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SUMMARY

The ER-Golgi intermediate compartment (ERGIC)
marker ERGIC-53 is a mannose-specific membrane lectin
operating as a cargo receptor for the transport of
glycoproteins from the ER to the ERGIC. Lack of
functional ERGIC-53 leadsto a selective defect in secretion
of glycoproteins in cultured cells and to hemophilia in
humans. Beyond its interest as a transport receptor,
ERGIC-53 is an attractive probe for studying numerous
aspects of protein trafficking in the secretory pathway,
including traffic routes, mechanisms of anterograde and

retrograde traffic, retention of proteinsin the ER, and the
function of the ERGIC. Under standing these fundamental
processes of cell biology will be crucial for the elucidation
and treatment of many inherited and acquired diseases,
such as cystic fibrosis, Alzheimer’'s disease and viral
infections.
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INTRODUCTION

Understanding the molecular basis of secretion requires
knowledge of how the individual organelles of the secretory
pathway are formed and maintained and of how they exchange
membranes and proteins in the anterograde (forward) and
retrograde (backward) directions. The analysis of these
processes involves the use of indicator proteins to define
organelle boundaries and the use of reporters to study traffic
routes and mechanisms.

A versatile protein for studying various aspects of secretion
is a marker for the ER-Golgi intermediate compartment
(ERGIC), ERGIC-53, a non-glycosylated type | membrane
protein of 53 kDa (Hauri and Schweizer, 1992, 1997; Saraste
and Kuismanen, 1992; Farquhar and Hauri, 1997; Hong, 1998).
Our group discovered ERGIC-53 in a monoclonal antibody
screen for organelle marker proteins, starting with a Golgi-
enriched membrane fraction of the human intestinal epithelial
cell line Caco-2 as an antigen (Schweizer et al., 1988), and
subsequently cloned its cDNA (Schindler et al., 1993).
Independently, Saraste and co-workers generated polyclonal
antibodies against a Golgi fraction of rat pancreas that
recognized among other proteins a 58-kDa protein dubbed p58
(Saraste et al., 1987). The p58 protein was originaly believed
to be a glycoprotein of the cis-Golgi (Hendricks et al., 1991),
but further purification of the antiserum and cloning revealed
that p58 is non-glycosylated and is the rat ortholog of ERGIC-
53 (Lahtinen et al., 1996). In a third independent approach,
Pimpaneau et a. (1991) isolated an intracellular protein
designated MRG0 in a search for lectins by mannose-column
chromatography. Cloning identified MR60 as ERGIC-53 (Arar

et a., 1995; Itin et al., 1996). Here, we use the term ERGIC-
53 irrespective of species.

ERGIC-53 has severa interesting features whose analysis
has provided important information on the early secretory
pathway, including its organization, traffic routes and the
mechanism of protein targeting. Here, we summarize current
knowledge of ERGIC-53 and its implications for
understanding the basic mechanisms underlying secretion.

FEATURES OF ERGIC-53

Localization

ERGIC-53 is most highly concentrated in characteristic
tubulovesicular clusters (also termed VTCs for vesicular
tubular clusters; Bannykh et al., 1996) near the Golgi apparatus
and in the cell periphery, the sum of which constitutes the
ERGIC (Schweizer, 1988; Hauri and Schweizer, 1992;
Klumperman et al., 1998). At the ultrastructural level, these
clusters are indistinguishable in morphology and stain positive
for both COPII, which coats vesicles mediating ER-to-ERGIC
anterograde transport, and COPI, which coats vesicles
mediating Golgi/ERGIC-to-ER retrograde transport (Aridor et
al., 1995; Scales et a., 1997; Klumperman et a., 1998; Shima
et a., 1999). In unfixed rapidly frozen cells these membrane
entities often appear as single flat cisternae, rather than
tubulovesicular clusters, exhibiting numerous budding profiles
at their rims (H. Horstmann and W. Hong, unpublished). L ower
concentrations of ERGIC-53 are present in the ER and in the
first fenestrated cis-cisterna of the Golgi (Schweizer et a.,
1988; Chavrier et a., 1990; Klumperman et a., 1998),
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reflecting recycling pathways for this protein. At 15°C newly
synthesized vesicular stomatitis virus G protein (VSV-G) and
other secretory proteins accumulate in the ERGIC-53-positive
ERGIC clusters (Schweizer et d., 1990; Saraste and Svensson,
1991; Klumperman et a., 1998). This finding established that
the 15°C compartment defined by VSV-G and the ERGIC
defined by ERGIC-53 are identical. Note, however, that many
newly synthesized secretory proteins are inefficiently
transported from the ER to the ERGIC at 15°C. ERGIC-53 has
also been used as a marker in purification of the ERGIC by
subcellular fractionation (Schweizer et al., 1991, 1994;
Annaert et d., 1999). ERGIC membranes exhibit features that
are different from those of the ER and cis-Golgi.

Topology and oligomerization

Cloning (Schindler et al., 1993; Arar et al., 1995; Lahtinen et d .,
1996) and biochemical analysis (Schweizer et a., 1988) showed
that ERGIC-53 is a type | integra
membrane protein that has a large
luminal domain and a short 12-
residue cytosolic domain (Fig. 1).
ERGIC-53 forms disulfide-linked
homodimers and homohexamers in
the ER (Schweizer et a., 1988;
Lahtinen et a., 1992). At steady
gtate the two oligomeric forms are
present in about equal amounts in
total cell extracts (Schweizer et
a., 1988), as wel as in al
membrane fractions resolved on
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several days (Schweizer et al., 1988), which is not surprising
in light of its proposed function as a transport receptor for
glycoproteins (see below).

Lectin features

A remarkable feature of ERGIC-53 isan [200-residue segment
in the lumina domain that shares homology with the
carbohydrate-recognition domain (CRD) of severd
leguminous plant lectins. The closest relative of ERGIC-53, the
mammalian cis-Golgi protein VIP36, exhibits similar
homologies (Fiedler et a., 1994; Flllekrug et a., 1999a).
Fiedler and Simons (1994) suggested therefore that ERGIC-53
and VIP36 define a new class of animal lectins. Subsequent
findings that ERGIC-53 can selectively bind to mannose
columns and that point mutations of conserved amino acids in
the putative CRD abolish thisbinding confirm this notion (Arar
et al., 1995; Itin et al., 1996). Moreover, isolated VIP36 binds
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Fig. 1. Schematic diagram of ERGIC-53 and outline of its functional domains. CD, cytosolic
domain; S, signal sequence; TMD, transmembrane domain. Some functionally important amino
acids (single letter code) are indicated.



to high-mannose-type glycans (Hara-Kuge et a., 1999) and
GaNAc residues (Fiedler and Simons, 1996). A notable
difference between the two lectins is that binding of sugars to
ERGIC-53 requires Ca2* ions (Itin et al., 1996; Appenzeller et
a., 1999) whereas binding of sugars to VIP36 is Ca?t
independent (Hara-Kuge et a., 1999). This indicates that the
two lectins have different modes of action.

Evolution of ERGIC-53

ERGIC-53 is conserved from C. elegans to Xenopus, rat and
man, and is present in al cell types. Likewise, VIP36 is
conserved from C. elegans to man. The non-essential yeast
protein Emp47p appears to be the yeast homolog of ERGIC-
53 (Schroder et a., 1995). Unlike CRD in ERGIC-53 from
multicellular organisms, the putative CRD of Emp47p lacks
some residues known to be critical for sugar binding. This
raises some doubts as to whether Emp47p has alectin function.
However, Emp47p also recyclesin the early secretory pathway.

TRAFFIC ROUTES

As arather abundant recycling protein, particularly in actively
secreting cells such as HepG2 cells, ERGIC-53 is an attractive
protein for visualizing anterograde and retrograde traffic
routes. Although the ER harbors considerable amounts of
ERGIC-53, the concentration of ERGIC-53 in this organelle is
low, except in budding structures at the transitional elements,
where ERGIC-53 is concentrated (Klumperman et al., 1998).
This concentration might indicate that ERGIC-53 is actively
recruited by COPII proteins (see below). Low-temperature/
rewarming experiments in which synchronized recycling can
be followed from the ERGIC (Lippincott-Schwartz et al.,
1990) revealed that adirect recycling pathway from the ERGIC
to the ER bypasses the cis-Golgi (Aridor et a., 1995; Itin et
al., 1995c; Tang et al., 1995a). Morphological and biochemical
analyses indicate that for ERGIC-53 this is in fact the major
recycling route, and only a minor fraction of ERGIC-53
recycles via the cis-Golgi (Fig. 2; Itin et al., 1995c; Kappeler
et al., 1997; Klumperman et al., 1998).

The recycling of ERGIC-53 can be blocked either in the
ER or in the ERGIC by various agents (Fig. 2; Hauri and
Schweizer, 1997). Exit from the ER is inhibited by lowering
of the culture temperature to 10°C, by lowering of the ATP
levels in deoxyglucose/azide-treated cells (Appenzeller et al.,
1999), by the phosphatase inhibitor okadaic acid (Pryde et al.,
1998), by a GTP-restricted dominant negative mutant of the
smal GTPase Sarl (which is required for COPIl vesicle
formation; Shima et al., 1998; Andersson et al., 1999), or by
osmoatically induced cell-volume change (Lee and Linstedt,
1999). ER exit is aso inhibited during mitosis (Farmaki et al.,
1999). Exit from the ERGIC in both the anterograde and
retrograde directions is reversibly blocked both at 15°C
(Lippincott-Schwartz et al., 1990; Saraste and Svensson, 1991;
Klumperman et a., 1998) and in the presence of aluminum
fluoride (AlF4~, which inhibits trimeric GTPases; Kappeler et
al., 1997; Klumperman et al., 1998). Exit from the ERGIC is
also blocked by the vacuolar H*-ATPase inhibitor bafilomycin
A1l (Palokangas et a., 1999) and by the proton ionophore
monensin (unpublished observations); this suggests that
acidification plays arole in the recycling process.
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Remarkably, ERGIC-53 also accumulates in the ERGIC in
the presence of brefeldin A (BFA; Lippincott-Schwartz et a.,
1990; Saraste and Svensson 1991). This contrasts with most
Golgi-resident proteins, which are transported to the ER under
these conditions. As a genera rule, rapidly recycling proteins
of the early secretory pathway accumulate in the ERGIC rather
than in the ER upon BFA treatment, irrespective of whether
they localize more to the Golgi than to the ERGIC at steady
state (Hauri and Schweizer, 1997). Examples include the cis-
Golgi proteins KDEL receptor (Itin et al., 1995c; Tang et al.,
1995h), VIP36 (Flllekrug et al., 1999a) and gp74 (Alcade et
al., 1994), and members of the p24 protein family (Blum et al.,
1999; Fullekrug et al., 1999b; Gommel et al., 1999). BFA-
induced accumulation in the ERGIC is therefore a diagnostic
test for rapidly recycling, as opposed to resident, Golgi
proteins.

The different behavior of resident and recycling Golgi
proteins in BFA-treated cells suggests that two different
retrograde pathways from the Golgi to the ER exist: a direct
one bypassing the ERGIC, which might be followed by Golgi-
resident trimming enzymes and glycosyltransferases; and an
indirect one, presumably via the ERGIC, that is followed by
rapidly recycling proteins, including ERGIC-53. There is
indeed evidence that Golgi-resident proteins slowly recycle
through the ER in unperturbed cells during interphase and
mitosis (Cole et a., 1996; Presley et al., 1998; Storrie et al.,
1998), athough the extent of this recycling remains unclear
(see Jesch and Linstedt, 1998 and Shima et al., 1998, for
opposite views). Very recent evidence supports the notion that
two independent retrograde routes from the Golgi back to the
ER exist (Girod et al., 1999). Microinjection of anti-COPI
antibodies or expression of a GDP-restricted Arfl mutant
inhibits the recycling of ERGIC-53 and KDEL receptor but not
Golgi-to-ER  transport of Golgi-resident glycosylation
enzymes and Shiga toxin.

It has not been possible to block ERGIC-53 selectively in
the cis-Golgi, although Fujiwaraet a. (1998) have claimed that
the lipoxygenase inhibitor nordihydroguaiaretic acid blocks
this pathway before it also inhibits ER export of ERGIC-53.
Fujiwaraet a. based this conclusion on an ultrastructural study
using the non-quantitative peroxidase technique, which
complicates the differentiation of major and minor recycling
pathways. Moreover, the high mobility of the ERGIC clusters,
which can accumulate close to the Golgi (Klumperman et al.,
1998), has to be taken into account. Such clusters can be
mistaken for cis-Golgi elements. The study by Fujiwara et al.
(1998) is at variance with biochemical findings (Kappeler et
al., 1997) and immunogold-labeling data (Klumperman et al.,
1998) that suggest that the cycling of ERGIC-53 through the
cis-Golgi is only a minor pathway. It takes at least 12 hours
before N-glycosylation-site-tagged ERGIC-53 molecules
quantitatively acquire cis-Golgi-mediated glycan trimming
down to the Man5 structure. This inefficient recycling
complicates the use of traffic inhibitors to block recycling in
the cis-Golgi. By contrast, accumulation of ERGIC-53 in the
ERGIC in the presence of AlF4~ takes only 30 minutes
(Kappeler et al., 1997; Klumperman et al., 1998). These
observations suggest that cycling of ERGIC-53 through the cis-
Golgi is more than one order of magnitude less efficient than
cycling through the ERGIC.

The efficient retrograde transport of ERGIC-53 from the
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Fig. 2. Cargo receptor function and recycling of ERGIC-53. (1) Translocation of newly synthesized ERGIC-53 monomers into the lumen of the
rough ER and anchored in the ER membrane by their single transmembrane domain. (2) Formation of disulfide-linked homo-oligomers that bind
to Man9-N-glycans of correctly folded cargo glycoproteins in the presence of Ca?*. (3) Recruitment of the cargo-ERGIC-53 complex to budding
sites of the transitional elements by direct interaction between the cytosolic FF motif and components of the COPII coat. (4) COP |1-vesicle
budding and vesicular transport to the ERGIC. (5) Release of cargo in the ERGIC. (6) Recruitment of free ERGIC-53 to COPI vesicle-budding
sites by direct interaction of the cytosolic di-lysine signal with components of the COPI coat. (7) COPI-vesicle budding and retrograde transport
to the ER. (8) Escape of a subpopulation of ERGIC-53 moleculesto the cis-Golgi. (9) Retrieval of this subpopulation to the ERGIC by COPI
vesicles. Incompletely folded glycoproteins bind to calnexin (CX) and/or calreticulin (CR) after removal of the two outermost glucose residues
(Trombetta and Helenius, 1997). Subsequently they are trimmed by glucosidase I1 (Glc 11) and, if incompletely folded, reglucosylated by UDP-
glucose:glycoprotein glucosyltransferase (UGT). After folding is completed, the glycoprotein cargo molecule can bind to ERGIC-53. After a
prolonged time, ER a1,2-mannosidase (ER Man 1) acts on the middle branch of the glycan, removing one mannose residue. Mono-glucosylated
Man8 is atargeting signal for calnexin-dependent retransl ocation of the misfolded protein to the cytosol and subsequent degradation possibly due
to attenuated deglucosylation by Glc Il (Liu et d., 1999). Inhibitors of anterograde and retrograde traffic are indicated: DOG, deoxyglucose; OA,
okadaic acid; BFA, brefeldin A; Baf, bafilomycin; CBM, 1,3-cyclohexane-bis(methylamine); NDGA, nordihydroguararetic acid. Additional
abbreviations: COP 1, type | coat protein complex; COP 11, type Il coat protein complex; ER, endoplasmic reticulum, ERGIC, ER-Golgi
intermediate compartment, PM, plasma membrane; T, trand ocation channel; <, mannose; G, glucose.

cis-Golgi

ERGIC will be of great help in the future: it should alow us
to visualize retrograde and anterograde traffic from the ERGIC
simultaneously in living cells and to elucidate the mechanisms
of protein sorting in the ERGIC.

THE ORGANIZATION OF THE EARLY SECRETORY
PATHWAY

Although it is now generally accepted that the ERGIC defined
by ERGIC-53 is an obligatory intermediate compartment in
protein transport from the ER to the Golgi, the question of
whether the ERGIC is only atransient membrane structure (the
maturation hypothesis) or a true compartment (the stable-
compartment hypothesis) remains unanswered. According to

the maturation hypothesis, the ERGIC clusters would be
formed by homotypic fusion of ER-derived, initially COPII-
coated vesicles and subsequently fuse with each other to form
a new cis-Golgi cisterna. This model has gained increasing
popularity (Bonfanti et al., 1998; Presley et al., 1998; Glick
and Malhotra, 1998; Allan and Balch, 1999). It is based mainly
on studies at the light microscope level of the anterograde
reporter GFP-tagged VSV-G protein in living cells (Presley et
al., 1997; Scales et al., 1997). Although intriguing, the results
of these studies could also be accommodated by the stable-
compartment hypothesis, assuming the ERGIC clusters are
highly dynamic. According to the stable-compartment
hypothesis, the ER-derived vesicles would fuse with ERGIC
clusters rather than with themselves. Anterograde and
retrograde traffic from the ERGIC would not entirely consume



the clusters, but part of them would remain and function as an
acceptor for new membrane traffic from both the ER and the
cis-Golgi. A detailed immunofluorescence and ultrastructural
study (Klumperman et al., 1998) showed that the ERGIC
clusters tend to concentrate near the Golgi at 15°C and
accumulate twice as much ERGIC-53 as normal. 10 minutes
after rewarming to 37°C, cluster distribution within the
cytoplasm was almost normal again, and the clusters contained
normal amounts of ERGIC-53. The average number of clusters
was constant throughout the 15°C-rewarming period, and there
was ho indication that ERGIC clusters fuse with each other or
thecis-Golgi. A straightforward interpretation of these findings
is that the ERGIC clusters are permanent but highly mobile
entities. However, the data can also be accommodated by the
maturation model, if one assumes that the swift normalization
is due to rapid recycling of ERGIC-53 into ERGIC clusters
formed de novo from the ER. A simultaneous visualization of
anterograde and retrograde markers both in living cells and at
the ultrastructural level in rapidly frozen cells will be required
if we are to differentiate between the two hypotheses.
Moreover, we must test whether ER-derived vesicles can fuse
with each other or only with existing ERGIC clusters.

A major role of the ERGIC isthe sorting of anterograde and
retrograde traffic (Klumperman et al., 1998; Bannykh et al.,
1998; Martinez-Menarguez et a., 1999). COPI coats play a
fundamental role in this segregation process (Shima et a.,
1999). Not only retrograde traffic but also anterograde traffic
from the ERGIC appears to depend on the action of COPI
coats. Indeed, conditions that interfere with COPI coat
assembly or disassembly block the transport of cargo from the
ERGIC to the Golgi (Pepperkok et al., 1993; Hauri and
Schweizer, 1997; Tisdale et a., 1997). Moreover, in living
cells, non-functional COPI reduces ERGIC dynamics in a
similar way to the microtubul e-active drug nocodazole (Shima
et a., 1999). We hypothesize that the motility of ERGIC
clusters toward and away from the Golgi is driven by
microtubule-associated motor proteins (Klumperman et al.,
1998). Both minus-end-directed (toward the Golgi) and plus-
end-directed (toward the cell periphery) motor activities are
associated with the ERGIC (Lippincott-Schwartz et a., 1995;
Presley et al., 1997). The binding of these motorsto the ERGIC
might involve rab GTPases such asrab2. An emerging view is
that rab-GTPases — molecules that are critical for membrane
tethering and fusion — can aso link vesicles and organelles to
motor proteins (Pfeffer, 1999). Selective recruitment of as-yet-
unidentified adaptor proteins for plus-end-directed motors
into COPI-coated domains of the ERGIC might couple
membrane segregation and maturation. Such a mechanism
would explain theinhibitory effect of COPI-inactivating agents
on anterograde transport.

TARGETING SIGNALS AND TARGETING
MACHINERIES

The cycling of ERGIC-53 is determined by a complex interplay
of numerous targeting determinants and two different coat
complexes (Figs 1 and 2). All three domains of ERGIC-53
(luminal, transmembrane and cytosolic) appear to contribute to
its correct targeting. The molecular analysis of recycling is till
in progress but important insight has already been obtained.

ERGIC-53 and traffic in the secretory pathway 591

ER exit

In transfected cells, efficient exit of ERGIC-53 from the ER
requires the two C-terminal phenylaanine residues of the
cytosolic domain (Fig. 1, Kappeler et a., 1997). The two
residues mediate binding of ERGIC-53 to COPII coatsin vitro.
The di-phenylalanine motif by itself is not sufficient for
efficient ER exit of reporter proteins, which suggests that it is
part of a larger ER-exit signal. The entire signa is currently
unknown. Interestingly, members of the p24 protein family,
which recycle between the ER and post-ER compartments and
which have been proposed to operate as transport receptors
(Schimmaller et a., 1995) and COPI receptors (Stamnes et al .,
1995; Bremser et al., 1999), aso possess a di-phenylalanine
motif that mediates binding to COPII coats (Dominguez et al.,
1998). These findings strongly suggest that ER export of at
least some membrane proteinsissignal mediated. In C. elegans
the most C-terminal phenylaanine residue of ERGIC-53 is
replaced by atyrosine, and in yeast the di-phenylaanine motif
is replaced by two leucine residues. This suggests that the
ER-exit determinant tolerates other hydrophobic residues.
Corresponding mutants in human ERGIC-53 indeed indicate
that these residues function in ER export (unpublished
observations). Although the di-phenylalanine motif is clearly
required for efficient ER exit, the precise mechanism by which
it mediates interaction of ERGIC-53 and COPII coats is
unknown. Some other proteins, including VSV-G protein, carry
a di-acid ER-exit motif in their cytoplasmic domain
(Nishimura and Balch, 1997), but there is no evidence for a
direct interaction of these proteins with COPII coats.

ER retrieval and retention

ERGIC-53 carries a C-terminal KKXX di-lysine ER-targeting
signal (Jackson et al., 1990, 1993; Schindler et al., 1993) that
binds to COPI proteins in vitro and is required for recycling
(Fig. 2; Tisdale et al., 1997; Kappeler et a., 1997). Inactivation
of the di-lysine signal by mutagenesis abolishes retention of
ERGIC-53 in the recycling pathway (Itin et al., 1995a), and
microinjection of anti-COPI antibodies (which block COPI
function) inhibits recycling of ERGIC-53 (Pepperkok et al.,
1993; Girod et a., 1999). COPI-mediated recycling is
saturable: when ERGIC-53 is overexpressed, some leaksto the
cell surface (Kappeler et a., 1994; Itin et a., 1995h). Detailed
immunogold analysis by electron microscopy showed partial
co-localization of ERGIC-53 and 3-COP in ERGIC clusters
and in COPI-coated vesicles, which further supports the notion
of a COPI-dependent recycling mechanism for ERGIC-53
(Klumperman et a., 1998).

An additional mechanism contributing to correct targeting
of ERGIC-53 is protein retention. The lumina and
transmembrane domains together mediate retention of ERGIC-
53 in the ER. This is apparent when the cytoplasmic domain
isreplaced by a sequence of alanineresidues of the same length
(Kappeler et al., 1997). If, in this construct, the transmembrane
domain is replaced by that of the plasma membrane protein
CD4, ER export is increased (Itin et al., 1995a). Further
analysis of this retention mechanism might provide novel
information about the mechanism by which transmembrane
domains can mediate ER retention. Cycling of ERGIC-53 in
the early secretory pathway is therefore determined by at least
three signals, which mediate ER retention, ER exit and retrieval
from the ERGIC.
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Mutational analysis of targeting determinants in ERGIC-53
has also broadened our view of the functions of di-lysine
signals. Until recently, al cytosolic di-lysine signals of type |
proteins were believed to be defined by two lysines, either in
positions -3 and -4 or in position -3 and -5, that exclusively
function in COPI-mediated retrieval from post-ER
compartments (Jackson et a., 1993; Teasdale and Jackson,
1996; Cosson and Letourneur, 1994; Letourneur et al., 1994).
However, if the KKFF signal of ERGIC-53 chimeric proteins
is mutated to KKAA, the altered protein is unable to leave the
ER. Further analysis showed that KKAA isatrue ER retention
signa and that this retention is independent of COPI
(Andersson et d., 1999). These findings strongly suggest that
di-lysine signals can mediate both ER retention and retrieval.
Contrary to di-lysine-signal-mediated retrieval, KKAA-
mediated retention is not saturable and the retention
mechanism is unknown.

Another surprising finding concerns the fate of ERGIC-53
mislocalized to the plasma membrane upon overexpression.
Surface ERGIC-53 is efficiently endocytosed (Kappeler et al.,
1994). This endocytosis depends on the di-lysine signal, and
like the ER-retrieval signal, the signa must occupy a C-
terminal position. The minimal consensus sequence for
endocytosis is K-K/R-F/Y-F/Y (Itin et al., 1995b). VIP36
contains a C-terminal tetrapeptide KRFY that matches the
consensus sequence and can also mediate endocytosis (Itin et
al., 1995b). Therelatedness of the KKFF targeting determinant
and the K-K/R-F/Y-F/Y endocytosis signal suggests that there
are mechanistic similarities between signal-coat interactionsin
the early secretory pathway and those at the cell surface.

THE FUNCTION OF ERGIC-53 IN GLYCOPROTEIN
TRAFFICKING

Two different models for how secretory and membrane
proteins (collectively termed cargo proteins) are transported
from the ER to the Golgi have been proposed. According to
the bulk-flow model (Wieland et al., 1987), cargo moves by
default and requires no export signal — in contrast to ER-
resident proteins, which possess retention or retrieval signals.
According to the second model, receptor-mediated export
(Lodish, 1988; Kuehn and Schekman, 1997), cargo is
selectively packaged into budding COPII vesicles by a signal-
mediated process. Membrane cargo could directly interact with
the COPII coat, whereas soluble cargo would reguire transport
receptors for efficient ER export.

ERGIC-53 has severa hallmarks of atransport receptor for
glycoproteins, including a functional CRD, anterograde and
retrograde transport signals that interact with vesicular coats,
and along half-life (Hauri and Schweizer, 1997; Herrmann et
al., 1999). But what isthe cargo? Recent evidence suggests that
ERGIC-53 isrequired for efficient transport of alimited set of
glycoproteins. A first indication that ERGIC-53 isinvolved in
glycoprotein transport came from a study of a case of
congenital sucrase-isomaltase (SI) deficiency (Ouwendijk et
al., 1996). In this patient a point mutation in Sl led to the
accumulation of the altered enzyme in the high-mannose form
in the ERGIC and Golgi, and the entire Golgi, rather than the
ERGIC, labeled positive for ERGIC-53. The data are
consistent with a prolonged association of the mutant Sl with

ERGIC-53, athough a direct interaction between the two
proteins could not be demonstrated (unpublished
observations). Interestingly, other cases of Sl deficiency, and a
case of lactase deficiency in which there is a selective block in
transport of the corresponding enzymes in the Golgi, showed
the same unusual Golgi localization of ERGIC-53
(unpublished observations). Evidence for a putative receptor
function came from the identification of the gene responsible
for the autosomal recessive bleeding disorder combined
deficiency of coagulation factors V and VIII (F5F8D), which
encodes ERGIC-53 (Nichols et al., 1998, 1999; Neerman-
Arbez et a., 1999). In F5F8D, plasma levels of the two
coagulation factors are reduced to 5-30% of the normal level.
F5F8D is caused by several different mutationsin the gene that
encodes ERGIC-53 that lead to a truncated, and hence non-
functional, protein or no protein at all. These studies suggest
that ERGIC-53 isrequired for efficient secretion of coagulation
factors V and VIII.

An entirely different approach also revealed arather limited
effect of non-functional ERGIC-53 on secretion. If endogenous
ERGIC-53 in HelLa cell cultures is locked in the ER by
overexpression of a dominant negative mutant of human
ERGIC-53 (which terminates in KKAA) in an inducible
manner, the major effect is inefficient secretion of the
lysosomal enzyme cathepsin C. This suggests that efficient
trafficking of this protein requires a functional ERGIC-53-
recycling path (Vollenweider et a., 1998). As in the case of
cathepsin C, the secretion of coagulation factors V and VIII
expressed in this Hela cell culture system is also inefficient
when cycling of ERGIC-53 isblocked (Moussalli et al., 1999).
In both cases, however, a direct interaction between these
secretory proteins and ERGIC-53 could not be shown.

The most direct evidence for a cargo receptor function of
ERGIC-53 was obtained through a chemical crosslinking
approach in which a glycoprotein related to human cathepsin
Z (termed catZr for cathepsin Z related) was identified in
hamster cells (Santamaria et a., 1998; Appenzeller et a.,
1999). Binding of catZr to ERGIC-53 occurs in the ER, is
carbohydrate- and Ca?*-dependent, and is affected by
untrimmed glucose residues. Dissociation of catZr occurs in
the ERGIC and is delayed if ERGIC-53 is mislocalized to the
ER. Mannose trimming is not required for catZr binding or
catZr release. Collectively these data suggest that ERGIC-53
functions as a cargo receptor facilitating ER-to-ERGIC
transport of some soluble cargo proteins. These data suggest
the following model for ERGIC-53 function (Fig. 2). After
synthesis, ERGIC-53 oligomerizes in the ER to form disulfide-
linked dimers and hexamers, and perhaps forms higher-order
assemblies (Vollenweider et a., 1998). The actua oligomeric
state of ERGIC-53, however, is unknown. Assembled ERGIC-
53 then binds to (some) newly synthesized glycoproteinsin a
Ca?*-dependent manner. Binding might start before the cargo
is completely folded and released from the deglucosylation/
reglucosylation cycle (Trombetta and Helenius, 1998), but
maximal binding occurs after glucose trimming (Appenzeller
et a., 1999). The cargo-receptor complex is then actively
recruited into COPII vesicles by direct interaction between the
cytoplasmic domain of ERGIC-53 and COPII coat proteins
through the di-phenylaanine motif. In the ERGIC, dissociation
of cargo occurs by an unknown mechanism, perhaps involving
a drop in Ca2* concentration. Free ERGIC-53 is then



recognized by COPI coats through its di-lysine signal and
recycles to the ER for a next round of transport.

Although ERGIC-53 is clearly required for efficient
transport of some glycoproteins, note that the absence of
functional ERGIC-53 only slows down but does not entirely
block their secretion. This might be due to an underlying bulk-
flow mechanism. Alternatively, other lectins might operate as
cargo receptors that are not necessarily related to ERGIC-53
and remain to be discovered. The same reasoning applies for
the question of why only few secretory glycoproteins depend
on ERGIC-53. It is possible that abundant secretory proteins
aretransported by bulk flow (Martinez-Menarguez et al., 1999;
Warren and Mellman, 1999) whereas some less abundant
proteins need efficient extraction from the ER by cargo-
transport receptors such as ERGIC-53 — be it to protect them
from degradation or from deleterious interactions with other
proteins in the early secretory pathway. It should be
emphasized, however, that the evidence for bulk flow operating
asamagjor transport mechanismis still not compelling and will
be difficult to provide in a convincing manner. The mere fact
that soluble cargo, such as amylase in pancreatic cells, cannot
be seen by immunoelectron microscopy to concentrate in
vesicles budding from the ER (Martinez-Menarguez et a.,
1999) does not necessarily indicate passive transport. For
instance, binding of cargo to a receptor might lead to epitope
shielding and thereby selective cargo packaging could be
missed by this technique.

Successfully folded cargo must be efficiently sequestered
from the folding machinery and from the degradation pathway.
Prolonged residence in the ER can lead to Man8 trimming of
the newly synthesized glycoproteins by ER mannosidases
(Herscovics, 1999). The Man8 configuration can direct the
selection of misfolded glycoproteins for degradation by the
proteasome (Jakob et al., 1998; Liu et a., 1999; Fig. 2). It is
also conceivable that, in normal cells, efficient transport of a
majority of glycoproteins is mediated by ERGIC-53 and that
ERGIC-53-defective  cells would largely bypass this
requirement by increasing the synthesis of the ERGIC-53-
dependent glycoproteins. Virtually normal amounts of these
proteins would then leave the ER by bulk flow. In that sense,
ERGIC-53, and selective transport from the ER in general,
although not essential, would serve as an energy saver.

CONCLUSIONS AND PERSPECTIVES

The studies on ERGIC-53 summarized in here point to a
novel function of lectinsin the secretory pathway: facilitation
of ER-to-Golgi transport of secretory proteins. It is clear now
that lectins are important at many sites along the secretory
pathway. Lectin-dependent mechanism include the quality
control of newly synthesized glycoproteins in the ER, which
involves the glucose-specific lectins calnexin and calreticulin
in conjunction with glucosyltransferase (Trombetta and
Helenius, 1998), the sorting of lysosomal enzymes by
mannose-6-phosphate receptors in the Golgi and at the
plasma membrane (Dahms et al., 1989), and presumably the
sorting of apical glycoproteins in the trans-Golgi network of
polarized epithelial cells (Matter and Mellman, 1994; Fiedler
and Simons, 1995; Scheiffele et al., 1995; Keller and Simons,
1997; Simons and Ikonen, 1997; Gut et a., 1998; Rodriguez-
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Boulan and Gonzalez, 1999). Additional lectin-dependent
processes might operate in the Golgi. For instance, the lectin
VIP36 might play a role in intra-Golgi glycoprotein
trafficking — asindicated by itsrecycling within this organelle
(Fullekrug et al., 1999a).

Despite some progress, many questions regarding the
function of ERGIC-53 remain unanswered. What is the
carbohydrate specificity of ERGIC-53 and how does it
compare with that of its cis-Golgi relative VIP36 (Fiedler and
Simons, 1994; Hara-Kuge et al., 1999)? The interaction of
cargo with ERGIC-53 might depend on both sugar and peptide
moieties; thiswould explain why not all glycoproteinsbind. So
far, no common feature in the four cargo proteins that would
explain their selective binding to ERGIC-53 has been found.
How is cargo released in the ERGIC, and is further transport
of ERGIC-53-dependent cargo through the Golgi also receptor-
mediated? What is the function of ERGIC-53 in primitive
organisms? Although a low level of factors V and VIII is the
only known conseguence in patients lacking functional
ERGIC-53, it is safe to say that the original importance of
ERGIC-53 in evolution is unrelated to blood coagulation,
because ERGIC-53 is present in C. elegans. Inactivation of the
gene that encodes ERGIC-53 in C. elegans might revea the
origina function of ERGIC-53 in multicellular organisms. Is
there a compensatory mechanism for the lack of functional
ERGIC-53, and what is wrong in F5F8D patients who have
normal ERGIC-53 (Neerman-Arbez et al., 1999; Nicholset al.,
1999)?

ERGIC-53 will be increasingly important as a reporter
protein in future studies of various mechanistic aspects of
secretion. For instance, ERGIC-53 might help us to identify
and characterize novel ER-retention, ER-exit and ER-retrieval
signals. It might contribute to the elucidation of the role of the
different subunitsisoforms of the COPII coat in vesicle
formation (Gimeno et al., 1995; Kuehn and Schekman, 1997;
Roberg et al., 1999; Pagano et al., 1999; Tani et a., 1999). In
these studies it will be important to assess the mechanism by
which the di-phenylalanine motif mediates interaction of
ERGIC-53 and COPII coats. Thisanalysiswill require purified
COPII components. The use of ERGIC-53 in conjunction with
anterograde markersin trafficking studies could also clarify the
mechanisms of anterograde and retrograde protein sorting in
the ERGIC and might answer the question of whether the
maturation model or the vesicle-only model of secretion is
correct.

As amembrane marker for the ERGIC, ERGIC-53 could be
crucia in searching for additional functions of the ERGIC that
arerelevant for understanding a diverse range of human disease
states. Many important proteins initially believed to localize
exclusively to the ER now appear to recycle through the
ERGIC. An interesting recent addition to thislist is the Sec61
complex (Greenfield and High, 1999). Oligomers of the Sec61
complex form a transmembrane channel through which
nascent proteins are translocated from the cytosol into the ER
or misfolded proteins are exported to the cytosol for
degradation. For an increasing number of genetic or acquired
human diseases, disease-relevant normal or misfolded proteins
have been reported to localize to the ERGIC — for example,
presenilin 1 (Culvenor et al., 1997; Lah et a., 1997; Annaert
et al., 1999) and the amyloid precursor protein fragment
beta(1-42) (Cook et al., 1997; Skovronsky et al., 1998). Both
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molecules are implicated in the pathogenesis of Alzheimer’'s
disease. Another exampleis AF508 CFTR, which causes cystic
fibrosis. This mutant chloride channel istrapped in the ER and
ERGIC and, hence, cannot exert its normal function at the cell
surface (Gilbert et a., 1998; Riordan, 1999). Because AF508
CFTR retains some channel activity, it is of therapeutic
importance to identify its ER and ERGIC retention/recycling
signals. In addition to molecular chaperones that contribute to
AF508 CFTR retention in the ER, the additional ERGIC
localization might indicate that the mutant, incompletely
folded protein carries an ER-recycling signal. Interference with
the corresponding recognition machinery might help to restore
surface expression of the channel. In other diseases caused by
disorders of protein conformation that affect the ER (Aridor
and Balch, 1999), recycling of proteins through the ERGIC
could also play an important role.

The ERGIC defined by ERGIC-53 also participates in the
maturation of (or is target for) severa viruses such as corona
virus (Nguyen and Hogue, 1997; Salanueva et a., 1999),
cytomegalovirus (Ziegler et a., 1997), flavivirus (Mackenzie
et a., 1999), poliovirus (Sandoval and Carrasco, 1997),
Uukuniemi virus (Jantti et a., 1997), and vaccinia virus
(Salmons et al., 1997; Sodeik et al., 1993). Understanding the
targeting of viruses and viral proteinsto the ERGIC could lead
to development of general approaches for viral interference.

Further analysis of the function of ERGIC-53, and the use
of ERGIC-53 as amarker and reporter protein, should provide
novel surprises about the mechanisms controlling traffic in the
secretory pathway.

Research in H.-PH.s laboratory was supported by the Swiss
National Science Foundation and the Cantons of Basel.

REFERENCES

Alcalde, J., Egea, G. and Sandoval, I. V. (1994). gp74 a membrane
glycoprotein of the cis-Golgi network that cycles through the endoplasmic
reticulum and intermediate compartment. J. Cell Biol. 124, 649-665.

Allan, B. B. and Balch, W. E. (1999). Protein sorting by directed maturation
of Golgi compartments. Science 285, 63-66.

Andersson, H., Kappeler, F. and Hauri, H.-P. (1999). Protein targeting to
endoplasmic reticulum by dilysine signals involves direct retention in
addition to retrieval. J. Biol. Chem. 274, 15080-15084.

Annaert, W. G., Levesque, L., Craessaerts, K., Dierinck, ., Snellings, G.,
Westerway, D., St. George-Hyslop, P., Cordell, B., Fraser P. and De
Strooper, B. (1999). Presenilin 1 controls y-secretase processing of amyloid
precursor protein in pre-Golgi compartments of hippocampal neurons. J.
Cell Biol. 147, 277-294.

Appenzeller, C. Andersson, H., Kappeler, F. and Hauri, H.-P. (1999). The
lectin ERGIC-53 is a cargo transport receptor for glycoproteins. Nature Cell
Bial. 1, 330-334.

Arar, C., Carpentier, V., Le Caer, J. P, Monsigny, M., Legrand, A. and
Roche, A. C. (1995). ERGIC-53, a membrane protein of the endoplasmic
reticulum-Golgi intermediate compartment, is identical to MR60, an
intracellular mannose-specific lectin of myelomonocytic cells. J. Biol.
Chem. 270, 3551-3553.

Aridor, M., Bannykh, S. I., Rowe, T. and Balch, W. E. (1995). Sequential
coupling between COPII and COPI vesicle coats in endoplasmic reticulum
to Golgi transport. J. Cell Biol. 131, 875-893.

Aridor, M. and Balch, W. E. (1999). Integration of endoplasmic reticulum
signadling in health and disease. Nature Med. 7, 745-751.

Bannykh, S. I., Rowe, T. and Balch, W. E. (1996). The organization of
endoplasmic reticulum export complexes. J. Cell Biol. 135, 19-35.

Bannykh, S. I., Nishimura, N. and Balch, W. E. (1998). Getting into the
Golgi. Trends Cell Bial. 8, 21-25.

Blum, R., Pfeiffer, F.,, Feick, P.,, Nastainczyk, W., Kohler, B., Schafer, K.

H. and Schulz, I. (1999). Intracellular localization and in vivo trafficking
of p24A and p23. J. Cell Sci. 112, 537-548.

Bonfanti. L., Mironov, A. A. Jr, Martinez-Menarguez, J. A., Martella, O.,
Fusella, A., Baldassarre, M., Buccione, R., Geuze, H. J., Mironov, A. A.
and Luini, A. (1998). Procollagen traverses the Golgi stack without leaving
the lumen of cisternae: evidence for cisternal maturation. Cell 95, 993-1003.

Bremser, M., Nickel, W., Schweikert, M., Ravazzola, M., Amherdt, M.,
Hughes, C. A, Sdllner, T. H., Rothman, J. E. and Wieland, F. T. (1999).
Coupling of coat assembly and vesicle budding to packaging of putative
cargo receptors. Cell 96, 495-506.

Chavrier, P, Parton, R. G., Hauri, H. P,, Simons, K. and Zerial, M. (1990).
Localization of low molecular weight GTP binding proteins to exocytic and
endocytic compartments. Cell 62, 317-329.

Cole, N. B., Sciaky, N., Marotta, A., Song, J. and Lippincott-Schwartz, J.
(1996). Golgi dispersal during microtubul e disruption: regeneration of Golgi
stacks at peripheral endoplasmic reticulum exit sites. Mol. Biol. Cell 7, 631-
650.

Cook, D. G.,Forman, M. S, Sung, J. C., Leight, S., Kolson, D. L., lwatsubo,
T., Lee, V. M. and Doms, R. W. (1997). Alzheimer's A beta(1-42) is
generated in the endopl asmic reti culum/intermedi ate compartment of NT2N
cells. Nature Med. 3, 1021-1023.

Cosson, P. and Letourneur, F. (1994). Coatomer interaction with di-lysine
endoplasmic reticulum retention motifs. Science 263, 1629-1631.

Culvenor, J. G., Maher, F, Evin, G., Malchiodi-Albedi, F., Cappai, R.,
Underwood, J. R., Davis, J. B., Karran, E. H., Roberts, G. W,,
Beyreuther, K. and Masters, C. L. (1997). Alzheimer’s disease-associated
presenilin 1 in neuronal cells: evidence for localization to the endoplasmic
reticulum-Golgi intermediate compartment. J. Neurosci. Res. 49, 719-731.

Dahms, N. M., Lobel, P. and Kornfeld, S. (1989). Mannose 6-phosphate
receptors and lysosomal enzyme targeting. J. Biol. Chem. 264, 12115-
12118.

Dominguez, M., Dejgaard, K ., Fillekrug, J., Dahan, S., Fazel, A., Paccaud,
J. P, Thomas, D. Y., Bergeron, J. J. and Nilsson, T. (1998).
gp25L/emp24/p24 protein family members of the cis-Golgi network bind
both COP | and Il coatomer. J. Cell Biol. 140, 751-765.

Farmaki, T., Ponnambalan, S., Prescott, A. R., Clausen, H., Tang, B.-L .,
Hong, W. and Lucocqg, J. (1999). Forward and retrograde trafficking in
mitotic animal cells. ER-Golgi transport arrest restricts protein export from
the ER into COPII-coated structures. J. Cell Sci. 112, 589-600.

Farquhar, M. G. and Hauri, H.-P. (1997). Protein sorting and vesicular traffic
in the Golgi apparatus. In The Golgi Apparatus (ed. E. G. Berger and J.
Roth), pp. 63-129. Birkauser Verlag Basel/Switzerland.

Fiedler, K. and Simons, K. (1994). A putative novel class of animal lectins
in the secretory pathway homologous to leguminous lectins. Cell 77, 625-
626.

Fiedler, K., Parton, R. G., Kellner, R., Etzold, R. and Simons, K. (1994).
VIP36, a novel component of glycolipid rafts and exocytic carrier vesicles
in epithelial cells. EMBO J. 13, 1729-1740.

Fiedler, K. and Simons, K. (1995). The role of N-glycans in the secretory
pathway. Cell 81, 309-312.

Fiedler, K. and Simons, K. (1996). Characterization of VIP36, an animal
lectin homologous to leguminous lectins. J. Cell Sci. 109, 271-276.

Fujiwara, T., Misumi, Y. and lkehara, Y. (1998). Dynamic recycling of
ERGIC-53 between the endoplasmic reticulum and the Golgi complex is
disrupted by nordihydroguaiaretic acid. Biochem. Biophys. Res. Commun.
253, 869-876.

Fillekrug, J., Scheiffele, P. and Simons, K. (1999a). VIP36 localisation to
the early secretory pathway. J. Cell Sci. 112, 2813-2821.

Fullekrug, J., Suganuma, T., Tang, B. L., Hong, W, Storrie, B. and Nilsson
T. (1999b). Localization and recycling of gp27 (hp24y3): complex formation
with other p24 family members. Mol. Biol. Cell 10, 1939-1955.

Gilbert, A., Jadot, M., Leontieva, E., Wattiaux-De Conick, S. and
Wattiaux, R. (1998). Delta F508 CFTR localizes in the endoplasmic
reticulum-Golgi intermediate compartment in cystic fibrosis cells. Exp. Cell
Res. 10, 144-152.

Gimeno, R. E., Espenshade, P. and Kaiser, C. A. (1995). SED4 encodes a
yeast endoplasmic reticulum protein that binds Sec16p and participates in
vesicle formation. J. Cell Biol. 131, 325-338.

Girod, A., Storrie, B., Simpson, J. C., Johannes, L., Goud, B., Roberts, L.
M., Lord, J. M., Nilsson, T. and Pepperkok, R. (1999). Evidence for a
COP-l-independent transport route from the Golgi complex to the
endoplasmic reticulum. Nature Cell Biol. 1, 423-430.

Glick, B. S. and Malhotra, V. (1998). The curious status of the Golgi
apparatus. Cell 95, 883-889.



Gommél, D., Orci, L., Emig, E. M., Hannah, M. J., Ravazzola, M., Nickel,
W., Helms, J. B, Wieland, F. T. and Sohn, K. (1999). p24 and p23, the
major transmembrane proteins of COPI-coated transport vesicles, form
hetero-oligomeric complexes and cycle between the organelles of the early
secretory pathway. FEBS Lett. 447, 179-185.

Greenfield, J. J. A. and High, S. (1999). The Sec61 complex is located in
both the ER and the ER-Golgi intermediate compartment. J. Cell Sci. 112,
1477-1486.

Gut, A., Kappeler, F.,, Hyka, N., Balda, M. S., Hauri, H. P. and Matter, K.
(1998). Carbohydrate-mediated Golgi to cell surface transport and apical
targeting of membrane proteins. EMBO J. 17, 1919-1929.

Hara-Kuge, S. Ohkura, T., Seko, A. and Yamashita, K. (1999). Vesicular-
integral membrane protein, VIP36, recognizes high-mannose type glycans
containing a1-2 mannosyl residues in MDCK cells. Glycobiology 9, 833-
839.

Hauri, H.-P. and Schweizer, A. (1992). The endoplasmic reticulum — Golgi
intermediate compartment. Curr. Opin. Cell Biol. 4, 600-608.

Hauri, H.-P. and Schweizer, A. (1997). The ER-Golgi membrane system:
compartmental organization and protein traffic. In Handbook of Physiology:
Cell Physiology (ed. J. F. Hoffman and J. D. Jamieson), section 14, pp. 605-
647. Oxford University Press, Oxford.

Hendricks, L. C., Gabel, C. A, Suh, K. and Farquhar, M. G. (1991). A 58-
kDaresident protein of the cis Golgi cisternais not terminally glycosylated.
J. Biol. Chem. 266, 17559-17565.

Herrmann, J. M., Malkus, P. and Schekman, R. (1999). Out of the ER —
outfitters, escorts and guides. Trends Cell Biol. 9, 5-7.

Herscovics, A. (1999). Importance of glycosidases in mammalian
glycoprotein biosynthesis. Biochem. Biophys. Acta 1473, 96-107.

Hong, W. (1998). Protein transport from the endoplasmic reticulum to the
Golgi apparatus. J. Cell Sci. 111, 2831-2839.

Itin, C., Schindler, R. and Hauri, H. P. (1995a). Targeting of protein ERGIC-
53 to the ER/ERGIC/cis-Golgi recycling pathway. J. Cell Biol. 131, 57-67.

Itin, C., Kappeler, F, Linstedt, A. D. and Hauri, H. P. (1995b). A novel
endocytosis signal related to the KKXX ER-retrieval signal. EMBO J. 14,
2250-2256.

Itin, C., Foguet, M., Kappeler, F., Klumperman, J. and Hauri, H. P.
(1995¢c). Recycling of the endoplasmic reticulum/Golgi intermediate
compartment protein ERGIC-53 in the secretory pathway. Biochem. Soc.
Trans. 23, 541-544.

Itin, C., Roche, A. C., Monsigny, M. and Hauri, H. P. (1996). ERGIC-53 is
a functional mannose-selective and calcium-dependent human homologue
of leguminous lectins. Mol. Biol. Cell 7, 483-293.

Jackson, M. R., Nilsson, T. and Peterson, P. A. (1990). Identification of a
consensus motif for retention of transmembrane proteins in the endoplasmic
reticulum. EMBO J. 9, 3153-3162.

Jackson, M. R., Nilsson, T. and Peterson, P. A. (1993). Retrieva of
transmembrane proteins to the endoplasmic reticulum. J. Cell Biol. 121,
317-333.

Jakob, C. A., Burda, P, Roth, J. and Aebi, M. (1998). Degradation of
misfolded endoplasmic reticulum glycoproteins in Saccharomyces
cerevisiaeis determined by a specific oligosaccharide structure. J. Cell Biol.
142, 1223-1233.

Jantti, J., Hilden, P. Ronka, H., Makiranta, V., Keranen, S. and
Kuismanen, E. (1997). Immunocytochemica analysis of Uukuniemi virus
budding compartments: role of the intermediate compartment and the Golgi
stack in virus maturation. J. Virol. 71, 1162-1172.

Jesch, S. A. and Linstedt, A. D. (1998). The Golgi and endoplasmic reticulum
remain independent during mitosis in HeL a cells. Mol. Biol. Cell 9, 623-
635.

Kappeler, F., Itin, C., Schindler, R. and Hauri, H. P. (1994). A dual role for
COOH-termina lysine residues in pre-Golgi retention and endocytosis of
ERGIC-53. J. Biol. Chem. 269, 6279-6281.

Kappeler, F., Klopfenstein, D. R., Foguet, M., Paccaud, J.-P. and Hauri,
H.-P. (1997). The recycling of ERGIC-53 in the early secretory pathway.
ERGIC-53 carries a cytosolic endoplasmic reticulum-exit determinant
interacting with COP I1. J. Biol. Chem. 272, 31801-31808.

Keller, P. and Simons, K. (1997). Post-Golgi biosynthetic trafficking. J. Cell
Sci. 110, 3001-3009.

Klumperman, J., Schweizer, A., Clausen, H., Tang, B. L., Hong, W.,
Oorschot, V. and Hauri, H.-P. (1998). The recycling pathway of protein
ERGIC-53 and dynamics of the ER-Golgi intermediate compartment. J. Cell
Sci. 11, 3411-3425.

Kuehn, M. J. and Schekman, R. (1997). COPI| and secretory cargo capture
into transport vesicles. Curr. Opin. Cell Biol. 9, 477-483.

ERGIC-53 and traffic in the secretory pathway 595

Lah, J. J., Hellman, C. J,, Nash, N. R., Rees, H. D,, Yi, H., Counts, S. E.
and Levey A. |. (1997). Light and electron microscopic localization of
presenilin-1 in primate brain. J. Neurosci. 17, 1971-1980.

Lahtinen, U., Dahllof, B. and Saraste, J. (1992). Characterization of a 58
kDacis-Golgi protein in pancreatic exocrine cells. J. Cell Sci. 103, 321-333.

Lahtinen, U., Hellman, U., Wenstedt, C., Saraste, J. and Pettersson, R. F.
(1996). Molecular cloning and expression of a 58-kDa cis-Golgi and
intermediate compartment protein. J. Biol. Chem. 271, 4031-4037.

Lahtinen, U., Svensson, K. and Pettersson, R. F. (1999). Mapping of
structural determinants for the oligomerization of p58, a lectin-like protein
of the intermediate compartment and cis-Golgi. Eur. J. Biochem. 260, 392-
397.

Lee, T. H. and Linstedt, A. D. (1999). Osmotically induced cell volume
changes alter anterograde and retrograde transport, Golgi structure, and
COPI dissociation. Mol. Biol. Cell 10, 1445-1462.

Letourneur, F., Gaynor, E. C., Hennecke, S., Demalliere, C., Duden, R.,
Emr, S. D., Riezman, H. and Cosson, P. |. (1994). Coatomer is essential
for retrieval of dilysine-tagged proteins to the endoplasmic reticulum. Cell
79, 1199-1207.

Lippincott-Schwartz, J., Donaldson, J. G., Schweizer, A., Berger, E. G.,
Hauri, H. P, Yuan, L. C. and Klausner, R. D. (1990). Microtubule-
dependent retrograde transport of proteins into the ER in the presence of
brefeldin A suggests an ER recycling pathway. Cell 60, 821-836.

Lippincott-Schwartz, J., Cole, N. B., Marotta, A., Conrad, P. A. and
Bloom, G. S. (1995). Kinesin is the motor for microtubule-mediated Golgi-
to-ER membrane traffic. J. Cell Biol. 128, 293-306.

Liu, Y., Choudhury, P, Cabral, C. B. and Sifers, N. (1999). Oligosaccharide
modification in the early secretory pathway directs the selection of a
misfolded glycoprotein for degradation by the proteasome. J. Biol. Chem.
274, 5861-5867.

Lodish, H. F. (1988). Transport of secretory and membrane glycoproteinsfrom
the rough endoplasmic reticulum to the Golgi. A rate-limiting step in protein
maturation and secretion. J. Biol. Chem. 263, 2107-2110.

Mackenzie, J. M., Jones, M. K. and Westaway, E. G. (1999). Markers for
trans-Golgi membranes and the intermediate compartment localize to
induced membranes with distinct replication functions in flavivirus-infected
cells. J. Viral. 73, 9555-9567.

Martinez-Menarguez, J. A., Geuze, H., Slot, J. W. and Klumperman, J.
(1999). Vesicular tubular clusters between the ER and Golgi mediate
concentration of soluble secretory proteins by exclusion from COPI-coated
vesicles. Cell 98, 81-90.

Matter, K. and Mellman, 1. (1994). Mechanisms of cell polarity: sorting and
transport in epithelia cells. Curr. Opin. Cell Biol. 6, 545-554.

Moussalli, M., Pipe, S. W., Hauri, H. P,, Nichols, W. C., Ginsburg. D. and
Kaufman, R. J. (1999). Mannose-dependent ERGIC-53-mediated ER to
Golgi trafficking of coagulation factors V and VIII. J. Biol. Chem. 274,
32539-32542.

Neerman-Arbez, M., Johnson, K. M., Morris, M. A., McVey, J. H.,
Peyvandi, F., Nichols, W. C., Ginsburg, D., Rossier, C., Antonarakis, S.
E. and Tuddenham, E. G. D. (1999). Molecular analysis of the ERGIC-53
gene in 35 families with combined factor V-factor VIII deficiency. Blood
93, 2253-2260.

Nguyen, V. P. and Hogue, B. G. (1997). Protein interactions during
coronavirus assembly. J. Virol. 71, 278-284.

Nichols, W. C., Seligson, U., Zivelin, A., Terry V. H., Hertel, C. E,,
Wheatley, M. A., Moussalli, M. J., Hauri, H.-P, Ciavaréella, N.,
Kaufman, R. J. and Ginsburg, D. (1998). Mutations in the ER-Golgi
intermediate compartment protein ERGIC-53 cause combined deficiency of
coagulation factors V and VIII. Cell 93, 61-70.

Nichols, W. C., Terry, V. H., Wheatley, M. T., Yang, A., Zivelin, A,
Ciavarella, N., Stefanile, C., Matsushita, T., Saito, H., de Bosch, N. B.
et al. (1999). ERGIC-53 gene structure and mutation anaysis in 19
combined factors V and V111 deficiency families. Blood 93, 2261-2266.

Nishimura, N. and Balch, W. E. (1997). A di-acid signa required for
selective export from the endoplasmic reticulum. Science 277, 556-558.

Ouwendijk, J., Moolenaar, C. E., Peters, W. J., Hollenberg, C. P, Ginsd,
L. A, Fransen, J. A. and Naim, H. Y. (1996). Congenital sucrase-
isomaltase deficiency. Identification of a glutamine to proline substitution
that leads to a transport block of sucrase-isomaltase in a pre-Golgi
compartment. J. Clin. Invest. 97, 633-641.

Pagano, A., Letourneur, F., Garcia-Estefania, D., Carpentier, J. L., Orci,
L. and Paccaud, J. P. (1999). Sec24 proteins and sorting at the endoplasmic
reticulum. J. Biol. Chem. 274, 7833-7840.

Palokangas, H., Ying, M., V&ananen, K. and Saraste, J. (1999). Retrograde



596 H.-P. Hauri and others

transport from the pre-Golgi intermediate compartment and the Golgi
complex is affected by the vacuolar H+-ATPase inhibitor bafilomycin Al.
Mol. Biol. Cell 8, 3561-3578.

Pepperkok, R., Sched, J., Horstmann, H., Hauri, H. P., Griffiths, G. and
Kreis, T. E. (1993). Beta-COP is essentia for biosynthetic membrane
transport from the endoplasmic reticulum to the Golgi complex in vivo. Cell
74, 71-82.

Pfeffer, S. R. (1999). Transport-vesicle targeting: tethers before SNARES.
Nature Cell Biol. 1, E17-E22.

Pimpaneau, V., Midoux, P, Monsigny, M. and Roche, A. C. (1991).
Characterization and isolation of an intracellular D-mannose-specific
receptor from human promyelocytic HL60 cells. Carbohydrate Res. 213,
95-108.

Presley, J. F., Cole, N. B., Schroer, T. A., Hirschberg, K., Zaal, K. J. and
Lippincott-Schwartz, J. (1997). ER-to-Golgi transport visualized in living
cells. Nature 389, 81-85.

Presley, J. F.,, Smith, C., Hirschberg, K., Miller C., Cole, N. B., Zaal, K. J.
M. and Lippincott-Schwartz. (1998). Golgi membrane dynamics. Mol.
Biol. Cell 9, 1617-1626.

Pryde, J. Farmaki, T. and Lucocg, J. M. (1998). Okadaic acid induces
selective arrest of protein transport in the rough endoplasmic reticulum and
prevents export into COPI|-coated structures. Mol. Cell Biol. 18, 1125-1135.

Riordan, J. R. (1999). Cystic fibrosis as a disease of misprocessing of the
cystic fibrosis transmembrane conductance regulator glycoprotein. Am. J.
Human Genet. 64, 1499-1504.

Roberg, K. J., Crotwell, M., Espenshade, P., Gimeno, R. and Kaiser, C. A.
(1999). LST1 isa SEC24 homologue used for selective export of the plasma
membrane AT Pase from the endoplasmic reticulum. J. Cell Biol. 145, 659-
672.

Rodriguez-Boulan, E. and Gonzalez, A. (1999). Glycansin post-Golgi apical
targeting: sorting signals or structural props? Trends Cell Biol. 9, 291-294.

Salanueva, |. J., Carrascosa, J. L. and Risco, C. (1999). Structura
maturation of the transmissible gastroenteritis coronavirus. J. Virol. 73,
7952-7964.

Salmons, T., Kuhn, A., Wylie, F., Schleich, S., Rodriguez, J. R., Rodriguez,
D., Esteban, M., Griffiths, G. and Locker, J. K. (1997). Vaccinia virus
membrane proteins p8 and p16 are cotrandationally inserted into the rough
endoplasmic reticulum and retained in the intermediate compartment. J.
Virol. 71, 7404-7420.

Sandoval, |. V. and Carrasco, L. (1997). Poliovirus infection and expression
of the poliovirus protein 2B provoke the disassembly of the Golgi complex,
the organelle target for the antipoliovirus drug Ro-090179. J. Virol. 71,
4679-4693.

Santamaria, |., Velasco, G., Pedas, A. M., Fueyo, A. and Lopez-Otin, C.
(1998). Cathepsin Z, a novel human cysteine proteinase with a short
propeptide domain and a unique chromosomal location. J. Biol. Chem. 273,
16816-16823.

Saraste, J., Palade, G. E. and Farquhar, M. G. (1987). Antibodies to rat
pancreas Golgi subfractions: identification of a 58-kDa cis-Golgi protein. J.
Cell Biol. 105, 2021-2029.

Saraste, J. and Svensson, K. (1991). Distribution of theintermediate elements
operating in ER to Golgi transport. J. Cell Sci. 100, 415-430.

Saraste, J. and Kuismanen, E. (1992). Pathways of protein sorting and
membrane traffic between the rough endoplasmic reticulum and the Golgi
complex. Semin. Cell Bial. 3, 343-355.

Scales, S. J., Pepperkok, R. and Kreis, T. E. (1997). Visualization of ER-to-
Golgi transport in living cells reveals a sequential mode of action for COPI|
and COPI. Cell 90, 1137-1148.

Scheiffele, P., Peranen, J. and Simons, K. (1995). N-glycans as apical sorting
signalsin epithelial cells. Nature 378, 96-98.

Schimmdller, F, Singer-Kriiger, B., Schroder, S., Kruger, U., Barlowe, C.
and Riezman, H. (1995). The absence of Emp24p, a component of ER-
derived COPII-coated vesicles, causes a defect in transport of selected
proteins to the Golgi. EMBO J. 14, 1329-1339.

Schindler, R., Itin, C., Zerial, M., Lottspeich, F. and Hauri, H. P. (1993).
ERGIC-53, amembrane protein of the ER-Golgi intermediate compartment,
carries an ER retention motif. Eur. J. Cell Biol. 61, 1-9.

Schroder, S., Schimmodller, F.,, Singer-Kriger, B. and Riezman, H. (1995).
The Golgi-localization of yeast Emp47p depends on its di-lysine motif but
is not affected by the ret1-1 mutation in alpha-COP. J. Cell Biol. 131, 895-
912.

Schweizer, A., Fransen, J. A., Bachi, T., Ginsel, L. and Hauri, H. P. (1988).
Identification, by a monoclonal antibody, of a 53-kDa protein associated
with a tubulo-vesicular compartment at the cis-side of the Golgi apparatus.
J. Cell Biol. 107, 1643-1653.

Schweizer, A., Fransen, J. A., Matter, K., Kreis, T. E., Ginsdl, L. and
Hauri. H. P. (1990). I dentification of an intermediate compartment involved
in protein transport from endoplasmic reticulum to Golgi apparatus. Eur. J.
Cell Biol. 53, 85-96.

Schweizer, A., Matter, K., Ketcham, C. M. and Hauri, H. P. (1991). The
isolated ER-Golgi intermediate compartment exhibits properties that are
different from ER and cis-Golgi. J. Cell Biol. 113, 45-54.

Schweizer, A., Clausen, H., van Meer, G. and Hauri, H. P. (1994).
Localization of O-glycan initiation, sphingomyelin synthesis, and
glucosylceramide synthesis in Vero cells with respect to the endoplasmic
reticulum-Golgi intermediate compartment. J. Biol. Chem. 269, 4035-
4041.

Shima, D. T., Cabrera-Poch, N., Pepperkok, R. and Warren, G. (1998). An
ordered inheritance strategy for the Golgi apparatus: visualization of mitotic
disassembly reveals a role for the mitotic spindle. J. Cell Biol. 141, 955-
966.

Shima, D. T., Scales, S. J., Kreis, T. E. and Pepperkok, R. (1999).
Segregation of COPl-rich and anterograde-cargo-rich domains in
endoplasmic-reticulum-to-Golgi transport complexes. Curr. Biol. 9, 821-
824,

Simons, K. and I konen, E. (1997). Functional raftsin cell membranes. Nature
387, 569-572.

Skovronsky, D. M., Doms, R. W. and Lee, V. M. (1998). Detection of anovel
intraneuronal pool of insoluble amyloid beta protein that accumulates with
time in culture. J. Cell Biol. 141, 1031-1039.

Sodeik, B., Doms, R. W., Ericsson, M., Hiller, G., Machamer, C. E., van't
Hof, W., van Meer, G., Moss, B. and Griffiths, G. (1993). Assembly of
vaccinia virus: role of the intermediate compartment between the
endoplasmic reticulum and the Golgi stacks. J. Cell Biol. 121, 521-541.

Stamnes, M. A., Craighead, M. W., Hoe, M. H., Lampen, N.,
Geromanos, S., Tempst, P. and Rothman, J. E. (1995). An integral
membrane component of coatomer-coated transport vesicles defines a
family of proteins involved in budding. Proc. Nat. Acad. Sci. USA 92,
8011-8015.

Storrie, B., White, J., Rottger, S., Stelzer, E. H., Suganuma, T. and Nilsson,
T. (1998). Recycling of Golgi-resident glycosyltransferases through the ER
revealsanovel pathway and provides an explanation for nocodazol e-induced
Golgi scattering. J. Cell Biol. 143, 1505-1521.

Tang, B. L., Low, S. H., Hauri, H.-P. and Hong, W. (1995a). Segregation of
ERGIC53 and the mammalian KDEL receptor upon exit from the 15°C
compartment. Eur. J. Cell Biol. 68, 398-410.

Tang, B. L. Low, S. H. and Hong, W. (1995b). Differential response of
resident proteins and cycling proteins of the Golgi to brefeldin A. Eur. J.
Cell Biol. 68, 199-205.

Tani, K., Mizoguchi, T., Iwamatsu, A., Hatsuzawa, K. and Tagaya, M.
(1999). pl125 is a novel mammalian Sec23p-interacting protein with
structural similarity to phospholipid-modifying proteins. J. Biol. Chem. 274,
20505-20512.

Teasdale, R. D. and Jackson, M. R. (1996). Signal-mediated sorting of
membrane proteins between the endoplasmic reticulum and the Golgi
apparatus. Annu. Rev. Cell Dev. Biol. 12, 27-54.

Tisdale, E. J., Plutner, H., Matteson, J. and Balch, W. E. (1997). P53/58
binds COPI and isrequired for selective transport through the early secretory
pathway. J. Cell Biol. 137, 581-593.

Trombetta, E. S. and Helenius, A. (1998). Lectins as chaperones in
glycoprotein folding. Curr. Opin. Sruct. Biol. 8, 587-592.

Vollenweider, F., Kappéeler, F,, Itin, C. and Hauri, H.-P. (1998). Mistargeting
of the lectin ERGIC-53 to the endoplasmic reticulum of Hel a cellsimpairs
the secretion of a lysosomal enzyme. J. Cell Biol. 142, 377-389.

Warren, G. and Mellman, |. (1999). Bulk Flow Redux? Cell 98, 125-127.

Wieland, F. T., Gleason, M. L., Serafini, T. A. and Rothman, J. E. (1987).
The rate of bulk flow from the endoplasmic reticulum to the cell surface.
Cell 50, 289-300.

Ziegler, H., Thale, R., Lucin, P, Muranyi, W., Flohr, T., Hengel, H.,
Farrell, H., Rawlinson, W. and Koszinowski, U. H. (1997). A mouse
cytomegalovirus glycoprotein retains MHC class | complexes in the
ERGIClcis-Golgi compartments. |mmunity 6, 57-66.



