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B Abstract From a process involved in cell wall synthesis in archaea and some
bacteria, N-linked glycosylation has evolved into the most common covalent protein
modification in eukaryotic cells. The sugars are added to nascent proteins as a core
oligosaccharide unit, which is then extensively modified by removal and addition of
sugar residues in the endoplasmic reticulum (ER) and the Golgi complex. It has
become evident that the modifications that take place in the ER reflect a spectrum of
functions related to glycoprotein folding, quality control, sorting, degradation, and
secretion. The glycans not only promote folding directly by stabilizing polypeptide
structures but also indirectly by serving as recognition “tags’ that allow glycoproteins
to interact with a variety of lectins, glycosidases, and glycosyltranferases. Some of
these (such as glucosidases | and I, calnexin, and calreticulin) have a central role in
folding and retention, while others (such as a-mannosidases and EDEM) target
unsalvageable glycoproteins for ER-associated degradation. Each residue in the core
oligosaccharide and each step in the modification program have significance for the
fate of newly synthesized glycoproteins.
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INTRODUCTION

The majority of proteins synthesized in the endoplasmic reticulum (ER) are
glycoproteins. The N-linked oligosaccharide moieties of these proteins serve
highly diverse functions. They are ligands in a multitude of recognition pro-
cesses. They stahilize the proteins against denaturation and proteolysis, enhance
solubility, modulate immune responses, facilitate orientation of proteins relative
to a membrane, confer structural rigidity to proteins, regulate protein turnover,
fine-tune the charge and isoelectric point of proteins, and mediate interactions
with pathogens. No other covalent protein modification is as common and as
complex chemically, and no other modification is employed for so many different
purposes.

The biosynthesis of glycoproteins is a task shared by the ER and the Golgi
apparatus. The division of labor is such that together with the cytosol the ER is
responsible for the synthesis of the polypeptide and the core oligosaccharides, for
the covalent coupling of glycan and polypeptide, and for initial modification of
the glycans. Once the glycoproteins have folded and oligomerized properly, they
move to the Golgi complex where the N-linked glycans are subjected to further
trimming and modification. New saccharides are often added to generate the
complex glycans found in the mature glycoproteins.

For along time, it was unclear why cells have evolved such a complicated and
apparently wasteful biosynthetic strategy. Why synthesize a large oligosaccha-
ride in the ER, and then—after transferring it to a polypeptide—subject it to
trimming in order to build it up again with different sugars? Why would this
process be so important as to be conserved and virtually unchanged in all
eukaryotes? The apparent lack of acceptable logic has not escaped the thousands
of biochemistry and cell biology students who have had to memorize each step
in the pathway.

The logic turns out not to be so complicated: The different configurations of
the N-linked glycan are not merely intermediates in a biosynthesis pathway but
have specific functions of their own. In fact, they play arole in at least three
different stages during the existence of a glycoprotein. For each of them the
N-linked glycans have to look different.

The first phase occurs in the ER where partially trimmed versions of the core
oligosaccharide are needed for proper protein folding and quality control. Here,
the glycans help to secure the fidelity of protein production. This is the phase
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described in this review. The second phase involves a role in intracellular
transport and targeting exemplified by the role of mannose 6-phosphate in
targeting of lysosomal hydrolases. This phase occurs in the ER, in the Golgi
complex, and in the trans-Golgi network. The third phase takes place after
extensive modification in the Golgi. It occurs when the mature protein has
reached the extracellular space, the lysosome, the plasma membrane, or wherever
the protein is targeted. The functions of the glycans in the mature proteins are as
varied as the structures themselves.

In this review, we focus on the role of N-linked glycans in the ER. We
describe the synthetic events and the trimming enzymes. We also describe the
role of glycans in folding and in the regulation of glycoprotein degradation by
ER-associated degradation (ERAD). These events involve a network of lectins,
folding sensors, glycosyltransferases, and glycosidases. Finaly we discuss the
evolutionary origin of this machinery. For a genera backround on the role of
N-linked glycans and their functions, several reviews can be recommended (1, 2).
We particularly recommend a recent review by Trombetta (3), which covers
many of the same topics that we do with comprehensive references to the original
literature.

N-LINKED GLYCANS AS SEMI-INDEPENDENT
APPENDICES

After analyzing the SWISS-PROT database, Apweiler et a. (4) recently pre-
dicted that more than half of all eukaryotic protein species are glycoproteins.
About 90% of these are likely to carry N-linked glycans, and there is an average
of 1,9 N-linked glycans per polypeptide chain. With a molecular weight up to 3
kDa, the oligosaccharide groups in mammalian glycoproteins frequently make up
a sizable portion of the mass of a glycoprotein and cover a large fraction of its
surface.

The glycans are exposed on the surface. They form flexible, hydrated branches
that can extend 3 nm or further into the solvent. X-ray crystal structures of
glycoproteins and NMR studies indicate that, aside from interactions with the
first two N-acetylglucosamines (GIcNAcs), the majority of glycans have few
contacts with the surface of the protein (5).

Recently, Petrescu and colleagues (6) surveyed 506 glycoproteins listed in the
Protein Data Bank crystall ographic database and found the glycans tend to be located
in positions where the secondary structure changes. They aso observed that some
glycans (10%) occur in invaginations of the protein surface, and others are bound
to asparagines at the edge of indentations in the protein surface partiadly filled by
the glycans (20%). Even in cases where there are interactions between the
oligosaccharide and the protein surface, the terminal sugars are generaly free.
The N-linked glycans and the protein moiety are thus as a rule relatively
independent of each other. Glycans can often be enzymatically removed from the
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surface of folded glycoproteins without appreciable effects on protein structure and
function. X-ray crystallographers take advantage of this to make glycoproteins more
amenable to crystalization.

That glycans behave like semi-independent appendices has several conse-
guences. First, they can be modified without appreciable effects on the protein.
Every N-linked glycan is, in fact, subject to extensive modification. This alows
cells to fine-tune the biophysical and biological properties of glycoproteins and
to generate the microheterogeneity so characteristic of glycoproteins (7). Impor-
tantly, the semi-independent nature of glycans also allows cell types and cellsin
different stages of differentiation and transformation to imprint on their glyco-
protein pool their own specific biochemical characteristics, and thus give their
exposed surface a “corporate identity.” This makes cells recognizable to other
cells in a multicellular environment. It alows self-recognition and provides a
central theme in development, differentiation, physiology, and disease (8).

Both extra- and intracellularly, N-linked glycans are used as specific tags or
signals recognized by a spectrum of carbohydrate-binding proteins (lectins) (9,
10). Glycans are ideally suited for signal functions. They are prominently
exposed on the surface of glycoproteins, they are polar, and in each protein they
can be present in multiple copies. During evolution, single point mutations can
generate or eliminate N-linked glycosylation sites thus providing genetic versa-
tility. Because the chemistry of sugars allows multiple types of linkages, cells can
package and expose a large amount of information in a small space. The loss or
addition of a single residue, or the alteration in a single bond, can, for example,
dramatically alter binding to lectins (9).

As illustrated below, the notion of glycans as modifiable tags for lectin
binding in diverse recognition processes is a central theme in glycobiology. That
the affinity between carbohydrates and proteins is generally rather low (dissoci-
ation constants are typically in the micromolar range or higher) does not seem to
be amajor disadvantage. In the confined and crowded space of the ER, lectins are
abundant and interactions are meant to be transient. In addition, most lectins are
multivalent, which dramatically enhances their avidity for ligands.

BI-COMPARTMENTAL BIOSYNTHESIS OF CORE
OLIGOSACCHARIDE

N-linked glycans are added to proteins en bloc in the lumen of the ER as
presynthesized oligosaccharides. The core oligosaccharides have a clearly
defined structure. In virtually all eukaryotes they are composed of a branched
oligosaccharide unit made of three glucoses, nine mannoses, and two N-acetyl-
glucosamines (GlcsMangGIcNAC,) (Figure 1).

The core glycan is the product of a biosynthesis pathway in which monosac-
charides are added to alipid carrier (dolichol-pyrophosphate) by monosaccharyl-
transferases in the ER membrane (1, 11). Synthesis occurs on both sides of the
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Figure1 The N-linked core oligosaccharide. The core glycan has 14 saccharides:
3 glucoses (triangles), 9 mannoses (circles), and 2 N-acetylglucosamines. Each
saccharide has a letter assigned to it, and these are used in the text to identify the
saccharide (3). There are three branches named A, B, and C. The cleavage sites of
some glycosidases involved in trimming are indicated. Residues a-g (shown by bold
symbols) are added to the glycan on the cytosolic surface of the ER-membrane during
biosynthesis; the rest are added lumenally. The blue residues (d, f, g, and I) are
involved in the interaction of monoglucosylated glycans with calnexin and calreti-
culin. The green residues, with the exception of i, are likely to interact with EDEM.

ER membrane (Figure 2). Seven sugars are added on the cytosolic surface after
which the sugar moiety is translocated, “flipped,” to the lumenal side. Flipping
is catalyzed by an ATP-independent, bi-directional flippase (12). In yeast, there
is evidence that the flippase is the RFT1 protein, a polytopic membrane protein
with about 10 trans-membrane spans (13). Unlike flippases in the plasma
membrane that translocate phospholipids (14), RFT1 does not have ATP-binding
cassettes and hence does not belong to the ABC family of translocators. Genes
for homologous proteins occur in the genomes of other eukaryotes (15).
Whether facing the lumen or the cytosol, each individual glycosyltransferase
displays strong preference toward a single oligosaccharide substrate (16). This
leads to alinear, stepwise biosynthetic pathway of the branched oligosaccharide.
The fina step is the addition of atermina «-1,2 linked glucose residue (residue



HELENIUS = AEBI

1024

(dd-/d-)
esouuell @ joyoijoq

asoan|9 ‘

ovnoio i} :

[FEL-]

_I_ _|_ ; /&:m—qi

[ [ [l 0 0
\- 4 1SO || 0toTv || 89TV || 997V || 691V | |z2t9TV || 69TV || £9TV +_
C— l— [ — L — L —
*.Em...q
_HHTI.-Q\J"

+~.
A _HHTI.I..\.

+ 291y das
T sloyoue-|do uopejAsouueN-0 — MTI.I.Q
197V
f \ n_“mv
/f E — ﬂ : : > : \ é dan
<+ | | & —>
a SOV wse|dojho i . _m_%omw_ CE.E \
Yy 7 A oy iy .
dan dan " n_n%w aﬂ: y "

*Ajuo asn feucsiad 104 '90/770/70 Uo 161099 Jo AlsieAlun Ag
610°SMB1/8.1[enuUe’S [eUINO [fe WO papeo umod ‘670T-6TOT:EL 7002 "Weydolg "Aey nuuy



Annu. Rev. Biochem. 2004.73:1019-1049. Downloaded from arjournals.annualreviews.org

by University of Georgia on 04/04/06. For personal use only.

ROLE OF N-LINKED GLYCANSIN THEER 1025

n) (Figure 1). This residue is needed for efficient recognition by the oligosac-
charyltransferase, the enzyme that transfers the finished oligosaccharide from the
lipid-bound precursor to the polypeptide (17, 18).

Oligosaccharyltransferase

The oligosaccharyltransferase (OST) is associated with the translocon complex.
Together with the signal peptidase, BiP, calnexin, and possibly other factors, it
is a member of the welcoming committee that every nascent polypeptide meets
as it exits the translocon complex and enters the ER lumen. OST scans the
emerging polypeptide for glycosylation sequons (Asn-X-Ser/Thr) and adds
N-linked oligosaccharides to the side chain nitrogen of the Asn residue by an
N-glycosidic bond. Because the oligosaccharides are added when the sequon is
only 12 to 14 residues into the ER lumen, the active site of the enzyme can be
no further than 5 nm away from the mouth of the translocon (19). As it passes
the OST with an average rate of about 5 residues per second, the polypeptide is
still unfolded (20).

The transfer of a glycan to the chemically rather inert side chain of the Asn
requires formation of aloop in the polypeptide so that the hydroxyl groups of Ser
or Thr can contact the Asn amide and render it more nucleophilic (21, 22). This
explains why the middle residue X in the sequon cannot be a proline; proline
prevents the formation of such aloop. It aso explains why folded polypeptides
are poor substrates.

OST is composed of multiple trans-membrane subunits. In Saccharomyces
cerevisiae, there are eight, Ostlp, Ost2p, Wbpl, Swpl, Stt3p, Ost3p/Ostep,
Ost4p, and Ost5p, of which the five first are essential (23). Ost3p and Ost6p are
homologues that define distinct oligosaccharyltransferase isoforms (23-25).

Figure2 Synthesis of the N-linked core oligosaccharide and its transfer to a polypeptide
chain. Biosynthesis occurs on both sides of the ER membrane. The yeast loci required for
the individual biosynthetic steps are indicated. Synthesis starts on the cytoplasmic side
where GIcNAc-1-phosphate is transferred from UDP-GIcNAc to dolichylpyrophosphate,
followed by an additional GIcNAc and five mannose residues. The Mans; GIcNAC,
oligosaccharide, thus generated, is translocated (flipped) into the lumen of the ER (13). On
the lumena side, the lipid-linked Mans GIcNAC, is extended by the addition of four
mannose and three glucose residues. The enzymes involved differ from most other
glycosyltransferases in spanning the membrane several times and in being quite hydropho-
bic (16, 17, 34, 179-181). Unlike the cytosol-oriented glycosyltransferases that initiate core
oligosaccharide assembly and Golgi-localized glycosyltransferases, these use lipids (doli-
chol-P-Man and dolichol-P-Glc) as saccharide donors. Little is known about the catalytic
mechanism of these interesting enzymes. However, based on sequence similarity, a
common origin has been suggested (182).



Annu. Rev. Biochem. 2004.73:1019-1049. Downloaded from arjournals.annualreviews.org

by University of Georgia on 04/04/06. For personal use only.

1026

HELENIUS = AEBI

Except for the small Ost5p and Ost4p, all subunits present in yeast OST have
homologues in the mammalian enzyme (26, 27). The homologues of the five
essential subunits in yeast (ribophorin I, DAD1, OST48, ribophorin Il, and
STT3-A/STT3-B) are thought to form a central core complex to which N33 and
IAP are associated peripherally (28). There are two isoforms of OST in mam-
malian cells that differ with respect to the STT3-A/STT3-B subunit. Expression
of these alternative subunits is tissue- and cell-type specific (28).

As outlined above, the terminal «-1,2 linked glucose (n) (Figure 1) in the
lipid-linked oligosaccharide is a central element in substrate recognition by OST.
In vivo analysis of glycosylation efficiency and oligosaccharide specificity in
yeast show that when the complete Glc;MangGlcNAC, oligosaccharide is limit-
ing, priority is given to the transfer of the correct oligosaccharide structure even
with the risk of underglycosylation. However, if the GlcsMangGIcNAc, oligo-
saccharide is not available at all, incompletely assembled oligosaccharides are
transferred. Gilmore and coworkers (29) developed an allosteric model for yeast
OST to explain this interesting ambiguity in substrate specificity.

In higher eukaryotes, in contrast to yeast, the choice between faithful addition
of the complete glycan structure and occupancy of glycosylation sites is subject
to regulation (28). Mammalian cells contain two OST complexes that differ in
selectivity toward the lipid-linked donor substrate. Complexes containing the
STT3-A subunit preferentially use the complete oligosaccharide, although those
with STT3-B have a higher v, but can also use incomplete core glycans. The
variable expression of the two complexes observed in different cell types may
reflect differences in the balance between maximal glycosylation versus faithful
use of the complete oligosaccharide.

The complexity of OST has made it difficult to assign specific functions to
subunits. Cross-linking experiments suggest that STT3 (30, 31), ribophorinl/Ost1
(32), and the Ost48 subunit make direct contact with the substrate, and biochem-
ical data supports an essentia role for Wbplp (Ost48p) (33). However, the
distinct influence of different STT3 subunits on the catalytic properties of
the mammalian OST (28) and the recent finding that a bacterial homologue of the
STT3 subunit, the PgIB protein in Campylobacter jejuni, is sufficient for OST
activity imply that the STT3 subunit is the catalytic subunit (34, 35).

The efficiency with which OST transfers a core glycan to individual
sequons varies. Analysis of well-characterized glycoproteins in the SWISS-
PROT database and of glycoproteins in the PDB crystallographic database
indicates that sequon occupancy by oligosaccharidesis about 2/3 (4, 6). Some
sequons are ignored, some are glycosylated with partial efficiency, and some
are glycosylated with full efficiency. Numerous factors affect efficiency,
including the subunit composition of the OST complex, the amino acidsin the
sequon itself and immediately adjacent to it, the location of the sequon in
the polypeptide chain, the availability of dolichol precursor in the ER, and the
rate of protein folding.
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GLYCOPROTEIN FOLDING

Protein folding in the ER begins cotranslocationally during the entry of a
polypeptide chain through the translocon complex either into the lumen of the ER
or, in the case of polytopic membrane proteins, into the ER membrane (36—38).
It continues after the polypeptide chain has dissociated from the ribosome and the
translocon complex. In contrast to proteins in the cytosol, most proteins that fold
in the ER acquire disulfide bonds through an oxidation process catalyzed by
thiol-disulfide oxidoreductases (39). Finaly, because many proteins are oligo-
meric in their native form, assembly into homo- or hetero-oligomers often
completes the folding process.

That many glycoproteins need their N-linked glycans for efficient secretion
was realized when tunicamycin, an inhibitor of N-linked glycosylation, became
available in the 1970s [see (1, 40)]. It is now clear that when glycosylation is
blocked many polypeptides undergo improper or incomplete folding. Failing to
reach the native conformation, they do not pass ER quality control (41). They are
retained in the ER and eventually are degraded (42).

It isimportant to point out that all glycoproteins are not equally dependent on
their glycans for folding and secretion. If devoid of glycans, many suffer only
partiadl loss of folding and secretion efficiency, others become temperature
sensitive, and many remain unaffected [reviewed in (40, 43)]. The importance of
glycosylation isthus highly variable. Asarule, the folding of those glycoproteins
that have a large number of glycans is more glycan dependent.

When individual sequons in glycoproteins are mutated, it was observed that
only some are essential. In the hemagglutinin (HA) of influenza virus (Aichi
strain), for example, only one of six glycans (N81) is absolutely essential when
glycans are removed one by one (44). Without this glycan, HA fails to acquire
any of the six native intrachain disulfide bonds, and it does not exit the ER. The
most likely explanation is a local perturbation that prevents oxidization of a
nearby disulfide bond (C67-C76). This bond is needed for the onset of further
oxidative folding of the molecule. Removing the other five glycans in HA
individually does not affect folding, but removing several of them together can
lead to misfolding (38, 44). This example illustrates a phenomenon often
observed: Although a single glycan may not be essential, the same glycan may
prove important when more than one is eliminated. Again, great variability is
seen among individual glycoproteins. It is evident that glycans have local effects
where their precise location isimportant, and global effects where their presence
is important— but their precise location is not.

Direct Effects on Folding

Part of the fold-promoting effect of oligosaccharidesis biophysical. The addition
of large, polar carbohydrates affects the properties of a polypeptide chain
directly. Although systematic biophysical studies are lacking, it is known that the
presence of a glycan can profoundly influence the conformational profile of short
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glycopeptides (45). Often, it rigidifies their conformation by limiting the con-
formational space accessible to the polypeptide chain. Aninteraction between the
N-acetyl group of thefirst GICNAcs and the polypeptide, moreover, promotes the
formation of B-turns (46). It islikely that some glycans have arole in promoting
and stabilizing local structure (6). Other effects on folding are likely to be more
global, such as increased solubility of folding intermediates.

Comparison of native glycoproteins to nonglycosylated versions of the same
shows that the presence of glycans increases stability, solubility, and resistance
to proteases (45, 47—-49). The stabilization effect is mainly entropic. For exam-
ple, the two N-linked glycans stabilize the first domain of ovomucoid against
thermal denaturation by about 2.5 kcal/mol (50). It is hypothesized that glycans
stabilize the folded conformation by decreasing the freedom of mobility of
unfolded conformations.

The Calnexin/Calreticulin Cycle

Glycans have al'so anindirect rolein protein folding. It is based on binding of the
newly synthesized glycoproteinsto lectins in the ER. In this process, the glycans
serve as sorting signals that the cell modifies to reflect the folding status of the
protein. That such atagging paradigm applies to glycoprotein folding and quality
control emerged from four key observations in the early 1990s. (a) N-linked
glycans in misfolded glycoproteins retain a glucose residue (residue | in Figure
1) in the A branch, and they undergo a cycle of re- and deglucosylation (51); (b)
the glucosyltransferase in the ER responsible for the reglucosylation is selective
for misfolded glycoproteins (52); (c) newly synthesized glycoproteins bind
transiently and selectively to calnexin, a resident ER protein (53); and (d) the
binding to calnexin is blocked by inhibitors of ER glucosidases (54).

The existence of a cycle (Figure 3) was first postulated in 1993 for calnexin
(54, 55), and later the cycle was expanded to include the soluble, lumina ER
protein calreticulin (56, 57). Although controversial in the beginning, the caln-
exin/calreticulin cycle is now generally accepted. Each step has been extensively
analyzed and confirmed in many systems. The literature has been frequently
reviewed (3, 58—62).

Before discussing the individual proteins involved in the calnexin/calreticulin
cycle in detail, it may be useful to go through the cycle step-by-step (Figure 3).
The process begins when a core glycan has been added to the growing, nascent
polypeptide chain. The first glucose is rapidly removed by glucosidase | and is
followed by removal of the second glucose by glucosidase I1. The monoglucosy-
lated core ligand, thus generated, binds the glycoprotein to calnexin or calreti-
culin. These sequester the nascent or newly synthesized glycopolypeptide chains
and serve as molecular chaperones, preventing aggregation and export of the
incompletely folded chains from the ER. In many cases, they also protect the
folding intermediates against premature degradation and, at the same time,
expose them to ERp57, a thiol-disulfide oxidoreductase. It is a cofactor that
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provides assistance for proper disulfide bond formation during the ongoing
folding process.

To release the bound chains from calnexin and calreticulin, glucosidase Il
removes the remaining glucose residue. The glycoprotein no longer binds to the
lectins and is now free to leave the ER unless recognized by a soluble enzyme,
UDP-Glc:glycoprotein glucosyltransferase (GT). GT only reglucosylates incom-
pletely folded glycoproteins, and it serves as a folding sensor in the cycle. If
reglucosylated by GT, a glycoprotein rebinds to the lectins. A glycoprotein stays
in the cycle until it is either properly folded and oligomerized, or degraded.
Virtually al newly synthesized glycoproteins seem to undergo a phase in which
they associate transiently with calnexin, calreticulin, or both. Calnexin associa-
tion is observed for both membrane-bound and soluble glycoproteins. Calreticu-
lin can also bind to both types of proteins, but it is more frequently associated
with soluble substrates.

If association with the cycle is inhibited, for example, by blocking the action
of the glucosidases, the folding rate of glycoproteins is often increased and
folding efficiency decreased. In some cases, quality control breaks down with the
consequence that misfolded glycoproteins exit the ER. In other cases, the
glycoproteins associate with BiP, an important ER chaperone that cooperates and
competes with the calnexin cycle for substrates and that serves as a back-up.

Calnexin and Calreticulin

Calnexin (atransmembrane protein of TypeI) and calreticulin (a soluble lumenal
ER protein) are related members of the legume lectin family. Both are mono-
meric, calcium-binding proteins, and have ER localization signals. Transgenic
mice devoid of calreticulin or calnexin have embryonic lethal phenotypes or are
born with strong debhilitating phenotypes (63, 64).

The NMR structure of the calreticulin P domain and the X-ray structure of
calnexin's ectodomain show unusual domain architectures (60, 65). There are
two separate domains, a globular B-sandwich domain with homology to legume
lectins and a long extended hairpin fold corresponding to a proline-rich domain
(the P domain) not seen in legume lectins (Figure 4). Calnexin has, in addition,
a single transmembrane sequence and a cytoplasmic domain of 91 residues that
can undergo phosphorylation and allows interactions with ribosomes (66).

The globular domain contains a concave and a convex B-sheet with the sugar
binding site located on the concave surface partially shielded by the P domain
(60) (Figure 4). The structure is stabilized by a calcium atom, which is not part
of the lectin site. That calnexin and calreticulin (in contrast to ERGIC-53 and
most other legume lectins) are monomers (67) is most likely explained by the
presence of a short helix behind the convex B-sheet that may prevent intermo-
lecular interactions between these surfaces. With its B-sandwich structure, the
globular domain is not only similar to legume lectins, to ERGIC-53, and to
galectins, but it is also similar to the neurexin family of neuronal cell surface
receptors with hundreds of members (68—70).
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Extending from aloop that connects two B-strands, the P domain curves away
from the globular domain as a narrow hairpin fold stabilized by short antiparallel
B-sheets and small hydrophobic clusters (60, 71). The length of the arm is 14 nm
in calnexin and 11 nm in calreticulin. The structure suggests amodel in which the
glycosylated substrate protein, with a glycan moiety bound to the lectin site,
occupies the space between the curved P domain arm and the globular domain.
In this protected location, the substrate may be shielded from contacts with
external factors and other incompletely folded proteins and thus prevented from
aggregation. NMR studies suggest that the arm is somewhat flexible, which may
allow the chaperone to adapt the space between the arm and the globular domain
to the dimensions of a substrate (65).

Calnexin and calreticulin have virtually identical carbohydrate specificities
(72—74). In addition to the single «—1,3 linked glucose (1), which is essential, at
least three downstream mannoses in the A branch (d, f, and g) contribute to
binding (Figure 4). 1gG with a single monoglucosylated core glycan binds to
careticulin with a Ky of ~ 2 uM (75, 76).

Modeling and mutational analysis show that the presence of the «—1,3 linked
glucose is essential for calreticulin binding mainly because the equatorially
oriented 2-hydroxyl forms hydrogen bonds with Asp317 and Tyr109 (75, 77).
Similar interactions tie down the glucose in the calnexin lectin domain (60). The
three mannoses in the A arm enhance the binding affinity by 25- to 50-fold by

Figure3 The calnexin/calreticulin cycle. Immediately after addition of the core glycan to
a growing polypeptide chain by OST, the outermost of the three glucose residues (n) is
removed by glucosidase |. Soon thereafter, glucosidase || removes the middle glucose (m).
Via the monoglucosylated core glycans thus generated, the glycoprotein binds to calnexin
(CNX) and calreticulin (CRT). These sequester the nascent or newly synthesized chains and
expose them to ERp57, a thiol-disulfide oxidoreductase that provides assistance during
disulfide bond formation. When glucosidase Il removes the remaining glucose (1), the
glycoprotein dissociates from calnexin and calreticulin. The protein now encounters one of
three possible fates. If properly folded, it is free to leave the ER. Exit may be assisted by
mannose lectins, such as ERGIC-53, VIP36, and VIPL. If it is incompletely folded,
UDP-Glc:glycoprotein glucosyltransferase uses UDP-glucose transported by a UDP-glu-
cose/lUMP exchanger from the cytosol to reglucosylate the high-mannose glycans located
in improperly folded regions. Through these glycans, the glycoprotein rebinds to calnexin
and calreticulin. The third fate is ER-associated degradation (ERAD) after retrotransloca-
tion of the misfolded glycoprotein to the ER most likely through the translocon complex.
ERAD of glycoproteins occurs when they have stayed in the ER lumen for some time and
when they are recognized by a putative lectin (EDEM) because they have lost a mannose
(i) through the action of ER mannosidase |. Red triangles are glucose residues. Abbrevia-
tions used are EDEM, ER degradation-enhancing a-mannosidase-like protein; VIP36,
vesicular integral protein 36; VIPL, VIP36-like protein; ERAD, ER-associated protein
degradation; ERGIC, ER-Golgi intermediate compartment; and ERp57, ER protein 57.
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A

Figure4 The structure of the calnexin ectodomain and a model of the calreticulin
oligosaccharide-binding site. In calnexin (A) the oligosaccharide-binding site is
situated in the globular domain composed mainly of a B-sandwich (60). The side
chains of the residues interacting with the terminal glucose () are shown. The P
domain is seen as a long antiparallel loop with four repeat units that have the same
fold. The two intrachain disulfides are aso shown. (B) A model of the oligosaccha-
ride-binding site of calreticulin (77). The tetrasaccharide bound is Glca,_; Mana,_,
Mana,_, Man. Mutational analysis shows that severa of the residues that interact
with the sugar in the model are essentia for binding (76).

occupying additional subsites for hexapyranosyl residues and thus increasing the
number of hydrogen bonds and van der Waals interactions. By involving the
entire A branch of the monoglucosylated oligosaccharide, the binding site is
larger than generally observed for carbohydrate-protein interactions. Hence, the
thermodynamics of the interaction shows unusual properties, such as enthalpy-
entropy compensation (76).

Although the lectin activity is no longer questioned as the main principle of
substrate binding to calnexin and calreticulin, the significance of protein-protein
interactions remains an open issue. One main argument in favor of functionally
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significant interactions between the protein moieties is that calnexin can be
coimmunoprecipitated from cell lysates with some incompletely folded cargo
proteins lacking glycans. Moreover, calreticulin and the soluble ectodomain of
calnexin associate selectively with certain denatured nonglycosylated proteinsin
vitro and preserve them in a refolding competent state at elevated temperatures
(78, 79). For further arguments, see Danilczyk & Williams (80).



Annu. Rev. Biochem. 2004.73:1019-1049. Downloaded from arjournals.annualreviews.org

by University of Georgia on 04/04/06. For personal use only.

1034

HELENIUS = AEBI

The facts that weigh against a central role for protein-protein interactions are
by no means more compelling. The vast majority of calnexin and calreticulin
substrates fail to bind if glucose trimming is inhibited. Provided they have the
monoglucosylated glycans, binding of model glycoproteins, such as RNase B and
19G, is independent of polypeptide conformation, suggesting that calnexin does
not distinguish between conformers (75, 81, 82). In the case of 1gG, the protein
moiety does not contribute to the binding energy (76). Findly, the X-ray
structure of the calnexin ectodomain does not reveal obvious binding sites for
hydrophobic peptides or patches.

Other open issuesinclude the significance of ATP binding and hydrolysis. The
addition of ATP causes a change in the fluorescence emission and other
properties of calnexin and calreticulin (78, 79, 83, 84). Also, a weak ATPase
activity has been reported for both calnexin and calreticulin (78, 79). The
reported presence of calreticulin in the cytosol and nucleus of cells has also
generated discussion, as well as the presence of calnexin and calreticulin on the
surface of cells (85).

ERp57

The majority of proteins synthesized in the ER acquire disulfide bridges.
Oxidation is catalyzed by protein disulfide isomerase (PDI) and other thiol-
disulfide oxidoreductases (39). Formation of correct disulfides is generally
essential for proper folding. With four thioredoxin-like domains, ERp57 is a
close homologue of PDI (86). The extreme N- and C-terminal domains have
characteristic CXXC active site sequences. In vivo, ERp57 has been shown to
form mixed disulfides with incompletely folded glycoproteins (87), and it acts as
a reductase in the case of the partially folded major histocompatibility complex
Class | heavy chain (88).

ERp57 differs from PDI in that it forms a complex with calnexin and
calreticulin, and it specifically interacts with glycoproteins (89, 90). NMR studies
and deletion mutants show that it binds to the distal end of the P domain (91, 92).
Although the interaction is weak (K4 ~ 9 uM) the complex is likely to be
stabilized by the formation of mixed disulfides with the substrate glycoprotein.
The presence of ERp57 at the tip of the P domain is likely to further confine the
space in which a glycoprotein substrate is trapped.

Glucosidase 1

Glucosidase | removes the outermost glucose residue attached via an a—1,2
linkage to the middle glucose (residue n) (Figure 1). It is a membrane glyco-
protein (type 1) of about 82 kDa with a short N-terminal cytosolic peptide, a
single transmembrane sequence, and a large, glucosidase-active ectodomain.
Together with glucosidase I1, glucosidase | prevents binding of the protein-bound
glycan to OST and makes possible the entry of a glycoprotein into the calnexin/
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calreticulin cycle. Castanospermine and other polyhydroxylated indolizidine
alkaloids inhibit both glucosidase | and Il (93). They are frequently used to
inhibit the entry of newly synthesized glycoproteins into the calnexin/calreticulin
cycle.

A glucosidase | defect was recently described in a neonate with severe
hypotonia and dysmorphic features (94). The syndrome has now been named
congenital disorder of glycosylation type Ilb. Disruption of the glucosidase |
gene (gsc-1) in Arabidopsis results in defects in the accumulation of seed storage
proteins and in the formation of protein bodies, as well as in deficiencies in cell
differentiation during embryonal development (95). Tissue culture cell lines
lacking glucosidase | activity are viable.

Glucosidase 11

Glucosidase Il plays a double role in the calnexin/calreticulin cycle. It prepares
the substrate for entry into the cycle and allows substrate exit from the cycle. By
using the same enzyme for feeding substrate into the cycle and removing the
product, cells may make sure that the cycle cannot be oversaturated.

Glucosidase I1 is a soluble lumenal enzyme composed of two tightly associ-
ated glycopolypeptide chains, « and B, with molecular weights of 107 and 54
kDa (96-98). The sequence in the C-terminal half of the « chain contains a
catalytic domain belonging to the hydrolase family 31 (99). Both « and 83 chains
occur in several differentially spliced forms (100).

The B chain is a highly conserved glycoprotein. In addition to an N-terminal
signal sequence and a C-terminal Lys-Asp-Glu-Leu (KDEL) sequence, it con-
tains a domain homologous to the lectin domain of mannose 6-P receptors (81,
101). Asthe « chain lacks known ER retention sequences, it is likely that the 8
chain might serve as alocalization subunit. It is aso possible that the 8 chain is
needed to allow the « chain to fold properly because coexpression studies have
shown that both subunits are essential for enzymatic activity, solubility and/or
stability, as well as ER retention of the enzyme (102-104).

Inhibition or genetic disruption of glucosidase Il in tissue culture cells leads
to accelerated but less efficient glycoprotein folding and secretion, partial
breakdown of the quality control system with incompletely folded proteins being
secreted, induction of the unfolded protein response, and premature degradation
of misfolded glycoproteins (102, 105-108). Disruption of the a chain in Schizo-
saccharomyces pombe results in total loss of glucosidase Il activity, induction of
the unfolded protein response, and accumulation of cargo proteins in the ER
(102, 109). Disruption of the B chain has similar effects except for the formation
of small amounts of Glc,Mang ;GIcNACc, chains. Germline mutations in the 3
subunit in humans are associated with autosomal dominant polycystic liver
disease (110, 111). This is an inherited condition in which multiple cysts of
biliary epithelial origin occur in the liver.
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UDP-Glucose:Glycoprotein Glucosyltransferase

GT, the folding sensor, is undoubtedly the most interesting of the enzymesin the
calnexin/calreticulin cycle. Because the properties of GT have been recently
reviewed in this series (59), only some of the most important features will be
discussed here. GT is a large, soluble, lumena protein with a C-terminal
ER-retrieval sequence (112-114). In addition to its localization in the ER, it is
present in ER exit sites and in the ER-Golgi intermediate compartment (ERGIC)
(115). GT hasa C-terminal, catalytic segment of 300 amino acids with homology
to members of the glycosyltransferase family 8 (113, 114, 116). The N-terminal
sequence of about 1200 residues are presumed to participate in substrate
glycoprotein recognition. The N- and C-terminal domains of the enzyme are
intimately connected functionally and structurally (117, 118).

GT transfers a glucose residue from UDP-glucose to protein-bound high-
mannose glycans. Efficiency decreases with decreasing number of mannoses in
branches B and C (52). Thisis probably important for the interplay between the
calnexin cycle and ERAD (see below). Interestingly, glucosidase Il shows a
similar decrease in efficiency with decreasing mannose number (119). Taken
together these observations suggest that a glycoprotein passes more slowly
through the cycle as mannoses are progressively lost.

How does GT sense the folding status of a substrate glycoprotein? Currently
thereis only a partial answer to this question. It is clear that selectivity must be
based on general features shared by misfolded proteins. The enzyme makes, for
example, no distinction between glycoproteins and neoglycoproteins of bacterial
or nonsecretory origin (59). There are at least two general ways in which a
protein might be able to sense whether another protein is incompletely folded:
through exposed hydrophobic peptides or patches or through excessive surface
dynamics. Which of these apply to GT is not clear. That the data is still incomplete
isin part due to unsatisfactory in vitro assays that make use of aggregated substrates
with heterogeneous conformations and glycan configurations.

The enzyme does not use free glycans or small glycopeptides as substrate,
hence the name glycoprotein glucosyltransferase. Studies with monomeric,
nonaggregated, well-characterized glycoprotein substrates, such as RNase B,
show that arandom coil is not a substrate; whereas molten globule-like, partially
folded proteins are good substrates (120—122). However, a recent study using
MangGIcNACc,-containing tryptic peptides showed that GT does reglucosylate
glycopeptides with high efficiency provided that they have more than 12 amino
acid residues and that the sequence includes hydrophobic residues on either the
N-terminal or C-terminal side of the glycan (123). Such short peptides are
unlikely to have secondary or tertiary structure.

Because the presence of misfolded, nonglycosylated proteins does not inhibit
glucose transfer to denatured thyroglobulin (124), it was hypothesized that GT
recognizes the protein and the glycan moieties together. This was supported by
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the observation that the presence of the innermost GIcNAc residue of the
N-linked glycan was sufficient to make a denatured protein inhibitory to the
enzyme. The tendency of GT to bind to hydrophobic peptides in the absence of
glycans argues, on the other hand, that GT can recognize and bind to proteinsin
the absence of glycans (124). Recent studies in our group have shown, further-
more, that misfolded RNase A devoid of glycans interferes with GT activity,
suggesting sugar-independent interactions (C. Ritter, K. Quirin, and A. Helenius,
unpublished results).

In studies with RNase B dimers, it was found that GT reglucosylates glycans
that are located in a misfolded domain while ignoring glycans in a nearby
identical but folded domain of the same protein (121). When local misfolding
was induced by mutating one of the disulfide bonds, only glycans in the
misfolded region were glucosylated, suggesting highly localized glucosylation
(C. Ritter, K. Quirin, and A. Helenius, unpublished results).

In summary, current data indicate that GT interacts with glycoproteins and
possibly nonglycoproteins but only if they are improperly folded. If the incom-
pletely folded regions contain high-mannose glycans, these are selectively
reglucosylated. The enzyme recognizes relatively small local folding defects,
and the presence of exposed hydrophobic residues improves recognition. A
partially ordered, molten globule-like structure seems to be optimal for efficient
recognition.

UDPase

GT uses as a substrate a nucleotide sugar, UDP-GlIc, transported into the ER
lumen from the cytosol. An import activity for UDP-Glc has been described in
the ER of rat liver and in S cerevisiae, and it has been established that import of
UDP-Glc is coupled to the exit of UMP (125). To make use of this antiporter, the
ER must first convert the UDP generated by GT to UMP. In the secretory
pathway of mammalian cells, three nucleoside diphosphatases are known, two in
the ER and one in the Golgi complex.

Two phosphatases have been reported in the ER, a soluble and a membrane-
bound enzyme (126, 127). The soluble UDPase is a glycoprotein that needs
ca®t, Mg?*, or Mn*" to work, whereas the membrane-bound UDPase only
functions with Ca®". Both enzymes belong to the ecto-nucleoside triphosphate
diphosphohydrolase (E-NTPDase) family, and hydrolyze UDP, GDP, and IDP
but not nucleoside triphosphates or ADP. Although ubiquitously expressed, the
two enzymes have somewhat different tissue distribution. The soluble UDPaseis
enriched in the ER, but it has no known ER retention sequence. When expressed
in Cos-7 cells, it is secreted (128). The membrane-bound enzyme occurs on the
ER and the intermediate compartment. A RXRXR sequence at the N terminus
may serve as an ER retention sequence. The protein is anchored to the membrane
via sequences close to the N terminus and has its active domain in the ER lumen.

Annu. Rev. Biochem. 2004.73:1019-1049. Downloaded from arjournals.annualreviews.org
by University of Georgia on 04/04/06. For personal use only
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ER-DEPENDENT DEGRADATION OF GLYCOPROTEINS

Asoutlined above, N-linked oligosaccharides play an essentia role in the folding
of glycoproteinsinthe ER. If glycoproteinsfail to fold or to oligomerize, they are
retained in the ER and eventually degraded. The degradation process, termed
ER-associated degradation (ERAD), is important because it prevents accumula-
tion of unsalvageable, misfolded proteins in the ER.

ERAD involves three functionally distinct steps: the recognition of a glyco-
protein as malfolded, its retrotransg ocation to the cytoplasm, and the subsequent,
ubiquitin-dependent degradation by the proteasome. Several excellent articles
have recently reviewed aspects of this process (129-132). Here, we will focus
exclusively on the recognition step.

Targeting of substrates to ERAD is a delicate process. Misfolded and unas-
sembled protein subunits should be degraded, but bona fide folding intermediates
should not. Current data shows that such a distinction does indeed take place. It
is based on the length of time that a glycoprotein has spent in the ER. In
mammalian cells, degradation of a misfolded glycoprotein typically starts after a
lag period of 30—90 min followed by exponential decay (133-135). This means
that cells give newly synthesized proteins a fair chance to fold and assemble
before degradation sets in.

The use of atimer mechanism does, however, create a problem: how to spare
resident ER glycoproteins destined to stay permanently in the ER? Unless
misfolded, they should not be targeted for destruction after the initial lag. It is
possible that the system does not rely exclusively on atimer but also on afolding
sensor (136).

The delay in degradation of glycoproteins by ERAD is clearly linked to
trimming of mannoses. The most important mannosidase is an a«—1,2 exoman-
nosidase, a membrane-bound ER enzyme that specifically removes the terminal
mannose (residue i) from the B branch of the oligosaccharide to yield the
MangGIcNAc, B-isomer (Figure 1) (137). If the mannosidase is inhibited by
kifunensin (a specific inhibitor) or mutated, glycoprotein degradation is dramat-
ically slower (138). In contrast, if ER mannosidase | is overexpressed, the onset
of degradation is accelerated (139). Because the activity of this and other
mannosidases in the ER is relatively low (136), the mannoses are removed over
a period that varies from 10 min in yeast to more than an hour in some
mammalian cells. The slow-acting mannosidaseislikely to serve asthe timer that
protects newly synthesized proteins and nascent chains. That the lag times vary
greatly for different proteins may depend on the number of glycans, their
locations in the protein, and other effects.

Genetic evidence in S. cerevisiae suggests that the MangGIcNAC, B-isomer
generated by ER mannosidase | is recognized by a membrane-bound ER protein
caled Htm1/Mnl1 (140, 141). Htm1/Mnl1 is a mannosidase homologue, but
because it does not have detectable mannosidase activity, it is thought to serve as
a mannose lectin and to be responsible for directing glycoproteins into the
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retrotrandocation and degradation pathway. Elimination of this membrane protein
retards ERAD of glycoproteins but not of nonglycosylated proteins (140). The
generation of MangGIcNAC, B-isomer is required for efficient ERAD, yet it is not
sufficient because only malfolded proteins with MangGICNAC, are degraded (136).

In mammalian cells, ER mannosidase |, the homologue of the yeast manno-
sidase, plays a similar role. Glycoprotein degradation is dramatically reduced by
kifunensin, and when overexpressed, a homologue of Htmlp/Mnllp, called
EDEM [for ER degradation-enhancing a-mannosidase-like protein (142)], accel-
erates the degradation of malfolded glycoproteins (134, 143). The presence of a
functional calnexin/careticulin cycle makes the system more complex than in
yeast. In some cases, the calnexin cycle seems to protect glycoproteins against
degradation during the initial lag period. If glycoproteins are not allowed to enter
the calnexin cycle, ERAD starts without lag (134, 135). It is likely that once
mannose trimming has occurred, EDEM begins competing for substrates with the
calnexin/calreticulin cycle. Recall that when mannoses are lost from the B and C
branches, both GT and glucosidase |1 become less efficient (52, 119). The substrate
is therefore likely to pass more dowly through the cycle and may in this way give
EDEM an advantage. It has aso been shown that EDEM and calnexin coimmuno-
precipitate, suggesting that they associate with each other in a complex (143). It is
possible that EDEM acquires substrate glycoproteins directly from calnexin.

Therole of additional mannosidases is not yet fully clarified. In addition to the
ER a—1,2-mannosidase |, mammalian cells have an ER mannosidase |1 that
removes a mannose (residue k) from the C branch (Figure 1) (137). Further
a—1,2 mannosidases of the same enzyme family occur in the Golgi of mamma-
lian cells. Because some of the mannosidases preferentially act on either the A
or the C arm (137), they could, if present in the ER, be used to extract
glycoproteins from the calnexin cycle or prevent ERAD. Indeed, it has been
recently reported that ERAD substrates can be trimmed to Man,GIcNAc, or even
MansGIcNAC,, suggesting exposure to several mannosidases (144, 145). These
data suggest that a degradation pathway independent of the MangGIcNAC,
isomer B exists in mammalian cells (146, 147).

It is noteworthy that most mammalian cells have in the ERGIC and in the
Golgi complex an endomannosidase that cleaves the linkage between the first
glucose-substituted mannose (g) and the second mannose (f) in the A branch
(Figure 1) (18). This enzyme is thought to remove the glucose from monoglu-
cosylated chains that have somehow escaped the action of ER glucosidases and
thus permit normal processing of the glycans in the Golgi complex.

OTHER LECTINS IN THE SECRETORY PATHWAY

Lectins Related to Mannose 6-Phosphate Receptors

That the secretory pathway contains functionally important lectins was first
recognized during an effort to clarify the molecular causes of the hereditary
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disease mucolipidosis 11 (I-cells disease). It was realized that modified N-linked
glycans are address tags in the intracellular targeting of lysosomal enzymes and
that lectins serve as receptors (148). The lectins in question are the two mannose
6-phosphate binding receptors (MPRS) that transport lysosomal enzymes from
the trans-Golgi network to endosomes. They have been thoroughly analyzed with
respect to function and structure (149).

The crystal structure of the lectin domain in Ca?"-dependent (CD)-MPR, the
smaller of the receptors, shows a flattened B-barrel structure with three disulfide
bonds (150). The carbohydrate binding site is located in a relatively deep pocket
formed by the B-sheets and the loops that connect them. The site contains a
bound Mn?* that interacts with the phosphate group of mannose 6-phosphate.
Binding of the ligand causes a conformational change in the receptor, and
binding is reversed by mildly acidic pH.

Analysis of sequence databases recently alowed Munro (101) to identify
additional MPR-like domains in a variety of genes and proteins. He classified
these as members of a family and called them mannose 6-phosphate receptor
homology domains (MRHS). The conservation of sequences in the region of the
glycan binding pocket in CD-MPR suggested that they may also be lectins.
Consistent with this, he observed that in addition to genes of unknown function,
the proteins with MRH domains include two N-glycan modifying enzymes:
the ER glucosidase Il B-subunit discussed above and the lysosoma hydro-
lase N-acetylglucosamine-1-phosphotransferase (GlcNAc-phosphotransferase)
y-subunit (151). This is the cis-Golgi enzyme responsible for adding GIcNAc-
phosphate to lysosomal hydrolases. Whether these enzyme-associated MRH
domains act as lectins remains to be determined. Loss of the y-subunit leads to
a defect in mannose 6-phosphate signal generation, mistargeting of lysosomal
hydrolases, and a variant of pseudohurler polydystrophy (mucolipidosis 111C)
(152).

Leguminous Lectin Homologues

In addition to calnexin and calreticulin, the early secretory pathway contains
several other lectins that have been classified as members of the leguminous
lectin family. Best characterized is the ubiquitously expressed and abundant
ERGIC-53 (p58, MR60), a homo-oligomeric, type | transmembrane protein with
mannose lectin activity (153). The X-ray crystal structure of the carbohydrate-
binding domain shows the B-sandwich structure characteristic for this lectin
family (68). No long appendices like the P domain in calnexin and calreticulin
are present.

Equipped with a complex repertoire of cytoplasmic tail signals for interaction
with COPI and COPII coats, ERGIC-53 cycles between the ERGIC and the
cis-Golgi. Although it has been difficult to define physiological ligands, it is
apparent that ERGIC-53 is responsible for ER-to-Golgi export of a subset of
secretory and lysosomal glycoproteins. Association with cathepsin Z, a lysoso-
mal enzyme, seems to be dependent on glucose trimming, implying that
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ERGIC-53 binds to glycoproteins that have successfully emerged from the
calnexin/calreticulin cycle (154). Mutations in ERGIC-53 can, in humans, result
in an autosomal recessive bleeding disorder caused by a deficiency in coagulation
factors V and VIII (F5F8D) (155).

Vesicular integral protein 36 (V1P36) is another membrane-bound leguminous
lectin concentrated primarily in the early secretory pathway (156-158). This
lectin is homologous with ERGIC-53 but lacks the coiled-coil structure in the
stem. It is specific for high-mannose type N-glycans containing 3-1,2 mannoses,
and it is thought to mediate forward transport of glycoproteins in the secretory
pathway, and possibly their targeting to the apical plasma membrane in polarized
epithelial cells.

Examination of genomic and EST databases has led to the identification of
additional mammalian proteins with homology to ERGIC-53 and VIP36 (159,
160). The homologues have been classified into three main phylogenetic groups:
the VIP36/VIPL, the ERGIC-53/ERGL, and a group of fungal homologues that
include Emp46p and Emp47p in S cerevisiae (159). Of these, VIPL is a highly
conserved VIP36-like protein with orthologues in many species from humans to
Xenopus (160). Similar to VIP36, it lacks the coiled stem domain present in
ERGIC-53 and in the fungal homologues and is therefore less likely to assemble
into an oligomer. It has a cytosolic ER retention motif and is mainly located in
the ER. Although the primary sequence suggests that it is a mannose-binding
lectin, lectin activity has not been experimentally confirmed for any of these
proteins except ERGIC-53 and VIP36. Overexpression of VIPL interferes with
ERGIC-53 cycling, suggesting that it may regulate ERGIC-53 function (160).
Knockdown experiments have revealed retardation in the export of a subset of
proteins (87, 122, 159). Emp46p and Emp47p are homologous membrane
proteins in the early secretory pathway of S cerevisiae that cause a partia
secretion defect when disrupted (161).

Taken together, it is apparent that proteins with lectin domains occur through-
out the secretory pathway. They belong to several families, and many of them are
likely to bind mannose (162). Their functions are related to folding, quality
control, sorting, and forward transport of glycoprotein cargo. Because they are
functionally redundant, and their affinities for their ligands are weak, their
biochemical characterization is challenging. However, they are an interesting
new class of proteins that have their functions in the lumen of secretory
organelles promoting sorting, cargo selection, and efficiency.

N-GLYCANS: THE EVOLUTION OF A SIGNAL

The functions of N-glycans can be further illuminated by considering the
evolutionary origin of ER glycosylation. As in most functions of the ER, the
synthesis of N-linked glycans stems from homologous processes in the plasma
membrane of bacteria or archaea (11, 163). Proteins with N-linked glycans are,
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in fact, present in the outermost layer of the archaeal cell wall (164) and in the
cell wall of certain gram-negative bacteria, such as Campylobacter jejuni (35,
165). The synthesis of prokaryotic glycoproteins shows such striking similarities
to the process in eukaryotic cells that there can be no doubt that the processes are
homol ogous.

In archaea, the oligosaccharide moiety is assembled at the cytoplasmic face of
the plasma membrane on alipid carrier, dolichylphosphate or dolichylpyrophos-
phate. It is then translocated through the plasma membrane and enzymically
transferred to a protein on the outside surface of the plasma membrane. The use
of a lipid-bound oligosaccharide precursor makes sense in these organisms,
because a soluble precursor would diffuse away from the cell. The acceptor
sequence in the polypeptide is none other than the familiar Asn-X-Ser/Thr (166).
In bacteria, the oligosaccharide precursors are probably bound to bactoprenol, an
isoprenoid lipid very similar to dolichol. A homologue of the STT3 subunit of
OST in C. jejuni is essential and sufficient for oligosaccharide transfer to protein
(35; M. Feldman, M. Wacker, and M. Aebi, unpublished results), and Asn-X-
Ser/Thr serves as an acceptor sequence in the bacterial system.

Although the membrane topology and oligosaccharide transfer mechanisms
are similar, there are differences between eukaryotes and prokaryotes. The
limited information available suggests, for example, that there is great diversity
among oligosaccharides transferred to proteins in different prokaryote species
(164, 167, 168). In contrast, almost all eukaryotes transfer the same structure,
Glc;MangGIcNAC, (Figure 1). A notable exception is within the clade of the
trypanosomatids, primitive eukaryotes, in which the Mang_gGIcNACc, oligosac-
charides are transferred to proteins (169, 170). These organisms lack specific
Dol-P-Man or Dol-P-Glc-dependent mannosyl- and glycosyltransferase required
for the assembly of the complete Glc;MangGIcNAC,, but they do have GT.

Thus, we can view the Glc;MangGIcNAC, oligosaccharide as a bipartite
structure in the evolutionary sense: The MansGIcNAc, oligosaccharide, assem-
bled in the cytoplasm, probably corresponds to the glycan transferred to protein
in the archaeal ancestor of all eukaryotic cells, whereas the three glucose and the
four mannose residues, added in the lumen of the ER, are extensions that have
occurred during eukaryotic evolution. The situation in trypanosomatids might
represent an evolutionary intermediate.

The Man;GIcNAc, oligosaccharide (residues a-g) (Figure 1) is closer to the
protein and functionally distinct. These sugars seem to be primarily responsible
for the direct effects that N-linked glycans have in protein folding (3, 6). Five of
them escape trimming in the ER and the Golgi complex when complex glycans
are synthesized.

We speculate that the addition of further saccharides (mannoses h, i, j, and k,
and glucoses m, n, and I) to the archaeal MansGIcNAc, oligosaccharide during
eukaryotic evolution was driven by the internalization of glycoprotein biosyn-
thesis from the plasma membrane to the ER and by the concomitant need to
export newly synthesized proteins to the cell surface. Internalization made it
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possible to sequester biosynthesis, folding, and early maturation in a closed
compartment in which conditions could be better controlled than in a space
connected to the extracellular medium. It also opened new possibilities to
increase the volume of production and to expand the product repertoire to include
more complex proteins and proteins that required assistance from a variety of
chaperones. The disadvantages included the need to control the fidelity of protein
maturation and necessity to deal with misfolded proteins, an inevitable side effect
of protein folding and oligomeric assembly. The distal mannose and glucose
residues (h-n) of the Glc;MangGIcNAC, oligosaccharide were introduced to
serve as recognition tags in the calnexin/calreticulin cycle during quality control
and during substrate selection for ERAD. These distal sugars made it possible for
the cell to use the N-linked glycans as a composite signal.

THE N-LINKED GLYCAN, A COMPOSITE,
MULTIFUNCTIONAL SIGNAL

The different signaling functions of the protein-bound core oligosaccharide are
organized in such away that the A branch provides information about the folding
status, and the B and C arms are used for ERAD (Figure 1). The signals are
interpreted by specific lectins: calnexin and calreticulin in the case of the A
branch and EDEM/HTM1 in the case of the B and C arms. As discussed above,
efficient binding of calnexin to the A branch requires the presence of the
a-1,3-linked glucose residue (1); however, the three mannose residues g, f, and d
significantly enhance the affinity. The monoglucosylated A branch acts as a
positive signal for binding. However, this signal can be efficiently masked by the
presence of the additional «-1,3-linked glucose (m). This residue functions as a
negative signal for calnexin and calreticulin binding.

Similarly the three mannose residues (h, k, and I) of the B and C arm of the
oligosaccharide may act as an optimal substrate for EDEM and as a positive
signal in the ERAD pathway. Indeed, the structure of the EDEM homologue ER
mannosidase | with a bound Mang oligosaccharide (171) is compatible with this
hypothesis. Again, genetic evidence suggests that the «-1,2-linked mannose
residue i of the B branch acts as a negative signal for EDEM/HTM1 binding.

On the basis of these considerations, we can now propose functions for each
of the individual trimming steps in the ER. The outermost «-1,2 glucose residue
(n) is needed for efficient recognition of the processor oligosaccharide by OST.
OST actually seesthe complete A branch, but glucose n seemsto be akey residue
(16). Hydrolysis of this glucose residue is likely to promote release of the
glycoprotein substrate from OST and prevent rebinding of the substrate after
transfer to a polypeptide chain. Removal of this glucose, furthermore, exposes
the «-1,3-linked glucose residue (m), which as discussed above serves as a
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negative signal for binding to calnexin and calreticulin. Only after removal of m
is the critical third glucose () exposed terminally, allowing association of
calnexin and calreticulin with the A branch. Similarly, removal of mannose is
likely to expose a branched oligomannose structure for binding to EDEM/HTM 1.
Our guess would be that EDEM binds a tetra mannose unit of h, g, j, and k with
h as the key residue. Loss of mannoses from the C branch may weaken the
interaction (136).

PERSPECTIVES

The ER is a highly specialized compartment. Although hard numbers are
missing, it is estimated that many of the chaperones and folding enzymes are
present in nearly millimolar concentrations. With such extreme crowding, it is
not surprising that the resident proteins tend to form complexes and extensive
networks (173-175). It is a world where affinities tend to be low (in the micro-
to millimolar range), and molecular interactions transient. The spectrum of
chaperones, lectins, and enzymes is delicately balanced to best serve the
secretory process of each specific cell type under physiological conditions
(176-178). In most cell types, the conditions are optimized for the synthesis of
glycoproteins.

Among the challenges in thisfield are a better grasp of the complexities of the
physiological context and more complete understanding of the rules that prevail
in this compartment. It is important to learn to manipulate the conditions, to
develop cures for various ER-storage diseases, to control the production of
glycoproteins, and to explore in further detail the complex pathways by which
proteins mature in the ER.

The analysis of glycoprotein folding and quality control in the ER has opened
a window into the intracellular functions of oligosaccharides. One of the most
important functions is clearly to secure efficient protein production. In the
eukaryotic cell, the fidelity of this biosynthetic process has top priority. What
might have started as a simple structural component of the extracellular matrix of
an archaebacterium has evolved into a highly coded recognition signal whose
idiom is now modulated and interpreted by a spectrum of enzymes and lectinsin
the ER and other intracellular compartments.
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