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Genetic and biochemical studies of asparagine-linked

oligosaccharide assembly

By M. D. S~NipER, T. CG. HUFFAKER, J. R. CouTto AND P. W. RoBBINS

Center for Cancer Research and Department of Biology, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139, U.S.A.

The formation of N-glycosidic linkages of eukaryotic glycoproteins involves the
assembly of a specific lipid-linked precursor oligosaccharide in the endoplasmic
reticulum. This oligosaccharide is transferred from the lipid carrier to appropriate
asparagine residues during protein synthesis. The protein-linked oligosaccharide then
undergoes processing reactions that include both removal and addition of carbohydrate
residues.

In this paper we report recent studies from our laboratory on the synthesis of aspara-
gine-linked oligosaccharides. In the first part we describe the isolation and character-
ization of temperature-sensitive mutants of yeast blocked at specific stages in the
assembly of the lipid-linked oligosaccharide. In addition, we are using these mutants
to clone the genes for the enzymes in this pathway by complementation of the
temperature-sensitive phenotype. The second part deals with the topography of
asparagine-linked oligosaccharide assembly. Our studies on the transmembrane
movement of sugar residues during the assembly of secreted glycoproteins from cyto-
plasmic precursors are presented. Finally, experiments on the control of protein-
linked oligosaccharide processing are described. Recent data are presented on the
problem of how specific oligosaccharides are assembled from the common precursors
at individual sites on glycoproteins.

INTRODUCTION

The asparagine-linked oligosaccharides of eukaryotic glycoproteins are assembled in two
distinct stages (reviewed in Hubbard & Ivatt 1981; Struck & Lennarz 1980). The first step
involves the assembly of a large lipid-linked precursor oligosaccharide containing N-acetyl-
glucosamine (GIcNAc), mannose (Man) and glucose (Glc) (figure 1). This species then acts as
the donor in the transfer of the oligosaccharide from the lipid carrier to nascent polypeptide
chains. In the second stage, the initial common protein-linked oligosaccharide is extensively
modified to yield the diverse array of final products.

The precursor oligosaccharide-lipid is assembled in the membrane of the endoplasmic
reticulum (e.r.) from the sugar nucleotides UDP-GlcNAc, GDP-Man, and UDP-Glc (figure 2).
The first sugar is added as GlcNAc-P, to the polyisoprenoid lipid, dolichyl phosphate (Dol-P),
with the formation of the pyrophosphate lipid—sugar linkage. Then six more sugars are added
direct from the sugar nucleotides to yield the key intermediate Man;GlcNAc,-PP-Dol. The
seven outer sugars are added via the phosphate-linked intermediates, Dol-P-Man and Dol-P-
Glc. These two compounds are made from Dol-P and the respective sugar nucleotides (figure 2).
Upon completion, the GlcsManyGlcNAc, oligosaccharide can be transferred to growing poly-
peptide chains in the membrane of the e.r.

The second stage of asparagine-linked oligosaccharide synthesis begins with the removal of
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208 M. D. SNIDER AND OTHERS

the three glucose residues from the newly made glycopeptide in the e.r. Then, in the Golgi
apparatus, Man residues are removed, and terminal sugars, phosphate and sulphate residues
are added to yield mature structures. While the reactions of the first stage of the glycosylation
pathway appear to be shared by nearly all eukaryotes, the reactions in the second stage are
specific for individual species, cell types and glycoproteins. These reactions are responsible for
the synthesis of the diverse array of final products from a single common precursor.

Man ez, Man {'?
Man al6

Man 22w Mon -85 N0 g3 noon ,
Man ——— GIcNAc —= GlcNAc-0-P-0-P-0-Dolichol
al,2 o _

12 1,3 13 12
Glc === Glc == Gl¢ ~—= Man —== Man —== Man 2"*

Ficure 1. Structure of the dolichol-linked precursor oligosaccharide-lipid.

Dol-P

Dol-PP-GIlcNAc
r UDP-GIcNACc

Dol-PP-GlcNAc,

:/ GDP-Man

DoI-PP-GIcNAc2M0n5

GDP-Man
Dol -P-Man
Dol-P Dol-PP-GlcNAc, Man
>-‘ Dol- P-Glc E—
UDP-Gle Dol-PP-GlcNAc,ManyGlc

Ficure 2. Pathway of oligosaccharide-lipid synthesis.

In this paper, we report recent studies from our laboratory on the synthesis of asparagine-
linked oligosaccharides. The first section deals with the isolation of mutants in yeast that are
defective in lipid-linked oligosaccharide assembly and the use of these mutants to clone the
affected genes. The second section examines the topography of asparagine-linked oligosaccha-
ride assembly and the transmembrane movement of sugar residues during glycoprotein
synthesis. Finally, experiments on the control of the second stage of glycosylation are described.

YEAST MUTANTS DEFICIENT IN PROTEIN GLYCOSYLATION

We believe that the characterization of mutants will be useful in unravelling the pathway of
asparagine-linked glycosylation and have been working with the yeast Saccharomyces cerevisiae.
Although recent studies with mammalian cell mutants have made valuable contributions to the
understanding of protein glycosylation (Chapman et al. 1979; Hunt 1980), the relative ease of
obtaining mutants in yeast has allowed us to use a genetic and biochemical approach that has
been less feasible in animal cell systems. Like higher eukaryotic cells, yeast cells make lipid-
linked GlcgMan,GlcNAc, (Trimble e# al. 1980; Lehle 1980), which is transferred en bloc to
protein and then modified by excision of the glucose residues (Parodi 1979; Lehle 1980).

[ 100 ]
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Whereas further processing in animal cells can involve the removal of up to six mannose residues
and the addition of sugars such as N-acetylglucosamine, galactose, fucose and sialic acid, yeast
cells add mannose residues and produce oligosaccharides ranging in size from 13 mannose
residues, in carboxypeptidase Y (Trimble & Maley 1977; Hasilik & Tanner 1978), to over 50,
in invertase (Tarentino et al. 1974; Lehle e al. 1979). The addition of these outer mannose
residues has been studied extensively by Ballou and coworkers, and mutants that fail to synthe-
size the outer chain, the mnn mutants, have been isolated (Ballou 1980).

We have been interested in obtaining mutants affected in the early steps of the glycosylation
pathway, which yeast cells have in common with higher eukaryotic cells. These include mutants
blocked in the synthesis of the lipid-linked oligosaccharide precursor, its co-translational transfer
to protein, and the first steps of post-translational processing. A commonly used method for
obtaining protein glycosylation mutants in yeast and animal cells is the selection of cells unable
to bind either lectins or antibodies that recognize cell-surface components (Stanley 1980; Ballou
1980). Although this approach has produced many mutants with defects in the late stages of
oligosaccharide processing, only a few have been obtained that are affected in the earlier steps
of protein glycosylation. This suggests that many of these early steps may be necessary for cell
viability. We have therefore developed procedures for isolating mutants in yeast that contain
temperature-sensitive defects in asparagine-linked glycosylation. A [3H]mannose suicide selection
was used to enrich for these mutants. The surviving cells were screened at the non-permissive
temperature for a decreased ability to incorporate [3H]mannose and for defects in glycosylation
of the secreted protein invertase. These methods have allowed us to identify a number of
mutants that are blocked at various stages in the assembly of the lipid-linked oligosaccharide
precursor. In addition we are cloning the genes for the enzymes in this pathway by comple-
mentation of the temperature-sensitive mutant phenotype.

[BH] Mannose suicide selection

To obtain mutants in yeast that are temperature-sensitive for the ability to glycosylate
proteins, we employed a [3H]mannose suicide selection. It was predicted that cells blocked in
protein glycosylation would incorporate less mannose than wild-type cells and would therefore
be less likely to sustain lethal radiation damage. To ensure that the selection was specific for
mannose incorporation, mannose tritiated in the 2-position was used. Catabolism of [2-3H]-
mannose results in removal of the label as tritiated water when mannose phosphate isomerase
converts mannose 6-phosphate to fructose 6-phosphate.

The suicide selection involved labelling ethyl methanesulphonate mutagenized yeast cells
with [*H]mannose for 30 min at the non-permissive temperature. Washed cells were frozen in
25 9%, glycerol and stored at — 80 °C to allow accumulation of radiation damage. Periodically,
aliquots were thawed and analysed for cell survival. Figure 3 shows the time course of cell
killing for a culture labelled with a radioactive count of approximately 50 min—! per cell of
[*H]mannose. During the first 27 days, the rate of cell killing followed first-order kinetics.
After 35 days, the survival was about 0.2 9%,.

Screening for mutants

To screen for mutants blocked in protein glycosylation, colony fluorography was used to
identify colonies that failed to incorporate wild-type levels of [*H]mannose after 30 min at the
non-permissive temperature. Since any temperature-sensitive defect that lowers the rate
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Figure 3. Cell survival during [*H]mannose suicide selection. Mutagenized yeast cells were labelled with [3H]-
mannose at the non-permissive temperature and stored at — 80 °C (Huffaker & Robbins 1982). The number
of viable cells per millilitre were determined during the course of the suicide by scoring for growth on plates
at the permissive temperature. ®, [3H]Mannose-labelled cells; o, unlabelled cells included as a control.

PHILOSOPHICAL
TRANSACTIONS
OF

[SH] mannose P5S:]methionine

Ficure 4. Colony screen for incorporation of [3H]mannose and [¥S]methionine. Colonies were replica-plated
onto two filter papers and assayed for their ability to incorporate [*H]mannose and [#S]methionine at the
non-permissive temperature (Huffaker & Robbins 1982). Fluorograms of [*H]mannose and [33S]methionine-
labelled replicas from a single plate are shown. Colonies that incorporated [33S]methionine but failed to
incorporate [*H]mannose are indicated by arrows.

B

of protein synthesis could indirectly affect the rate of protein glycosylation, colonies were also
screened for their ability to incorporate [¥S]methionine. Cells that survived 35 days of the
[*H]mannose suicide were grown on plates and the colonies were replica-plated onto two
filter papers. One filter was incubated with [*H]mannose and the other with [3S]methionine
in medium at the non-permissive temperature. After fixing the cells with glutaraldehyde, the
filters were rinsed and impregnated with 2,5-diphenyloxazole. Fluorography of the filters was
used to determine the amount of incorporation of the labelled compounds (figure 4). Approxi-
mately 5-10 9, of the colonies screened incorporated substantially decreased levels of [*H]-
[ 102 ]

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
(@)



http://rstb.royalsocietypublishing.org/

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

ASPARAGINE-LINKED OLIGOSACCHARIDE ASSEMBLY 211

mannose, while [3*S]methionine incorporation was nearly normal. These were chosen as the
most likely to be mutants with glycosylation defects.

Cells that incorporated low amounts of [3H]mannose in the colony screen were next assayed
for their ability to glycosylate the secreted form of invertase. The synthesis of secreted invertase
is repressed when cells are grown in the presence of 2 9%, glucose, but is derepressed when cells
are grown in low-glucose medium (Perlman & Halvorson 1981). Cultures of mutants identified
by the colony screen were derepressed for invertase production at the non-permissive tempera-
ture. Cell extracts were prepared and run on polyacrylamide gels. After the gels had been
stained for invertase activity, the extent of invertase glycosylation was estimated by observing
its electrophoretic mobility (figure 5). Wild-type cells (lane o) synthesized secreted invertase,
which migrated as a broad band at the top of the gel. The non-glycosylated cytoplasmic form

FiGURE 5. Assay for glycosylation of invertase. Cultures were derepressed for invertase synthesis at the non-
permissive temperature. Cell extracts were run on a polyacrylamide gel and the gel was stained for invertase
activity (Huffaker & Robbins 1982). Lane o, wild type; lanes a—n, mutants identified by the colony screen.

of invertase ran near the bottom (Meyer & Matile 1974). The mutants can be divided into
three classes. Some produced normal amounts of fully glycosylated invertase (lanes ¢, g, i, £
and m). However, a few synthesized much less of the fully glycosylated invertase than wild-type
cells (lanes b, f, j and [), and others appeared to make incompletely glycosylated invertase
based on the altered mobilities observed (lanes a, ¢, d, A and n).

Mutants blocked in the synthesis of the precursor lipid-linked oligosaccharide

Mutants that failed to glycosylate invertase normally are likely to contain general protein
glycosylation defects. To determine whether any of these mutants are affected in the synthesis
of the precursor lipid-linked oligosaccharide, cultures were labelled with [3H]mannose at the
non-permissive temperature for 10 min. The lipid-linked oligosaccharides were extracted and
subjected to mild acid hydrolysis. The released oligosaccharides were then analysed by gel
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filtration chromatography on Bio-Gel P-4 (minus 400 mesh). In wild-type cells Glc;Man-
GIcNAc, was the major lipid-linked oligosaccharide labelled, with smaller amounts of
MangGlcNAc,, Man,GlcNAc, and ManyGlcNAc, (figure 6a). Of the 50 mutants examined, 22
failed to synthesize detectable amounts of Glc;ManyGlcNAc, or accumulated other intermedi-
ates in the synthesis of the lipid-linked precursor, or both. Figure 6 shows gel filtration profiles of
representative mutants that accumulate as major peaks ManyGIlcNAc,, MangGlcNAc,,

(c) (h)
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g o A A '3
1] 5]
- b 0 =
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120 140 ~100 120 140
fraction number

100

F1curke 6. Gel filtration chromatography of lipid-linked oligosaccharides labelled in vivo. Wild-type (a) and mutant
cells (b-h) were labelled with [*H]mannose at the non-permissive temperature and the lipid-linked oligo-
saccharides were extracted, hydrolysed and analysed by gel filtration on Bio-Gel P4 (minus 400 mesh)
(Huffaker & Robbins 1982). G, Glc; M, Man. All species contain two GlcNAc residues at the reducing end.

Man,GlcNAc,, Man,;GlcNAc,, Man,;GlcNAc, or Man,GlcNAc,. One mutant fails toincorporate
any detectable amount of [®H]mannose into lipid-linked oligosaccharides (figure 64). This
mutant (algl-1) has been shown to be blocked in the addition of the first mannose residue to
the oligosaccharide-lipid (Huffaker & Robbins 1982).

Complementation analysis can be readily performed in yeast by mating two haploid mutant
cells and examining the phenotype of the resultant diploid. For those mutations that are lethal
at the non-permissive temperature, complementation analysis has been done by assaying
diploids for temperature-sensitive growth. We have found one complementation group that
contains nine members and includes mutants that accumulate predominantly MangGlcNAc,
and the one mutant that accumulates Man,GlcNAc,. A second complementation group contains
three members, each of which accumulates Man,GIcNAc, and Man,GIcNAc,. For those
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mutations that are not temperature-sensitive lethal, complementation analysis is being per-
formed by examining the lipid-linked oligosaccharides synthesized by the relevant diploids at
the non-permissive temperature.

The [*H]mannose suicide and the screens described have proved to be useful in isolating
mutants blocked in lipid-linked oligosaccharide assembly, and it seems reasonable to expect
that this pathway can be saturated with mutations. Approximately half of the mutants that
fail to glycosylate invertase normally synthesize the complete lipid-linked oligosaccharide
GlcgMangGlcNAc,. Some of these mutants may contain a defective oligosaccharide transferase,
the enzyme that transfers the precursor oligosaccharide from lipid to protein. Alternatively,
these mutants may be blocked in processing the protein-linked oligosaccharide, preventing its
elongation by the enzymes that add the mannose residues of the outer chain. While we have not
yet identified mutants of this type, procedures similar to those used here should allow their
isolation in the future.

Cloning of genes involved in oligosaccharide synthesis

We are currently attempting to isolate the genes in the asparagine-linked glycosylation path-
way. Our experimental approach is as follows. (1) Isolation and characterization of temperature-
sensitive lethal mutations in different steps of the pathway. This has been described in detail

_..-Insertion site
for yeast DNA

Ficure 7. YEp24 (Botstein et al. 1979) transforms both yeast and E. coli. It contains part of the 2 p yeast plasmid
with its origin of replication, the yeast URA3 gene, and pBR322. It complements both the ura3 mutation in
yeast and the pyr mutation in E. coli, and contains the Amp” and Tet™ markers for drug selection in E. coli.
It has two unique restriction sites, BamH]I and Sall. The BamHI site was used for the insertion of Sau3A I
partial restriction digests for the construction of the yeast library (Carlson & Botstein 1982).

above. (2) Transformation of these mutants with libraries (Maniatis et al. 1978) of wild-type
yeast DNA. A library is a collection of plasmids each containing a different fragment of DNA
randomly excised from a whole genome. Thus a library should in principle contain all genes of
a given strain represented. (3) Selection of transformants in which the temperature-sensitivity
has been complemented by a fragment of the DNA library. It is then reasonable to conclude that
such transformants acquired a plasmid containing the gene in question, and that its expression
is now enabling the transformants to grow at the non-permissive temperature. (4) Subcloning
and characterization of the gene. Using this approach we have isolated a plasmid, pJCi,
which complements the algl-1 mutation (Huffaker & Robbins 1982).
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The library we used was constructed by Carlson & Botstein (1982) and consists of YEp24
plasmids (Botstein et al. 1979) into which random fragments of strain DBY939 yeast genomic
DNA of size 10 kilobases or larger were inserted. YEp24 (figure 7) transforms both yeast and
Escherichia coli, replicates episomally, and allows for the expression of any gene in the insert.
It contains the complete yeast URA3 gene, which is used for the selection of transformants in
yeast ura3~ strains. E. coli transformants can be selected by using the fet” and amp” drug resistance
markers or alternatively by complementing the pyrF mutation with the URA3 gene.

TABLE 1. PLASMID SEGREGATION IN YEAST TRANSFORMANTS

platings from Alg1 selective growth platings from non-selective growth
(36 °C, +U) (26 °C, +U)
growth ratio in  growth ratio in growth ratio in  growth ratio in
plates with U plates at 26 °C plates with U plates at 26 °C
+U,36°C/26°C 26°C,-U/+U +U, 36°C/26 °C 26 °C, "U/+U
1 0.61 0.56 0.05 0.05
2 0.61 0.59 0.06 0.05
3 0.58 0.52 0.08 0.09
4 0.81 0.71 0.36 0.21
5 0.79 0.72 0.40 0.40
algt ura~ — 0.00 — —

Transformants were grown for 2 days in complete liquid medium either with selective pressure for Algl (36 °C)
but not for Ura3, or non-selectively for both markers. They were then plated either at 26 °C or at 36 °C, with or
without uracil. The ratios from these platings were calculated after averaging from three plates in each particular
case. The last line in the table shows the results of a control experiment in which the strain ALG1+ura3*, trans-
formed with YEp24, was grown non-selectively in complete medium at 36 °C.

We prepared library plasmid DNA and used it to transform the yeast double mutant algl-1,
ura3-52. Selection of Alg1+Ura3+-complemented transformants was done in two stages. In the
first stage we recovered yeast transformants growing in medium without uracil at 26 °C, the
permissive temperature for alg/-1. In the second stage the Ura3+ transformants were screened
for growth at 36 °C, the non-permissive temperature for algl-1. The transformants that could
grow at 36 °C in medium lacking uracil were then subjected to plasmid segregation experiments
to eliminate the possibility that either the ura3-52 or the algl-1 mutation had reverted, and to
show that both mutations were being complemented by the same plasmid. We showed that
when we removed the selective pressure for both markers, by growing at 26 °C in complete
medium, the transformants lost both the Alg1+ and the Ura3+ phenotypes (table 1). However,
when we maintained selective pressure on Algl but not on Ura3, by growing at 36 °C in com-
plete medium, the transformants retained both phenotypes (table 1). We therefore concluded
that the yeast transformants contained a plasmid capable of complementing the algl-1 and the
ura3-52 mutations simultaneously.

We transformed E. colt HB101 to ampicillin resistance with a total DNA extract of yeast trans-
formants. We then isolated the plasmid pJC1. Restriction analysis showed that pJC1 was
YEp24 ligated to an 11 kilobase insert at the BamHT site. This plasmid could transform the
yeast double mutant algl-Tura3-52 and complement both mutations.

We are now subcloning the yeast DNA insert in pJC1 and are preparing to clone other alg
mutations. After we prove that we have a series of genes in the asparagine-linked glycosylation
pathway, we plan to study structural features of the gene products, their regulation, synthesis
and mode of action. In addition, increased gene copy number should lead to an overproduction
of the enzyme and thus will facilitate its isolation and characterization.
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TOPOGRAPHY OF LIPID-LINKED OLIGOSACCHARIDE SYNTHESIS

The assembly of the lipid-linked oligosaccharide and its transfer to protein involve the trans-
membrane movement of sugar residues. Oligosaccharides of newly made glycoproteins are
first found segregated within the lumen of the e.r. This segregation within the e.r. is the first
step in the secretion process. Because these oligosaccharides are assembled from cytoplasmic
sugar nucleotides (Coates et al. 1980), it is clear that the synthesis of the oligosaccharide-lipid
and its transfer to protein are coupled to the transport of sugar residues across the e.r. mem-
brane. Over the last several years, we have been studying how this transmembrane movement
occurs.

Our experiments have used microsomal vesicles in vitro. These are sealed vesicles derived
from rough and smooth e.r. Microsomes have a unique orientation, with the cytoplasmic side
of the membrane facing the medium. Thus non-penetrating reagents will act only on the cyto-
plasmic side of the membrane. We and others have used this system to examine the trans-
membrane orientation of oligosaccharide-lipids, and the enzymes responsible for their synthesis.

Studies of enzymes of oligosaccharide-lipid synthesis

We have used proteases as probes to study the orientation of enzymes of oligosaccharide
assembly (Snider et al. 1980). Microsomes from rat liver were used. Figure 8 shows an experi-
ment in which intact vesicles and vesicles made leaky with a non-ionic detergent were treated
with pronase. Enzymes of oligosaccharide-lipid synthesis and the microsomal enzyme glucose-
6-phosphatase were then assayed. As previously observed, glucose-6-phosphatase, an enzyme
of the microsomal lumen, was not inactivated by pronase treatment of intact vesicles. However,
in leaky vesicles, most of this activity was lost. Thus pronase did not penetrate intact microsomal
vesicles under our conditions of treatment.

In contrast, all the activities of oligosaccharide-lipid synthesis that we assayed were in-
activated by pronase treatment of intact vesicles. Moreover, the protease sensitivity of the
enzymes was the same in intact and leaky vesicles, suggesting that the protease-sensitive sites
of these enzymes are on the cytoplasmic side of the microsomal membrane.

We found that the synthesis of Dol-P-Man and Dol-P-Glc were largely inactivated by pronase
treatment of intact microsomes (figure 8). Activity in the other two assays was less sensitive to
pronase. This can be explained by the fact that these latter assays measure groups of reactions;
one reaction in each group was not protease sensitive under our conditions of treatment. This
was demonstrated by fractionating the products of these reactions. In the assay measuring the
incorporation of GlcNAc residues from UDP-GlcNAc into lipid, we showed that the synthesis
of GlcNAc,-lipid is protease sensitive in both intact and leaky vesicles. However, GlcNAc-lipid
synthesis is not protease sensitive under either condition. Similarly, in the assay measuring the
incorporation of Glc residues from Dol-P-Glc into oligosaccharide-lipid, protease treatment
of intact microsomes resulted in large decreases in the synthesis of GlcsManyGlcNAc,-lipid
and Glc,ManyGlcNAc,-lipid, whereas the synthesis of the monoglucosyl species was largely
unaffected.

These results show that at least four reactions of oligosaccharide-lipid synthesis have protease-
sensitive sites on the cytoplasmic side of the microsomal membrane. In addition, none of the
enzymes we examined were protease-resistant in intact vesicles but protease-sensitive in leaky
vesicles. Thus no enzymes had protease-sensitive sites exclusively on the luminal side of the
membrane. How are these enzymes oriented in the microsomal membrane? These results are
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consistent with two possible arrangements. The first is that of enzymes with catalytic sites
facing the cytoplasm. In the second, transmembrane enzymes have luminal catalytic sites, but
cytoplasmic protease-sensitive sites. If this second possibility is correct, it is likely that the cyto-
plasmic segments of these enzymes play an important role in the function of these enzymes.
This argument is based on the finding that five other enzymes of the e.r. and Golgi apparatus
that have luminal active sites are protease resistant in intact vesicles, but sensitive in leaky
vesicles (DePierre & Dallner 1975; Grinna & Robbins 1979; Carey & Hirschberg 1981 ; Fleischer
1981). No enzymes showed the behaviour that we found for the enzymes of oligosaccharide-
lipid synthesis.

- Glc-6-Pase
S anb [ ]
& 80
§
o GlcNAc, -
S - .
o lipid
o Synth. Dol-P-Glc —
go Glc,-Oligosacch.-
£ 40 lipid
3]
(3]
-
[3)
Q,

| Dol-P-Man Dol-P-GI
‘ ol-P-Glc
Synth. Synth,
0 1

FiGurke 8. Enzymes of oligosaccharide-lipid synthesis have protease-sensitive sites on the cytoplasmic side of the
microsomal membrane. Rat liver microsomal vesicles were treated with pronase, and enzymes of oligo-
saccharide-lipid synthesis and glucose-6-phosphatase were assayed as previously described (Snider ¢t al. 1980).
Results from treatment of intact vesicles (left-hand bars) and leaky vesicles (right-hand bars) are expressed
as a percentage of control samples that were not treated with protease.

Both of these possible arrangements of the synthetic enzymes argue strongly that sugar
nucleotides are utilized directly at the cytoplasmic face of the e.r. during oligosaccharide-lipid
synthesis. Supporting this conclusion is the recent demonstration by Hanover & Lennarz (1982)
that UDP-GIcNAc, GDP-Man and UDP-Glc are not able to penetrate microsomal vesicles
in vitro. This finding is significant in light of the fact that sugar nucleotide transport has been
observed in Golgi vesicles by using similar methods (Carey et al. 1980).

Orientation of mature oligosaccharide-lipid

Although sugar nucleotides are utilized at the cytoplasmic face of the e.r. membrane, it is
clear that sugars must cross this membrane during the assembly of oligosaccharide-lipid. This
conclusion is based on our recent demonstration that the largest oligosaccharide-lipid is found
on the luminal side of the membrane (Snider & Robbins 1982). These studies used concana-
valin A (Con A), a plant lectin that binds tightly to the precursor oligosaccharide-lipid. In
order to use this lectin as a probe for the orientation of oligosaccharide-lipid, we developed an
assay for the binding of lectin to this compound. The assay is based on the solubility of the Con
A-oligosaccharide-lipid complex. Although oligosaccharide-lipid is extracted with chloroform-
methanol-water (10:10:3), the Con A-oligosaccharide-lipid complex is not. Thus Con A
binding is measured as a loss of extractable oligosaccharide-lipid.

We have examined the binding of Con A to oligosaccharide-lipid in microsomes prepared
from [*H]mannose-labelled cultured fibroblasts (figure 9). In intact vesicles, a small fraction of
the oligosaccharide-lipid was bound by Con A. In contrast, most of this material was bound by
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Con A in leaky vesicles. In addition, much of the binding seen in intact vesicles was probably
due to the fact that roughly 20 9, of the vesicles in the original preparation were leaky. This
approach was extended by fractionating the lipid-linked oligosaccharides in these samples. In
control vesicles, the major lipid-linked species was the full-sized oligosaccharide Glc;Man,-
GlcNAc,. In intact vesicles, only 12 9, of this compound was bound by Con A, while in leaky
vesicles 75 9, was bound by Con A (not shown).

+ConA +ConA +ConA +Tx +Tx +Tx
+ocMeMan+Mannan  +ConA +ConA  +ConA
75 +a.MeMan +Mannan

o
=)
1

oligosaccharide-lipid
bound by Con A (%)
Do
(%5l
1

0

Ficure 9. Oligosaccharide-lipid is located in the luminal side of microsomal vesicles. Membranes prepared from
[*H]mannose-labelled Chinese hamster ovary cell cultures were incubated with Con A and, where indicated,
Triton X-100 (Tx), a-methyl mannoside (¢MeMan) or yeast mannan. The amount of oligosaccharide-lipid
bound by Con A was determined as described in the text (Snider & Robbins 1982). The amount of oligo-
saccharide-lipid bound by Con A is much greater in the presence of detergent, suggesting that the compound
faces the luminal side of the vesicles. The specificity of Con A binding oligosaccharide-lipid is shown by the
fact that it is inhibited by the competitors a-methyl mannoside and mannan.

These results suggest that the largest lipid-linked oligosaccharide, the donor in protein
glycosylation, faces the microsomal lumen. Thus, sugar residues must cross the microsomal
membrane during the assembly of this compound. Moreover, this orientation argues that
oligosaccharide is transferred from lipid to protein on this side of the membrane. This con-
clusion is supported by several lines of evidence. First, oligosaccharide transferred from lipid
to peptide acceptors was found within the lumen of hen oviduct microsomes in vitro, even
though peptide translocation probably did not occur (Hanover & Lennarz 1980). Moreover,
glycoprotein polypeptides translated in vitro were glycosylated only if they were cotranslation-
ally inserted into microsomal membranes (Katz et al. 1977; Lingappa et al. 1978). Second, the
precursor to adrenocorticotrophic hormone is glycosylated post-translationally in adrenal
tumour cells in vivo, presumbly while the polypeptide is sequestered in the e.r. lumen (Roberts
et al. 1978). Finally, a study on the glycosylation of ovalbumin nascent chains suggested that
glycosylation could occur only after there was a peptide segment between the ribosome and
the acceptor site on the peptide chain long enough to span the bilayer (Glabe et al. 1981).

How then do sugar residues derived from cytoplasmic sugar nucleotides move across the e.r.
membrane during the assembly of luminal oligosaccharide-lipid? One possibility is the coupling
of glycosylation to transport: glycosyltransferases using cytoplasmic sugar nucleotides would
carry residues across the membrane and add them to growing oligosaccharide chains on the
luminal side of the membrane. Such a mechanism is likely for the synthesis of the second inter-
mediate in the pathway, Dol-PP-GIcNAc,. Hanover & Lennarz (1979, 1982) have localized
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this compound to the luminal side of microsomal vesicles. In addition, those workers could find
no evidence for the appearance of this compound on the cytoplasmic side of the membrane
during its synthesis. However, the assembly of this compound was sensitive to proteolysis from
the cytoplasmic side of the membrane (Snider ¢¢ al. 1980; Hanover & Lennarz 1982). Because
neither UDP-GIcNAc nor the intermediate itself can cross the membrane, it is likely that the
transport of GIcNAc residues occurs as an integral part of the glycosylation process.

A second possibility is that sugar residues are transported by the transmembrane movement
of the lipid-linked intermediates themselves. This possibility has been ruled out for two dolichyl-
pyrophosphate-linked oligosaccharides, GlcNAc,-lipid (Hanover & Lennarz 1979, 1982) and
Glc;Man,GlcNAc,-lipid (Snider & Robbins 1982). However, the recent studies of Haselbeck &
Tanner (1982) suggest that Dcl-P-Man, an intermediate that donates the outer four mannose
residues o growing oligosaccharide-lipids, may serve to transport mannose residues into the
lumen. Those workers have presented evidence for the transmembrane movement of Dol-P-Man
in reconstituted phospholipid vesicles containing purified Dol-P-Man synthetase from yeast.
This translocation is almost certainly mediated by protein because similar compounds do not
flip spontaneously in model membranes (McCloskey & Troy 1980). If the same translocation
occurs in vivo, Dol-P-Man might be made on the cytoplasmic side of the e.r. membrane, and
then flip so that it can serve as a mannose donor in the assembly of luminal oligosaccharide-
lipid. However, confirmation of this model will require the direct probing of the orientation of
this compound in the e.r. membrane.

These studies have greatly increased our understanding of the transport of sugar residues
that occurs during the synthesis of asparagine-linked oligosaccharides. The demonstration that
nucleotide sugars are utilized from the cytoplasmic side of the membrane allows the possibility
of uptake into the lumen to be ruled out. Similarly, the luminal location of mature oligo-
saccharide-lipid and GlcNAc,-lipid rules out the possibility of assembly of the oligosaccharide
on the cytoplasmic face of the membrane. These studies have also suggested two possible trans-
port mechanisms. The first, which suggests the coupling of glycosylation and transport, could
be active in the addition of the first seven sugar residues of the oligosaccharide-lipid, which are
added directly from sugar nucleotides. The second possible transport mechanism, involving
the flipping of Dol-P-Man, could function in the addition of the outer sugars of the oligo-
saccharide-lipid. The confirmation of these mechanisms, as well as the details of the transport
processes, remain a subject for future experiments.

CONTROL OF ASPARAGINE-LINKED OLIGOSACCHARIDE PROCESSING

Immediately after transfer to proteins, the initially homogeneous population of precursor
oligosaccharides (compound g, figure 10) begins to undergo a series of modifications that will
eventually produce the diverse array of N-linked glycans found on mature glycoproteins. We
have previously shown that in rat liver, two enzymes of the e.r. lumen, glucosidases I and II,
sequentially remove the three Glc residues to produce Man,GlcNAc, (compound b, figure 10)
(Grinna & Robbins 1979). Two Golgi a-mannosidases (mannosidases I-A and I-B) can then
remove up to four of the nine Man residues to produce Many,GIlcNAc, (compound ¢, figure 10)
(Tabas & Kornfeld 1979; Tulsiani et al. 1982). These reactions yield Man; (GlcNAc, struc-
tures, termed high-mannose.

The synthesis of complex-type oligosaccharides, a second major class of structures, begins
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with the action of GIcNAc transferase I on Many;GlcNAc, to yield compound 4 in figure 10.
After the removal of two more mannose residues, mature complex structures (compounds f
and g) are formed by the addition of a variety of peripheral sugar residues.

Although the outlines of this processing pathway are now clear, a key question remains: what
factors determine whether a given glycosylation site will carry an extensively processed (i.e.
complex) or partly processed (i.e. high-mannose) oligosaccharide? We have been investigating
this problem by using the two membrane glycoproteins of Sindbis virus, E1 and E2. Because
these glycoproteins have both high-mannose and complex oligosaccharides, they represent an
excellent system for investigating this problem.

158
mutant
G/ucos:dases Mamos:dases G/cNAc -
I-A and I-8 transferase I
(h)

(@)

Mannosidase
b4

Gle

Man
GlcNAc
Gal

Sialic Acid
Fuc

<>e o B O >

\ GlecNAc -
Ga/acrosy/—
Fucosyl!-,
& Sialyl-
transferases
\_/ (e)
FiGURE 10. Processing of asparagine-linked oligosaccharides. The conversion of the Glc;ManyGlcNAc, precursor
oligosaccharide (2) to high-mannose (b, ¢) and complex (f, g) oligosaccharides is shown.

Correlation of extent of processing with ‘exposure’ of oligosaccharide site
measured with glycosidase probes

Although the requirement for an -Asn-X-Ser/Thr- sequence in N-glycosylation is well
established, no specific amino acid sequence directing oligosaccharide processing to high-
mannose or complex-type structures has been found. This has led us to the hypothesis that
oligosaccharide processing enzymes are relatively insensitive to detailed protein structure but
act on any appropriate oligosaccharide structure sterically available to their active sites. Thus,
the N-linked glycans occupying the most ‘ exposed’ sites on the surface of a native glycoprotein
would be expected to have fully processed (complex-type) structures, whereas those obscured
by polypeptide chain folding or other interactions would retain high-mannose structures.

The evaluation of this hypothesis has necessitated the development of techniques to separate
individual glycosylation sites to allow the examination of their oligosaccharide structures. This
is accomplished by high-performance liquid chromatography (h.p.l.c.) of tryptic glycopeptides.
Using this technique we have characterized four sites on E1 and E2 as either complex, high-
mannose or variable (see below). The relative ‘exposure’ of glycosylation sites on the surface
of a native glycoprotein was determined by using the enzyme endo-f- N-acetylglucosaminidase H
(endo H), which cleaves between the two GIcNAc residues in high-mannose oligosaccharides.
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To use this enzyme as a probe for the exposure of complex sites as well as high-mannose sites,
we performed these experiments on the glycoproteins of Sindbis virions grown in a mutant
cell line (15B) in which sites normally carrying complex oligosaccharides carry Man;GIlcNAc,
instead.

The experiment is presented in schematic form and results are shown in figure 11 (Hsieh &
Robbins 1982). In excellent agreement with the hypothesis, endo H released oligosaccharides
from the two complex sites more rapidly than from the two high-mannose sites. All four sites
were equally susceptible to endo H after denaturation or pronase digestion.

experiment :

(1) infect clone 15B CHO cells with Sindbis virus
(2) incubate infected cells with [*H]mannose

(3) isolate [*H]mannose-labelled Sindbis virions
(4) incubate intact virions with endo H

prediction : complex
™ .:‘,.'_._..':.:" N2M5 site
endo H complex
- sites
high-mannose attacked
NoM;_ site
result :
glycosylation endo H sensitivity
sites (percentage of chains released)
E1 - complex 60
E1 - variable 25
E2 - complex 74
E2 - high-mannose 16

Ficure 11. Oligosaccharides at complex glycosylation sites are more exposed than oligosaccharides at high-
mannose or variable sites in Sindbis virus glycoproteins. Sindbis virions were isolated from [3H]mannose-
labelled infected CHO clone 15B cells. Intact virions were then treated with endo H under native conditions.
The degree of cleavage by endo H at each site was analysed by h.p.l.c. of tryptic glycopeptides from treated
and untreated samples (Hsieh & Robbins 1982). The sites that normally bear complex oligosaccharides are
much more susceptible to endo H cleavage than the high-mannose site or the variable site (see text).

Related experiments with endo H as a probe have been carried out with yeast invertase by
R. B. Trimble, and with mouse B-glucuronidase by J. U. Baenziger (personal communication).
Trimble has found that the large mannan-type oligosaccharide chains are much more sus-
ceptible to endo H cleavage in native invertase than ‘core’ glycosylation sites, which carry
smaller high-mannose chains of about 12-16 sugar residues. Baenziger has demonstrated endo H
sensitivity for the phosphorylated (processed) oligosaccharides of B-glucuronidase and endo H
resistance for unphosphorylated residues. In each case both types of oligosaccharide were
sensitive to endo H action after protein denaturation.

In addition to the general correlation between processing and ‘exposure’ discovered above,
we have recently observed a striking variability in the ability of different host cells to process
particular glycosylation sites. The gel filtration profile of glycopeptides and oligosaccharides
attached to one of the glycosylation sites of E1 after growth of the virus in three separate hosts
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is shown in figure 12. Clearly, in chick embryo fibroblasts this site is left as a high-mannose
structure (figure 12a). In contrast, the same site is extensively processed to complex oligo-
saccharides in BHK cells (figure 124) and becomes a mixture of complex and high-mannosc
oligosaccharides when the virus is grown in CHO cells (figure 12¢).

It is conceivable that oligosaccharides at a particular site may be oriented such that processing
enzymes of one cell can act extensively at the site whereas enzymes from another cell are less

M;N,

10-2 x radioactive count rate/min!
>
T
1

0 . . . . . .
60 80 100 120 140

fraction number

Ficure 12. Variability with host cell type of the oligosaccharides at one of the glycosylation sites of glycoprotein
E1. Labelled Sindbis virions were prepared from [*H]mannose-labelled infected cells, and the tryptic glyco-
peptides representing one of the glycosylation sites of E1 prepared by h.p.l.c. Samples were then treated with
pronase and endo H. The resulting glycopeptides and oligosaccharides were analysed by gel filtration
chromatography on Bio-Gel P-4 (minus 400 mesh) (Hsieh & Robbins 1982). Complex glycopeptides elute
in the left half of each profile, while high-mannose oligosaccharides are found in the right half. The elution
positions of Man,GIcNAc (M,N;) and Man,GlcNAc (M;N,) are indicated. Profiles for this E1 site from
virions grown in (a) primary chick embryo fibroblasts, () BHK-21 cells and (¢) CHO cells are shown.

able to do so. Alternatively, different cells may have varying effects on the nature or duration
of physical availability of oligosaccharides at a single site to processing enzymes. Either of these
possibilities would account for host-dependent variation seen in this site on E1. It remains to
be determined whether this same phenomenon also occurs with other glycoproteins.

We thank R. Das, P. Hsich, S. C. Hubbard, A. Mercurio and K. Runge for helpful dis-
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S.E.L.) from the National Cancer Institute, Department of Health, Education and Welfare.
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Discussion

T. Fe1z1 (Division of Communicable Diseases, Clinical Research Centre, Harrow, U.K.). One possible
explanation for differences in degree of processing of oligosaccharides at the same glycosylation
site is that the cells in a given cell line are not absolutely uniform and the glycoproteins are a
mixture of products derived from cells that are subtly different. In that case (and if these differ-
ences are stable) it might be possible to clone the cells and obtain glycoproteins with uniform
glycosylation. We often find heterogeneity of the expression of carbohydrate antigens on
cultured cell lines (Childs et al. 1980).
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1GURE 4. Colony screen for incorporation of [*H]mannose and [**S]methionine. Colonies were replica-plated
onto two filter papers and assayed for their ability to incorporate [*H]mannose and [33S]methionine at the
non-permissive temperature (Huffaker & Robbins 1982). Fluorograms of [*H]mannose and [**S]methionine-
labelled replicas from a single plate are shown. Colonies that incorporated [3*S]methionine but failed to
incorporate [*H]mannose are indicated by arrows.
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IGURE 5. Assay for glycosylation of invertase. Cultures were derepressed for invertase synthesis at the non-
permissive temperature. Cell extracts were run on a polyacrylamide gel and the gel was stained for invertase
activity (Huffaker & Robbins 1982). Lane o, wild type; lanes a—n, mutants identified by the colony screen.
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