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Ordered assembly of the asymmetrically branched lipid-linked oligosaccharide in
the endoplasmic reticulum is ensured by the substrate specificity of the individual
glycosyltransferases

Patricie Burda, Claude AJakob!, Jens Bénhauer?, identified (Herscovics and Orlean, 1993; Orlean, 1997; Burda
Johannes H.Hegemanfiand Markus Aebi3 and Aebi, 1999). A common characteristic of the diffesdgt
Mikrobiologisches Institut, ETH Zirich, CH-80%irich, Switzerland, ,mUt,ant Stram,s is the a?pumUIatlon ofa b'osynthetlc oligosacchar-
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University of Zurich, CH-8091 Zurich, Switzerland and the assumption that the accumulating intermediate is the acceptor

2I-.|.einrich-Heine-Universit‘cit Dusseldorf, Institut fur Mikrobiologie, D-40225 0|igOSaccharide of the reaction affected, defined g|yCOSy|tranS_
Dsseldorf, Germany ferase activities could be assigned to the diffe/dn® loci
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October 27, 1998 to underglycosylation of secreted protémsivo. The reason for

this underglycosylation appears to be the decreased affinity of the
oligosaccharyltransferase toward incompletely assembled oligo-
saccharides; however, these oligosaccharides are still transferred
The assembly of the lipid-linked core oligosaccharide to protein, albeit with a strongly reduced efficiency.
GlesMangGIcNAc,, the substrate for N-linked glycosylation The synthesis of a highly branched and complex oligosacchar-
of proteins in the endoplasmic reticulum (ER), is catalyzed by  ide requires a well organized assembly pathway and the notion
different glycosyltransferases located at the membrane of the that “the complex type of biosynthesis of the carbohydrate
ER. We report on the identification and characterization of component of glycoproteins is truly amazing, and it is very
the ALG12 locus encoding a novel mannosyltransferase re- (difficult to see at present how this sequence of enzymatic
sponsible for the addition of thea-1,6 mannose to dolichol-  reactions involving controlled addition and deletion of sugars to
linked Man7GlcNAcz. The biosynthesis of the highly and from the glycopeptide is regulated” (Neuenberger, 1995) also
branched oligosaccharide follows an ordered pathway which  applies to the lipid-linked oligosaccharide (Figure 1). Biosynthe-
ensures that only completely assembled oligosaccharide is sis of such an asymmetric oligosaccharide structure requires
transferred from the lipid anchor to proteins. Using the com-  highly specific enzymes working in an orchestrated fashion on
bination of mutant strains affected in the assembly pathway the growing oligosaccharide chain. Here we report on the
of lipid-linked oligosaccharides and overexpression of dis- characterization of thaLG12locus encoding a dolichyl-phos-
tinct glycosyltransferases, we were able to define the sub- phomannose dependentl,6 mannosyltransferase. We provide
strate specificities of the transferases that are critical for evidence that the branched mannose structure observed in the
branching. Our results demonstrate that branched oligosac-  core oligosaccharide and its highly ordered assembly is due to the
charide structures can be specifically recognized by the ER exact substrate specificity of glycosyltransferases involved in the
glycosyltransferases. This substrate specificity of the differ- assembly of lipid-linked GiMangGIcNACs.

ent transferases explains the ordered assembly of the complex

structure of lipid-linked Glc sMangGIcNAc, in the endo-

plasmic reticulum. Results

Mild hypoglycosylation of CPY protein and altered CPY
glycoforms inAalgl2strains
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Key words:protein glycosylation/lipid-linked oligosaccharide/
glycosyltransferases/endoplasmic reticuBatcharomyces
cerevisiae Previously we reported on the identification and characterization
of theALG9locus encoding am-1,2 mannosyltransferase. It was
proposed that Alg9p adds a mannose residue t-1h8-linked
mannose (Burdat al., 1996)(Figure 1). When searching the
databases for sequences similar toAh&9 protein, we detected
Catalyzed by specific glycosyltransferases, the lipid-linked cora family of yeast proteins which also share a common sequence
oligosaccharide GipMangGIcNACc, is formed by the sequential motif with the PIG-B protein (for sequence alignments, see
addition of sugars from their activated derivates to the lipid carri€€anivence-Ganselt al, 1998), a human Dol-P-Man-dependent
dolichyl-pyrophosphate (Kornfeld and Kornfeld, 1985; Tannemannosyltransferase required for GPI assembly (Takadteehi

and Lehle, 1987; Herscovics and Orlean, 19833 “one-link-  1996). Besides Alg9p the yeast protein family contained Gpil0p
age-one glycosyltransferase” hypothesis suggests that there is ¢@anivence-Gansadt al., 1998; Siitterlin, Cet al., 1998) and
distinct glycosyltransferase for every specific glycosidic linkag&mp3p (Irie et al., 1991; H. Riezmann, personal communication),
(Schachter, 1995). In the ye&accharomyces cerevisiady  both essentiali-1,2 mannosyltransferases required for GPI
mutant strains (defective insparaginethked dycosylation), anchor biosynthesis. A fourth yeast protein of this family is
which are affected in different glycosyltransferases involved iencoded by OR¥FNR0O30wMutants in this ORF were identified

the assembly of the lipid-linked core oligosaccharide, weri a screen directed toward the isolation of mutant strains with
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Fig. 2. Thealgl2 mutation alters glycosylation of CHN vivo. Four strains
derived from a tetratype tetrad of a crasdgl2xwbpl-2were used for
CPY-specific immunoblotting. The relevant genotype of the strains is
indicated above the lanes. The position of mature CPY (mCPY) and the
different glycoforms lacking up to four N-linked oligosaccharides (-1 to -4)
are given. The position of mature CPY derived from strains containing the
Aalg12 mutation (MCPY*) and the different glycoforms also are indicated
(-1* to -3*). Strains: YG8404alg12, lane 1), YG84, lane 2), YG842
(wbp1-2 lane 3), YG8434algl2wbpl-2 lane 4).

N-glycosylation of secreted proteins. In contrast to previously
analyzedalg wbplmutant strains, the resulting double mutant
strainAalg12wbp1-2(YG843) was able to grow at 30 (data
not shown). When we examined the N-glycosylation of carboxy-
peptidase Y (CPY) by Western blot analysis (Figure 2), we
noticed a very weak hypoglycosylation of CPY in tkedgl2
strain (Figure 2, lane 1). In combination with thdopl-2

|| ALG3 [| ALGY [|aLG12 (] | arGs [| arGs [| aLGio ||

B Giovac ' Man/Glc Linkages: mutation, a severe hypoglycosylation was observed, but the same
B Man (Dot Man derve) I al2linked extent of glycosylation deficiency also was observed in the
A Gk ep N “i’z':f"teg wbp1-2single mutant strain (Figure 2, lanes 3 and 4). However,
ichol-P- : ; L
i < oL we detected an effect of tAalg12 mutation on the mobility of

the different CPY glycoforms: mature CPY in tha&lg12 strain

as well as the different glycoforms in thalgl2wbpl-2double
Fig. 1. Structure and assembly pathway of the dolichylpyrophosphate-linked mutant strain (Figure 2, lanes 1 and 4) migrated faster in
oligosaccharide GiMangGIcNAc,. The st_epwise _synthesis‘qccurs at the SDS-PAGE than the Corresponding molecules in either the
membrane of the ER catalyzed by a series of highly specific Wild—type (Figure 2, lane 2) or thebp1-23train (Figure 2, lane

glycosyltransferases (encodedAlyG loci). The portion of the assembly Lot
pathway occurring at the lumenal side of the ER is shown. The linkage of ~ 3)- Nonglycosylated CPY protein in both thédpl-2and the

each individual glycosyl residue and the loci coding for the corresponding  Aalg12wbpl-2strain had the same mobility. This mobility shift
glycosyltransferases are indicated. of the glycoforms can be attributed to the transfer of incomplete
assembled oligosaccharide to protein in the ER and also was
i i , observed in other mutant strains affected in the biosynthesis of the
altered cell wall biogenesis (Lussedral., 1997). The locus was lipid-linked oligosaccharide (Burdet al., 1996; Jakolet al.,
namedEMC39 Due to our detailed analysis of the primarylggg)_
function of this locus (see below), we named it ALG12. In

addition, Alg9p and Algl2p share a very similar, highly . L
hydrophobic protein structure (data not shown). We disrupted tAz:ngmutant strains accumulat.e.hp!d linked
! X . . . nyGIcNA@ and low levels of lipid-linked
ALG120RF in the wild-type strain SS328 by the integration Ogc MaryGIcNAG
a kanamycin cassette and the haploid deletion strain proved to g3
fully viable. Next we asked whether the resultingWe analyzed the dolichol-linked oligosaccharides that accumu-
Aalgl2::kanMX4 strain (YG839), which showed no apparentlate in aAalgl2strain. For that purpose, we labelelg12 cells
growth phenotype, was affected in the N-linked protein glycoin vivo with [3H]mannose and isolated the radiolabeled lipid-
sylation process. linked oligosaccharide. After the release of the oligosaccharide
Known alg mutant strains that are unable to complete thérom the lipid-carrier dolichol by acidic hydrolysis we separated
synthesis of the lipid-linked oligosaccharide at the luminal side ahe oligosaccharides by HPLC. Oligosaccharides of known
the ER lead to underglycosylation of secreted proteins becausestifucture were used as standards. Indeed, an altered biosynthesi:
the decreased affinity of the oligosaccharyltransferase (OTas&) lipid-linked oligosaccharides was observed in fadgl2
towards truncated lipid-linked oligosaccharides. In combinatiostrain (Figure 3): this mutant strain was not able to synthesize
with a reduced OTase activitwlppl mutation) (Stagljaet al., lipid-linked GlgsMangGIcNAc,. A major oligosaccharide inter-
1994, Zuffereyet al., 1995) thesalg mutants showed a synthetic mediate (eluting after 42 min in this experiment) and a minor peak
growth defect at 30C due to a severe glycosylation deficiency.(at 57 min) were detected (Figure 3B). Comparison to the
We therefore crossed thealgl12 strain with awbpl-2mutant  oligosaccharide profile observed in the wild-type strain (Figure
strain and a tetratype tetrad was analyzed for growth and f8A) suggested that the major peak represents aGHeXAC,
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oligosaccharide, whereas the minor peak had the retention time X
expected for HepyGICNAC, (Hex = mannose or glucose). The (o) RTT
amount of the minor peak was found to be dependent on ths — GSMONZ g
genetic background of thAalg12 strains. A deletion of the
ALG12locus in the SS328 wild-type background resulted in a,,4,, ]
decrease of this HeyGIcNAc, peak (Figure 4C). We first
analyzed the structure of the putative MaltNAc, oligosac- o] M M5N2
charide in more detail. Previously we reported on the isolation of
the ALG9 locus and showed thahkalg9 cells accumulate A:
lipid-linked MansGIcNAc,. Detailed analysis by Trimble and °_| T T T T T T wild-type
co-workers using IH-NMR technique revealed that the 0 10 20 30 40 50 60 70 [min]
MangGIcNAC, oligosaccharide accumulating ihalg9 cells {dpm]
contained an additionati-1,3 mannose (Trimble, personal 1827 =]
communication) linked to the MgBIcNAc, oligosaccharide
found in Aalg3 strains (Verosteket al., 1993a; Figure 1). 1218—
Digestion of this MagGIcNACc, oligosaccharide by an exo-,2
mannosidase resulted in a M@icNAc, structure (Figure 609 —
4A,B). The same oligosaccharide was observed aftér2a
mannosidase treatment of the M@icNAc, accumulating in o —
Aalgl2 cells (Figure 4C,D). Knowing that th&alg9 strain
accumulates the same oligosaccharide intermediate Aalg$e
Aalg12 double mutant straimA@lg9 mutation is epistatic over  (dpm
Aalgl2 data not shown), we conclude that lipid-linked %]
Man;GIcNAc, oligosaccharides idalgl2 cells contain the
a-1,3-0-1,2 di-mannose branch of the lipid-linked oligosacchar- 70—
ide. Therefore, th&LG12locusmost likely encodes the-1,6
mannosyltransferase  required for the synthesis  oOf 35—
MangGIcNAc,-PP-Dol.
Earlier studies in yeast cells indicated that the oligosaccharide o g;l 3
intermediate MagGIcNAc,-PP-Dol can be glucosylated yielding T 1T 1T 1T 1T 1T 11 8
GlcsMansGIcNAc-PP-Dol, albeit at a low level (Verostekal, ¢ 10 2 % 40 s 60 70 [min]
1993a). Thus, we speculated thahaig12 strains the accumulat-
ing Man;GIcNAc, might be a (suboptimal) substrate for the Alg6p
glucosyltransferase (Rungs al, 1984; Reis®t al, 1996) and  Fig. 3. Analysis of lipid-linked oligosaccharides of thalg12 mutant strain
Subsequent g|ucosy|a‘[ion by A|98p (Stag”ae“al, 1994) and FHENOOS—OZC(A)CG”S were labeled Wlth?H] mannose. Llpld-llnked

: : : ligosaccharides were extracted and hydrolyzed, and the liberated
AIglOp (Burda and Aebi, 1998) transferases mlght result in th%ligosaccharides were analyzed by HPLC. Oligosaccharides isolated from

formatiqn of G'@M§WG|CNAC2'PP'D0L the m.inor peak Pb' strain $S328 (wild-type) and YG2484lg3) served as standards. The
served indalgl2 strains (Figure 3 B). To test this hypothesis we position of mannose (M), May g5IcNAc, (M5,7,8N2) and
transformed a\alg12 mutant strain with a high copy number G'CSMarb(z'_CNA?,z (G3M?1N2_ziaff? ihﬁic?teféq T&/el dSttf;Cturte of tges 28
. - . corresponaing oligosaccharides Is llustra wWila-type strain .
plasmld OVerexpressing Alg6p_ glucosyl.tranSferase .(%Im’ . (B) Aalg12 mutant strain FHENO05—-02C(AX) Aalg3 mutant strain
1996) and asked, whether biosynthesis of the oligosaccharidgsoas.
could be shifted towards the H@&lcNAc,-PP-Dol. This was
indeed the case. Almost equal amounts of /@&NAc, and
Hex;oGIcNAC, oligosaccharide were observed in the Alg6p )
. ) . n;GIcNAcy; however, ManGIcNAc,-PP-Dol can be glucosy-
overexpressing strain (Figure 5B). To show that the postulat'ﬁa : ing in G 5D,
GlcsManyGIcNAc, peak contained glucose residues, we con‘?— ed in these cells resulting in m7GleNAcz-PP-Dol.

structed a\alg12 Aalg5 double mutant strain. A disruption of the . . .
ALGS5locus causes loss of Dol-P-Glc synthase activity (Renge Glucosylation of intermediates of the LLO assembly pathway

al., 1984; te Heeseet al, 1994); thus, cells are devoid of The gpservation that the-1,2-0-1,2-di-mannose branch in
Dol-P-Glc, the donor for the glucosylation reactions in thengig12 strains can be glucosylated before completion of the
biosynthesis of the putative @Man;GIcNAC-PP-Dol. We  MangGIcNAC, core prompted us to test whether glucosylation of
transformed thishalgl2 Aalg5 double mutant strain with the gjligosaccharides lacking the two Dol-P-Man derived di-mannose
Alg6p overexpressing plasmid. In contrast to Aaigl2 single  arms is also possible. For that purpose the Algép glucosyltrans-
mutant overexpressing Algép (Figure 5B), the Alg6p overexpreserase was overexpressed in bisig3andAalg9 mutant strains,

sing Aalg12 Aalg5 double mutant strain (YG846) accumulatedthe LLOs accumulating in these strains were analyzed by HPLC
only one oligosaccharide intermediate which comigrated with thgnd further characterized by emel,2 mannosidase digestion
MarrGIcNACc; oligosaccharide (Figure 5B,C). This result con-(Figure 6). In théalg3strain overexpressing Algép we observed
firms the presence of glucose residues in the minawo oligosaccharide species (Figure 6A). The oligosaccharide
GlcgManzGIcNAC, peak observed in th&algl2 strain. Taken eluting at 37 min comigrates with the M@IcNAc, oligosac-
together, our data show that theG12locus is required for the charide (data not shown), whereas the minor oligosaccharide
assembly of the lipid-linked core oligosaccharidesMEngGlc-  eluting at 52 min was not observedAalg3 cells (Aebiet al.,
NAc,. Aalgl2 mutant strains accumulate lipid-linked 1996) (data not shown). As expected, exb;2 mannosidase

Aalgl2
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‘ : Fig. 5. Lipid-linked MarnyGIcNAc; can be glucosylated vivo.
Oligosaccharides frorhalg12 (B) and /lg12Aalg5 cells C)
80— D: overexpressing the Algép glucosyltransferase were analyzed.
A .l 12 Oligosaccharides isolated from wild-type str&8328A) served as
o (WO aa1g2 too d standard. The positions of mannose (M), B@IGNAc; M7N2)
T T T T T TT1 -1,4 mannosidase Gle3MaryGIcNAc, (G3M7N2) and Gle3MasGIcNAc, G3MIN2) are
e 10 2 0 4 50 & 70 [min] indicated. The structure of the corresponding oligosaccharides are illustrated.

(A) Wild-type strain SS328B)) Aalg12 mutant strain transformed with the
high copy number plasmid pALG6 (YG845532&ackground).@)

. . . . . Aalg12Aalg5 mutant strain transformed with the high copy number plasmid
Fig. 4. HPLC analysis of exa-1,2 mannosidase digestion products of pALG6 (YG846).

Aalg9 andAalg12 derived oligosaccharides. The radiolabeled
oligosaccharides were prepared and digestedAwhitoia-1,2
mannosidase. The digested oligosaccharide products were analyzed by observed that MaGIcNAC, oligosaccharide is glucosylated

HPLC. The positions of mannose (M), M&IcNAc, (M4N2) L.
MangGIcNAC; (MBN2) and ManGIcNAc, (M7N2) and the corresponding more efficiently as compared to Mg@icNAc, and MagGlc-

oligosaccharide structures are showh). Qligosaccharide derived from NAcy, respectively. The dependence of the glucosylated oligo-
Aalg9 strain YG414.8) Oligosaccharide fromalg9 strain @) treated with saccharide species on the glucose-donor Dol-P-Glc was proven
exo-0-1,2 mannosidaseC] Oligosaccharide derived frofkalg12 strain by the result that these species were missing when Amlm

YGB839. D) Oligosaccharide fromalgl2strain C) treated with exax-1,2

mannosidase. Aalg5 or Aalg9 Aalg5 double mutant strains were used for Algép

overexpression (data not shown). Furthermore, overexpression of

the Alg8p glucosyltransferase (Stagljar et al., 1994) catalyzing

the addition of the secondy3-linked oligosaccharide (Figure

1) did not result in glucosylation of the MgicNAc;, oligosac-
haride in &lg3 cells (data not shown). In conclusion, our data

digestion resulted in a shift of the M@icNAc, peak due to the

removal of the twoa-1,2-linked mannose residues yielding

MargGIcNAc, (Figure 6B). However, the peak at 53 minwas noL ggeqt that thes-1,2-linked mannose of ther-1,3-a-1,2

affected by the mannosidase treatment, compatible with the 1onnose branch (missing in bathlg3 and Aalg9 mutant

:pothfisl.ﬂLat dthe addition ?f gluc;]osde r|e5|_du§s Itsh prot%cgng t frains) is an important determinant of Algép substrate specificity
0 d-1,2-iNked Mannoses Irom Nycrolysis by the exs and that synthesis of the MgBicNAC, core is a prerequisite for

mannosidase. The same effect of Alg6p overexpression wgasg: .. ) : Y
observed inAalg9 strains. A novel oligosaccharide speciesgﬁICIent Algép-dependent  glucosylation of the lipid-linked

eluting at a position compatible with @lansGIcNAc, was oligosaccharide.
found to be resistant towaat1,2 mannosidase, whereas the
MargGIcNAc, oligosaccharide was cleaved to vyield
MaryGIcNAc, (Figure 6C,D). When we compared the amount o
these glucosylated oligosaccharide intermediates to those synhas been demonstrated both in vifwturphy and Spiro, 1981)

thesized inhalg12 cells overexpressing Alg6p (Figure 5B), we andin vivo (Burda and Aebi, 1998) that glucosylation of the

Glucosylated lipid-linked oligosaccharide intermediates
are transferred more efficiently to protémvivo
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Fig. 7.N-linked glycosylation of CPY ifalg3 strains overexpressing
Alg6p glucosyltransferas@alg3 single mutant andalg3 wbpl-2double
mutant strain, respectively, were transformed with the high copy number
plasmid pALG6. Glycosylation of CPY was analyzed by CPY-specific
immunoblotting. CPY isolated from the pALG6 transformed mutant cells
was compared to CPY molecules of untransformed mutant strains. The
relevant genotype of the strains is indicated above the lanes. The position of
mature CPY (mCPY) and the different glycoforms lacking up to three
N-linked oligosaccharides (-1 to —3) are indicated. Strains: YG24§3,
lane 1), YG8594alg3 + pALGS, lane 2), YG857Malg3wbp1l-2 lane 3),
YG858 (halg3wbpl-2+ pALGS, lane 4).

strain. The same observations upon CPY analysis were made in
either alalg9 strain or a&\alg9 wbpl-2strain (data not shown).

In addition, overexpression of Alg6p in bdihalg3 wbpl-2and
Aalg9wbp1-2double mutant strains restored the viability &G0
(data not shown). This supports the hypothesis that complete
glucosylation of the lipid-linked oligosaccharide is a central
factor in the recognition of the oligosaccharide substrate by the
oligosaccharyltransferase complex.

Acceptor specificity of Algl2p mannosyltransferase

As shown above, efficient glucosylation of the lipid-linked
oligosaccharide requires the completion of the dEeNAC,
structure. Nevertheless, addition of glucose residues occurred on
an earlier intermediate in the biosynthesis, however with reduced
efficiency. Likewise, in principle it is possible to add eittelr, 3-

or a-1,6 mannose to the-1,6 mannose of the lipid-linked
MansGIcNAc, which is (according to the currently accepted
topological model of LLO biosynthesis) translocated into the
lumen of the ER. However, the accumulation of KGlo-
NAco-PP-Dol in @Aalg3 strain and of MagGIcNAc-PP-Dol in
alalg9 strain, respectively, suggests that the order of addition is
determined by the specificity of thelyg6 mannosyltransferase
Alg12p: no oligosaccharide containing thé,6-linked mannose

oligosaccharides. The Alg6p glucosyltransferase was overexpressed both inyyas detected in analg3 strain (Verostelet al., 1993b). We

Aalg3 andAalg9 mutant cells. The oligosaccharides from these strains were

characterized by exa-1,2 mannosidase digestion followed by HPLC
analysis. The position of mannose (M), MattNAc, (M3N2),
ManyGIcNAc; (M4N2) MarsGlcNAc, (M5N2), MargGIcNAc,; (MEN2),
Glc3MansGlcNACc; (G3M5N2), and Glc3MagGIcNAc, (G3M6N2) and the
corresponding oligosaccharide structures are giverOligosaccharides
isolated fromAalg3 strain overexpressing Alg6p glucosyltransferase
(YG859). B) Oligosaccharides isolated frofalg3 strain overexpressing
Alg6p glucosyltransferase digested with exd;2 mannosidaseCy
Oligosaccharides isolated frafvalg9 strain overexpressing Algép
glucosyltransferase (YG849P) Oligosaccharides fromalg9 strain
overexpressing Algép glucosyltransferase digested withoek@
mannosidase.

therefore asked whether overexpression of the Alg12p activity in
alalg3 or in aalg9 mutant strain may result in oligosaccharide
intermediates containing thee1,6 mannose. For that purpose
Aalg3and falg9cells were transformed with a high copy number
vector carrying theALG12 locus, the resulting strains were
labeled with $H]-mannose and the radiolabeled oligosaccharides
isolated from these strains analyzed by HPLC. The
MansGIcNAc; oligosaccharide was foundAalg3 cells overex-
pressing Alg12p (Figure 8A). It comigrated with the oligosac-
charide accumulating ifalg3 strains (data not shown) and was
reduced to MagGIcNAc, when treated with exa-1,2 mannosi-
dase (Figure 8B). No additional oligosaccharide due to Alg12p

lipid-linked oligosaccharide, in particular the presence of theverexpression was observed. However, when we analyzed the
terminala-1,2-linked glucose, is necessary for efficient transfeoligosaccharides deriving fromdalg9 cells overexpressing

of the core oligosaccharide to protein. To test a fully glucosylatedl G12, we detected an additional oligosaccharide intermediate
but partially mannosylated lipid-linked oligosaccharide as #&Figure 8C) that was not present in thalg9 mutant strain
substrate for the oligosaccharyltransferiaseivo, we analyzed (Figure 4A). According to the retention time we postulated that

the glycosylation of the model protein CPY in differé&aig3

this additional oligosaccharide is likely M#@icNAcy, since it

mutant strains (Figure 7). Glycosylation of CPY was improved¢omigrated with the Ma®GIcNAc, intermediate observed in

due to Alg6p overexpression both inalgd8 and aAalg3wbp1-2

Aalgl2 cells (data not shown). When we analyzed these
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Fig. 8. Analysis of lipid-linked oligosaccharidesaly mutant strains
overexpressing Alg12p. Lipid-linked oligosaccharides accumulating in

Aalg9 andAalg3 cells overexpressing Alg1l2p mannosyltransferase were
isolated and analyzed using HPLC. The structure of the oligosaccharides

was investigated by ex@-1,2 mannosidase digestion. The position of
mannose (M), MagGIcNAc, (M3N2), MarnyGIcNAc, (M4N2)
MansGIcNAc, (M5N2), MargGIcNAc, (M6N2), and ManGIcNAc,

(M7N2) is shown and the corresponding oligosaccharide structures are
indicated. (A) Oligosaccharides isolated fraalg3 strain transformed with

pALG12 (YG855) A) and treated witkr-1,2 mannosidaséy.
Oligosaccharides isolated frafyalg9 strain transformed with pALG12

(YG848) C) and treated witli-1,2 mannosidas®j.

Our results demonstrate that the Alg3p and Alg12p mannosyl-
transferase clearly differ in their acceptor oligosaccharide spe-
cificity, because the addition of thelg6-linked mannose by
Alg12p requires a minimal structure including tind,,3-linked
mannose residue added by Alg3p. Moreover, these experiments
provide further evidence that tA&G12locus indeed encodes a
mannosyltransferase, because overexpression of this protein in a
Aalg9 strain results in a novel lipid-linked oligosaccharide
intermediate.

Discussion

The assembly of lipid-linked GiMangGIcNAc;, takes place at

the membrane of the endoplasmic reticulum (ER). Current
topological models suggest that the first part of lipid-linked
oligosaccharide biosynthesis takes place at the cytoplasmic side
of the ER membrane, whereas the synthesis continues in the
lumen after flipping of the lipid-linked MafBIcNACc, intermedi-

ate across the ER membrane. In this discussion, we will focus on
the assembly pathway of the oligosaccharide after the transloca-
tion of MansGIcNAcy-PP-Dol to the lumen of the ER. Four
mannose and three glucose residues are added by specific
glycosyltransferases using as substrates dolichylphosphate-acti-
vated mannose and glucose, respectively. In recent years,
different yeast loci have been identified which are supposed to
encode such specific mannosyl- or glucosyltransferases (Orlean,
1997; Burda and Aebi, 1999). In this report, we describe the
ALG12 locus encoding a noveli-1,6 mannosyltransferase
involved in the biosynthesis of the lipid-linked oligosaccharide.
ALG12deletion strains are not able to synthesize the complete
lipid-linked core oligosaccharide GMangGIcNAcy, but accu-
mulate as a major product MgsicNAcy-PP-Dol. Our observa-

tion that overexpression of thd.G12locus in aAalg9 strain
results in a novel oligosaccharide species containing one
additional mannose residue which is normally not present in
Aalg9 cells, strongly suggests that Algl2p is indeed the
Dol-P-Man dependent-1,6 mannosyltransferase. The altered
mobility of glycoforms of the marker protein CPYAalgl2cells

as compared to wild-type cells shows that incompletely as-
sembled oligosaccharide is transferred to protein. However, we
detected glucosylated oligosaccharide intermediates
(GlcsMan;GIcNACy) in Aalgl2 mutant strains. This observation
might explain the mild hypoglycosylation phenotype noticed in
these cells, because the presence of the terimmitie linked
glucose on the glucosylated oligosaccharide intermediate makes
it a good substrate of the oligosaccharyltransferase (OTase)
complex. Consistent with this observation, ffa#g12 mutation

does not synthetically interact with the OTase mutatibpl-2

and was therefore not identified in a screen directed towards

oligosaccharides ly-1,2 mannosidase digestion, we noticed twamutants with altered biosynthesis of lipid-linked oligosacchar-

peaks representing MgBIcNAc,; and MaBGICNACy. The same  ides (Zufferey et al., 1995). The preference for glucosylated
ratio of the MapGIcNAc, to MarnsGIcNACc, oligosaccharide was  lipid-linked oligosaccharides also has been observed in higher
observed aftex-1,2 mannosidase digestion as for M@altNAc,  eukaryotes. A CHO mutant cell line unable to synthesize
to MamyGIcNAc;, and therefore we conclude that theDol-P-Man accumulated MaGIcNAc-PP-Dol; however, a
MaryGIcNAc, oligosaccharide derives from digestion of minor proportion of lipid-linked oligosaccharide was glucosy-
MargGIcNAC, and the MagGIcNAC, oligosaccharide from lated yielding GlgMansGIcNAc,. Analysis of the protein-bound
Man;GIcNAc,. The structural analysis by-1,2 mannosidase oligosaccharides revealed that, nevertheless, the glucosylated
shows that in contrast to the M&IcNAc; intermediate from species were preferentially transferred to the nascent polypeptide
Aalgl2 cells, the MapGIcNAc, species fromAalg9 cells chain (Stollet al., 1992).

overexpressing Algl2p has only two cleavabld,2 linked alg12 mutant strains have been found previously in a screen
mannose residues. Thus, it contains an additional manndee mutants with altered cell wall biogenesis (Lusste., 1997).
residue which is added by the overexpregdedl2protein. We Due to the essential role of mannoproteins in yeast cell wall
propose that the additional residue isdhg,6-linked mannose. biogenesis (Klis, 1994) the incomplete oligosaccharide structure
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which is transferred to protein irafy12cells might be the cause oligosaccharide follows a highly defined pathway which termin-
of this cell wall phenotype. ates in the addition of the-1,2-linked glucose residue by the
We have identified th&LG12locus by searching the available ALG10glucosyltransferase.
databases for sequences similar toAbh&9protein. As all other This precision in the assembly of lipid-linked
ER glycosyltransferases using dolichylphosphate-activated heslcsMangGIcNAC; is achieved by the high specificity of the ER
ose, Alg12p is a highly hydrophobic protein. In addition, Alg12mlycosyltransferases towards their lipid-linked oligosaccharide
possesses a putative N-terminal signal sequence (von Heijsebstrates. Oun vivodata obtained in yeast demonstrate that the
1986) directing the import of the protein into the ER membranex-1,3-0-1,2 di-mannose arm is assembled prior to the
The database search revealed a family of yeast proteins witloél,6-0-1,2 di-mannose antenna resulting in lipid-linked
common sequence motif (Canivence-Gams$adl., 1998). The MangGIcNAC; (Figure 1), an assembly order also found in higher
homologous proteins GpilOp and Smp3p are essential feukaryotes (Rearickt al, 1981). The defined assembly of the
viability and both encode Dol-P-Man-dependent mannosyltrand4angGIcNACc; core is the consequence of the acceptor oligosac-
ferases that are located in the ER and involved in the biosynthesigaride specificity of the branching mannosyltranferases Alg3p
of GPI anchors (Benghezzt al., 1995; Canivence-Gansg¢ll., and Algl2p, respectively. The addition of thel,6-linked
1998; Sdtterlin et al., 1998; Riezman, personal communicationpannose by Alg12p requires the presence ofitfhe8 mannose
The sequence motif shared by this mannosyltransferase famégded by theALG3 mannosyltransferase. In contrast, Alg3p
might represent a recognition sequence for the common substregeognizes efficiently lipid-linked Ma®IcNAc, and catalyzes
Dol-P-Man. However, we did not detect this motif in the sequendbe addition of then-1,3-linked mannose (Aelst al., 1996;
of the Dol-P-Man-dependeAl G3 mannosyltransferase. Kuster and te Heesen, unpublished observations). The fact that
As soon as the core oligosaccharide is transferred to protethe Aalg9 mutation is epistatic ovekalgl2 suggests that the
trimming of the protein-linked GidpangGIcNAc, occurs in the  presence of the completel,3-0-1,2 di-mannose antenna is a
ER by the enzymes glucosidase I, glucosidase Il, and mannogierequisite for Alg12p activity. However, absence ofctie2
dase | (for a review, see Moremen et 4094). In recent years, mannose can be overcome by overexpression of Algl2p.
it has become more and more evident that individual sugar The fact that incomplete mannosylated oligosaccharide inter-
residues of the protein-bound oligosaccharide are required forediates can be glucosylated raises an interesting aspect of the
specific functions in the endoplasmic reticulum (Heleeiugl,  substrate specificity of the Alg6p glucosyltransferase that adds
1997; Jakoket al., 1998). In particular, the GMangGIcNAc,  the first glucose residue to lipid-linked M#icNAc, (Rungeet
structure is specifically recognized by calnexin and calreticuliral., 1984; Reisset al., 1996). The significant amount of
a function required in the quality control of glycoprotein folding.GlcsMan;GIcNAc, observed inAalgl2 mutant cells and the
In vivo studies by Verostek and co-workers (Verostekal., absence of detectable amounts of glucosylated LLGOaIg3,
1993b) showed that the complete M@titNAc, core might be Aalg9, andAalg9 mutant strain overexpressing Alg12p suggests
important for efficient glucose trimming of protein-boundthat thea-1,3-0-1,2 di-mannose antenna of the oligosaccharide
oligosaccharides. Other studies on the yeast ER processingiofan important determinant of Algép substrate specificity.
oligosaccharides revealed that mannosidase | activity watowever, the-1,6-0-1,2 di-mannose branch must be recognized
dependent upon the terminatl,2-linked mannose of the as well, because pronounced glucosylation of /@&NAC; is
a-1,6-a-1,2 di-mannose branch of protein-linked oligosacchardetected only under specific conditions. This specificity of Algép
ide (Ziegler and Trimble, 1991). In addition, recognition andensures that in wild-type cells the first glucose is predominantly
degradation of malfolded glycoproteins in the ER in yeast seeratached to the fully assembled M@fcNAc, core. The Alg6p
to be dependent on the correctly processedgBlaNAc,  acceptor specificity therefore represents a checkpoint for com-
oligosaccharide structure (Knagt al., 1996). Therefore, the plete mannosylated oligosaccharide intermediates. Furthermore,
transfer of fully assembled GMangGIcNAc, oligosaccharide Alg6p also has to recognize the outerl 8- a-1,2-a-1,2
to protein has to be ensured. tri-mannose arm in order to avoid glucose addition to the other
The selective transfer of only complete assembled oligosaterminala-1,2 mannose residues. This suggests that several of the
charide is guaranteed by the substrate specificity of the oligosanannose residues of the M&IcNAc, oligosaccharide deter-
charyltransferase (Silberstein and Gilmore, 1996). Howevemine the substrate specificity for the Alg6p mediated glucosyla-
reduced transfer rate of lipid-linked biosynthetic oligosaccharidgon reaction. How such a complex substrate recognition by the
intermediates to protein has been observed both inadiiiin ~ highly hydrophobicALG6 protein is achieved requires further
vivo. Small oligosaccharides such as chitobiose (GleINAc investigation. The addition of the last two glucoses catalyzed by
Sharmeet al., 1981) and different oligosaccharide intermediateslg8p and Alg10p, respectively (Staglgtral, 1994; Burda and
synthesized by a series of algutant strains (Burda and Aebi, Aebi, 1998), seems to be independent of the mannosylation state
1999) are transferred to protein, albeit at a reduced level. Fof the oligosaccharide, because we did not observe mono-or-di-
efficient transfer, the terminat1,2-linked glucose residue of the glucosylated Mag7GIcNAcy,-PP-Dol. This suggests that the
lipid-linked oligosaccharide is required, and fromiowivodata  presence of the first-1,2-linked glucose residue is sufficient for
we estimate that oligosaccharides lacking this terminal glucogdg8p acceptor specificity. Even though Alg8p shares significant
are transferred to protein with a 10-fold reduced efficiency (Burdsequence homology to Alg6p, the activity is highly specific for
and Aebi, 1998). Based on these data, we speculate that the OTiaseaddition of the secorwdl,3 glucose (Reist al., 1996). Also
recognizes the oligosaccharide substrate via two structurallige Alg10p glucosyltransferase adding the terniinb)2 glucose
distant motifs, the chitobiose stem and the ternoirlBR glucose to the lipid-linked oligosaccharide shows a very stringent
residue. Our observation that N-linked protein glycosylation is aacceptor specificity towards its acceptor fMangGIcNAc,-PP-
efficient process in @&gl2 cells (which accumulate Dol (Burda and Aebi, 1998). Taken together, the highly ordered
GlcsMan;GIcNACy) also suggests the di-mannose side branchéd O assembly pathway and the specific substrate recognition by
contribute little to the substrate recognition by the OTase. It ihe OTase ensures that only completely assembled and correctly
therefore essential that the biosynthesis of the lipid-linketiranched oligosaccharide is transferred to protein.
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Table I. Yeast strains used in this study

Strain Genotype Reference
SS328 Mata ade2-101 ura3-52 hiA200 lys2-801 Vijayraghavaret al., 1989
FHENOO5-02C(A) Mata ura3-52 trpl-6Aalg12::kanMX4-loxP This study
YG839 Mata ade2-101 ura3-52 MeX0 tyrl falgl2::kanMX4 This study
YG840 Mata ade2-101 ura3-52 MsX0 lys2-801 Algl2::kanMX4 This study
YG841 Mata ade2-101 ade3 ura3-52 heX)0 This study
YG842 Mata ade2-101 ura3-52 hi8300 leu2 lys2-801 wbpl-2 This study
YG843 Mata ade2-101 ade3 ura3-52 eX)0 leu2Aalg12::kanMX4 wbp1-2 This study
YG844 Mata ade2-101 ura3-52 hiA200 tyrl /alg12::kanMX4 pYEp352 This study
YG845 Mata ade2-101 ura3-52 hiA200 lys2-801 Alg12::kanMX4 p[ALG6] This study
YG846 Mata ade2-101 ura3-52 hiA200Aalg12::kanMX4Aalg5::HIS3 p[ALG6] This study
YG414 Mata ade2-101 ura3-52 hiA200 lys2-801 Alg9::kanMX4 Burdaet al., 1996
YG847 Mata ade2-101 ura3-52 hiA200 lys2-801 Alg9::kanMX4 pYEp352 This study
YG848 Mata ade2-101 ura3-52 hiA200 lys2-801 Alg9::kanMX4 p[ALG12] This study
YG849 Mata ade2-101 ura3-52 hiA200 lys2-801 Alg9::kanMX4 p[ALGE] This study
YG850 Mata ade2-101 ura3-52 h8300 lys2Aalg9::kanMX4Aalg5::HIS3 p[ALG6] This study
YG851 Mata ade2-101 ura3-52 hiA200Aalg9::kanMX4Aalg12::kanMX4 This study
YG852 Mata ade2-101 ade3 ura3-52 MeX0 lys2Aalg9::kanMX4 wbpl-2 pYEp352 This study
YG853 Mata ade2-101 ade3 ura3-52 Me®0 lys2Aalg9::kanMX4 wbpl-2 p[ALG6E] This study
YG248 Mata ade2-101 ura3-52 hi8300 lys2Aalg3::HIS3 This study
YG854 Mata ade2-101 ura3-52 hi8300 lys2Aalg3::HIS3 p[ALGS8] This study
YG855 Mata ade2-101 ura3-52 hi8300 lys2Aalg3::HIS3 p[ALG12] This study
YG856 Mata ade2-101 ura3-52 hi8300 lys2Aalg3::HIS3Aalg5::HIS3 p[ALGE] This study
YG857 Mata ade2-101 ura3-52 hiA200 lys2Aalg3::HIS3 wbpl-2 pYEp352 This study
YG858 Mata ade2-101 ura3-52 hiA200 lys2Aalg3::HIS3 wbpl-2 p[ALG6] This study
YG859 Mata ade2-101 ura3-52 his3@0 lys2Aalg3::HIS3 p[ALG6] This study

The high conservation of the lipid-linked oligosaccharideAACAACGATTCAGTTGACATCGATGAATTCGAGCTC-3;
structure required for N-linked protein glycosylation suggests thatimer 2: 3-GCTCGCTATATATTTTATTGGAATTGACGTTA-
individual sugar residues fulfill specific functions in glycoproteinGCTATTATCACGTACGCTGCAGGTCGAC -3) (bold se-
processing. Using the combination @iy mutant strains and quences: homologous to pFA6a-KAnMX4; other sequences:
overexpression of glycosyltransferases, we are now in a positiontomologous either to the region directly upstream of the startcodon
genetically tailor the structure of both lipid-linked and protein{primer 1) or to the region directly downstream to the stop codon
bound oligosaccharides in yeast. This will make it possible tprimer 2) of theALG120RF.
address the functions of the individual sugar resitiueiso.

Construction of a high copy number plasmid

. overexpressing Alg12p
Materials and methods } .
Plasmid pYCG_NRO30w (see above) was cut Wittl generat-

Yeast strains and media ing a 2.3 kb fragment that contained the complete ALORE.
The strains ofSaccharomyces cerevisiased in this study are This fragment was cloned into the vector pRS306. The resulting

listed in Table I. The pALG6 plasmid has beeb described (Reigéasmid was cut witfKpnl and Sacl (flanking the Notisites)

: . . erating a 2.3 kb fragment which was cloned into the high copy
eelfoglliéég(?aihsrit: g?%r?:iﬁaitggf)dla and genetic techniques Wnumber vector YEp352 resulting in plasmid pALG12.

. . . Immunological techniques
Isolation and disruption of the ALG12 locus . g qu

. Western-blot analysis was performed as described previously
The ALG12 gene (GenBank Accession No. 1302525, ORRpyrdaet al., 1996) using anti-CPY specific antibodies.

YNRO30w) was isolated using the gap repair strategy resulting in
plasmid pYCG_NRO30w, which includes a 2.3Nil fragment
(bp 10—2312) containing the compléieG120RF (bp 405-2060).
The disruption of théLG12gene in strain SS328 was performed
according to the PCR-based gene disruption using tHe vivometabolic labeling withH]Jmannose (20 Ci/mmol; ICN
KanMX4-module (Wachet al, 1994). A 1.77-kb-long PCR Pharmaceuticals), extraction of lipid-linked oligosaccharides,
fragment was amplified using pFA6a-KanMX4 as template anend HPLC analysis of the radiolabeled oligosaccharides were
two primers (primer 1:'5SAAAAGAGTTGAATAAAGCCATTA- performed as described previously (Burda and Aebi, 1998).

Extraction and analysis of lipid-linked oligosaccharides of
various yeast strains
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Horenstein,C.l., Chen-Weiner,J., Ram,A.F., Kapteyn,J.C., Roemer,T.W.,,
; ; ; ; ; ; g _ Vo,D.H., Bondoc,D.C., Hall,J., Zhong,W.W., Sdicu,A.M., Davies,J.,
Elg?dsnon ?,]; rar;g\lOIabreilﬁd Ollgii)siaocgj(?argdg? Wltg Gixi]),Z mavl’\ll Klis,F.M., Robbins,P.W. and Bussey,H. (1997) Large scale identification of
osldase ( 0 spergilius saiq _O ycoocie ces)_ as genes involved in cell surface biosynthesis and architect8aetharomyces
performed with 2.5uU of enzyme in 60 100 mM sodium cerevisiae Genetics 147, 435—450.

acetate pH 5.0 for 24 h at 3Z. To inactivate the enzyme the Moremen,K.W., Trimble,R.B. and Herscovics,A. (1994) Glycosidases of the
samples were heated for 5 min af@5and filtered through a asparagine-linked oligosaccharide processing path@ycobiology 4,

: HIR ; ; 113-125.
3I4g¥tr: dﬂlot"e réggfhogﬁ dLéz(t:)g(ﬂ;\li%O) prior to analysis of the Murphy,L.A. and Spiro,R.G. (1981) Transfer of glucose to oligosaccharide-lipid
9 9 y : intermediates by thyroid microsomal enzymes and its relationship to the
N-glycosylation of proteinsl. Biol. Chem 256, 7487—7494.
Neuenberger,A. (1995) In Montreuil,J., Vliegenthart,J.F.G., and Schachter,H.
(eds.),Glycoproteins Elsevier, Amsterdam, The Netherlands, pp. v—vii.

Acknowledgments Orlean,P. (1997) Biogenesis of yeast cell wall and surface components. In
. L. Pringle,J.R., Broach,J.R., and Jones,E.W. (etdo)ecular and Cellular
We thank Prof. Howard Riezman for bringing the ORMR030w Biology of the Yeast Saccharomyces, Cell Cycle and Cell Bi@olgySpring

to our attention. We thank Prof. Howard Riezman, Prof. Andreas Harbor Laboratory Press, Cold Spring Harbor, NY.
Conzelmann and Prof. Rob Trimble for sharing results prior tBearick,J.l., Fujimoto,K. and Kornfeld,S. (1981) Identification of the mannosyl
publication and Dr. Rob Boulianne for critically reading the donors involved in the synthesis of lipid-linked oligosaccharide®iol.

- - - . Chem, 256,3762-3769.
manuscript. This work was Squorted by the Swiss Nat'onageiss,G” te Heesen,S., Zimmerman,J., Robbins,P.W. and Aebi,M. (1996) The

Science Foundation to M.A. (Grant 3100-040350.94). ALGS6locus ofSaccharomyces cerevisiaecodes a putative glucosyltransfer-
ase of the endoplasmic reticulum: a novel class of glycosyltransferases?
Glycobiology 6, 493-498.
Runge,K.W., Huffaker,T.C. and Robbins,P.W. (1984) Two yeast mutations in
Abbreviations glucosylation steps of the asparagine glycosylation pathiv&jol. Chem
259,412-417.
CPY, carboxypeptidase Y; Dol, dolichol; Dol-P-Glc, dolichyl- Schachter,H. (1995) Biosynthesis. In Montreuil,J., Vliegenthart,J.F.G. and
phosphoglucose; Dol-P-Man, dolichyl-phosphomannose; ER, Schachter,H. (eds.%lycoproteins Elsevier, Amsterdam, The Netherlands,

. . . P - ‘1o _pp.  Pp. 123-126.
endOplasmIC reticulum; LLO, |Ipld linked OhgosaCChande’ PP Sharma,C.B., Lehle,L. and Tanner,W. (1981) N-Glycosylation of yeast proteins.

Dol, dolichyl-pyrophosphate-linked; OTase, oligosaccharyltrans- characterization of the solubilized oligosaccharyitransfei@se. J. Bio-
ferase. chem.116,101-108.
Silberstein,S. and Gilmore,R. (1996) Biochemistry, molecular biology and
genetics of the oligosaccharyltransferd®eSEB J 10, 849-858.
Stagljar,l., te Heesen,S. and Aebi,M. (1994) New phenotype of mutations
deficient in the glycosylation of the lipid-linked oligosaccharide: the cloning
References of the ALG8locus.Proc. Natl. Acad. Sci. USA1,5977-5981.
. . Stoll,J., Cacan,R., Verbert,A. and Krag,S.S. (1992) Lec15 cells transfer glucosy-
Aebi,M., Gassenhuber,J., Domdey,H. and te Heesen,S. (1996) Cloning and |ateq oligosaccharides to protefrch. Biochem. Biophy299,225-231.
characterization of thaLG3 gene ofSaccharomyces cerevisig@lycobio- Sutterlin,C., Escribano,M.V., Gerold,P., Maeda,Y., Mazon,M.J., Kinoshita,T.,
logy, 6, 439-444. Schwarz,R.T. and Riezman,H. (198)ccharomyces cerevisig®!10, the

Benghezal,M., Lipke,P. and Conzelmann,A. (1995) Identification of six comple-  ¢nctional homologue of huma&G-Bis required for glycosylphosphatidyli-
mentation cl_asses involved |n‘the biosynthesis of glycosylphosphatidylinosi- 1, sitol-anchor synthesiBiochem. J 332,153-159.
tol anchors in yeast. J. Cell Bidl30, 1333-1344. Takahashi,M., Inoue,N., Ohishi,K., Maeda,Y., Nakamura,N., Endo,Y., Fuijita,T.,
Burda,P. and Aebi,M. (1998) Isolation of tA&G10locus of Saccharomyces Takeda,J. and Kinoshita,T. (1996)G-B, a membrane protein of the
cerevisiaethe terminal &,2-linked glucose is required for efficient N-linked endopléshic reticulum v’vit.h a large iumenal domain. is involved in
glycosylation in the endoplasmic reticuluiycobiology 8, 455-462. transferring the third mannose of the GPI andBbiBO J, 15’, 4254-4261.

B“fd?'*’- _and Aebi,M. (1999) The dolichol pathway of N-linked l:"chosyl"’mOn'l'anner,W. and Lehle,L. (1987) Protein glycosylation in y&isthim. Biophys.
Biochim. Biophys. Actd 426,239-257. Acta, 906,81-99

Burda,P., te Heesen,S., Brachat,A., Wach,A., Disterhoft,A. and Aebi,M. (199?(% Heesen,S., Lehle.L., Weissmann,A. and Aebi,M. (1994) Isolation AL {36

Stepwise assembly of the lipid-linked oligosaccharide in the endoplasmi locus. encoding the UDP-alucose-dolichvl phosphate alucosvitransferase
reticulum of Saccharomyces cerevisiaielentification of theALG9 gene . 9 9 -dofichyl pnosp 9 Y
from Saccharomyces cerevisidaur. J. Biochem224,71-79.

c;;\_ggc_h?n]g-]ﬁsg' putative mannosy| transferds@c. Natl. Acad. Sci. USRS, Vero;tgk,M.F., Atkinson,P.H. and TrimbIQ,R.B. (1993a) Glycoprotein bi(_)synthe-

Canivence-Gansel,E., Imhof,|., Reggiori,F., Burda,P., Conzelmann,A. and Benac- 'S N thealg3 Saccharomyces cerevisiamutant. 1. Role of glucose in the
hour,A. (1998) GPI anchor biosynthesis in yeast. Phosphoethanolamine is INitia! glycosylation of invertase in the endoplasmic reticuldiriiol. Chem
attached to thei1,4-linked mannose of the complete precursor glycophos- 268,12095-12103.

pholipid. Glycobiology 8, 761-770. Verostek,M.F., Atkinson,P.H. and Trimble,R.B. (1993b) Glycoprotein biosynthe-
Guthrie,C. and Fink,G.R. (199G)ide to Yeast Genetics and Molecular Biology ~ SiS in thealg3 Saccharomyces cerevisiasutant. 2. Structure of novel
Academic Press, San Diego. Man6-10GIcNAc2 processing intermediates on secreted invedtaBeol.

Helenius,A., Trombetta,E.S., Hebert,D.N. and Simons,J.F. (1997) Calnexin, Chem,268,12104-12115. , _

calreticulin and the folding of glycoproteinends Cell Bial 7, 103-200.  Viiayraghavan,U., Company,M. and Abelson,J. (1989) Isolation and characteriz-
Herscovics,A. and Orlean,P. (1993) Glycoprotein biosynthesis in fASSEB J, ation of pre-mRNA splicing mutants &accharomyces cerevisig@enes

7, 540-550. Dev, 3,1206-1216.
Irie,K., Araki,H. and Oshima,Y. (1991) Mutations iSaccharomyces cerevisiae Yon Heijne,G. (1986) A new method for predicting signal sequence cleavage sites.

host showing increased holding stability of the heterologous plasmid pSR1. Nucleic Acids Resl4, 4683-4690.

Mol. Gen Genet, 225,257—265. Wach,A., Brachat,A., P6himann,R. and Philippsen,P. (1994) New heterologous
Jakob,C.A., Burda,P., te Heesen,S., Aebi,M. and Roth,J. (1998) Genetic tailoring modules for classical or PCR-based gene disruptiorSaiztharomyces

of N-linked oligosaccharides: the role of glucose residues in glycoprotein cerevisiae Yeast10, 1793-1808.

processing of Saccharomyces cerevigiagvo. Glycobiology 8, 155-164. Ziegler,F.D. and Trimble,R.B. (1991) Glycoprotein biosynthesis in yeast:
Klis,M. (1994) Cell wall assembly in yea¥east10, 851-869. purification and characterisation of the endoplasmic reticulum Man9 proces-
Knop,M., Hauser,N. and Wolf,D. (1996) N-Glycosylation affects ER degradation ofa  singa-mannosidaseGlycobiology 1, 605-614.

mutated derivative of carboxypeptidase yscY in y&astst12, 1229-1238. Zufferey,R., Knauer,R., Burda,P., Stagljar,!., te Heesen,S., Lehle,L. and Aebi,M.
Kornfeld,R. and Kornfeld,S. (1985) Assembly of asparagine-linked oligosacchar- (1995)STT3 a highly conserved protein required for yeast oligosaccharyl-

ides.Annu. Rev. Biochenb4, 631-664. transferase activitin vitro. EMBO J, 14, 4949-4960.

625



