg cells (Huffaker and Robbins, 1981, 1983; Stagiaal, _
1994; te Heeseet al, 1994; Burdat al, 1996). Underglycosyla- Materials and methods
tion may lead to a reduced folding of proteins inthe ER (Hic_kma‘Veast strains and manipulations
et al, 1977; Copelanct al, 1988; Marquardt and Helenius,
1992; Imperiali and Rickert, 1995). The underglycosylation offeast strains used are listed in TableStandard protocols
glycoproteins and the impaired glucose trimming add up to th@&uthrie and Fink, 1991) were followed for growth of yeast,
cumulative effect in stimulating the UPR in thalg6 (G0), mating, sporulation, and ascus dissection. If not otherwise stated,
AalgbAgls2 (G0), andAalglgls2 (G2). the cells were grown at 3C in either YPD medium (2%
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Bacto-Peptone, 1% yeast extract, 2% glucose) or for metaboliclded to 1% final concentration and the solution was subjected
labeling experiments overnight in MV medium (0.67% yeasto ultracentrifugation 100,008 g, 1 h). The glucosidase Il
nitrogen base, 2% glucose supplemented with the appropriaetivity was assayed from the resulting supernatant according to
amino acids). Brada and Dubach (1984) using 4-methyl-umbelliferd-glu-
copyranosid as artificial substrate. The specific enzyme activity
was calculated from the range of maximal velocity (incubation <
5 min). One unit enzyme activity was defined as the release of 1

Disruption of the GLS2 locughe GLS2 locus (GenEMBL pmol 4-methyl-umbelliferon per min. The protein concentrations

accession no. 36098, ORF YBR229c) showed high sequent/§"® determined by the Bio-Rad protein assay.
similarities to the peptide sequence of pig liver glucosidase |l
(Fluraet al, 1997). A large portion of the N-terminal sequence_abeling, extraction and analysis of LLO and NLO
of this ORF was removed by homologous recombination using a
PCR product containing the complete kanamycin resistandéhe labeling and extraction of the LLO was performed according
(Wachet al, 1994) gene flanked BBLS2specific regions. The to Zuffereyet al.(1995). However, the cells were preincubated at
sequence of the kanamycin resistance gene was amplified 9 C for 30 min prior to the labeling. The labeling reaction was
using the pFA6a-KanMX4 plasmid (Waet al, 1994) and by terminated after 30 min. The hydrolyzed LLO were digested with
using the primers'&tgcgtatcttaaaatagcggtctcgaatcaaccgtatg- EndoH (2 U; Boehringer Mannheim, Germany) in 25 mM
caadcgatgaattcgagctc an¢Htaaaaaatgggtaccataageccgcettg-  sodium citrate, pH 5.5 at 3 for 3 h and then desalted b
gtaccaacgtgcgtacgctgcaggtcgac  (boldface letters represer@pplying onto spin columns (Bio-Rad, Bio-Spin; Hercules, CA)
GLS2 sequence). The resulting PCR fragment was used ftled with each 0.5 ml equilibrated Serdolit Red and Blue (Serya,
transform the haploid yeast strain SS328 selecting for resistarideidelberg, Germany) ion-exchanger matrix. The run-through
to G418 (20Qug/ml) (Wachet al, 1994). Transformants were was filtered through a 0.48m filter (Millipore UFC30HV00) &
analyzed for correct integration by whole cell PCR (Sati@,  and stored frozen at -2G. The HPLC analysis was performed
1991) using KanMX- (Sgtattgatgtiggacgag-3’) ar@LS2spe-  asdescribed previously (Cacztral, 1993; Zuffereyet al, 1995). =
cific primers (3-gagagctataactcaatd-3-gaattgtggaatactggty3 ~ For the extraction of the NLO, the protein pellet obtained fromgle
LLO extraction was digested with trypsin (TPCK-treated; =1
mg/ml; Sigma, St. Louis, MO) in 0.1 M ammonium bicarbonate,
%H 7.5, over night at 3T. The digest was boiled for 10 min t&
estroy the trypsin. The labelédlinked oligosaccharides weré;-
[#Feased by EndoH cleavage and processed as described above
Oo identify the nature of the oligosaccharide species, NLO wegre
AMubated with each 50 mU ai-mannosidase Qanavalia S
iformis Boehringer Mannheim, Germany) in 25 mM sodiL@
ate (pH 5.5) at ambient temperature for 2 h. The digestion #as
terminated by extracting the oligosaccharides once with chlgro-
form/methanol (5:1, v/v). The aqueous phase was dried, resus-
l;P]%nded, filtered, and subjected to HPLC analysis. 2

Construction of strains

Disruption of the ALG10 locudhe identification of theALG10
locus (GenEMBL accession no. X87941, ORF YGR227w) will b
described elsewhere (P. Burda, unpublished observations). A la
portion of this ORF was removed by homologous recombinati
using a PCR product containing the complete kanamycin resist
gene flanked bALG10specific regions (Wacht al, 1994). The
sequence of the kanamycin resistance gene was amplified by P
using the primers'&tttatagaacgtctttttgcaactataatcaattctgttcag-
tacgctgcaggtcgac-and 53-caatatcccaggtacaccgagceccagtcacatcg-
aacttatatcgatgaattcgagctcd-3boldface letters represedl G10
sequence), the resulting DNA transformed into strain SS328 and
cells were selected on G418 plates as described above. Transform-
ants were analyzed for correct integration as described above usintggration of the UPRE-LacZ reporter construct
KanMX- (5-gtattgatgttggacgag)3 and ALG1Gspecific primers ) " .
(5-cccagcaacgttagatgd)3 From the plasmid pL@&178 UPRE-Y containing tHe.coli LacZ
gene under the control of the unfolded protein response elerfjent
of yeasKAR2BIP (Mori et al, 1992) the R element was excised
Metabolic labeling and immunoprecipitations usingHindlll, the plasmid religated and then linearized with tfie
igSNtu restriction endonuclease before integrating the plasmid iﬁto

021€8/G51/2/8/

The metabolic labeling was performed as described previou
(Simonset al, 1995). After labeling the cells were resuspende eporter gene was tested by incubating the cells witky/&l

in 50 mM Tris—HCI, pH 7.5, 1% SDS, 2 mM PMSF., disrupted by, icamycin for 2 h and then performing the R-galactosidase
vortexing with glass beads and boiled for 5 min. The IMMUNOs55ay (see below).

precipitation of carboxypeptidase Y (CPY) was performed as
described previously (Franzusef al, 1991; te Heeseet al,
1992). One unit of endoglycosidase H was added where indicatB@ta-galactosidase assay
and incubated at 3 for 3 h before SDS—PAGE.

eura3-52ocus of various strains. The correct integration of the

-

Z¢cog isn

The R-galactosidase assays were performed according to Gua-
rente (1983) using o-nitrophenylegalactopyranoside (Sigma
Glucosidase Il assay Chemicals, St. Louis, MO) as a substrate. The assays were

o ) , i performed in duplicates in two separate experiments.
Logarithmically growing cells were disrupted in 0.25 M sucrose,

10 mM Tris—HCI (pH 7.5), 1.5 mM AEBSF (Calbiochem, San
Diego, CA) using glass beads. The membranes were enriched
subsequent centrifugation steps discarding the supernatant (
x g, 10 min; 8500 g, 10 min; 100,00& g, 1 h). The pellet was This work was supported by the Swiss National Science
resuspended in 50 mM sodium phosphate (pH 7.0) and homogéimundation grants 3100—-040350 (to M.A.) and 31-40754.94 (to
ized by passing through a G24 needle. Finally, Triton X-100 wakR.).
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