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Summary

Secretion of proteins is an essential function of eukaryotic cells. The secretory proteins’
journey along the organelles of the exocytic pathway is initiated by the exit from the
endoplasmic reticulum (ER), which defines a major rate-limiting step for protein secretion.
ER-exit is subject to tight quality control. Selective, receptor-mediated cargo capture is one of
the mechanisms thought to contribute to the elaborate proof-reading system of the ER.

The recycling mannose lectin ERGIC-53 operates as an ER-export receptor of a subset
of secretory glycoproteins. The required signals for this transport step, however, remain
poorly described. Experiments in this thesis show that ERGIC-53 assisted ER-exit of
procathepsin Z depends on a novel transport motif that is composed of a high-mannose type
oligosaccharide and a peptide B-hairpin loop. Deletion of either determinant compromises
ERGIC-53 association and slows procathepsin Z transport. An equivalent
carbohydrate/hairpin structure is identified in cathepsin C, another cargo of ERGIC-53,
reflecting the general nature of this ER-export signal. Further experiments reveal that the N-
glycans of loop-deficient procathepsin Z become efficiently mannose 6-phosphorylated, but
undergo increased carbohydrate processing in the Golgi including complex glycosylation.
Strikingly, cathepsin Z lacking the peptide loop is not targeted to its normal destination, the
lysosome, suggesting that it lacks the correct carbohydrate signal for lysosomal delivery. The
presented data describe the first ER-exit signal on a secretory protein and establish an
unexpected link between lectin-mediated export from the ER and post-Golgi sorting.

This thesis also provides the molecular basis for ERGIC-53/cargo dissociation in the
ERGIC. In vitro mannose binding experiments reveal that the lectin only displays its full
activity at pH 7.4 — the pH of the ER — but not at slightly lower pH. The acid-sensitivity is
modulated by the calcium concentration indicating a molecular link between pH-sensing and
calcium complexation. This link is spotted by the identification of His178 that is conserved
throughout the family of animal L-type lectins and — in its deprotonated form — binds a
calcium ion in the carbohydrate recognition domain (CRD) of ERGIC-53. pH-induced
inactivation of ERGIC-53 is also shown in cell culture. Glycoprotein binding is inhibited, if
the ER is acidified, and the kinetics of glycoprotein dissociation are slowed, if the ERGIC is
neutralized. The results establish the ERGIC as the earliest acid compartment of the secretory
pathway and suggest that pH-induced glycoprotein dissociation may be backed by a

mechanism that maintains lower levels of free calcium in the ERGIC.



The organelles of the secretory pathway operate as intracellular calcium stores. High
concentrations of calcium have been measured in the lumen of the ER and the Golgi, but the
calcium concentration in the ERGIC is not known. Therefore, a strategy was developed to
quantitatively assess the free calcium concentration of the ERGIC in vivo using the green
fluorescent protein-based calcium-indicator yellow cameleon. Targeting of the indicator to the
ERGIC is achieved by fusing it to an inert variant of the ER-Golgi SNARE Sec22b. The
fusion protein dynamically localizes to the ERGIC without disturbing the function of the
endogenous SNARE machinery. It will in the future provide a valuable tool for calcium

measurements in the ERGIC.
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INTRODUCTION 9

1. Introduction

A fundamental property of the eukaryotic cell is to maintain an elaborate morphological
system of membrane-enclosed, extracellular space within its own boundaries. These
membrane-enclosed spaces are topologically equivalent to the outside of the cell and differ
from the cytosol with respect to ion balance and redox conditions. Many cellular functions,
including intracellular protein maturation and extracellular signal transduction, critically
depend on such compartmental organization within the cell. A graphical outline on the
intracellular network of extracytosolic space, called the secretory/lysosomal (vacuolar) and
endocytic pathways, is given in Figure 1. The present thesis focuses on the

secretory/lysosomal pathway.
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Figure 1

The secretory/lysosomal and endocytic pathways.

The scheme represents the compartments of the secretory/lysosomal and endocytic pathways that mediate
protein transport out of the cell or into the cell. Transport steps are indicated by arrows. Colours indicate
the locations of the protein coats COPII (blue), COPI (red), and clathrin (orange). The compartments
relevant in this thesis are the ER (and ER exit site), the ERGIC, the Golgi Complex, the TGN, and the
Lysosome. The figure was reproduced from Bonifacino and Glick (2004).
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1.1 PROTEIN TRAFFICKING AND THE CONCEPT OF VESICULAR TRANSPORT

The secretory/lysosomal (or exocytic) pathway is subdivided into a series of different
membrane compartments of defined molecular composition. Newly synthesized exocytic
proteins enter the pathway at the rough endoplasmic reticulum (ER) and are subsequently
sorted to different organelles including Golgi apparatus, plasma membrane, endosomes, and
lysosomes. Research in the field of protein trafficking deals with the elucidation of the
mechanisms, by which itinerant proteins find their proper place within the cell without
compromising the molecular identity of the individual organelles along the pathway. These
mechanisms are intimately connected to the vesicular transport hypothesis, which states that
the transfer of cargo molecules between organelles of the secretory pathway is mediated by
shuttling transport vesicles (Palade, 1975). According to this hypothesis, vesicles bud from a
donor compartment (“vesicle budding”) by a process that allows selective incorporation of
cargo into the forming vesicles, while retaining resident proteins in the donor compartment
(“protein sorting”). The vesicles are subsequently targeted to a specific acceptor compartment
(“vesicle targeting”), into which they unload their cargo upon fusion of their limiting
membranes (“vesicle fusion”). To balance this cargo movement, organelle homeostasis
requires the retrieval of transport machinery components and escaped resident proteins from
the acceptor compartments back to the corresponding donor compartments, presumably also
occuring by vesicular transport.

The molecular elucidation of the secretory pathway combining yeast genetics,
morphology, and in vitro complementation assays identified the predicted key components of
the vesicular transport hypothesis that we today take for granted (Balch et al., 1984;
Bonifacino and Glick, 2004; Novick et al., 1980). We now know that membrane trafficking is
organized and specified by many protein complexes and protein families. Among these, coat
proteins mediate protein sorting and vesicle budding (Bonifacino and Lippincott-Schwartz,
2003; Kirchhausen, 2000) (see also Figure 1), tethering proteins mediate vesicle targeting
(Whyte and Munro, 2002), SNARE proteins mediate vesicle fusion (Chen and Scheller,
2001), and Rab GTPases (Segev, 2001) as well as Sec1/Munc18 proteins (Gallwitz and Jahn,
2003) are involved in multiple and diverse aspects of transport. Our standard of knowledge on
the generality of these mechanistic principles, but also a summary on the puzzling issues in
the molecular understanding of vesicular transport, that are to be resolved in the future, are

extensively discussed in the above cited reviews.



INTRODUCTION 11

Despite the groundbreaking advances in the identification of the vesiclular transport
machinery, more recent work may add some variations to the general model that is outlined
above. First, live cell imaging studies using fluorescent marker proteins have challenged the
idea that the small vesicles (or empty coat cages) that have been produced in vitro using the
protein coats COPII (Antonny et al., 2003; Matsuoka et al., 1998; Rowe et al., 1996), COPI
(Bremser et al., 1999; Spang et al., 1998), and clathrin (Drake et al., 2000; Kirchhausen and
Harrison, 1981) are the true transport intermediates within the cellular context (Hirschberg et
al., 1998; Presley et al., 1997; Scales et al., 1997; Toomre et al., 1999). It is now generally
accepted that at least some membrane carriers are larger and more pleimorphic than
conventional vesicles (Bonifacino and Lippincott-Schwartz, 2003; Stephens and Pepperkok,
2001). As it is well conceivable that these large membrane carriers arise by the same protein
coat-driven mechanisms that have been defined in vitro, we may have to refine our image on
how big “vesicles” can be. Second, the paradigm that protein trafficking through the secretory
pathway is achieved by bi-directional vesicle flow between stable compartments has been
questioned by the formulation of the cisternal maturation hypothesis. In this model, that has
been put forth for the Golgi apparatus, but can be applied to the secretory apparatus as a
whole, membrane recycling is the driving force for membrane balance as cisternae
continuously form out of the ER and move in a cis to trans direction (Storrie and Nilsson,
2002). Thus, budding transport vesicles would only be necessary for retrograde traffic, while
the secretory anterograde traffic itself would occur by progressive maturation of the initial
membrane entities (“cisternae”). Third, evidence is accumulating that at multiple levels of the
secretory pathway, protein and membrane trafficking involves long membrane tubules (Blum
et al., 2000; Keller et al., 2001; Klumperman et al., 1998; Marra et al., 2001; White et al.,
1999). These tubules were essentially unstudied until the discovery that the fungal metabolite
brefeldin A, known to release the COPI coat from membranes, stimulates their formation. It
has been suggested that the extent of tubulation within any compartment can be viewed by the
extent of coat protein assembly/disassembly (Klausner et al., 1992). Furthermore, it has been
shown that membrane tubulation depends on the activity of cytoplasmic phospholipase A,
enzymes (Brown et al., 2003). It is possible that one function of tubular transport is to
efficiently compensate unequal membrane delivery created by vesicular trafficking.

Because of the focus in this work on transport between the ER and the ER-Golgi
intermediate compartment (ERGIC, Figure 1) I will further go into molecular details on this

early transport step in the following chapter. Of the various protein coats that have been
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identified to date, COPII — involved in ER-to-ERGIC transport — due to its relatively simple

architecture is one of the best understood and serves as an ideal example of vesicle budding.

1.2 VESICULAR TRANSPORT MECHANISMS FROM THE ER TO THE ERGIC

Budding

COPII-dependent exit of proteins from the ER occurs at transitional elements or ER-exit sites
(ERES). These sites by electron microscopy appear as morphologically characteristic
structures devoid of ribosomes (Bannykh et al., 1996). As determined by live cell imaging,
ERES are long-lived membrane subdomains from which COPII vesicle budding occurs
repeatedly (Hammond and Glick, 2000; Stephens et al., 2000). The COPII coat assembles by
the stepwise deposition of Sarlp, Sec23p-Sec24p, and Secl3p-Sec31p onto the ERES. First,
the small GTPase Sarlp is recruited from the cytosol by the ER-localized Sec12p guanine
nucleotide exchange factor (GEF) (Barlowe and Schekman, 1993), whereby Sarlp-GTP
becomes anchored to the membrane by a conserved hydrophobic patch at its N-terminus
(Huang et al., 2001). This binding of Sarlp to the ERES leads to acute membrane deformation
and has been suggested to contribute to the formation of ERES (Aridor et al., 2001).
Activated Sarlp then binds the Sec23p-Sec24p complex. The resulting triple protein complex
constitutes the so-called pre-budding complex, which has recently been analyzed by electron
microscopy (Lederkremer et al., 2001; Matsuoka et al., 2001) and X-ray crystallography (Bi
et al., 2002). Sec23p makes direct contact with Sarlp-GTP, while Sec24p participates in cargo
recognition (see below). Once assembled onto membranes, the pre-budding complex recruits
the Secl3p-Sec31p subcomplex, which then drives coat polymerization and membrane
curvature into a bud (Figure 2). The concave surface of the pre-budding complex is thought to
contribute to the membrane deformation activity of the COPII coat (Bi et al., 2002). It is
possible that concave coat polymerization per se can also provide the mechanistic driving
force for the final fission of the vesicle from the donor membrane (Antonny et al., 2003).

The activity of Sec23p as a GTPase-activating protein (GAP) of Sarlp (Yoshihisa et
al., 1993) is augmented approximately ten-fold by addition of Sec13p-Sec31p (Antonny et al.,
2001). It is thought that, after GTP hydrolysis, Sarlp is released, leading to uncoating of the
vesicle and concomitant unmasking of the vesicle associated targeting machinery (see below).
Thus, COPII coat assembly is tightly coupled to its disassembly. It has been suggested that
GTP hydrolysis occurs already during vesicle coat formation, and that Sarlp-GTP is
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dispensable for the integrity of the central area of the forming coat (owing to the kinetic
stability of the polymerized coat subunits), but is required to stabilize the propagating coat

edges (Antonny and Schekman, 2001).

Sec13p-Sec31p

Cytosol

Sar1p-GDP
Sec24p Sec23p

Sec12p \Sar1p'GTP @% g
/

Cargo
Lumen Proteins

Figure 2

Assembly of COPII.

Cytosolic Sar1p-GDP is bound to the ER membrane by the ER GEF protein Sec12p. Sar1p-GTP in turn
recruits the Sec23p-Sec24p subcomplex by binding to Sec23p, which results in the formation of the
ternary pre-budding complex. Transmembrane cargo proteins gather at the site of coat assembly by
binding to Sec24p. As a next step, the elongated Sec13p-Sec3 1p subcomplex that appears as a five-
globular domain structure in electron microscopy polymerizes onto and thereby crosslinks the pre-
budding complexes. The surface structure representation of the ternary pre-budding complex is derived
from crystallographic data (Bi et al., 2002). Membrane curvature and bud formation are thought to be
initiated by the concave structure of the pre-budding complex and further stimulated by coat poly-
merization. The figure was reproduced from Bonifacino and Glick (2004).

Targeting

To insure that ER-derived vesicles will recognize their acceptor compartment (the ERGIC in
mammalian cells or the Golgi in yeast cells), they are provided with a unique set of targeting
molecules that are enriched on the forming COPII bud. These include the long coiled-coil
protein p115 and the ER-Golgi SNARE proteins that will be discussed below.

P115 (called Usolp in yeast) is an essential protein that forms an elongated
homodimer with two globular heads and an extended tail formed by the N-terminal coiled-coil
domain (Sapperstein et al., 1995; Yamakawa et al., 1996). It is involved in multiple transport
events including ER-to-ERGIC, ERGIC-to-Golgi and intra-Golgi transport. For the later
transport steps it interacts via its N-terminus with other coiled-coil proteins of the Golgi
(“golgins”), namely GM130 and giantin (Linstedt et al., 2000; Seemann et al., 2000;

Sonnichsen et al., 1998). During ER-exit, it is specifically recruited to nascent COPII vesicles



INTRODUCTION 14

by GTP-bound Rabl (Allan et al., 2000). This interaction is released on the budded vesicle,
where p115 binds to ER-Golgi SNARE proteins (see below). P115 is essential for the initial
docking of ER-derived vesicles to the yeast Golgi (Cao et al., 1998) and presumably to the
ERGIC in mammalian cells (Alvarez et al., 1999). This docking again requires activated Rabl
(called Yptlp in yeast), but this time on the target membrane (Cao and Barlowe, 2000).
Another interesting question that has been raised only recently concerns the inability
of budded COPII vesicles to undergo back-fusion with their donor compartment, the ER. As
the COPII coat is thought to be instantly released upon fission of the vesicle (see above), there
must be a mechanism to prevent the naked vesicle, fully equipped with the membrane fusion
machinery, from fusing back. Interestingly, the protein that has been identified as a back-
fusion barrier, Tip20p (Kamena and Spang, 2004), is also part of the supposed membrane
tethering complex for Golgi/ERGIC-to-ER retrograde vesicles. This complex is built at least
by the three protein subunits Dsllp-Tip20p-Sec20p identified so far and interacts with the
retrograde coat COPI (Andag et al., 2001; Andag and Schmitt, 2003; Reilly et al., 2001).
Hence, it may be assumed that the ER selectively consumes vesicles that have not yet or only

partially shedded their COPI coat, while COPII vesicles will be rejected in any case.

Fusion

Fusion of intracellular membranes is mediated in many, if not all, cases by SNARE proteins
(Chen and Scheller, 2001). The final stage of fusion involves the formation of a bundle of
four parallel core SNARE domains in a tetrameric coiled-coil, one contributed by the vesicle
and three contributed by the target membrane (Sutton et al., 1998). Such a trans SNARE
complex bridges the two membranes, and its formation is thought to overcome the energy
barrier preventing two membranes from fusing with each other. The specific co-factors N-
ethylmaleimide sensitive factor (NSF) and NSF-attachment proteins (SNAPs) are then
required to render the SNARE proteins competent for another round of fusion (Mayer et al.,
1996), presumably by unwinding the SNARE bundels that arise after fusion is accomplished
(termed cis SNARE complexes). Concerning anterograde transport in the early secretory
pathway, the relevant SNARE complex is formed by four individual transmembrane
SNARESs, namely Syntaxin 5, Sec22b, Membrin, and Betl (Sed5p, Sec22p, Boslp, Betlp in
yeast) (McNew et al., 2000; Xu et al., 2000). These proteins cycle between ER and Golgi
(Chao et al., 1999). Their specific incorporation into COPII vesicles is driven by direct
interaction with the vesicle coat component Sec24p (Liu et al., 2004; Miller et al., 2003;
Mossessova et al., 2003; Peng et al., 1999; Springer and Schekman, 1998).
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ER-Golgi trans SNARE complex assembly is catalized and specified by other
accessory factors: The two low-molecular-weight proteins LMA1 and GATE-16 are
suggested to keep the cis-SNARESs that have been dissociated by NSF/SNAP apart from each
other and, thus, competent for fusion (Elazar et al., 2003). Furthermore, the association of the
tethering protein pl115 with the SNARE proteins on ER-derived vesicles (Allan et al., 2000)
(see above) that occurs via a SNARE motif-related domain within p115 catalizes the assembly
of fusogenic trans SNARE complexes (Sapperstein et al., 1996; Shorter et al., 2002). Of note,
it is this SNARE-related function that marks the pl15 activity that is essential for Golgi
biogenesis (Puthenveedu and Linstedt, 2004). Finally, the tight binding of the Secl/Munc18
protein Slylp to Syntaxin 5 contributes to the specificity of trans SNARE complex formation
by preventing the assembly of non-physiologic (non-cognate) trans SNARE complexes (Peng
and Gallwitz, 2002).

1.3 PROTEIN SORTING DURING ER-EXIT

Transmembrane Cargo
As already outlined for the ER-Golgi SNARE proteins, transmembrane cargo proteins can
have access to a budding vesicle by means of direct interaction with the vesicle forming coat.
Transport of the vesicular stomatitis virus glycoprotein (VSV-G) has served as a model to
study the export of transmembrane proteins from the ER. VSV-G, a type I transmembrane
protein that traffics to the cell surface, is abundantly expressed in VSV-infected cells and
concentrated into ER-derived transport vesicles (Balch et al., 1994). VSV-G possesses a
cytoplasmically exposed C-terminal tail sequence of 29 residues that is required for transport
from the ER. Within this tail sequence, a conserved YTDIEM motif is necessary for efficient
ER-export of VSV-G (Nishimura and Balch, 1997; Sevier et al., 2000). Similar motifs have
been found in other membrane proteins that are efficiently exported from the ER, including
the Kir potassium channel proteins (Ma et al., 2001; Stockklausner et al., 2001) and the yeast
membrane proteins Syslp (Votsmeier and Gallwitz, 2001) and Gaplp (Malkus et al., 2002).
These so-called di-acidic motifs have been shown to bind to the same site in Sec24p as the
ER-exit motif in the SNARE protein Betlp (Miller et al., 2003).

Shortly after the discovery of the di-acidic motif in VSV-G, another class of ER-exit
signals in membrane cargo has been identified. The founding member of the membrane

proteins that bind COPII by a di-hydrophobic motif is ERGIC-53 that carries a FF motif on its
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very C-terminus (Kappeler et al., 1997). The di-hydrophobic motifs generally consist of a pair
of bulky hydrophobic residues, whose position within the cytosolic tail of the cargo protein
can vary. Other cargo proteins carrying a di-hydrophobic motif for COPII-association are
members of the p24 protein family (Belden and Barlowe, 2001a; Dominguez et al., 1998) and
the Erv41p-Erv46p complex (Otte and Barlowe, 2002).

More recent studies have described further COPII-binding ER-export motifs on
transmembrane cargo, underlining the general principle of this mechanism. A very powerful
COPII-binding ER-export motif is represented by a C-terminal valine residue that can be
found in many membrane cargoes including multispanning plasma membrane receptors (Mu
et al.,, 2003; Nufer et al., 2002). Rather surprizingly, it was reported that Golgi
glycosyltransferases efficiently exit the ER by means of a di-basic motif with the consensus
sequence [RK](X)[RK] that — at least in some cases — directly binds to Sarlp (Giraudo and
Maccioni, 2003). Although di-basic motifs are present in the N-terminal tail of many Golgi
enzymes, this class of targeting motifs has previously been ascibed rather to ER-retention than
to ER-exit of transmembrane proteins (Nufer et al., 2003b; Xia et al., 2001; Zerangue et al.,
1999).

Interestingly, many of these transmembrane cargo proteins, including ERGIC-53,
VSV-G, and the p24 familiy, form oligomeric complexes, such that a given exported protein
would presumably display multiple signals to the COPII budding machinery. The impact of
oligomerization on ER-export efficiency has been studied in detail for ERGIC-53, for which a
complete map of ER-exit determinants has been obtained (Nufer et al., 2003a). The results
suggest an ER-export mechanism in which transmembrane and luminal determinants mediate
oligomerization required for efficient recruitment of ERGIC-53 into budding vesicles via the

C-terminal COPII-binding di-hydrophobic motif.

Soluble Secretory Cargo
How are soluble secretory proteins that are not directly accessible to COPII subunits sorted
away from ER-resident proteins? Two non-exclusive models, known as the “bulk flow” and
“receptor-mediated” or “cargo capture” export models, have been described in studies
addressing export of soluble cargo from the ER (Figure 3).

First, a passive or bulk flow process (Wieland et al., 1987) appears to operate in the
export of amylase and chymotrypsinogen from the ER of pancreatic exocrine cells (Martinez-
Menarguez et al., 1999). Concentration of these soluble secretory proteins was not detected in

COPII buds, but was observed in tubular structures corresponding to the ERGIC. A
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concentration by exclusion model has been proposed to explain this result such that, after
soluble proteins exit the ER, cargo is excluded from retrograde-directed COPI vesicles that
bud from the observed tubular membrane compartment.

Second, the receptor-mediated or cargo capture model hypothesizes that export of
soluble cargo from the ER is an active process that insures the incorporation of transport-
competent cargo into ER-derived vesicles. In this model, transmembrane cargo receptors
would be needed to link luminal cargo to the COPII coat. Several specific cargo
receptor/cargo interactions have been identified in the past few years, namely ERGIC-
53/catZr (Appenzeller et al., 1999), Emp24p/Gaslp (Muniz et al., 2000), Erv29p/glyco-pro-o.-
factor (Belden and Barlowe, 2001b), and Erv14p/Ax12p (Powers and Barlowe, 2002), whereas
AxI12p atypically represents a transmembrane cargo protein that is transported by a receptor-
mediated mechanism out of the ER. It is now generally assumed that each of the cargo
receptors accounts for efficient ER-exit of a limited set of soluble secretory cargo proteins
(Belden and Barlowe, 2001b; Nichols et al., 1998; Schimmoller et al., 1995; Vollenweider et
al., 1998). The receptors are proposed to recognize and bind to specific export signals
contained within distinct soluble cargo molecules, but so far, no such signals have been
identified. Furthermore, it has been postulated that the binding is regulated such that only
fully folded secretory proteins are recognized by the receptor (Barlowe, 2003). In some cases,
however, cargo receptors also bind and transport incompletely folded proteins from the ER
(Caldwell et al., 2001). Nevertheless, the principal function of these receptors presumably is
to filter out transport-competent cargo from the folding and quality control machinery of the
ER (reviewed in (Ellgaard and Helenius, 2003)) by providing the cytosolic signals for
intracellular transport. Such positive cargo selection would represent a mechanism of
secondary quality control. It must be emphasized though that ER-export by cargo capture can
(Malkus et al., 2002; Mizuno and Singer, 1993), but does not per se imply the concentration
of secretory cargo at the ERES.

(a) Bulk flow export model (b) Receptor-mediated
SRS Bulk-flow and receptor-mediated ER-export models.
= Y 4 o (a) In the bulk-flow model, soluble cargo molecules
@ - O depart in vesicles by random incorporation at a concen-
9 e tration equal to that found in the ER lumen. (b) The
? T receptor-mediated export model results from selective
y x-g«. sorting of soluble cargo during vesicle formation that
g ® ’% % can involve cargo concentration and relies on receptor
\ @ Q@ ! proteins to link cargo to the membrane coat complex.
i R @ B R R 5 A SReadl a2 It is possible that ER-resident proteins ('R’) fail to be
8 @ R @ . .
AR SRR R s SR IO R RN - vl packaged into the transport vesicles because of some
. retention/exclusion mechanism.
Figure 3

The figure was reproduced from Barlowe (2003).
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1.4 N-GLYCOSYLATION AND LECTINS WITHIN THE SECRETORY PATHWAY

Many secretory and membrane proteins acquire N-linked oligosaccharides (glycans) during
their synthesis in the ER. This process, called N-linked glycosylation, occurs co-
translationally by oligosaccharyltransferase-catalized en bloc transfer of a pre-assembled
carbohydrate structure (GlcsMangGlcNAc;) (where Gle is glucose, Man is mannose, and
GlcNAc is N-acetylglucosamine) from a lipid intermediate to a consensus-site asparagine side
chain in the nascent glycoprotein. The protein-linked carbohydrate structure may
subsequently be processed by numerous glycosidases and glycosyltransferases in ER and
Golgi (Kornfeld and Kornfeld, 1985). Many structural intermediates generated during
oligosaccharide maturation are thought to serve as signaling tags that are decoded by specific
intracellular lectins. Lectin-mediated decoding is accomplished by their non-enzymatic
binding affinity toward a particular carbohydrate substrate and implies diverse processes, such
as quality control, degradation, ER-export, Golgi-to-plasma membrane transport or lysosomal
delivery. This section will summarize our knowledge on the intracellular lectins
calnexin/calreticulin, EDEM, ERGIC-53, Vip36 or the mannose 6-phospate (M6P) receptors
that are all functioning within the secretory pathway.

Two homologous lectins are known to be localized in the ER, the type I membrane
protein calnexin and the soluble protein calreticulin. Their interaction with glycans occurs
through a binding site in their globular lectin domain (Kapoor et al., 2004; Schrag et al.,
2001), which is structurally related to legume lectins (Loris, 2002). The specificity of calnexin
and calreticulin for binding monoglucosylated glycan (Glc;ManyGlcNAc,) (Kapoor et al.,
2003; Vassilakos et al., 1998) leads to the transient association of one or both of these
chaperones with almost all of the glycoproteins that are synthesized in the ER. This
association is responsible for promoting the folding and ER-retention of non-native
glycoproteins (Helenius et al., 1997) and, in some cases, the targeting of misfolded
glycoproteins for degradation (Liu et al, 1999) (see below). Although not fully
interchangeable during assistance of glycoprotein folding, calnexin and calreticulin can work
independently and appear to cover largely the same spectrum of folding substrates (Molinari
et al., 2004). It has also become clear by now that, beyond the glycan, which is thought to be
crucial but for the initial recognition, there are further protein-protein contacts between
substrate (glyco)proteins and the lectin chaperones (Danilczyk and Williams, 2001; Thara et
al., 1999; Leach and Williams, 2004; Saito et al., 1999; Ware et al., 1995). Furthermore, both

calnexin and calreticulin form complexes via an extended, arm-like domain with ERp57
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(Frickel et al., 2002), a thiol-disulphide oxidoreductase that is known to form transient
disulphide bonds with calnexin- and calreticulin-bound glycoproteins (Molinari and Helenius,
1999). In this way, a protected space is formed for the bound substrate between ERp57 and
the lectin domain.

Two functionally independent ER enzymes mediate the on- and off-cycle in this
chaperone system (Figure 4). Glucosidase II is responsible for dissociating the substrate
glycoprotein from calnexin or calreticulin by hydrolysing the glucose from the
monoglucosylated glycan. UDP-glucose:glycoprotein glucosyltransferase (GT), on the other
hand, is responsible for re-glucosylating the substrate so that it can re-associate with calnexin
or calreticulin. GT works as the folding sensor in this quality control cycle (Parodi, 2000). It
recognizes glycoproteins in partially folded, molten globule-like conformations (Caramelo et
al., 2003), but ignores native or random-coil conformations (Trombetta and Helenius, 2000).
A glycoprotein substrate can only exit the quality control cycle, when GT fails to re-
glucosylate it. The cycles of glucosylation and de-glucosylation continue until the

glycoprotein has either reached its native conformation or is targeted for degradation.

Figure 4

Ribosome The calnexin/calreticulin cycle.
After transfer of the N-linked glycan to the
Cytosol Trnakoonn comeles nascent chain of the protein, two glucoses are
ER removed by glucosidase I an II. This generates
Nascent proten chain a monoglucosylated glycoprotein that can inter-

act with calnexin and calreticulin (for simpli-
oA mw city, only calreticulin is depicted). Both

land i chaperones associate with the thiol-disulphide-

oxidoreductase ERp57 through an extended
/, arm-like domain, thereby collaborating in

N-finked glycan

glycoprotein folding assistance. Cleavage of

uop the remaining glucose by glucosidase II termi-
/ Calreticuin UDP-ghucose:gycoproiain nates the interaction with calnexin and calreti-
‘ gucosytransferase (GT) culin. On their release, correctly folded glyco-
ép proteins can exit the ER. By contrast, non-
native glycoproteins are substrates for GT,
which places a single glucose back on the
glycan and thereby promotes the renewed
association with the ER chaperones. If the
glycoprotein is permanently misfolded, the
mannose residue in the middle branch of the N-
glycan is removed by ER al,2-mannosidase I.
This leads to recognition by EDEM, which
— probably targets glycoproteins for ER-associ-
ated degradation (ERAD) in the cytosol.
The figure was reproduced from Ellgaard and
Helenius (2003).

ER ext ste
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For the degradation of glycoproteins, trimming of a single mannose by the ER al,2-
mannosidase I in the middle branch of the oligosaccaride is required in both yeast (Jakob et
al., 1998) and mammalian cells (Hosokawa et al., 2003; Liu et al., 1999), which is followed
by the action of the mannosidase-like transmembrane protein EDEM (Hosokawa et al., 2001;
Jakob et al., 2001 ) (Figure 4). EDEM is thought to display lectin activity toward glycans in
the MangGlcNAc, or the Glc;MangGlcNAc, configuration, even though direct proof for this
notion is still missing. The inferred interaction of the glycoprotein substrate with EDEM then
diverts the glycoprotein from the calnexin/calreticulin cycle and promotes its degradation
(Molinari et al., 2003; Oda et al., 2003).

Another important group of intracellular lectins is the family of animal L-type lectins
that does not only share structural (Loris, 2002; Velloso et al., 2002), but also sequence
homology to legume lectins (plant L-type lectins) (Fiedler and Simons, 1994; Nufer et al.,
2003b). Best known among animal L-type lectins are the ERGIC-marker cargo receptor
protein ERGIC-53 and the, likewise, recycling protein Vip36, whose functions may be more
diverse (see below). Recently, two related proteins have been discovered, ERGL (Yerushalmi
et al., 2001) and VIPL (Neve et al., 2003; Nufer et al., 2003b), both of which localize to the
ER without any known function (Neve et al., 2003; Nufer et al., 2003b) (L. Liang and H.-P.
Hauri unpublished observations). All animal L-type lectins described so far are type I
membrane proteins with a relatively short cytosolic tail and a luminal domain with known or
inferred carbohydrate binding activity.

ERGIC-53 is a mannose-specific lectin that requires calcium for binding to
immobilized mannose in vitro (Itin et al.,, 1996) or to glycoprotein substrates in vivo
(Appenzeller et al., 1999). This activity, in conjunction with COPII- and COPI-dependent
cycling between ER and ERGIC/cis-Golgi (Klumperman et al., 1998; Nufer et al., 2003a;
Tisdale et al., 1997), mediates the transport lectin function of ERGIC-53, which is to capture
secretory glycoproteins in the ER and guide them through the COPII pathway to the ERGIC,
where dissociation occurs (Appenzeller et al., 1999) (see above). Up to now, we know that
catZr, a cathepsin Z-related protein (Appenzeller et al., 1999), and apparently another protein
of the same family, cathepsin C (Vollenweider et al., 1998), are efficiently transported out of
the ER by this lectin domain-dependent glycoprotein shuttling mechanism. Similarly, loss of
functional ERGIC-53 expression in humans causes combined deficiency of coagulation
factors V and VIII (Nichols et al., 1998), a secretory defect that can be mimicked in cell
culture by expression of dominant negative ERGIC-53 (Moussalli et al., 1999). A subsequent
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study has identified a second protein implicated in this disease, MCFD2, a soluble, luminal
EF-hand protein that co-purifies with ERGIC-53 in a calcium-dependent way (Zhang et al.,
2003). Whether or not the transport lectin function and the MCFD2-dependent activity of
ERGIC-53 are identical, remains to be shown.

Vip36, on the other hand, has initially been thought to recycle between the trans-Golgi
network (TGN) and the plasma membrane (Fiedler et al., 1994). A later publication though
reported its localization to the cis-Golgi and some ERGIC elements, while the cell surface
localization of exogenous Vip36 was proposed to be caused by overexpression (Fullekrug et
al., 1999). Nevertheless, recent studies point to the involvement of endogenous Vip36 in both
pre-Golgi (Dahm et al., 2001; Shimada et al., 2003b) and post-Golgi (Hara-Kuge et al., 2002;
Hara-Kuge et al., 2004; Shimada et al., 2003a) transport of glycoproteins, possibly depending
on the cell type. Carbohydrate-dependent binding of Vip36 to the TGN-to-plasma membrane
cargo glycoproteins clusterin (Hara-Kuge et al., 2002) and a-amylase (Hara-Kuge et al.,
2004) has also been demonstrated. The data also indicate that Vip36 is responsible for the
targeting of specific glycoproteins to the apical face of the plasma membrane in polarized
cells (Hara-Kuge et al., 2002). Concerning the lectin properties of Vip36, again some
ambiguity exists. Originally, Vip36 was thought to recognize GalNac residues (Fiedler and
Simons, 1996). This proposal, however, was challenged by the finding that Vip36 shows
specificity for glycans of the Mang9GIlcNAc, structure that are linked to an a-substituted
asparagine residue (Hara-Kuge et al., 1999). Interestingly, binding of glycoproteins was
optimal at pH 6.0 that would correspond to the pH of the TGN. Curiously, however, although
purified Vip36 binds two moles of calcium (Fiedler and Simons, 1996), its ability to bind
glycoproteins appeared not to depend on the presence of divalent ions (Hara-Kuge et al.,
1999).

The last class of intracellular lectins, the P-type lectins, consists of two family
members: the ~46-kDa cation-dependent M6P receptor (CD-MPR) and the ~300-kDa insulin-
like growth factor II/MPR (IGF-II/MPR). Delivery of ~50 different newly synthesized
lysosomal enzymes to lysosomes is dependent upon their acquisition of M6P residues that act
as recognition signals for high-affinity binding to the MPRs. Generation of the M6P signal
occurs by a two-step enzymatic process during transit of the lysosomal enzymes through the
ER—Golgi biosynthetic pathway. First, a phosphotransferase attaches a phosphorylated
GlcNAc moiety to the C-6 hydroxyl group of mannose to form the M6P-OGIcNAc
phosphodiester intermediate (Reitman and Kornfeld, 1981; Waheed et al., 1982). Next, in the
TGN, the "uncovering" enzyme removes the GIcNAc moiety, thereby revealing the M6P
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signal (Rohrer and Kornfeld, 2001; Varki and Kornfeld, 1980). Following M6P recognition
by the MPRs in the TGN, the enzyme-bound receptors are transported to acidified,
prelysosomal compartments where the low-pH environment induces release of the enzymes
from the receptors. Whereas the lysosomal enzymes are further packaged into lysosomes, the
MPRs recycle back to the TGN to repeat this process or move to the cell surface where the
IGF-II/MPR, but not the CD-MPR, binds and internalizes a diverse population of extracellular
ligands. The two MPRs have been studied in detail in terms of their lectin properties and
structures, the cellular components that mediate their transport through numerous intracellular
compartments, and their M6P-unrelated functions. The wealth of information on MPRs has

been subject to excellent reviews (Dahms and Hancock, 2002; Ghosh et al., 2003).

1.5 AIMS OF THE THESIS

It has been established that ERGIC-53 binds anterograde-directed glycoproteins in the ER by
a lectin-interaction that requires Ca®" and that dissociation and segregation occurs in the
ERGIC. Likewise, the trafficking cycle of ERGIC-53 between the ER and the ERGIC has
been explored in detail in terms of the molecular motifs that determine ERGIC-53’s
association with cytosolic coat proteins. The aim of this thesis was to elucidate the transport
lectin function of ERGIC-53 on the molecular level by identifying the luminal signals
governing the recognition of glycoproteins in the ER and their release in the ERGIC.
Therefore, the structural requirements for the binding of glycoprotein to ERGIC-53 were
investigated by rational mutagenesis of the model substrate procathepsin Z. This issue is
particularly interesting because signals in secretory proteins that guide their receptor-mediated
ER-exit have not been described so far. Another open question was the mechanism by which
ERGIC-53 releases glycoprotein cargo in the ERGIC. To this end, calcium-dependent
mannose binding by purified ERGIC-53 was studied in vitro. This approach was chosen to
potentially discriminate between proteinaceous and environmental dissociation factors such as
low pH. In addition, the notion of acid-induced lectin inactivation was tested by site-directed
mutagenesis of supposed acid-sensor residues in the CRD of ERGIC-53 and by applying
different strategies of pH-manipulation in cell culture. To address the fascinating question
whether changes in the availability of calcium from ER to ERGIC may also contribute to the
compartmental regulation of ERGIC-53 activity, an approach was developed to quantitatively

determine the calcium concentration of the ERGIC in vivo.



INTRODUCTION 23

Characterization of the molecular mechanisms underlying the transport lectin function
of ERGIC-53 in particular and the role of the ERGIC as a molecular sorting station in general
may not only provide new insights into the enthralling inner life of a cell, but also help us

understand the basis of various transport defects.
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Abstract

Some secretory proteins leave the endoplasmic reticulum (ER) by a receptor-mediated cargo
capture mechanism, but the signals required for the cargo-receptor interaction are largely
unknown. Here, we describe a novel targeting motif that is composed of a high-mannose type
oligosaccharide and a peptide B-hairpin loop. The motif accounts for lectin ERGIC-53-
assisted ER-export of the lyososomal enzyme procathepsin Z. An equivalent
carbohydrate/hairpin structure is present in cathepsin C, another cargo of ERGIC-53,
reflecting the general nature of this ER-export signal. Surprisingly, the peptide loop is also
essential for the final targeting of cathepsin Z to lysosomes, establishing an unexpected link
between ER-export and post-Golgi sorting. We present evidence for an indirect effect of the
peptide loop on lysosomal delivery by protecting carbohydrate chains from irregular
processing in the Golgi. Our data demonstrate an unprecedented dual decoding of a sorting

motif within the secretory pathway.

endoplasmic reticulum / glycosylation / lectins / lysosomes / protein sorting signals
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Introduction

A complex interplay between the glycosylation machinery and the deciphering of
carbohydrate signals by lectins ensures proper synthesis and targeting of nascent
glycoproteins in the secretory pathway of eukaryotic cells. N-linked oligosaccharides are
cotranslationally attached to a consensus-site asparagine side chain during translocation of the
polypeptide into the ER and may subsequently be processed by numerous glycosidases and
glycosyltransferases in ER and Golgi (Kornfeld and Kornfeld, 1985). N-glycans are initially
trimmed in the ER from Glc;MangGlcNAc, to the high-mannose configuration Mans.
9GIcNAc,. Later conversion to hybrid- or complex-type oligosaccharides, initiated by the
action of Golgi mannosidase I, can occur during passage through the Golgi. A special subset
of glycoproteins, the lysosomal enzymes, undergoes highly specific mannose phosphorylation
that is catalyzed by GlcNAc-phosphotransferase of the cis-Golgi and the phosphodiesterase
uncovering enzyme of the trans-Golgi.

Many N-glycan structural intermediates generated during oligosaccharide maturation
are thought to serve as signaling tags for quality control, degradation, ER-export, Golgi-to-
plasma membrane transport or lysosomal delivery. The tags are decoded by specific
intracellular lectins such as calnexin/calreticulin, EDEM, ERGIC-53, Vip36 or the mannose
6-phospate (M6P) receptors (Dahms and Hancock, 2002; Ellgaard and Helenius, 2003; Hauri
et al., 2000a). Most of these lectins direct their binding solely against a defined carbohydrate
motif on the surface of the glycoprotein. In contrast, the fact that transport of only a subset of
glycoproteins depends on the mannose-specific lectin ERGIC-53 suggests the presence of a
pivotal proteinaceous determinant in these glycoproteins for selective recognition (Hauri et
al., 2000b). So far, the search for such additional motifs has remained without success.

One of the functions of ERGIC-53 is to capture transport-competent secretory
glycoproteins in the ER and guide them through the COPII pathway to the ERGIC where
dissociation occurs triggered by a pH-switch (Appenzeller et al., 1999; Appenzeller-Herzog et
al., 2004). While the glycoproteins proceed through the secretory pathway, ERGIC-53 is
recycled back to the ER. This capture mechanism is thought to accelerate the delivery of a
number of glycoproteins to post-ER compartments, although its physiological relevance has
been demonstrated but for the secretion of blood coagulation factors V and VIII (Nichols et
al., 1998).

The lysosomal glycoprotein cathepsin Z (catZ; also named cathepsin X, -P or -Y) is
ubiquitously expressed and belongs to the papain family of cysteine proteases. It is

synthesized in the ER as a preproprotein before the hydrophobic signal peptide is cleaved to
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release procathepsin Z (pro-catZ). Pro-catZ is a monomer featuring an unusually short
propeptide (Santamaria et al., 1998) that is linked into the active site of the enzyme by a
disulfide bond (Sivaraman et al., 2000) and cleaved upon lysosomal maturation to produce the
active enzyme that remains monomeric. Activated catZ has been purified from human liver
(Klemencic et al., 2000). It functions as a carboxymonopeptidase, although in some cases it
also exhibits dipeptidase and endopeptidase activity (Sakamoto et al., 1999; Therrien et al.,
2001).

In a previous study we have identified a specific cargo protein for ERGIC-53 that was
dubbed cathepsin Z-related protein (catZr) based on short peptide sequences matching the
protein sequence of human pro-catZ (Appenzeller et al., 1999). In the current study we show
that catZr is the Chinese hamster orthologue of human catZ and describe a novel targeting
motif in catZ. Teaming up with specific oligosaccharides, this peptide motif is essential for

both efficient ERGIC-53-mediated ER-export and lysosomal targeting.
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Results

Pro-catZ is a cargo for ERGIC-53 and is processed by Golgi mannosidase 1.

A previous effort to isolate cargo proteins of the ER-export receptor ERGIC-53 from Chinese
hamster ovary (CHO)-derived GMAA cells (Kappeler et al., 1997) resulted in the
identification of catZr (Appenzeller et al., 1999). To characterize this protein in more detail,
we screened a CHO-cDNA library as described in Supplemental Data, Fig. S1A. A partial
cDNA of 1334 bp length was obtained that includes the start methionine and a poly-A tail and
encodes a protein of 306 amino acids with a predicted MW of ~34 kDa and 82% identity to
human preprocathepsin Z (Fig. 1A). The sequence has two potential N-glycosylation sites.
We refer to this protein as to the Chinese hamster ortholog of pro-catZ. An anti-peptide rabbit
antiserum (Fig. 1A, (Appenzeller-Herzog et al., 2004)) readily immunoprecipitated exogenous
as well as endogenous catZ (Fig. S1B).

Is the hamster pro-catZ indeed identical to catZr? To test this, we immunoprecipitated
ERGIC-53 from GMAA cells that were treated with or without the cleavable crosslinker
dithiobis(succinimidylpropionate) (DSP) and probed for the presence of pro-catZ by
immunoblotting using affinity purified anti-catZ. As shown in Fig. 1B, pro-catZ as well as
mature catZ (after the proteolytic removal of its propeptide, Figs. 1A, S1B) was detected in
cell homogenates, but primarily pro-catZ was co-isolated with GMAA-ERGIC-53 in a DSP-
dependent way suggesting a specific interaction between these two proteins (the minor
fraction of cleaved pro-catZ is most likely due to a post-lysis event). Previously, we have
shown that exit of catZr from the early secretory pathway is delayed in cells expressing a
transport-impaired, dominant negative KKAA-mutant (GMAA) of ERGIC-53 (Kappeler et
al., 1997) compared to cells expressing GM-ERGIC-53, a tagged wild-type (wt) protein
(Appenzeller et al., 1999). With this in mind, we studied pro-catZ maturation in GMAA and
GM cells by pulse-chase analysis followed by DSP-treatment (to reduce background, see Fig.
S1B) and anti-catZ immunoprecipitation. Fig. 1C shows that pro-catZ transport is indeed
inefficient in GMAA cells. Collectively, these results demonstrate that catZr is identical to the
Chinese hamster ortholog of pro-catZ.

Besides propeptide cleavage, we noted another, earlier processing event that was
apparent after 30 to 60 min of chase in GM cells and led to a slight increase in mobility of
pro-catZ (Fig. 1C). To test the possibility that this shift reflects oligosaccharide trimming by

an al,2-mannosidase, we performed pulse-chase experiments with CHO cells treated with the

a1,2-mannosidase inhibitor kifunensin. Kifunensin prevented the mobility shift of pro-catZ
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and increased the apparent Mr of mature catZ (Fig. 2A) indicating that the shift was due to an
o1,2-mannosidase. There are at least four kifunensin-sensitive mannosidases: ER o-
mannosidase I and Golgi ol,2-mannosidases IA, IB or IC (Herscovics, 2001). To further
characterize pro-catZ maturation and transport, we used the fungal drug brefeldin A (BFA)
that is known to relocalize Golgi enzymes to the ER and to block secretion. As shown by the
pulse-chase experiment in Fig. 2B, BFA-treatment led to premature mannosidase trimming of
pro-catZ (and interfered with its maturation, as expected). This outcome argues that pro-catZ
is a substrate for an al,2-mannosidase only after its transport to the Golgi. Interestingly, no
Golgi mannosidase I-shift was observed in GMAA cells (Fig. 1C). To investigate whether a
Golgi al,2-mannosidase is present at all in GMAA cells, we analyzed the electrophoretic
mobility of ERGIC-53-bound pro-catZ after metabolic labeling and treatment of the cells with
BFA and kifunensin. Fig. 2C shows that BFA caused a slight mobility shift of pro-catZ
(showing up as a DSP-caused doublet after crosslinking (Appenzeller et al., 1999)) that could
be suppressed by kifunensin. We conclude that the relevant Golgi al,2-mannosidase I is
expressed in GMAA cells and that its action on pro-catZ is indirectly inhibited by ER-
restricted ERGIC-53. We further conclude that mannose trimming of pro-catZ occurs after its
dissociation from GMAA-ERGIC-53 (Fig. 2C) and GM-ERGIC-53 (Fig. S2), which is

consistent with our previous studies using 1-deoxymannojirimycin (Appenzeller et al., 1999).

Efficient binding of pro-catZ to ERGIC-53 depends on a high-mannose-glycan/ f3-
hairpin-loop motif.

To explore the interaction between pro-catZ and ERGIC-53 in more detail, we switched to the
human enzyme (Santamaria et al., 1998) and generated the following glycosylation-site
mutations tagged with a HA-epitope at their N-terminus: N184Q (N1-site), N224Q (N2-site)
and N184+224Q for double mutation. First, we studied the secretion and the stability of these
mutants when transiently expressed in CHO cells. The cells were pulsed with *°S-methionine,
chased for different times and recombinant pro-catZ was immunoprecipitated from the cell
lysate or the culture medium using anti-HA. As shown in Fig. 3A, the different mutants
displayed markedly distinct properties. While wt-pro-catZ and N224Q were efficiently
secreted and immunoprecipitated, N184Q and N184+224Q were poorly transported, and
N184+224Q was barely detectable after the chase. To distinguish if these mutants were
degraded or inefficiently recognized by the antibody, we repeated the experiment using

denaturing immunoprecipitation and found efficient recovery of all pro-catZ mutants under
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these conditions (Fig. 3B and data not shown). Thus, the N-linked oligosaccharides of pro-
catZ are required for efficient transport, but not for the stability of the glycoprotein.

To study the interaction of the three glycosylation mutants of pro-catZ with ERGIC-
53, we tested to what extent the two partners can still be crosslinked by DSP. To this end, we
transfected GMAA cells with the mutants, treated them with DSP, immunoprecipitated
ERGIC-53 and visualized the mutant proteins by Western blotting using anti-HA. Fig. 4A
shows that, relative to wt-pro-catZ, the binding of N184Q to ERGIC-53 was decreased, while
that of N224Q was enhanced. Interestingly, some weak, but reproducible interaction of
N184+224Q with ERGIC-53 was observed even without crosslinking. To exclude the trivial
possibility that these differences were due to a sterical effect of the N-terminal HA-tag we
repeated the crosslinking experiments using a pro-catZ construct in which the HA-tag was
inserted distal to the N-terminus by replacement of a stretch of flexible amino acids in the
propeptide. Co-immunoprecipiations with these alternative mutants gave identical results
(Fig. S3). These results suggest that ERGIC-53 recognizes the N184-linked glycan (N1-
glycan) on pro-catZ and that this interaction is enhanced in the absence of the N224-linked
glycan (N2-glycan).

The data obtained with the glycosylation mutants also point to a carbohydrate-
independent motif that contributes to the recognition of pro-catZ. This prompted us to look
more closely into the structural features of pro-catZ. We were intrigued by a B-hairpin loop in
close proximity of the N1-site ((Sivaraman et al., 2000), Fig. 1B), the function of which is
unknown. Fig. 4B depicts this well-exposed peptide motif which comprises a disulfide
linkage and the high-mannose (ManyGIcNAc;) N1-glycan that is likely to contact the polar
amino acid side chains of the hairpin loop. To study the function of this loop it was deleted by
mutagenesis, resulting in the constructs Aloop* and Aloop (Fig. 4B). Crosslinking
experiments showed a reduction in the binding of Aloop to ERGIC-53, while binding of
Aloop* appeared unaffected (Fig. S4). We therefore directed our further efforts to Aloop and,
in addition, constructed the combined mutant N184Q+Aloop. As shown in Fig. 4C, removal
of the PB-hairpin loop neither affected the stability nor the glycosylation of pro-catZ (as
indicated by the mobility shift between Aloop and N184Q+Aloop, see also Fig. 6D). We
noted, however, a slight retardation in the secretion of the two mutants relative to wt-pro-catZ
(compare Figs. 3A and 4C) and in the case of Aloop more pronounced electrophoretic
mobility shifts (see below).

The above approach to measure binding of pro-catZ to ERGIC-53 yielded a steady-

state read-out that was critically influenced by mutant-specific transport speeds, rendering it
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impossible to quantify this interaction. To circumvent this limitation, we studied newly
synthesized wt and mutant pro-catZ in GMAA cells by pulse-chase. Since maximal binding of
endogenous pro-catZ to ERGIC-53 occurs after a lag-period of 15 min (Appenzeller et al.,
1999), the analysis was performed either immediately after the pulse or after a 15 min chase.
The cells were subjected to crosslinking followed by immunoprecipitation using covalently
coupled anti-ERGIC-53 (Fig. 4D, upper panel). Immunocomplexes were released under
denaturing conditions and reprecipitated using anti-HA to recover only recombinant pro-catZ
crosslinked to GMAA-ERGIC-53 (Fig. 4D, lower panel). Control anti-HA
immunoprecipitations from the initial cell lysate (using denaturing conditions) showed equal
expression levels for all pro-catZ variants (not shown). Quantification of co-
immunoprecipitated glycoproteins revealed a 80% reduction in ERGIC-53 binding of both
N184Q and Aloop relative to wt-pro-catZ that was not further compromised if both mutations
were combined, suggesting a single carbohydrate/peptide binding motif. Interestingly, with
none of the mutants deficient in this motif we observed the descibed lag-phase in respect of
ERGIC-53 association (see Discussion). Moreover, as already seen at steady-state (Figs. 4A,
S2), the N224Q mutation proved beneficial for the binding of pro-catZ to ERGIC-53.

To corroborate these findings by a different, crosslinking-independent approach, we
analyzed the influence of dominant negative ERGIC-53 on the secretion of pro-catZ mutants.
GMAA or Lecl cells (Lecl is the parental line of GMAA (Kappeler et al., 1997)) were
transfected with wt-, N184Q-, N224Q- and Aloop-pro-catZ cDNAs, pulse-labeled with *°S-
methionine and chased for 1 h followed by immunoprecipitation of intracellular or secreted
pro-catZ using anti-HA. (Note that pro-catZ secreted from these cells lacks complex
glycosylation (Fig. 6) because of the absence of Golgi GlcNAc transferase I (Kappeler et al.,
1997)). Fig. 4E shows that only the transport of pro-catZ mutants capable of binding to
ERGIC-53 is delayed by ER-localized GMAA-ERGIC-53 in a way similar to endogenous
pro-catZ (see Fig. 1C).

A high-mannose-glycan/B-hairpin-loop motif in cathepsin C

Is the combined carbohydrate/peptide motif also present in other glycoproteins that are
recognized by ERGIC-53, such as procathepsin C (Vollenweider et al., 1998)? Like catZ,
cathepsin C is a lysosomal papain protease. Maturation of procathepsin C involves splicing of
the propeptide so that the very N-terminal segment, the exclusion domain, is part of the
active, tetrameric structure. Strikingly, a characteristic B-hairpin loop has been found in the

cathepsin C structure (Turk et al., 2001) that shares many features with the ER-exit motif in
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pro-catZ. Like a forefinger, both hairpin loops project out of the protease structure (Fig. 5)
without any spacial influence on the active site of the protease. Remarkably, also the
cathepsin C hairpin teams up with a proximal N-glycan (Turk et al., 2001) and the linear order
of strand-loop-strand-glycosylation-site is identical to pro-catZ (Fig. 1A) including the
number of spacing amino acids. The fact that cathepsin C lacks an intra-loop disulfide bridge
suggests that this modification is not required for ERGIC-53 binding. The carbohydrate-
adjacent B-strand backbones can be superimposed with a rms deviation of 0.92 A (Fig. 5)

suggesting that the exact 3D structure of this peptide may be important for lectin association.

The B-hairpin loop motif is required for correct oligosaccharide processing of pro-catZ.
Next we focused on subsequent events in the maturation of pro-catZ. An interesting
observation from the pulse-chase experiments (Figs. 3A, 4C) was the characteristic
electrophoretic mobilities of the glycosylation-site mutants. We hypothesized that the
mobility shifts associated with wt- and N184Q-pro-catZ may reflect oligosaccharide
processing of the N2-glycan. To test this we probed for the action of Golgi mannosidase I (a
prerequisite for complex glycosylation) by using kifunensin or for complex glycosylation by
endoglycosidase H (endoH), an enzyme that can only cleave N-glycans before Golgi
mannosidase [I-trimming. First, we found the small shift of intracellular pro-catZ after 1 h of
chase to be prevented by kifunensin treatment (Fig. 6A, compare also Fig. 2). Second,
secreted pro-catZ (after a 3 h-chase) was partially resistant to endoH, but sensitive to PNGase
F, that recognizes all forms of N-glycans, indicating that the decreased mobility of secreted
wt- and N184Q-pro-catZ is due to complex glycosylation of a subpopulation of the proteins
on the N2-glycan (Fig. 6B). Conversely, N224Q appeared to largely resist complex
modification in the Golgi revealing that the major fraction of N1-glycans remained in the
high-mannose form.

Pro-catZ is also known to acquire the M6P modification (Appenzeller et al., 1999) that
is used as a signal for lysosomal targeting (Dahms and Hancock, 2002). To determine whether
Mé6phosporylation occurred on the N1-, the N2- or on both glycans, we metabolically labeled
pro-catZ with **P-orthophosphate. To minimize the impact of mutant-specific secretion rates
(see above), we collected pro-catZ secreted from CHO cells during an 18 h labeling period.
Culture media were subjected to anti-HA immunoprecipiation. The isolated proteins were
treated with endoH, to release the carbohydrate-linked phosphate label, and analyzed by SDS-
PAGE/phosphorimaging. A parallel experiment using **S-methionine revealed poor recovery

of N184Q under these conditions. This was a result of its instability after secretion (not
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shown). Fig. 6C shows that both glycosylation-site mutants carried the **P-label to a similar
extent, if normalized to the >°S-signal, revealing robust M6phosphorylation of both
oligosaccharides. As expected, the M6P tag was almost completely removed by endoH-
treatment indicating that phosphorylation essentially occurs on the endoH-sensitive pool of
pro-catZ. Interestingly though, a small portion of *’P-labeled wt-pro-catZ was endoH-
resistant, suggesting complex modifications on some M6phosphorylated oligosaccharides.

If the B-hairpin loop — as proposed in fig. 4B — was indeed used like a crook to anchor
the highly flexible high-mannose N1-glycan by a network of hydrogen bonds, one would
expect that its deletion exposes the N1-glycan to abnormal processing. To test this prediction,
we analyzed the oligosaccharide processing of the loop deletion mutants. As illustrated in Fig.
6D, Aloop* and, even more drastically, Aloop were far better substrates for the complex
glycosylation machinery than the wt enzyme. Unexpectedly, the increased complex
glycosylation arose from additional modifications on both oligosaccharides as evidenced by
the appearance of a fully endoH-resistant species on the one hand (Fig. 6D), and the increase
of complex modified N2-glycan on N184Q+Aloop comparing to N184Q on the other hand
(Fig. 6E). Consistent with this, the prominent mobility shift of intracellular Aloop after a 1 h-
chase (Fig. 4C) could be attributed to mannosidase trimming of apparently both N-glycans by
its inhibition with kifunensin (not shown). We also probed for M6phosphorylation on pro-
catZ lacking the hairpin loop. As shown in Fig. 6F, the M6P signal was present on both Aloop
and Aloop*, and the fraction of fully endoH-resistant, phosphorylated pro-catZ was increased
comparing to wt-pro-catZ. Thus, the B-hairpin loop protects both N-glycans of pro-catZ from

irregular processing, but does not appear to be involved in M6phosphorylation.

The B-hairpin loop motif is essential for lysosomal targeting of pro-catZ.

What are the structural requirements for lysosomal delivery of pro-catZ? It must be
emphasized that, in the experiments presented in the previous paragraphs, the mature
lysosomal form of exogenous catZ was not visible because the proteolytic cleavage of the N-
terminal propeptide (Fig. 1A) would remove the HA-epitope. To visualize the mature protein,
we raised an antiserum against a fusion protein of GST and mature human catZ (Santamaria et
al., 1998) which minimally crossreacted with hamster pro-catZ (Fig. 7A, mock). To study the
appearance of the mature form of HA-pro-catZ, a pulse-chase experiment was performed with
transiently transfected CHO cells followed by immunoprecipitation with anti-GST/catZ. As
shown in Fig. 7A, an additional band appeared on the fluorogram after 2 h of chase with the

expected size of mature, lysosomally processed catZ. Moreover, the band was absent from the
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culture medium (not shown). Strikingly, no such band was seen in extracts from cells
transfected with Aloop (Fig. 7A) or Aloop* ¢cDNA (not shown), even when the chase was
extended to 4 h (not shown). To confirm lysosomal processing of recombinant pro-catZ, we
studied the effect of the weak base chloroquine that potently inhibits the proteolytic
maturation of endogenous pro-catZ (Appenzeller-Herzog et al., 2004). As shown in Fig. 7B,
this drug prevented the appearance of the presumed mature catZ and increased the signal of
pro-catZ after 2 h of chase. These results suggest that exogenous wt- but not Aloop-pro-catZ
is correctly targeted to the lysosomal pathway.

To gain further insight into the mechanism of pro-catZ transport to the lysosomes, we
included the glycosylation-site mutants into our analysis. Both N184Q and N224Q reached
the site where their proteolytic maturation takes place (Fig. 7C) suggesting that the M6P
signal on either of the glycans of pro-catZ is sufficient for effective recognition by a M6P
receptor. The fact that N184Q is retained for a longer time in the secretory pathway than
N224Q (Fig. 3) renders it impossible to quantitatively compare their rate of lysosomal
delivery. As expected, N184+224Q was not proteolytically activated confirming its retention
early in the secretory pathway (not shown). Collectively, these experiments document a role

of pro-catZ’s hairpin loop in lysosomal targeting.
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Discussion

An ER-exit signal on soluble secretory cargo

Based on their finding that the inhibition of ER glucosidases slows the transport of secretory
glycoproteins, Lodish and Kong postulated that high-mannose glycans, after removal of
glucose residues, may form part of the recognition site for a hypothetical ER-export receptor
(Lodish and Kong, 1984). Although the subsequent discovery of N-glycan-dependent folding
in the ER has led to the notion that sugar-dependent transport of glycoproteins in many
instances reflects ER quality control (Ellgaard and Helenius, 2003), the present study, 20
years later, finally confirms the Lodish and Kong prediction. So far, knowledge on transport
signals of secretory proteins required for the recognition by specific receptors has remained
poor (Barlowe, 2003). The secretory proteins invertase and Hsp150 of yeast appear to possess
active sorting signals (Fatal et al., 2004; Gaynor and Emr, 1997), but no cargo receptor has
been identified yet. In the case of the yeast pheromone precursor glyco-pro-a-factor Erv29p
acts as an ER-export receptor (Belden and Barlowe, 2001). A number of structural features
including N-glycosylation are required for efficient intracellular transport of pro-a-factor
(Caplan et al., 1991), but no link of these putative targeting motifs to Erv29p has been
established.

In the present work, we have characterized a transport motif on pro-catZ that is
composed of sugar and peptide determinants. It is obvious that the distinct secretion kinetics
of the glycosylation-site- and Aloop-mutants of pro-catZ (Figs. 3A and 4C) go together with
their ability to bind ERGIC-53 (Fig. 4D). Since export from the ER is the rate-limiting step
for most secretory glycoproteins during exocytosis (Lodish, 1988), the secretion rate of pro-
catZ is an accurate measure of its efficiency of ER-export. It is generally difficult, however, to
attribute the transport phenotype of a given mutant to the absence of positive transport signals
and to exclude its retention by the quality control machinery. Several considerations argue
that we have indeed defined a positive transport signal in conjunction with its molecular
decoding by the ER-export lectin ERGIC-53. First, we noted an increase in cargo-lectin
binding after an initial lag phase that is characteristic for pro-catZ mutants harboring the full
carbohydrate/peptide motif. This increase is consistent with the notion that only correctly
folded pro-catZ after release from the quality control machinery binds ERGIC-53 and
consequently leaves the ER. Second, glycoprotein binding to ERGIC-53 is affected by
untrimmed glucose residues (Appenzeller et al., 1999) which are known to play a major role

in the calnexin/calreticulin cycle (Ellgaard and Helenius, 2003). Third, our discovery that
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ERGIC-53 recognizes a tertiary structure motif that is stabilized by an intrinsic disulfide
linkage indicates that non-native conformers of pro-catZ cannot present the proper ticket for
efficient ER-exit. Interestingly, the N1-glycosylation site is conserved from C. elegans to man
(Fig. 1A) suggesting a pivotal targeting role for this oligosaccharide throughout the animal
kingdom.

Moreover, we have identified an equivalent motif in cathepsin C, another substrate for
ERGIC-53-mediated ER-export (Vollenweider et al., 1998). It is worth noting that despite the
close relationship of the two cathepsins their B-hairpin loops appear to be evolutionary
unconnected. While in pro-catZ the hairpin is contained in the papain domain, it is cathepsin
C’s exclusion domain that harbors this 3D motif. Moreover, the two amino acid sequences
reveal no similarity apart from a tendency for charged side chains (Fig. 5). These observations
argue that the two recognition motifs arose independently by convergence. Accordingly, the
search for additional ERGIC-53 cargoes will require 3D information. Furthermore, the notion
that some glycoproteins have independently adapted to lectin-assisted transport raises the
question of whether the transport lectin activity of ERGIC-53 is a developmentally late
function of this ubiquitously expressed and conserved protein. Such thinking gains additional
support by the fact that yeast homologues lack critical carbohydrate binding residues (Nufer et
al., 2003b) as well as a HIS-loop (Appenzeller-Herzog et al., 2004) within the carbohydrate
recognition domain.

Our findings that the glycan-less mutant N184+224Q efficiently co-precipitates with
ERGIC-53 (Fig. 4A) and that still ~20% binding to ERGIC-53 remains in absence of the
functional N1-glycan/hairpin loop motif (Fig. 4D) point to the presence of a second binding
motif on pro-catZ that needs to be characterized in detail. Two observations indicate that this
motif localizes proximal to N224. First, binding to ERGIC-53 increases in the absence of the
N2-glycan. Second, an artificial ER-overload with ERGIC-53 causes indirect inhibition of
Golgi mannosidase I trimming of the N2-glycan in the Golgi (Figs. 1C, 2 and 6A). We
propose that this inhibition is caused by the steric hindrance of ER a-mannosidase I which
normally produces the MangGlcNAc, isomer B (Herscovics, 2001). High-mannose substrates
other than this isomer are poorly recognized by al,2-mannosidases in the Golgi (Lal et al.,
1998). The observations that this second ERGIC-53/cargo interaction is seen with
N184+224Q and is already maximal after a short **S-methionine pulse (and does not increase
during the chase) may hint at some sort of mannose-independent quality control event.
Interestingly, carbohydrate- and lectin domain-independent binding to ERGIC-53 has also
been noted for coagulation factor VIII (Cunningham et al., 2003).
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The B-hairpin of pro-catZ is essential for correct processing and targeting beyond the
early secretory pathway.

The present study also revealed a second function of the B-hairpin loop of pro-catZ.
Strikingly, the deletion of the loop completely abolished lysosomal cleavage of pro-catZ. The
theoretical possibility that the loop is required for the proteolytic activation itself appears
extremely unlikely given the good accessibility and the flexible nature of the propeptide
cleavage site and its structural distance from the hairpin motif (Sivaraman et al., 2000). The
results rather support a model whereby the B-hairpin loop functions by protecting pro-catZ
from irregular oligosaccharide processing, which in turn would indirectly affect sorting to the
lysosomes by the M6P machinery.

Do the loop amino acids serve as a phosphotransferase-binding site? Indeed, -hairpin
loops have been implicated in such activity (Jain et al., 1996; Lukong et al., 1999). Several
lines of evidence, however, argue against this notion. First, the pro-catZ hairpin structure does
not resemble the phosphotransferase-binding hairpins of B-glucuronidase, cathepsins A or D,
as these are several residues longer, protrude less into the solvent and do not superimpose
with the pro-catZ motif (not shown). Second, recognition of lysosomal enzymes by
phosophotransferase occurs at a certain distance from the oligosaccharide to be
phosphorylated, and in B-glucuronidase, the site 1 glycan in the extreme proximity of the p-
hairpin is hardly phosphorylated (Jain et al., 1996). In pro-catZ, however, we observed robust
phosphorylation of the hairpin-associated NI1-glycan. Third, with the penta-peptide
[,07KRK Gy that is conserved among vertebrates (Fig. 1A) we are quite confident to have
identified at least one of the phosphotransferase binding sites of pro-catZ. It aligns with the
phosphotransferase-binding peptide B2 of the papain protease cathepsin B (IHTNG, (Lukong
et al., 1999)) in both its primary and tertiary structure (rms deviationc, = 0.16 A), and
additionally contains positively charged surface residues that have been assigned
phosphotransferase-binding activity ((Warner et al., 2002) and refs. therein). The Co-distance
of R109 to N184 and N224 is 22 A and 36 A, respectively, which is in good agreement with
the spacial array in other lysosomal proteins. Fourth and most importantly, we have shown
that Aloop is efficiently phosphorylated (Fig. 6F). We conclude that inefficient M6P tagging
does not account for the lysosomal transport defect of this mutant.

How else can the transport defect be explained? By two independent readouts, that is,
altered electrophoretic mobility during pulse-chase (reflecting Golgi mannosidase I trimming
and complex glycosylation, Figs. 3A, 4C) and resistance to endoH (Fig. 6D), we demonstrate

increased Golgi processing in Aloop (as compared to wt) on both glycans. Thus, it is
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conceivable that lysosomal delivery of Aloop fails because it lacks the correct carbohydrate
signal. At least part of the abnormally processed glycans was phosphorylated (compare
double glycosylated bands of Aloop + endoH in Figs. 6D and F) revealing that the increased
activity of Golgi mannosidase I toward this mutant does not cleave the M6P residues from the
glycans (M6phosphorylation can occur on two mannose residues that are not subject to al,2-
mannosidase trimming (Varki and Kornfeld, 1980)). Of note, the degree of endoH-resistance
does not reflect the full range of Golgi processing. Indeed, although the majority of
phosphoglycans on secreted Aloop are removed by endoH-treatment (Fig. 6F), they are more
extensively modified than wt-pro-catZ glycans (Figs. 3A, 4C). The mechanism underlying the
lysosomal delivery phenotype of the Aloop mutants may involve inefficient uncovering and/or
recognition by the M6P receptors in the late Golgi. Although the size of oligosaccharide and
the nature of the protein backbone have little effect on the activity of the uncovering enzyme
toward phosphodiesters (Varki and Kornfeld, 1981), to our knowledge, there are no data on
the impact of Golgi-mediated abnormal processing including complex glycosylation. The

same holds true for M6P receptor recognition (Dahms and Hancock, 2002).

A common motif for optimal presentation of two different carbohydrate signals
The common structural motif in pro-catZ conveying both its ER-export and lysosomal
delivery is the B-hairpin loop. In both instances the loop appears to play a rather indirect
mechanistic role. Regarding ERGIC-53 binding, the lack of amino acid identity between the
hairpins of pro-catZ and procathepsin C renders it unlikely that these peptides directly
associate with the lectin. We suggest that the loop motif functions by supporting an optimal
conformation of the adjacent high-mannose glycan, which serves as ERGIC-53 recognition
motif. Similarly, the hairpin loop helps maintaining the glycans of pro-catZ in correct
configuration for efficient lysosomal targeting by the M6P receptors. We speculate that such
conformational support of carbohydrate chains by adjacent proteinaceous determinants may
be a general mechanism that is fundamental for proper lectin-recognition. Many glycoproteins
may need to present their oligosaccharide signals in a similar manner. Interestingly, for
accurate Golgi processing of pro-catZ the full peptide loop is required, while recognition by
ERGIC-53 appears not to depend on the outermost amino acids of the hairpin (see Aloop*,
Fig. S4). Furthermore, the hairpin seems to assist only the N1-glycan during ER-exit, but both
glycans during passage through the Golgi.

In summary, we have identified the first ER-export motif on soluble secretory cargo.

Consistent with previous functional studies on the transport receptor ERGIC-53, this motif
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consists of both carbohydrate and peptide determinants and is found in precise structural
analogy on two glycoproteins, both of which require functional ERGIC-53 for efficient
transport. Furthermore, for pro-catZ we unambiguously show that the same peptide loop that
confers efficient ER-export plays an additional role in lysosomal delivery. To our knowledge
this is the first example of dual interpretation of a targeting motif within the eukaryotic

secretory pathway.
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Materials and Methods

Antibodies

The following antibodies were used: mAb 9E10.2 against a c-myc epitope (ATCC CRL
1729), mAb G1/93 against human ERGIC-53 (Schweizer et al., 1988), mAb 16B12 against
the HA.11-epitope (Covance Research Products, Berkeley CA, USA) and pAb against
Chinese hamster pro-catZ (anti-catZ, (Appenzeller-Herzog et al., 2004)). For affinity
purification of anti-catZ serum, a 1:1 mix of the 2 immunogenic peptides (Fig. 1A) including
a N-terminal cysteine were coupled to thiol activated Sepharose 4B (Amersham) as described
(Kappeler et al., 1997). Crude serum was subjected to ammonium sulfate precipitation,
dialyzed against PBS and bound to the peptide column overnight. After washing with 20
volumes of PBS and 10 volumes of 10 mM Tris/HCI, pH 7.4, 500 mM NaCl, bound
antibodies were eluted sequentially with 10 volumes each of 100 mM glycine/HCI, pH 2.8
and 100 mM triethylamine, pH 11.5. ODyg peak-fractions were neutralized with Tris,
dialyzed against PBS and concentrated in a Centriplus YM-30 filter device (Millipore,
Bedford MA, USA). An antiserum against GST/catZ was produced in a rabbit.

Recombinant DNAs

Insertions or deletions in human preprocathepsin Z were generated using PCR-based splicing
by overlap extension. The 5’-end primer contained a BamHI site before the start ATG, the 3’-
end primer a Xhol site after the stop codon. The HA-epitope (YPYDVPDYA) was either
introduced downstream of the signal peptide cleavage site flanked by two glycins
(corresponding to G30) or into the propeptide region by replacing amino acids 50-58. Aloop
and Aloop* were produced as depicted in Fig. 4B using the HA-tagged cDNAs as template.
The resulting cDNAs were cloned into pcDNA 3.1 vector (Invitrogen) via BamHI and Xhol
sites. Glycosylation-site mutations (changing the codons 184 and/or 224 from AAC to CAG)
were introduced by PCR. N184Q+Aloop was generated by the QuikChange method
(Stratagene) using the Aloop-cDNA as template.

Cell culture, transfections, drug treatment, and in situ crosslinking

CHO-KI, lecl, GM and GMAA cells were cultured as descibed (Appenzeller-Herzog et al.,
2004) and transfected with FuGENE 6 (Roche). Kifunensin (100 uM / Toronto Research
Chemicals, North York, Canada) and BFA (10 pg/ml / Epicentre Technologies, Madison WI,

USA) were added 60 or 30 min, respectively, before and during the entire pulse-chase period.
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Chloroquine (Sigma) treatment (Appenzeller-Herzog et al., 2004) as well as in situ

crosslinking with DSP (Pierce, (Appenzeller et al., 1999)) have been descibed.

Metabolic labeling, immunoprecipitation, and endoglycosidase digest

Pulse-chase experiments with *°S-methionine (PerkinElmer) or *’P-orthophosphate
(Amersham) and native immunoprecpitations from cell lysates were performed as described
(Appenzeller et al., 1999; Nufer et al.,, 2003a). Secreted HA-pro-catZ was recovered by
immunoprecipitation from cell media that, after clearance by a 10 min centrifugation step
(20,000 g), had been supplemented with 1% TX-100. Immunoprecipitations using anti-catZ or
anti-GST/catZ were done after antigen denaturation (Appenzeller-Herzog et al., 2004). For
the experiments presented in Figs. 1B, 4A, 4D, S3 and S4, we used anti-ERGIC-53
immunobeads that had been chemically coupled with dimethyl pimelimidate (Sigma). For
ERGIC-53/HA sequential immunoprecipitations, crosslinked anti-ERGIC-53
immunocomplexes were released from the beads and denatured by boiling them for 10 min in
30 mM triethanoamine/HCI pH 8.1, 100 mM NaCl, 5 mM EDTA, 1.6% SDS. The resulting
supernatant was then split for direct analysis (10%) or for subsequent anti-HA
immunoprecipitation (90%) after diluting and adjusting the buffer to 2% TX-100. EndoH
(Roche) digestion of immunoprecipitates has been described (Kappeler et al., 1997). For
PNGase F digestion, immunobeads were boiled for 3 min in 100 mM NaPOa, pH 7.2, 1% B-
mercaptoethanol, 10 mM EDTA and 0.1% SDS. An equal volume of the same buffer
containing 1% TX-100 instead of SDS and protease inhibitors was added, and the samle
digested with 1 U of PNGase F (Roche) at 37°C overnight. Proteins were separated by 10%
reducing SDS-PAGE and visualized by Western blotting, phosphorimaging or fluorography
as descibed (Appenzeller-Herzog et al., 2004).
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Figure legends

Fig 1: CatZr is the Chinese hamster ortholog of pro-catZ.
(A) Sequence alignment of prepro-catZ from different species. Sequences are available
from GenBank/EMBL/DDBJ under accession numbers Q9EPP7(hamster),
QIWUU7(mouse), QI9RI1T3(rat), Q9UBR2(human), NP_491023(worm). Signal

peptides are underlined; the propeptide cleavage site is marked with a triangle;
peptides used for immunizing rabbits are boxed; identified catZr-peptides are shaded;
glycosylation sites are bold and marked with an asterisk; the two strands of the B-
hairpin loop and the S-S linkage within the loop are highlighted; the putative
phosphotransferase-binding peptide is shown in italic.

(B) GMAA cells were treated with or without DSP and subjected to anti-ERGIC-53
immunoprecipitation (IP). H-lanes: 1% of the total homogenate. Shown are Western
blots with anti-myc or affinity purified anti-catZ. Note that pro-catZ can be
crosslinked to ERGIC-53.

(C) Maturation of endogenous pro-catZ in GM and GMAA cells. The pulse(15 min)-
chase(as indicated) analysis illustrates the KKAA-ERGIC-53 induced retardation of
pro-catZ transport (fluorogram). Arrows indicate (from bottom to top) immature-,
intermediate- and mature catZ. Note that in GMAA cells the transport of catZ is

slowed and no intermediate form is generated.

Fig 2: Pro-catZ is a substrate for Golgi mannosidase 1.

(A) Pro-catZ time-course as in Fig. 1C, but in CHO cells treated with or without
kifunensin (KIF). Kifunensin ablates production of the intermediate form
(fluorogram).

(B) Same experiment as in (A) in cells pretreated with BFA. Note that BFA causes
premature mannosidase trimming of pro-catZ and inhibits its proteolytic maturation
(fluorogram).

(C) GMAA cells treated with or without kifunensin and BFA were pulsed for 3 h with
3°S-methionine, crosslinked with DSP and ERGIC-53-associated pro-catZ isolated by
anti-ERGIC-53 immunoprecipitation (fluorogram). Kifunensin-treatment prevents the

BFA-induced mobility shift.
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Fig 3: Secretion of pro-catZ differentially depends on its two N-glycan chains.

(A) CHO cells were transfected with wt or glycosylation-site mutant pro-catZ cDNAs,

(B)

pulsed for 5 min and chased for the indicated times. Intracellular and secreted pro-
catZ was recovered by anti-HA immunoprecipitation (fluorogram). c, cell lysate; m,
medium.

Analogous experiment as in (A) but using denaturing immunoprecipitation. Note that

under these experimental conditions N184Q+N224Q) is readily detectable.

Fig 4: Efficient binding of pro-catZ to ERGIC-53 requires a mixed carbohydrate/peptide

motif.

(A)

(B)

©

(D)

(E)

Crosslinking and co-immunoprecipitation of GMAA-ERGIC-53 and pro-catZ
mutants. Shown are pro-catZ bands visualized by anti-HA immunoblotting. Note that
DSP-dependent co-isolation is decreased by N184Q, but favoured by N224Q. H,
homogenate (1% input); IP, anti-ERGIC-53 immunoprecipitation.

Graphical representation of the B-hairpin loop (cyan) and the high-mannose N184-
linked glycan (yellow). Selected amino acid side chains that are likely to anchor the
adjacent oligosaccharide by hydrogen bonds and the disulfide linkage are shown. As
depicted in single letter code, mutations to eliminate the hairpin to the level of the S-
S bridge (Aloop*) or completely (Aloop) were engineered by introducing a DG-turn
(corresponding to pro-catZ turns at position 72/73, 252/253 or 282/283).

Stability and secretion of Aloop and N184Q+Aloop were assessed as in Fig. 3A
(fluorogram).

Sequential immunoprecipitation of GMAA-ERGIC-53 and recombinant pro-catZ
(2™, lower gel) after a 10 min-pulse with or without 15 min-chase and DSP-
treatment. The upper gel shows 10% of the first (anti-ERGIC-53) immunoprecipitate.
The diagram represents densitometric pro-catZ levels normalized against ERGIC-53
(recovered in the first immunoprecipitation) and expressed as percentage of wt/15
min chase (mean = SD, n = 3). Pro-catZ mutants lacking the full
carbohydrate/peptide motif characteristically show weak binding without a boost
after the chase.

Comparison of the percentage of secretion after 5 min of pulse and 1 h of chase from
GMAA versus Lecl cells. The KKAA-ERGIC-53 induced delay on the secretion of
pro-catZ mutants was recorded by fluorography and densitometric quantification.

Shown is a typical experiment (left) and the plot of GMAA delays in percent of 3
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independent experiments (mean + SD, right). Note that only in the case of wt and
N224Q the delay is statistically significantly different from zero (P < 0.05, Student’s

t test). c, cell lysate; m, medium.

Fig 5: Superposition of the hairpin loop motifs of pro-catZ and cathepsin C.
The two highlighted hepta-peptides of pro-catZ (red) and cathepsin C (orange) were
superimposed using the Swiss PDB viewer software (available at www.expasy.ch). Shown are

the peptide backbones of pro-catZ (white, PDB ID: 1DEU) and cathepsin C (CatC, gray, PDB

ID: 1K3B), the side chains of glycosylation-site asparagines 184 and 95 and the disulfide
bridge within the pro-catZ hairpin. Note that the overlay is restricted to the B-hairpin loops.
The full sequence of the cathepsin C motif is Kgx YKEEGSKVTTYCNETYy; (B-strands are

underlined, numbering according to (Turk et al., 2001)).

Fig 6: Golgi oligosaccharide processing of pro-catZ mutants.

(A) Wt and glycosylation-site mutant pro-catZ was labeled for 5 min in CHO cells and
chased for the indicated times prior to immunoprecipitation (fluorogram). Where
indicated, cells had been treated with kifunensin (KIF).

(B, D and E) Pro-catZ protein secreted from transfected CHO cells after a 5 min-pulse and

a 3 h-chase was isolated by immunoprecipitation and subjected to endoH or PNGase F

digest (fluorogram). Note that only in the presence of the loop the endoH-resistance is

limited to the N2-glycan.

(C and F) CHO cells were transfected with pro-catZ cDNAs as indicated and labeled for

18 h with **P-orthophosphate or *>S-methionine. Secreted pro-catZ was immunoisolated

from the cell media and treated with or without endoH (autoradiogram). Numbers indicate

doubly-, singly-, and non-glycosylated pro-catZ. Note in (F) that fully deglycosylated pro-
catZ is invisible and that the singly-glycosylated species carries only half of the label.

Fig 7: Aloop is not targeted to the lysosomes.

(A) Pulse(15 min)-chase(as indicated) analysis of mock (empty vector), wt- or Aloop-pro-
catZ transfected CHO cells followed by anti-GST/catZ immunoprecipitation
(fluorograms). The mature form of wt catZ is marked with a filled arrowhead. Note
that Aloop does not become proteolytically activated (empty arrowhead), but is more
extensively trimmed in the Golgi than wt (cross). Asterisk, nonspecific degradation

product; circled asterisk, non-glycosylated pro-catZ.
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(B) Analogous experiment as in (A) with chloroquine-treated cells. This drug ablates
catZ activation (arrowheads) and leads to accumulation of pro-catZ (cross).

(C) Lysosomal delivery of pro-catZ glycosylation-site mutants was assessed as in (A) and
(B). Note that only N184Q is mannosidase-modified (cross). Arrowheads, mature
catZ.
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Supplemental data

Screening of a CHO c¢DNA library

We designed two pairs of degenerate primers corresponding to the microsequenced catZr-
peptides (Appenzeller et al., 1999) for subsequent RT-PCR on total RNA from GMAA cells.
We obtained two fragments of approximately 650 and 550 bp length that were further used as
probes to screen a CHO Lambda cDNA library (Fig. S1A). On a Northern blot, both DNA-
probes revealed a single, sharp RNA-band of equal size (not shown) and we obtained several
Lambda clones containing the corresponding cDNA. Sequence analysis yielded a partial
cDNA encoding Chinese hamster prepro-catZ (Fig. 1A). The sequence information has been
deposited at NCBI (accession number: AJ303074).

Degenerate primers corresponding to the catZr peptide sequences were: Coding strand
primers 5’-TATCCTCGGCCGCARGAGTACC-3" and 5’-CAGCAYATCCCACAGTAC-3’
and the template strand primer 5’-CCCCAGGGYTCGCCCCATG-3’. Total RNA of GMAA
cells was extracted with TRIzol (Invitrogen), reverse transcibed with MMLV-reverse
transcriptase and oligo-dT (Roche) and used as a template for 2 PCR reactions with the above
primer pairs. The resulting products were [*“PJATP-labeled using a Random Primed DNA
labeling kit (Roche) and used to screen a CHO Uni-ZAP XR Lambda cDNA library
(Stratagene) according to the manufacturer’s instructions and to isolate a cDNA encoding

hamster prepro-catZ.

Fig S1: Cloning of Chinese hamster prepro-catZ

(A) Schematic representation of the cloning of Chinese hamster prepro-catZ.

(B) HA-tagged hamster pro-catZ was expressed in GM cells {Kappeler, 1997 #2} and,
after metabolic labeling with **S-methionine for 3 h, isolated by immunoprecipitation
with anti-HA (not shown) or a rabbit antiserum (immune) raised against two peptides
derived from hamster pro-catZ (Fig. 1A). In non-transfected cells a band was detected
that represents endogenous catZ after lysosomal maturation, i.e. after the proteolytic
removal of its propeptide (Fig. 1A, see also Fig. 1C). Pro-catZ is hidden by a
contaminating band that is also present in precipitates obtained with pre-immune

serum but can be removed by prior treatment of the cells with DSP (not shown).
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Fig S2: Pro-catZ release in GM cells occurs prior to Golgi mannosidase I cleavage.

GM cells treated with or without 1-deoxymannojirimycin (DMJ) and BFA were pulsed for 3 h
with *’S-methionine, crosslinked with DSP and ERGIC-53-associated pro-catZ isolated by
anti-ERGIC-53 immunoprecipitation (fluorogram). Note that 1-deoxymannojirimycin-
treatment prevents the BFA-induced mobility shift and that in untreated cells pro-catZ

dissociates from ERGIC-53 before being trimmed by Golgi mannosidase 1.

Fig S3: The distinct binding intensities of HA-pro-catZ glycosylation-site mutants to ERGIC-
53 are not a result of sterical hindrance by the HA-epitope.

Crosslinking and co-immunoprecipitation of GMAA-ERGIC-53 and alternatively tagged pro-
catZ glycosylation-site mutants (see Experimental Procedures). Shown are pro-catZ bands
visualized by anti-HA immunoblotting. Note that DSP-dependent co-isolation is decreased by
N184Q, but favoured by N224Q. H, homogenate (1% input); IP, anti-ERGIC-53

immunoprecipitation; asterisk, sample loss.

Fig S4: Aloop, but not Aloop*, affects ERGIC-53-association of pro-catZ.

Crosslinking and co-immunoprecipitation experiment as in Fig. S3 after transfection of wt-,
Aloop*- or Aloop-pro-catZ cDNA. While Aloop* is indistinguishable from wt, Aloop shows a
stronger steady-state signal (H) but still weaker binding to ERGIC-53 (IP + DSP). H,

homogenate (1% input); IP, anti-ERGIC-53 immunoprecipitation.
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The recycling mannose lectin ERGIC-53 operates as a
transport receptor by mediating efficient endoplasmic
reticulum (ER) export of some secretory glycoproteins.
Binding of cargo to ERGIC-53 in the ER requires Ca2*.
Cargo release occurs in the ERGIC, but the molecular
mechanism is unknown. Here we report efficient bind-
ing of purified ERGIC-53 to immobilized mannose at pH
7.4, the pH of the ER, but not at slightly lower pH. pH
sensitivity of the lectin was more prominent when CaZ*
concentrations were low. A conserved histidine in the
center of the carbohydrate recognition domain was re-
quired for lectin activity suggesting it may serve as a
molecular pH/Ca2" sensor. Acidification of cells inhib-
ited the association of ERGIC-53 with the known cargo
cathepsin Z-related protein and dissociation of this gly-
coprotein in the ERGIC was impaired by organelle neu-
tralization that did not impair the transport of a control
protein. The results elucidate the molecular mechanism
underlying reversible lectin/cargo interaction and es-
tablish the ERGIC as the earliest low pH site of the
secretory pathway.

After translocation into the ER,! soluble secretory proteins,
here termed cargo proteins, start their journey along the or-
ganelles of the secretory pathway. This process requires correct
folding and ongoing sorting from resident proteins of the com-
partments through which they move. The first such separation
occurs during transport from the ER to the Golgi apparatus.
The molecular nature of this sorting event has been extensively
studied and led to two models that may coexist and each apply
for a distinct subset of cargo proteins (1). According to the
bulk-flow model, ER-exit occurs by default and requires no
transport signals. Retention signals would be required for
keeping ER resident proteins in the ER and retrieval signals
would salvage those few that inadvertently escape. Conversely,
the receptor-mediated model positions the targeting informa-
tion on the cargo proteins themselves that would carry posi-
tive sorting signals for ER exit. These signals are recognized
by membrane spanning transport receptors that couple the

* This work was supported by the Swiss National Science Foundation
and the University of Basel. The costs of publication of this article were
defrayed in part by the payment of page charges. This article must
therefore be hereby marked “advertisement” in accordance with 18
U.S.C. Section 1734 solely to indicate this fact.

9 Research Director of Inserm.

| To whom correspondence should be addressed. Tel.: 41-61-267-2222;
Fax: 41-61-267-2208; E-mail: Hans-Peter.Hauri@unibas.ch.

! The abbreviations used are: ER, endoplasmic reticulum; catZr, ca-
thepsin Z-related protein; CRD, carbohydrate recognition domain; DSP,
dithiobis(succinimidylpropionate); endo D, endoglycosidase D; endo H,
endoglycosidase H; ERGIC, endoplasmic reticulum-Golgi intermediate
compartment; HIS, histidine ion sensor; mAb, monoclonal antibody;
CHO, Chinese hamster ovary; MES, 4-morpholineethanesulfonic acid.

This paper is available on line at http://www.jbc.org

cargo proteins to the cytosolic vesicle budding machinery and
cycle between the ER and post-ER compartments. Several
transport receptors have been identified in the past few
years, including ERGIC-53 (2), Emp24p (3), and Erv29p (4),
each acting as an ER export receptor for a subset of cargo
proteins.

The type I transmembrane protein ERGIC-53 is ubiquitously
expressed and constitutively cycles between ER and ER-Golgi
intermediate compartment (ERGIC) (5). In the ERGIC the
protein segregates from anterograde-directed protein traffic
and returns to the ER largely bypassing the Golgi apparatus
(6). ERGIC-53 is a lectin. In its luminal part it carries a car-
bohydrate recognition domain (CRD) with a B-sandwich-fold (7)
that shares significant sequence similarity and many struc-
tural details with the carbohydrate binding sites of plant L-
type lectins (8-10). It preferentially binds to p-mannose (11)
and recognizes protein-linked high mannose-type oligosaccha-
rides in vivo (2). The lack of functional ERGIC-53 leads to
inefficient secretion of the glycoproteins pro-cathepsin C (12)
and blood coagulation factors V and VIII (13).

Cross-linking studies have established a cathepsin Z-
related protein (catZr) as a model glycoprotein cargo for
ERGIC-53 and documented that cargo capture starts in the
ER and cargo release occurs in the ERGIC (2). Although such
a differential binding of the transport receptor to its cargo is
fundamental, the molecular nature of this process has re-
mained elusive. Based on the finding that lectin activity of
ERGIC-53 strictly depends on Ca%* (2, 11), we have specu-
lated earlier that a drop of calcium levels along the ER to
ERGIC pathway may trigger glycoprotein dissociation (5).
Indeed, an imaging approach that measures total Ca®" in
ultrathin cryosections revealed positive signals for both ER
and Golgi, but ERGIC elements remained below detection
levels (14). Nevertheless, calcium deprivation as the sole
determinant for cargo release appears unlikely, as the con-
centration gradient of free Ca?" from ER to ERGIC may be
subtle. Apart from that, a pH-driven sorting mechanism, in
analogy to the endosomal system, has been suggested based
on in vitro studies (15, 16). Organellar pH is determined by
the presence of active H" v-ATPase pumps, a 105-kDa com-
plex consisting of 13 polypeptides, and of opposed H" leak
rates (17). Whereas the progressive acidification from the ER
(pH 7.1-7.4) to the trans-Golgi network (pH 5.9-6.3) has
been established, it is still largely questioned, however, if
significant proton pumping and organelle acidification occurs
already in the early secretory pathway, i.e. the ERGIC/cis-
Golgi region (for review see Ref. 18). The evidence is rather
sketchy and includes the observations that the v-ATPase
proteolipid subunit co-fractionates with ERGIC membranes,
the v-ATPase inhibitor bafilomycin Al produces a cell-type
specific Golgi to ER retrograde transport defect, and there is
minor overlap of DAMP staining with ERGIC-53 (19, 20). The
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Fic. 1. Binding of purified ERGIC-53 to pD-mannose is acid
sensitive. A, recombinant, myc/Hiss-tagged ERGIC-53 was expressed
in COS-1 cells and purified on a Ni®* resin. Purified ERGIC-53 forms
disulfide-linked dimers and hexamers (Ref. 11 and data not shown).
Under reducing conditions, it shows a single band of 53 kDa on a
silver-stained gel. B, 50 ng of ERGIC-53 was incubated with D-mannose
Affi-Gel beads in the presence of 0.5 mMm CaCl,. Soluble (s) and bound
protein (b) was visualized by immunoblotting using anti-myc. Note that
lectin binding can be competed with free b-mannose. C, ERGIC-53 was
bound to mannose beads in buffers with gradually decreased pH
(mean *= S.D., n = 3). D, the supernatant of a binding assay at pH 6.0
(0.5 mm CaCl,) was split and one-half was neutralized with 30 mm Tris
buffer and reincubated with mannose beads. B- and s-fractions of the
first and second incubation are shown. Note that neutralization can
reactivate ERGIC-53.

notion of pre-Golgi acidification is far from being established
and requires further evidence to be proven.

By studying the lectin properties of ERGIC-53 in more detail,
we report here that low pH modulates the activity of ERGIC-53
in vitro and in vivo. The data suggest a molecular scenario un-
derlying reversible lectin inactivation that involves protonation
of a conserved histidine sensor residue and loss of Ca®". In
conjunction with our previous studies, the results establish the
ERGIC as the earliest acid compartment of the secretory
pathway.

EXPERIMENTAL PROCEDURES

Reagents—The following antibodies were used: mAb 9E10.2 against
a c-myc epitope (ATCC CRL 1729), mAb G1/93 against human
ERGIC-53 (21), and polyclonal antibody against horse fibronectin
(kindly provided by Matthias Chiquet, University of Bern). A rabbit
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Fic. 2. Acid sensitivity of ERGIC-53 is modulated by Ca?*. A,
binding of ERGIC-53 as described in the legend to Fig. 1C, but in the
presence of 5 mMm CaCl,. Under these conditions lectin activity is clearly
restored at low pH. B, mannose binding at pH 7.4, 6.5, or 6.0 in the
presence of different concentrations of CaCl,. A typical experiment and
the data of three independent experiments are shown (mean * S.D.,
n = 3).

antiserum against catZr was obtained by keyhole limpet hemocyanin-
coupled immunization of the following peptide sequences: CMADRINI-
KRKGAWPS and CKHGIPDETCNNYQA. 4-Isothiocyanatophenyl a-D-
mannopyranoside and Affi-102 beads (Bio-Rad) were used to prepare
immobilized D-mannose (22). b-Mannose and chloroquine were from
Sigma, endoglycosidase D (endo D) and monensin from Calbiochem,
and endoglycosidase H (endo H) from Roche Diagnostics. Nigericin was
kindly provided by Jean Pieters (Biozentrum, Basel).

Recombinant DNAs—myc/His; (11) was mutated using the
QuikChange method (Stratagene) and the following primers (coding
strand): D152S, 5'-CTGTGGAATGGTGTTGGAATATTTTTTTCTTCT-
TTTGACAATGATGGAAAG-3'; H175Q, 5'-GGACAAATCCAGTATGA-
CCATCAAAATGACGGGG-3'; H178Q, 5'-GGACAAATCCATTA-
TGACCAGCAAAATGACGGGG-3'.

Cell Culture, Transfections, Drug Treatment, and in Situ Cross-
linking—COS-1 cells were grown in Dulbecco’s modified Eagle’s me-
dium supplemented with 10% fetal bovine serum, 100 IU ml ™! penicil-
lin, 100 pwg ml™! streptomycin, and 1 ug ml~* amphotericin B (Sigma).
Cells were transfected using the DEAE-dextran method (23) (10 pg of
DNA/10-cm dish). CHO-KI cells and Lecl-derived stable clones (GM or
GMAA (24)) were grown in a-minimal essential medium supplemented
with 10% fetal bovine serum, 100 IU ml ! penicillin, 100 ug ml™*
streptomycin, and 1 ug ml~* amphotericin B. Chloroquine (100 uM) was
added 1 h before metabolic labeling and was present throughout the
pulse-chase period. For pH-clamp experiments, cells were incubated for
15 min at 37 °C in 10 mM HEPES, 10 mm MES (pH 6.0, 6.5, 7.0), 60 mM
NaCl, 60 mm KCI, 1.5 mm K,HPO,, 1 mm MgSO,, 2 mMm CaCl,, 10 mMm
glucose, 10 mM methionine, and 10 uM each of nigericin and monensin
(adapted from Ref. 25). AIF, was used at the following final concentra-




Fic. 3. Histidine 178 is conserved
and essential for lectin activity. A, se-
quence alignment of the CRDs of ER-
GIC-53 orthologs (ClustalW 1.82, using
default settings). Amino acid numbering
is shown for the human and rat sequence.
These sequence data are available from
GenBank™/EMBL/DDBJ under acces-
sion numbers P49257 (human), Q9TU32
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(monkey), Q62902 (rat), QIDOF3 (mouse), £1y
Q91671 (frog), QIGRI0 (tunicata), P90913
(worm), and Q9V3A8 (fly). B, structural
comparison of animal and plant L-type lec-
tins. Shown are the closely related B-sand-
wich folds of the CRD of rat ERGIC-53 (7)
and E. corallodendron lectin (ECorL (37)).
The inner concave B-sheet oriented toward
the sugar binding pocket (asterisk) is colored
in yellow. The imidazole ring of His-178 in
the mannose binding pocket is shown in red.
Note that the a-helical loop comprising His-
178 is replaced by a shorter loop in ECorLi
(red colored backbone), and that this space
instead is filled by an extended amino acid
insertion relative to the ERGIC-53 structure
(orange colored backbone). Figures were de-
signed using RasMol V2.5. C, ERGIC-53
(myc/Hisg) variants carrying the H175Q,
H178Q, or D152S mutation were purified
and probed for in vitro lectin activity in the
presence of 5 mm CaCl,. Note that only ER-
GIC-53(H175Q) specifically binds to man- c
nose beads.
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tions: 30 mMm NaF and 50 um AlCl,. In situ cross-linking with dithio-
bis(succinimidylpropionate) (DSP) (Pierce) was performed on intact
cells (2).

Mannose Binding Assay—myc/Hisg-ERGIC-53 was purified from
transiently transfected COS-1 cells solubilized in 10 mm Tris (pH 7.4),
150 mMm NaCl, 20 mMm imidazole, 1% Triton X-100. Cleared lysate
(100,000 X g, 1 h) from 10 10-cm dishes was incubated for 1 h at room
temperature with 100 ul of Ni®*"-nitrilotriacetic acid-agarose (Qiagen)
under constant agitation. The beads were washed in the same buffer.
Bound protein was eluted in 10 mMm Tris (pH 7.4), 150 mm NaCl, 0.4 m
imidazole, 0.04% Triton X-100 and dialyzed against the same buffer
lacking imidazole. Purified ERGIC-53 was shock frozen and stored in
aliquots at —80 °C. Mannose binding was performed for 4 h at 4 °C in 10
mM HEPES, 10 mm MES (pH 7.4) (or as indicated; pH was set at 4 °C),
150 mMm NacCl, 0.5 mMm CaCl,, (or as indicated), 0.04% Triton X-100 in a
volume of 100 ul using 50 ng of protein and 20 ul (dry volume) of
D-mannose beads. After removing the supernatant, beads were washed
twice with binding buffer and bound protein was eluted in 100 ul of Tris
(pH 7.4), 150 mm NaCl, 10 mm EDTA, 0.04% Triton X-100 for 5 min at
4 °C. B- and s-fractions were analyzed by Western blotting using anti-
myc and the ECL detection system (Amersham Biosciences) and quan-
tified with a ChemImager™ device and AlphaEase™ software (Alpha
Inotech Corporation).

Pulse-Chase Experiments, Immunoprecipitation, and Endoglycosi-
dase Digest—Cells were labeled with [**S]methionine, chased in a-min-
imal essential medium containing 10 mM unlabeled methionine, and
subjected to immunoprecipitation (26) using mAb G1/93 or polyclonal
antibody against fibronectin and protein A-Sepharose (Amersham Bio-
sciences). Immunoprecipitation of intracellular catZr was performed
after antigen denaturation at 95 °C in 30 mM triethanoamine/HCI (pH
8.1), 100 mM NaCl, 5 mm EDTA containing 1.6% SDS followed by
addition of an excess of Triton X-100 (2% final concentration) in the
same buffer. Secreted catZr was methanol-chloroform precipitated (27)

and then subjected to the same procedure. Where indicated, cells were
treated with DSP prior to solubilization, or immunoprecipitates were di-
gested with endo D or endo H as previously described (24). Gels were
analyzed and quantified on a STORM 820 PhosphorImager (Amersham
Biosciences) or by fluorography.

Immunofluorescence Microscopy—GM-Lecl cells were cultured in
8-well multichamber Permanox slides (Milian, Plan-les-Ouates, Swit-
zerland), fixed with 3% paraformaldehyde, permeabilized with phos-
phate-buffered saline, 0.1% saponin, and processed for indirect immu-
nofluorescence using mAb G1/93 and GAM IgG(H+L)-Alexa Fluor 488
(Molecular Probes, Leiden, Netherlands). Confocal laser scanning im-
ages were acquired on a Leica microscope (TCS NT) with a 63X objec-
tive (NA 1.32).

RESULTS

Lectin Activity of ERGIC-53 Is Modulated by pH and
Ca®"™—To gain insight into the molecular mechanism of the
ERGIC-53/cargo interaction, we designed an in vitro lectin
assay. Full-length oligomeric ERGIC-53 carrying a NH,-termi-
nal myc epitope and a Hisg tag at the C terminus (myc/Hisg
(11)) was purified from COS-1 cells (Fig. 1A) and incubated
with immobilized D-mannose in the presence of 0.5 mm CaCl,,.
Bound and unbound protein was visualized by immunoblotting
using anti-myc. Binding of 50 ng of protein was complete,
required Ca%*, and could be competed with 0.2 M free p-man-
nose (Fig. 1B), indicating specificity.

This assay was used to further study the lectin properties of
ERGIC-53. First, we tested the possibility that mannose bind-
ing was sensitive to acid. To this end, binding experiments
were performed in buffers of pH 7.4, corresponding to the pH of
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Fic. 4. Intracellular binding of ERGIC-53 to a glycoprotein
substrate is impaired by acidification of cells. Upper panel, Lecl
cells stably expressing GMAA-ERGIC-53 were labeled with [**S]methi-
onine for 2 h, pH clamped as indicated, cross-linked by DSP in the
presence or absence of 0.2 mM chloroquine, and subjected to immuno-
precipitation with anti-ERGIC-53. Two different exposures of the same
gel are shown for GMAA-ERGIC-53 and catZr. Lower panel, quantifi-
cation of cross-linked catZr (bars) and cross-linking efficiency (lines), i.e.
DSP-“cap” on ERGIC-53 bands both normalized against total ERGIC-53
(mean + S.D., n = 3). Levels of control cells with pH clamp 7.0 were set
to 100%. The decrease of catZr signals is statistically significant, vari-
ations in cross-linking efficiency are not (p < 0.05, Student’s ¢ test).

the ER (18), down to pH 6.0. Fig. 1C shows that the fraction of
active ERGIC-53 was gradually reduced to 13 + 6% at pH 6.0.
Inactivation by pH 6.0 treatment could be readily reversed by
neutralization (Fig. 1D). Interestingly, the sensitivity of the
lectin to low pH was linked to Ca®* as it was completely
suppressed if [Ca*] was raised to 5 mm (Fig. 2A). In a next set
of experiments the binding of ERGIC-53 was assayed at con-
stant pH over a range of [Ca®"] (Fig. 2B). Half-maximal bind-
ing was observed in the presence of 150 um Ca®* at pH 7.4, 230
uM Ca?" at pH 6.5, and 800 um Ca?" at pH 6.0. We conclude
that pH sensitivity of ERGIC-53 is at least in part because of
pH-induced changes in Ca®" affinity raising the possibility that
pH sensing and Ca?* complexation may be mediated by the
same amino acid(s).

Histidine 178 Has the Hallmarks of a Molecular pH Sen-
sor—In search of the molecular mechanism underlying acid
sensitivity we scanned the CRD of ERGIC-53 for potentially
titratable residues. Histidine is the only basic amino acid that
can be considerably protonated in moderately acidic solutions
as used above. His-178 is both conserved in ERGIC-53 or-
thologs and positioned in a characteristic a-helix in the active
site of ERGIC-53 (Fig. 3, A and B (7)). To mimic and freeze the
unprotonated state, His-178 was mutated to glutamine and the
mutant lectin purified. According to our expectations, H178Q
would abrogate or at least reduce pH sensitivity of mannose
binding. However, we found ERGIC-53(H178Q) to be inactive
(Fig. 3C). In contrast, mutating the non-conserved His-175 only
minimally affected the binding. Taken together with the cen-
tral position in the CRD, the fact that a neutral mutation of
His-178 inactivates lectin function indicates that this residue

Acid-induced Sorting in the ERGIC

may be directly involved in mannose binding or, more likely,
Ca?* complexation (see Fig. 2B). To further support this idea,
we probed the mannose binding of a Ca?*-binding mutant
(D152S) that was designed on the basis of the close homology of
ERGIC-53 and plant lectins (8, 28). As expected, D152S abro-
gated lectin activity comparable with H178Q (Fig. 3C), consist-
ent with a role of His-178 in Ca?* binding. These findings
support the notion that His-178 serves as a molecular pH
sensor of ERGIC-53. We call the a-helical loop comprising
His-178 the histidine ion sensor (HIS)-loop.
ERGIC-53/Glycoprotein Association Is Sensitive to Acidic
pH—Does the binding of ERGIC-53 to a known glycoprotein
ligand also depend on neutral pH? We studied intracellular
binding of catZr to ERGIC-53 by in situ cross-linking (2) in cells
that had been subjected to a pH-clamp procedure. pH clamping
adapts all cellular compartments to the pH of the applied
buffer, irrespective of organelle-specific ion concentrations and
permeabilities (25). Because this procedure perturbs transport
along the biosynthetic pathway (18),2 we made use of GMAA
cells that stably express a transport-impaired ERGIC-53 mu-
tant that is restricted to the ER (24), but still efficiently cross-
links to catZr by DSP (2). This cross-linker covalently links the
two proteins and after reductive cleavage slightly increases
their apparent molecular mass. We chose to assess the effect of
pH 6.5 and 6.0 treatment in relation to neutral pH taking into
account pK_ (His) of ~6.5. Because chemical coupling of amino
groups by DSP works poorly below pH 7, the cells were cross-
linked at pH 7.4 after metabolic labeling with [33S]methionine
and pH clamping. ERGIC-53 immunoprecipitates were then
analyzed by SDS-PAGE and phosphorimaging. Cross-linking
efficiency, as determined by quantification of the DSP-induced
gel-mobility shift of GMAA-ERGIC-53 (Fig. 4, compare lane 1
to other lanes), only minimally changed upon acid treatment
indicating that incubation at neutral pH after the pH clamp
allowed the cells to re-establish neutral ER pH (Fig. 4, lanes
2-4, GMAA-ERGIC-53). To confirm this, neutralization during
cross-linking was imposed by inclusion of the lysosomotropic
agent chloroquine that is known to raise intraorganellar pH
within seconds (18). As shown in the lower panel of Fig. 4 (DSP
control/chloroquine), the variations in cross-linking efficiency
with or without addition of chloroquine remained statistically
insignificant. The amount of the catZr-doublet (2) cross-linked
to GMAA-ERGIC-53 on the other hand was significantly re-
duced with decreasing pH (Fig. 4, lanes 2-4, catZr). During the
cross-linking procedure at neutral pH some reassociation may
occur, but this process seems to be slow at 4 °C in the viscous
environment of the ER lumen. Consistent with this, binding of
catZr to ERGIC-53 after acidic pH clamping was only partially
restored if cross-linking was performed in the presence of chlo-
roquine (Fig. 4, lanes 5-7, catZr). Because pH-induced misfold-
ing of catZr, a predicted lysosomal enzyme, is unlikely, we
conclude that an artificially applied acidic pH in the lumen of
the ER drives dissociation of catZr from ERGIC-53.
Neutralization of the ERGIC Inhibits Cargo Release—We
wondered if pH-driven glycoprotein dissociation from ER-
GIC-53 also occurs in living cells without acidic manipulation.
Our previous studies have localized the site of catZr cargo
release from ERGIC-53 to the ERGIC (2). If indeed an endog-
enous acidification mechanism of the ERGIC is the driving
force for the dissociation, we expect that neutralization of the
intra-organellar pH would delay this process. We chose to use
the dibasic compound chloroquine that elevates the pH within
acidic organelles by a weak base mechanism at micromolar
concentrations (minimizing osmotic swelling) and by the lack of

2 C. Appenzeller-Herzog and H.-P. Hauri, unpublished observations.
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Fic. 5. ERGIC-53 recycling is not impaired by chloroquine treatment. A, GM-Lec1 cells were pulsed for 20 min with [**S]methionine and
chased as indicated. Immunoprecipitated ERGIC-53 was probed for endo D sensitivity and analyzed on 7-10% gradient gels. Where indicated,
chloroquine was added to the culture medium. Asterisk, endogenous non-glycosylated ERGIC-53. Control and chloroquine kinetics are statistically
indistinguishable (n = 3, p > 0.1, Student’s ¢ test). B-G, immunofluorescence localization of ERGIC-53 in GM-Lecl cells treated with AlF, as
indicated. For organelle neutralization, chloroquine was added 1 h before AIF, and was present until fixation. Note that AlIF, reversibly

concentrates ERGIC-53 to the Golgi area irrespective of the presence or absence of chloroquine. Bar, 10 um.
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Fic. 6. Dissociation of glycoprotein cargo from ERGIC-53 is delayed upon organelle neutralization. A, pulse-chase analysis of catZr
release. GM cells were pulsed for 10 min and chased as indicated with or without addition of chloroquine. After DSP treatment, ERGIC-53 was
immunoprecipitated and co-precipitated catZr was analyzed by phosphorimaging. The diagram shows the decrease of catZr signals normalized
against ERGIC-53 and expressed as percentage of the value after 30 min of chase (mean = S.D., n = 3; Student’s ¢ test for chloroquine versus
control at time points 60, 90, and 120: p < 0.02, p < 0.01, and p < 0.02). B, maturation of catZr in the presence or absence of chloroquine as seen
with a pulse (15 min)-chase experiment. P, proform; m, mature form. C, secretion time course of pulse-labeled (15 min) catZr from control- and
chloroquine-treated GM cells. D, CHO-KI cells were metabolically labeled for 20 min and chased for the indicated times. Fibronectin (FNN)
immunoprecipitates were treated with or without endo H and resolved on a 4-10% gradient gel. Quantification of three independent experiments

is shown (mean *= S.D.).

primary amino groups does not interfere with DSP cross-link-
ing (see above).

To verify that such organelle neutralization does not gener-
ally affect membrane traffic in the early secretory pathway,
which would lead to misinterpretations, we assayed the recy-
cling of ERGIC-53 by two different methods. First, pulse-chase
experiments were performed in the presence or absence of 100
uM chloroquine using CHO-KI-derived GM-Lecl cells (24), and
immunoprecipitated ERGIC-53 was probed for sensitivity to
endo D. Lecl cells lack the Golgi enzyme N-acetylglucosamine
transferase I, and as a consequence N-glycosylated proteins,
upon passage through the cis-Golgi, become and remain endo
D-sensitive by the action of Golgi mannosidase 1. As the major

recycling route of ERGIC-53 largely bypasses the cis-Golgi (6),
the acquisition of endo D sensitivity is a slow process (24) and
an exact measure of ERGIC-53 trafficking. Fig. 5A shows that
chloroquine treatment does not slow down the recycling of
glycosylated ERGIC-53. As a second read-out for recycling, we
studied the localization of ERGIC-53 by immunofluorescence
microscopy in GM-Lec1 cells that had been treated with AlF, .
This drug accumulates recycling proteins in the ERGIC in a
reversible manner (24). Very much like in control cells, in cells
pretreated with chloroquine, ERGIC-53 was concentrated in a
juxtanuclear area and the reticular ER fluorescence dimin-
ished after AlF, treatment (Fig. 5, C and F). After AIF, wash-
out, these effects were reversed in both neutralized and control
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cells (Fig. 5, D and G). These results suggest that recycling
kinetics of ERGIC-53 as well as morphology of the ER-Golgi
interface remain undisturbed in the presence of chloroquine.
Therefore, we used chloroquine to study the role of luminal
pH in the kinetics of catZr release from ERGIC-53. It has been
shown that cargo binding by ERGIC-53 persists as far as to the
ERGIC, where dissociation takes place (2). To measure the rate
of catZr dissociation, GM-Lecl cells were pulse-labeled with
[3°S]methionine and chased for the indicated times with or
without addition of chloroquine. After cross-linking the amount
of catZr co-immunoprecipitated with anti-ERGIC-53 was ana-
lyzed. Chloroquine indeed delayed the release of catZr (Fig.
6A). We reasoned that this observation could reflect: (i) en-
hanced cross-linking in the presence of chloroquine; (i) an
unspecific block in secretion that would slow down transport of
catZr at the level of ER exit, possibly followed by its degrada-
tion; or (iii) impaired dissociation from ERGIC-53 in the ER-
GIC. An effect of chloroquine on the efficiency of DSP treat-
ment can be excluded (Fig. 4 and 30 min chase in Fig. 6A). To
test the second possibility we performed a pulse-chase analysis
in GM-Lec] cells with an antiserum that specifically recognizes
catZr.2 As shown in Fig. 6B, in untreated cells, catZr gradually
converted from the proform to the mature enzyme indicating
its targeting to the lysosomal pathway. In contrast, upon treat-
ment with chloroquine, catZr remained unprocessed and the
proform persisted slightly longer, which is consistent with its
slower transit through the early secretory pathway. Further-
more, we analyzed the appearance of the metabolically labeled,
unprocessed catZr-proenzyme in the culture medium from chlo-
roquine-treated or control cells. Regardless of neutralization
the cells secreted catZr (Fig. 6C). In chloroquine-treated cells
the inhibition of intracellular maturation (Fig. 6B), which may
arise from the impaired function of acid hydrolases and/or from
transport defects, caused hypersecretion of catZr, a phenome-
non known for lysosomal proteins. This renders it impossible to
quantitatively compare the rate of secretion with or without
neutralization and most likely accounts for the seeming para-
dox of retention in the ERGIC versus enhanced secretion of
catZr. Collectively, these findings demonstrate that chloro-
quine neither initiates the degradation nor blocks the secretion
of catZr, but causes some setback in its early transport through
the secretory pathway. To discriminate whether under these
conditions secretory transport is generally affected or if this
delay is specific for catZr, we sought to measure the transport
of an independent secretory marker. To this end, we examined
glycosylation modifications on fibronectin, a ubiquitous compo-
nent of the extracellular matrix. Because we failed to detect the
accumulation of endo D-sensitive fibronectin in GM-Lecl cells
(data not shown), we used endo H and wt CHO-KI cells. Con-
trary to Lecl cells, fibronectin secreted from this cell line was
resistant to endo H as expected (data not shown). To study ER
to medial-Golgi transport of fibronectin we performed pulse-
chase/endo H experiments and assessed the acquisition of endo
H resistance. Fig. 6D shows that intracellular fibronectin was
readily lost with or without chloroquine and that this drug did
not slow down fibronectin trafficking from the ER to the medi-
al-Golgi. We conclude that chloroquine treatment specifically
retards the dissociation of catZr from ERGIC-53 indicating that
pH-induced conversion of the lectin domain of ERGIC-53 in the
ERGIC contributes to efficient release of its glycoprotein cargo.

DISCUSSION

In this study we have uncovered the molecular mechanism of
reversible lectin binding of ERGIC-53 to its substrates. Subtle
pH changes inactivate and reactivate the CRD of ERGIC-53 in
vitro and in vivo. We propose a model for cargo release by
pH-induced loss of Ca®* (Fig. 7). Ca®>"-complexed ERGIC-53

Acid-induced Sorting in the ERGIC

ER ERGIC

~ acidification

!7 CRD CRD
\ ® .
MBP v
e S q « fer
HiS-loop

L H
HiS-loop * 2]

Fic. 7. Model for cargo release by pH-induced loss of Ca®*.
Upon arrival in the ERGIC, His-178 in the HIS-loop of ERGIC-53 is
protonated because of lowered luminal pH (1) leading to the loss of one
(or more) Ca?* (2). Loss of Ca®" as a cofactor inactivates the mannose
binding pocket (3) and triggers cargo release. MBP, mannose binding
pocket.

binds cargo in the ER at neutral pH. Upon arrival in the
ERGIC, His-178 is protonated because of lowered luminal pH
and Ca?" is lost. Because Ca?" is required for the lectin activity
of ERGIC-53 (Refs. 2 and 11, and this study), its loss leads to
the inactivation of the mannose binding pocket resulting in the
release of glycoprotein cargo. Subsequently, the transport re-
ceptor is recycled back to the ER, where, with a deprotonated
and reactivated CRD, it can start a new round of cargo capture.
Interestingly, a similar mechanism has been reported for C-
type lectins, such as asialoglycoprotein receptor, and their gly-
coprotein cargo upon endocytosis from the plasma membrane
(29, 30). In that case, however, the acidification ranges from
extracellular pH 7.3 to endosomal pH 5.4 and, as a conse-
quence, pH sensing by the asialoglycoprotein receptor can be
achieved by a cluster of amino acids that includes an aspartic
acid and an arginine residue (31). It is important to note that
the [CaZ ] range we found to allow pH-sensitive mannose bind-
ing of ERGIC-53 (Fig. 2B) corresponds well to physiological
Ca®* levels in the ER (32). Accordingly, a mechanism that
maintains lower levels of free Ca®" in the ERGIC would further
promote pH-induced loss of Ca%?* on ERGIC-53 and thereby
contribute to efficient cargo release in a moderately acidic
milieu. In quantitative terms, still 89 = 4% binding would
occur in the presence of 0.5 mm Ca®?* assuming a pHggrgic of
6.5. A more prominent decrease in the fraction of active ER-
GIC-53 at that pH (25 * 12%), however, would be seen, if
[Ca®*]graic came to 0.2 mM (Figs. 1 and 2). Such thinking does
not only demonstrate how the potentiation of these two param-
eters, pH and [Ca®"], can fully describe the molecular process
of cargo dissociation, but also provides the theoretical basis for
our observation, that elevating solely the pH of the ERGIC
leads to a relatively moderate defect (80 = 2% binding at pH
7.4, 0.2 mum [Ca?']) in glycoprotein release (Fig. 6A). Although
high concentrations of free Ca®* have been measured within
both the ER (~0.4 mm) and the Golgi (~0.3 mMm) (32—-34), we are
still lacking quantitative records of [Ca®*|gzraic. The in vivo
demonstration of differential Ca®" regulation along the secre-
tory pathway will be one of our challenges in the future.

The presented model implies a molecular link between pH
sensing and Ca?* complexation. Indeed, our in vitro mannose
binding studies indicated a modulation in the affinity of ER-
GIC-53 to Ca2" ions in a slightly acidified environment (Fig.
2B). Furthermore, we identified His-178 to be essential for
lectin activity, presumably in its deprotonated state. Gluta-
mine cannot mimic the function of His-178, suggesting that
this amino acid may be part of a precise ligand binding pocket.
These findings led us to propose that the pH sensor residue
His-178, directly or indirectly, is involved in Ca?* binding, and
that its protonation would trigger loss of the cation by a repul-
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sive interaction (Fig. 7). Whether such a mechanism would
involve one or more Ca2" ions is not known. It is worth noting
that the closely related lectin Vip36 has been shown to bind two
CaZ* jons (35). Co-crystallization of ERGIC-53 with Ca®" and a
sugar ligand will help to address this issue and verify our
prediction. In the calcium-free crystal structure of ERGIC-53
(7) His-178 is located in an a-helical loop next to the mannose
binding site that we termed the HIS-loop. It must be empha-
sized that in the crystal, notably the central metal/sugar bind-
ing loop C (36), was disordered in the absence of Ca®" (7).
Hence, the structure presented in Fig. 3B might resemble the
inactive form of the CRD with protonated His-178 and the
conformation of the HIS-loop in the presence of CaZ' may
significantly differ. Moreover, we illustrate in Fig. 3B that
the HIS-loop is characteristic for the animal L-type lectin
ERGIC-53 and may functionally replace the B loop (Ref. 36,
shown in orange) of the plant L-type lectin family (represented
here by Erythrina corallodendron lectin (37), for alignments
see Ref. 28).2 Consequently, although His-178 is conserved
among animal L-type lectins, leguminous lectins as well as
yeast homologues of ERGIC-53 lack a central histidine sensor
suggesting that these proteins perform functions unrelated to
those known for ERGIC-53.

By which mechanism and in which compartment of the se-
cretory pathway v-ATPase starts H" pumping and, as a con-
sequence, organelle acidification occurs, is still a matter of
debate (18). Herein, we have used the weak base chloroquine
that elevates the pH within acidic compartments. This treat-
ment delays the dissociation of catZr from ERGIC-53 indicating
that the site of cargo release, the ERGIC, is acidified and serves
as a target for neutralizing agents. Importantly, we have found
that catZr is not nonspecifically trapped in the ER in chloro-
quine-treated cells. Additionally, we demonstrated that this
drug neither generally affects the secretory transport from the
ER to the medial-Golgi nor retards the recycling pathway of
ERGIC-53. The latter observation stands in sharp contrast to a
study that concluded that pre-Golgi acidification by v-ATPase
is required for retrograde transport to the ER (20). Using the
v-ATPase inhibitor bafilomycin Al the authors showed tubula-
tion of the ERGIC, redistribution of B-COP, and some retarda-
tion of brefeldin A-stimulated retrograde transport of Golgi
mannosidase II that seems to be highly cell type-specific (18).
In the light of our quantitative recycling studies in the presence
of chloroquine (Fig. 5A), however, it appears likely that these
observations were not a result of organelle neutralization but
rather because of other effects caused by bafilomycin Al treat-
ment (18). Although the staining pattern of ERGIC-53 showed
some minor overlap with acidic compartments that were
trapped (and neutralized) with the weak base DAMP, consist-
ent with our chloroquine experiments (Fig. 5B), no tubulation
phenotype was seen in these cells and the obvious negative
control using bafilomycin Al was omitted (20). Other sugges-
tions in the literature for an acidification mechanism of the
ERGIC or early Golgi were deduced from pH-dependent in vitro
processes such as the binding of ADP-ribosylation factor to
microsomes (38), the dissociation of RAP from LDL receptor-
related protein (15), and the binding of KDEL peptides to
KDEL receptor (16). None of these pH dependences, however,
could be (i) demonstrated in situ or (ii) attributed to the action
of titratable sensor amino acids. Finally, a proteolytic pre-Golgi
event that remained unclassified appeared to depend on or-

3 After submission of this manuscript, Velloso and colleagues (45)
published the crystal structure of ERGIC-53 in complex with Ca®*.
His-178 complexes one of the two calcium ions by its N6-1 atom via a
water molecule, whereas Ne-2 may be directly involved in ligand bind-
ing. The side chain of Asp-152 directly coordinates the same Ca®*.
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ganelle acidification (39, 40). The data presented here, how-
ever, combine the in vitro characterization of a pH-driven mo-
lecular mechanism with the documentation of its in vivo
relevance and thus, to our knowledge, add the highest level of
evidence for pre-Golgi acidification. As targeting of a pH probe
(25, 41) exclusively to the ERGIC is impossible because of the
lack of a marker protein that does not recycle through the ER,
a reliable measurement of pHygggic has never been reported
and may hardly be expected. Even so, the conclusions pre-
sented herein are of particular biomedical interest given the
fact that multiple diseases including cystic fibrosis (42) and
Alzheimer’s disease (43) have been associated with molecular
processes in the ERGIC.

Loss of ERGIC-53 expression in humans causes combined
deficiency of coagulation factors V and VIII (13). A recent study
has revealed a second protein implicated in this disease,
MCFD2, an EF-hand protein that co-purifies with ERGIC-53 in
a Ca?*-dependent way (44). Our data show that ERGIC-53
purified in the absence of Ca®>" (see “Experimental Proce-
dures”) or from Ca2+-depleted cells (data not shown) still effi-
ciently binds mannose upon readdition of Ca®*. Thus, this
activity appears to be independent on complex formation with
accessory proteins. The requirement for MCFD2 may be re-
stricted to specific substrates such as coagulation factors V and
VIII and the molecular role of this protein remains to be char-
acterized. In summary, our study provides evidence that the
function of ERGIC-53 as a transport lectin is determined by
molecular switches in its substrate binding site itself that are
triggered by changes in the ion composition between subcellu-
lar compartments involving pH and, presumably, calcium.
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MEASURING FREE CALCIUM IN THE ERGIC 80

A green fluorescent protein-based approach to
measure free calcium in the ER-Golgi intermediate

compartment

Christian Appenzeller-Herzog and Hans-Peter Hauri

Summary

In the ER-Golgi intermediate compartment (ERGIC) anterograde protein traffic segregates
from the recycling transport machinery of the early secretory pathway. This process includes
physical dissociation of specific cargo proteins from their ER-export receptors. Although
sorting is thought to result in part from changes in calcium concentration along the ER-to-
ERGIC pathway, the ion composition of the ERGIC is not known. Here, we present a possible
approach to measure [Ca* Jgraic in vivo using a chimeric reporter protein targeted to this
compartment. An inert variant of the ER-Golgi SNARE Sec22b, that does not interfere with
the endogenous SNARE machinery, was engineered and fused to the green fluorescent
protein-based calcium-indicator yellow cameleon. The fusion protein is shown to dynamically
localize to the ERGIC and to provide an ideal tool for future fluorescence resonance energy

transfer-calcium measurements within the ERGIC.
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Introduction

Protein traffic from the ER to the Golgi involves the vesiculo tubular clusters of the ER-Golgi
intermediate compartment (ERGIC). While the morphological mechanisms underlying the
transport from ER-exit site to ERGIC and from ERGIC to Golgi are still a matter of debate
(Ben-Tekaya et al., 2004; Mironov et al., 2003), the functionality of the ERGIC is less
disputed. It acts as a protein sorting station. Several investigators have localized the
segregation of anterograde-directed- from recycling protein flow to the ERGIC (Appenzeller
et al., 1999; Aridor et al., 1995; Ben-Tekaya et al., 2004; Bu et al., 1995; Klumperman et al.,
1998; Martinez-Menarguez et al., 1999; Shima et al.,, 1999), demonstrating that this
compartment functions as a major crossroad of the biosynthetic protein traffic. In the case of
cargo proteins that have been bound to a recycling transport receptor for selective ER-exit,
sorting in the ERGIC requires receptor-cargo dissociation. Insofar, the functionality of the
ERGIC may be best compared to that of the early endosome, a sorting station for endocytosed
receptor-cargo complexes.

One of the determinants eliciting protein release in the ERGIC is luminal acidification.
This is perhaps best exemplified by functional studies on the transport receptor ERGIC-53
that looses its affinity for cargo molecules as soon as a histidine sensor residue has been
protonated in the acidified ERGIC (Appenzeller-Herzog et al., 2004). Binding of ERGIC-53
to its substrates requires calcium (Appenzeller et al., 1999; Itin et al., 1996). Interestingly, in
vitro studies revealed that pH-sensitivity of ERGIC-53 was increased, when calcium
concentrations were low (Appenzeller-Herzog et al., 2004). Accordingly, a mechanism that
maintains lower calcium levels in the ERGIC would promote pH-induced cargo release.

While both the ER (Barrero et al., 1997; Miyawaki et al., 1997) and the Golgi
(Griesbeck et al., 2001; Pinton et al., 1998) account for high-capacity storage of intracellular
calcium, we are still lacking quantitative records of [Ca* Jgraic. Of note, an imaging approach
that measures fotal calcium in ultrathin cryosections revealed positive signals for both ER and
Golgi, but ERGIC elements remained below detection level (Pezzati et al., 1997). This drop in
total calcium from ER to ERGIC may hint at, but does not prove an analogous concentration
gradient of free calcium ([Ca*"]iee), which is the physiologically relevant term for calcium-
dependent processes. [(3&12+]free integrates the rate of calcium pumping, the rate of calcium
leakage and the calcium buffering capacity of a given compartment. Calcium housekeeping
has been studied in detail for the ER (Meldolesi and Pozzan, 1998a; 1998b). Concerning the

ERGIC, however, little is known regarding these mechanisms. The evidence of cell
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fractionation experiments was taken to propose the presence of sarco-endoplasmic reticulum
Ca”**-ATPase (SERCA) pumps in the ERGIC (Ying et al., 2002). Furthermore, the abundant
and high-affinity Ca*"-binding protein CALNUC, that in conjunction with SERCA and IP;-
receptor is involved in the formation of Golgi Ca*"-stores (Lin et al., 1999), has been found to
accumulate within the perinuclear ERGIC by immunoelectron microscopy (Lin et al., 1998).
Several tools have been developed to quantitatively assess organellar [C32+]free. These
are synthetic dyes trapped into organelles or else genetically encoded probes that can be
targeted by way of standard molecular biology methods (Rudolf et al., 2003). The latter
include the cameleons (Demaurex and Frieden, 2003; Miyawaki et al., 1997), which rely on
the fluorescence resonance energy transfer (FRET) between two GFP mutants of different
colors that can be quantified and calibrated into [Ca2+]free. Here, we describe the targeting of
cameleon probes to the lumen of the ERGIC by means of attaching them to the
transmembrane protein Sec22b. The resulting fusion protein proves to be a promising probe

for in vivo measurements of [Ca”* ] in the ERGIC.
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Results and Discussion

To target the Ca*"-sensor protein yellow cameleon (Miyawaki et al., 1997) to the ERGIC, we
added the C-terminally membrane-anchored protein Sec22b as a N-terminal targeting moiety.
Sec22b (Hay et al., 1998) as well as a Sec22b-GFP fusion protein (Chao et al., 1999) have
been shown to accumulate in ERGIC membranes, while continuously cycling between ER
and ERGIC. The protein belongs to the SNARE familiy and accounts for membrane fusion
events at the ER-Golgi interface (Zhang et al., 1999) by the regulated assembly with other
(“cognate”) SNARE proteins (for review see: (Chen and Scheller, 2001)). Ectopic expression
of Sec22b in tissue culture, however, has been shown to interfere with the localization of
endogenous ER-Golgi SNAREs including Syntaxin 5 (Hay et al., 1997), indicating some
general disturbance of the early secretory pathway. To avoid these unwanted dominant
trafficking effects, we sought to express a rationally designed, functionally impaired form of
Sec22b attached to YC.

The interaction between cognate SNAREs is mediated by the membrane-proximal
SNARE-domains. These domains characteristically associate in a tetrameric coiled-coil
(Burkhard et al., 2001), the structure of which has been resolved for the synaptic SNARE
complex (Sutton et al., 1998). Interestingly, the main structural features (derived from protein
sequence), including an ionic middle layer consisting of an arginine and three glutamine
residues each provided by one of the four a-helices, are highly conserved among related
SNARE complexes. This led to the reclassification of the SNARE proteins into R-SNARESs,
such as Sec22b, and Q-SNAREs (Fasshauer et al., 1998). R to G mutation in this ionic layer
abolished in vitro binding of yeast Sec22b to a cognate SNARE in the presence of detergent
(Sacher et al., 1997), but showed only minor effects, if any, in a co-immunoprecipitation
experiment (not shown), which is in line with genetic and biochemical data on the yeast
exocytic SNARE complex (Katz and Brennwald, 2000; Ossig et al., 2000). Therefore, we
introduced an additional mutation in a neighbouring, apolar layer to generate the double
mutant R159G/L166E (Fig. 1).

To test for the contribution of HA-tagged variants of wt Sec22b or R159G/L166E (see
Experimental Procedures) into endogenous SNARE complexes, we transiently expressed
these variants in HepG2 cells followed by indirect double immunofluorescence using anti-HA
and anti-syntaxin 5. As shown in Fig. 2A-C, exogenous Sec22b induced expression level-
dependent relocalization of Syntaxin 5, thus confirming previous observations (Hay et al.,

1997). Conversely, R159G/L166E expression did not alter Syntaxin 5 trafficking despite the
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colocalization of the two markers in the Golgi region (Fig. 2D-F), suggesting that the
mutations in the SNARE domain efficiently disturbed coiled-coil formation with the
endogenous SNARE machinery. To verify this, we performed a co-immunoprecipitation
experiment. HepG2 cells transiently expressing wt or coiled-coil impaired Sec22b constructs
were subjected to anti-HA immunoprecipitation and subsequent Western blotting with anti-
syntaxin 5. Expression levels of the recombinant Sec22b variants were equal (not shown). As
expected, the two isoforms of Syntaxin 5 (Hui et al., 1997) were present in wt-, but absent
from mock- or R159G/L166E-immunoprecipitates (Fig. 3).

The finding that R159G/L166E was excluded from endogenous SNARE complexes,
but was still correctly targeted to the early secretory pathway (Fig. 2 and see below) turned
this mutant into an ideal, inert, and monomeric ERGIC-targeting tag for FRET-probes.
Furthermore, it revealed that the dynamic localization of Sec22b does not depend on its ability
to interact with cognate SNARE partners. Interestingly, the same has been observed for the
ER-Golgi SNARE rbetl, whereas the targeting information could be specified to the SNARE
domain (Joglekar et al., 2003). Unlike rbetl, Sec22b contains an independent N-terminal
domain that is thought to interact with the SNARE domain in a folded back conformation and
to exert an autoinhibitory effect (Gonzalez et al., 2001; Tochio et al., 2001). Although the data
suggest that the cytosolic domain as a whole mediates the correct localization of Sec22b, the
precise transport signals presented to the vesicle budding machinery (Miller et al., 2003;
Mossessova et al., 2003; Rein et al., 2002) remain to be analyzed. In addition, targeting
information may also be comprised within its transmembrane domain, as is the case for
syntaxin 5 (Banfield et al., 1994).

With the aim to measure [Ca%]free in the ERGIC, the following cDNAs encoding
medium-affinity (YC3) and low-affinity (YC4) Ca2+—probes (Miyawaki et al., 1997) were
synthesized:  Sec22b(R159G/L166E)-YC3  (YC3ergic), Sec22b(R159G/L166E)-YC4
(YC4ergic), and YC3ergic/Y C4ergic carrying the citrine mutations V68L/Q69M in the EYFP
moiety (YC3°“ergic and YC4°itergic) to reduce the sensitivity to acid (Griesbeck et al., 2001).
The intracellular targeting of these probes was assessed in HepG2 cells. To this end, cells
were transfected with the different YCergic cDNAs, fixed and stained with anti-ERGIC-53 to
compare YC-fluorescence with the staining of the ERGIC-marker protein ERGIC-53. The
fluorescence pattern of all YCergic-probes was indistiguishable (not shown). As exemplified
with YC3ergic (Fig. 4A), they were concentrated in peripheral spots as well as in the
perinuclear Golgi region, which corresponded to peripheral and perinuclear ERGIC clusters

(Klumperman et al., 1998) as revealed by colocalization with ERGIC-53. Notably, the ER-
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staining by anti-ERGIC-53 was far more prominent than with YC, indicating efficient post-
ER concentration of the Ca®"-probe. Likewise, the YCergic- and the reticular YCer-pattern
(Miyawaki et al., 1997) were apparently different in HepG2 cells (not shown). To find out,
whether YCergic, like Sec22b, recycles between ER and ERGIC and to exclude its partial
penetration into the Golgi, we treated the cells with brefeldin A prior to immunofluorescence
analysis. Brefeldin A induces the relocalization of Golgi proteins to the ER as well as the
accumulation of recycling proteins to peripheral ERGIC-like structures (Breuza et al., 2004;
Lippincott-Schwartz et al., 1990). Fig. 4B shows the punctate fluorescence pattern of
YC4ergic after brefeldin A-treatment that is typical for recycling proteins of the early
secretory pathway such as ERGIC-53, demonstrating the dynamic localization of the Ca*'-
probe particularly to the ERGIC.

These YCergic probes will in the future provide a valuable tool for [Ca®Jfee
measurements in the ERGIC. The choice of a monomeric, coiled-coil impaired, and C-
terminally anchored (i.e. lacking potentially harming luminal domains) targeting moiety
reduces the harm toward the FRET-indicator to a minimum. Despite continuous recycling
through the ER, YCergic (or: at least the correctly folded pool of YCergic) is nicely
concentrated in post-ER compartments, that is, the vesiculo tubular clusters of the ERGIC
(Fig. 4, (Hay et al., 1998)). It must be emphasized that so far — even though the ERGIC has
proven to consist a stationary compartment (Ben-Tekaya et al., 2004) — there is no marker
protein that exquisitely localizes to the ERGIC and does not recycle through the ER.
Therefore, it will be of importance to set the FRET-signal obtained with YCergic in relation
with a concomitant YCer read-out. Some background FRET-signal arising from the ER pool
of YCergic is to be expected. The ER background yet could potentially be reduced by ERGIC
to ER transport inhibition such as 15°incubation (Ben-Tekaya et al., 2004), 1,3-
Cyclohexanebis(methylamine)- (Hu et al., 1999), bafilomycin Al- (Palokangas et al., 1998)
or brefeldin A-treatment (Fig. 4B). Moreover, reversible ER-exit blockage using the kinase
inhibitor H89 (Ben-Tekaya et al., 2004) or the phospholipase D inhibitor 1-butanol (Pathre et
al., 2003) will be useful to transiently turn YCergic into an ER-Ca**-probe and to follow the
presumable changes in FRET. To dissect the contributions to these changes by [Ca® e
and/or by the deleterious effect of low pH on the EYFP acceptor chromophor, the inclusion of
Y Cergic-probes will be helpful.

Taken together, we have developed a strategy to target reporter proteins to the ERGIC
by means of a standard molecular biology/transfection approach. Our strategy may prove to

be useful for the targeting of a variety of proteinaceous probes including pH-indicators
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(Kneen et al., 1998; Llopis et al., 1998; Miesenbock et al., 1998; Wu et al., 2000) or rationally

fragmented protein-protein interaction reporters (Michnick, 2003).
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Experimental Procedures

Reagents

The following antibodies were used: mAb G1/93 against human ERGIC-53, mAb 12CA5
against the HA-epitope and affinity purified pAb against recombinant Syntaxin 5 ((Hui et al.,
1997), kindly provided by G. Warren). Antimycin A and N-ethylmaleimide were from Sigma.
Brefeldin A was purchased from Epicentre Technologies (Madison WI, USA).

Recombinant DNAs

The cDNAs for Sec22b and a 5’-fragment of YC (5°YC) were fused by PCR-based splicing
by overlap extension (Horton et al., 1989). Initial amplifications were performed with 5°-
GAGAGAGGTACCGATGGTGCTGCTGACGATGATCGCCCGTG-3° (underlined:
Asp718 restriction site) and 5’-CTCACCATTGTAGCGATAGAT-
CCCAGCCACCAAAACCGCACATACACTATCAGCATG-3* for Sec22b, and 5°-GTG-
GCTGGGATCTATCGCTACAATGGTGAGCAAGGGCGAGGAGCTGTTCACC-3>  and
5’-CGGAGCTGGAGATCTTCTTGAACCG-3’ for 5’YC (using YC3er or YC4er (Miyawaki
et al., 1997) as template). The fusion PCR-product was digested by Asp718 and Agel. For
3’YC-amplification the following primer-pair was used: 5’-
GGGAAGCAGATATCGATGGTGATGGC-3* and 5’-GTTACAGCTCGTCCATGCCG-
AGAGTGATCCCG-3’. The resulting product was subcloned into pCR2.1-TOPO
(Invitrogen) and re-excised by Agel/Xhol. Sec22b-5’YC and 3’YC were double-ligated into
Asp718/Xhol-linearized pcDNA3 (Invitrogen). The cDNA encodes Sec22b protein fused to
the N-terminus of YC by the linker peptide GSIAT.

Amino acid substitutions were introduced by the QuikChange method (Stratagene)
using the following primers (only coding strand): 5’-GAAGT-
CCTACAGGGGGGAGAAGCACTCTCAG-3 (R159G), 5’-GGGAGAAGCACTCTCA-
GCAGAGGATTCAAAGGCTAAC-3> (L166E), 5’-CCTTCGGCTACGGCCTGATGTG-
CTTCGCCC-3’ (V68L/Q69M).

For the characterization of R159G/L166E (Figs. 2, 3) we used Sec22b carrying a
luminal HA-epitope fused to aequorin (Brini et al., 1995).

Cell culture and transfection
HepG2 cells were cultured as previously described (Klumperman et al., 1998). Transfections

were carried out with FuGENE 6 (Roche).
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SNARE-SNARE co-immunoprecipitation

The protocol of Xu et al. (2000) was adapted as follows: For ATP-depletion and NSF-
inhibition, transfected HepG2 cells were incubated for 10 min at 37° in 25 mM HEPES, pH
7.3, 70 mM sucrose, 130 mM NacCl, 4.8 mM KCl, 1.3 mM CaCl,, 1.2 mM MgSQOy, 0.2 mM
N-ethylmaleimide, and 0.1 uM antimycin A, prior to cell lysis in 100 mM NaPO,, pH 8.0, and
3% TX-100. Lysates were cleared (100,000 g, 1 h) and subjected to immunoprecipitation
against HA-tagged Sec22b with 12CAS5-protein A-sepharose that had been chemically
coupled with dimethyl pimelimidate (Sigma). Immunoprecipitates were resolved by 10%

SDS-PAGE and co-immunoprecipitated Syntaxin 5 revealed by Western blotting.

Immunofluorescence microscopy

HepG2 cells were cultured in 8-well multi-chamber glass slides (Milian, Plan-les-Ouates,
Switzerland) that had been coated with 1 mg/ml poly-L-lysine (MW 30,000 - 70,000, Sigma),
fixed with 3 % paraformaldehyde, permeabilized with PBS/0.1 % saponin, and processed for
indirect immunofluorescence using the indicated primary antibodies followed by GAM
IgG(H+L)-AlexaFluor 568 and, for double staining, GAR IgG(H+L)-AlexaFluor 488
(Molecular Probes, Leiden, Netherland). YC fluorescence was recorded with AlexaFluor 488-
settings. Confocal laser scanning images were acquired on a Leica microscope (TCS NT) with

a 63x objective (NA 1.32).
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Figure legends

Figure 1

Amino acid sequences of the four o-helices of the ER/Golgi SNARE complex [Swiss-Prot
accession numbers: 075396 (Sec22b), Q13190 (Syntaxin 5), OI15155 (Betl), 014653
(Membrin)]. Layers of contacting residues on the inner surface of the SNARE complex are
shown in italic. Coiled-coil impaired Sec22b was engineered by introducing the

R159G/L166E double mutation to destabilize the boxed layers.

Figure 2

Double immunofluorescence microscopy of recombinant, HA-tagged Sec22b and endogenous
Syntaxin 5. HepG2 cells were transfected, fixed and stained with anti-HA (A and D, red) and
anti-syntaxin 5 (B and E, green). Note that overexpression of wt Sec22b disturbs the steady-
state localization of Syntaxin 5 (A — C). Conversely, R159G/L166E does not interfere with
the perinuclear staining pattern of the endogenous SNARE (D —F).

Figure 3

RI159G/L166E prevents the participation of Sec22b into SNARE complexes. Shown is an anti-
syntaxin 5 immunoblot of Sec22b-HA immunoprecipitates from transfected HepG2 cells. The
two isoforms of co-immunoprecipitated Syntaxin 5, that are absent from mock-precipitates,
are marked with filled triangles. Note that the interaction with endogenous Syntaxin 5 is

compromised by the R159G/L166E double mutation.

Figure 4

Localization of YCergic in HepG2 cells. (A) Micrograph of YC3ergic-transfected cells,
stained with anti-ERGIC-53. Arrows illustrate colocalization of the two proteins in both
peripheral and perinuclear ERGIC clusters. While ERGIC-53 also prominently localizes to
the ER in HepG2 cells, YC3ergic fluorescence is largely concentrated in the punctate
structures of the ERGIC. (B) Colocalization of YC4ergic and ERGIC-53 in brefeldin A-
treated HepG2 cells (arrows). Note that the brefeldin A-induced redistribution of both
YC4ergic and ERGIC-53 is typical for proteins that continuously recycle between ER and
ERGIC.
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3. The ER-Golgi intermediate compartment:

In search of its identity and function

Christian Appenzeller-Herzog and Hans-Peter Hauri

Abstract

Protein traffic from the endoplasmic reticulum (ER) to the Golgi involves the pleiomorphic
membrane clusters of the ER-Golgi intermediate compartment (ERGIC). The dynamic nature
and role of these membranes has been debated for quite some time. Here, we point out that the
available morphological and functional data on the ERGIC can be best accomodated by the
stable compartment model. The role of this stationary ERGIC may extend beyond protein

sorting and involve protein folding and quality control.
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Research activity on the complex membrane system interposed between the rough
endoplasmic reticulum (ER) and the stacked Golgi was initiated by the identification of a 53
kDa membrane protein (now called ERGIC-53) that is predominantly localized to this
membrane system (Schweizer et al., 1988). Transport studies with the tsO45 mutant G protein
of vesicular stomatitis virus (VSV-G) or the El1 glycoprotein of semliki forest virus in
conjunction with temperature shift experiments demonstrated that ERGIC-53-positive
membranes consist of intermediate elements in ER-to-Golgi transport (Schweizer et al., 1990;
Saraste and Svensson, 1991) that are biochemically distinct from its neighbouring
compartments (Schweizer et al., 1991). The discovery of these elements that were designated
ER-Golgi intermediate compartment (ERGIC) — now also referred to as vesiculo tubular
clusters or pre-Golgi intermediates — has led to several models on the structural organisation
of the ER-Golgi interface (Hauri and Schweizer, 1992). Inter alia the ERGIC has been
suggested to be a specialized domain of the ER (Sitia and Meldolesi, 1992) or the cis-Golgi
(Mellman and Simons, 1992). Ultrastructural and three-dimensional reconstruction analysis of
pancreatic acinar cells, however, has reinforced the notion that the ERGIC constitutes an
independent structure lacking membrane continuity with the ER or the cis-Golgi (Sesso et al.,
1994). Several other laboratories have confirmed this finding (Bannykh et al., 1996;
Klumperman et al., 1998; Fan et al., 2003), whereas Hong and colleagues, by omitting
chemical fixation, recently have challenged the view of the ERGIC as an assembly of
convoluted tubular membranes: In rapidly frozen cells, membranes that are positive for
ERGIC marker proteins appear as large, pleiomorphic bodies with numerous budding profiles
at their rims (Horstmann et al., 2002). This review deals with the dynamic morphology of the
ERGIC and discusses the existing models for ER-to-Golgi transport.

3.1 RoLE oF THE ERGIC IN ER-TO-GOLGI TRANSPORT

Numerous genetic and biochemical studies with the yeast Saccharomyces cerevisiae that is
devoid of ERGIC clusters have established a simple transport model, where COPII vesicles
mediate ER-to-Golgi and COPI vesicles Golgi-to-ER transport (Bonifacino and Glick, 2004).
Also in higher eukaryotes, transport from the ER to the Golgi is initiated by COPII-mediated
budding of vesicular carriers (Barlowe, 2002). COPII-dependent budding activity is restricted
to specialized, long-lived subdomains of the ER, the ER-exit sites (ERES) (Bannykh et al.,
1996; Hammond and Glick, 2000). It is now firmly recognized that ERGIC membranes
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(traditionally defined by ERGIC-53) localize in close proximity to ERES and delineate the
subsequent stage in transport to the Golgi, which, however, cannot be fully resolved from the
ERES by light microscopy. Unlike the ERES that are marked by COPII, ERGIC membranes
are decorated with the unrelated vesicle-budding coat COPI (Aridor et al., 1995; Bannykh et
al., 1996; Martinez-Menarguez et al., 1999; Spang, 2002).

What is the dynamic role of the interposed ERGIC membrane clusters in transport
from ER to Golgi? The direct visualization of green fluorescent protein (GFP)-tagged marker
proteins within the secretory pathway has tremendously inspired and facilitated the
examination of trafficking mechanisms and in particular of the role of the ERGIC during ER-
to-Golgi transport (Lippincott-Schwartz et al., 2001). Illumination of the early secretory
pathway by the transmembrane marker VSV-G-GFP has led to the proposal that the ERGIC is
a mobile membrane structure itself carrying secretory material along microtubules from the
ER to the Golgi complex (Presley et al., 1997; Scales et al., 1997), while constantly maturing
by segregating and returning recycling material to the ER (Shima et al., 1999). The
characterization of these carriers that typically appear as vehicles of up to 1 um in diameter
has been integrated to the formulation of the transport complex (TC)-model (Bannykh et al.,
1998; Stephens and Pepperkok, 2001). According to the TC-model, the ERGIC consists of a
transient cargo container formed de novo from the ER before migrating to and fusing with or
giving rise to the cis-Golgi.

A current live cell imaging study on ERGIC-53 (Hauri et al., 2000), that was
fluorescently tagged with GFP and expressed at moderate levels, however, has called the TC-
model into question (Ben-Tekaya et al., 2004). GFP-ERGIC-53 mainly localizes to long-lived
stationary membrane entities that are next to, but distinct from ERES and do not move to the
Golgi. Importantly, these stationary membranes are sites of repeated sorting of a fluorescent
secretory marker protein, ssDsRed, into large anterograde carriers (ACs), that leave behind
the GFP-ERGIC-53 compartment while moving themselves to the Golgi. These findings have
revitalized the original model, whereby the ERGIC is a membrane compartment in the true
sense that receives cargo from ER-derived COPII carriers and transmits ACs destined for the
Golgi.

Both anterograde markers, VSV-G-GFP and ssDsRed, when released from the early
secretory pathway, were packed into large membrane carriers that were readily seen by light
microscopy to be translocated to the perinuclear Golgi area. It has been suggested that in
higher eukaryotes conventional transport vesicles (60-80 nm) would only operate in short

distance transport (for example, between ERES and ERGIC), whereas these large membrane
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carriers (up to 1 pum) would allow long-range distribution along cytoskeletal tracks through
the cytoplasm (Stephens and Pepperkok, 2001; Bonifacino and Lippincott-Schwartz, 2003).
But, are these transient membrane carriers that are marked with anterograde cargo identical to
the ERGIC, as suggested by the TC-model?

Another eminent question concerns the physical relationship between ERES and
ERGIC. Initial models implied that small ER-derived vesicles after shedding their COPII-coat
undergo heterotypic fusion with the ERGIC or homotypic fusion to form the ERGIC
(Bannykh and Balch, 1997). Indeed, COPII-coated vesicles have been seen by electron
microscopy ((Martinez-Menarguez et al., 1999) and J. Klumperman, personal
communication) that may be arrested to form chain-like clusters at lower temperature
(Horstmann et al., 2002). In an alternative view, the ERES and the ERGIC are in physical
continuity and represent a common membrane structure that appears as a grape-like
outgrowth of the ER. Hence, the ERGIC would consist of a subdomain of the ERES that is
specialized for the transmission of large membrane carriers packed with anterograde cargo,
whereby the transition from ERES to ERGIC would require COPII activity. A similar model
has been put forward by a recent study that used synchronized ER-exit of two marker
proteins, VSV-G and procollagen, in conjuction with correlative video/light electron
microscopy to show direct en bloc protrusion, fission and maturation of large saccular carriers
(Mironov et al., 2003). These carriers either contained VSV-G or procollagen that were
apparently sorted at the level of ER-exit (Stephens and Pepperkok, 2002). Formation of the
saccular cargo containers from the ER required functional COPII, but was not prevented by
conditions that interfered with membrane fusion (Mironov et al., 2003), suggesting the
absence of a budding/fusion cycle between the ER and the saccular container. Nevertheless,
there is convincing evidence that ERES and ERGIC are separated membrane entities. For
example, the expression of a viral microtubule-binding protein resulted in the full separation
of these two structures, as determined by indirect immunofluorescence microscopy (Xu et al.,
2000). Another study unveiled that VSV-G that had been misfolded within the 15°
compartment (which is the site, equivalent to the ERGIC, where anterograde cargo is blocked
by low temperature (Schweizer et al., 1990; Lotti et al., 1992; Klumperman et al., 1998)), can
no longer return to the folding machinery in the ER, while VSV-G that had been misfolded in
the ERES still can (Mezzacasa and Helenius, 2002).

ERGIC-53-positive membranes could also be co-labelled with anti-VSV-G and were
interpreted as carriers in move to the Golgi (Horstmann et al., 2002). On the other hand, the

large membrane structures labelled with GFP-ERGIC-53 showed no measurable movement
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toward the Golgi, as opposed to VSV-G-GFP (Ben-Tekaya et al., 2004). It is difficult to judge
whether the large moving TCs that were discribed using VSV-G-GFP really correspond to the
ERGIC membranes that were characterized in ultrastructural studies using antibodies against
ERGIC-53. The only evidence that we can find for this is their similar size. We would like to
emphasize though that monitoring anterograde marker movement only cannot reveal a stable
ERGIC compartment that presumably is left behind by the TC/AC at the ERES. Alternatively,
massive VSV-G transport by itself could modulate the membrane dynamics early in the
secretory pathway. During the last 20 years, the utility of VSV-G as a marker for the secretory
pathway has been manifold. Its exclusive, strong expression and, most importantly, its
capacity to be accumulated in and released from the ER, the ERES, the ERGIC or the trans-
Golgi network by manipulations as simple as temperature shifts has turned VSV-G into a
unique tool for the exploration of the secretory pathway. Nevertheless, it must be considered
that massive, synchronized overload of intracellular membranes with a viral transmembrane
protein, that is highly specialized for efficient forward transport, i.e. binding the COPII coat
(Nishimura and Balch, 1997; Sevier et al., 2000), but not the retrieval coat COPI, may shape
the secretory apparatus to best suit viral production. Accordingly, it would seem that these
conditions might not faithfully represent normal cell physiology. For example, VSV-G
transport as compared to the trafficking of soluble marker proteins might lead to the
exaggeration of TC-movement or the suppression of possible post-ER quality control
mechanisms (see below). Similarly, synchronization of ER-exit may have the potential to
influence the formation and morphology of transport vehicles from the ER membrane. It must
be emphasized that both proteins that have been defined as markers for saccular transport,
VSV-G and the ~300 nm long procollagen fibers (Mironov et al., 2003), in some respect
represent special cases.

Challenging the mechanistically simple TC-model and relaunching the discussion on
stationary ERGIC membranes, on the other hand, is bringing back numerous unresolved
questions that seem to have fallen into oblivion. What is the molecular machinery that
mediates ERGIC-to-Golgi transport? Can COPI vehicles go in anterograde and retrograde
direction? What determines the specificity of membrane targeting early in the secretory
pathway? What is the physiological relevance of the ERGIC as a stationary compartment? We

will try to address these and other issues in the following sections.
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3.2 MOLECULAR BASIS OF ANTEROGRADE TRAFFIC IN THE ER-GoLGI
INTERFACE

Membrane traffic is organized and specified by a multitude of molecular key players
(Bonifacino and Glick, 2004). Transport directionality from a donor to an acceptor
compartment is achieved on several levels starting with coat protein-mediated cargo uptake
and membrane partition, followed by motor protein-mediated transit, and accomplished by
tethering protein- and SNARE protein-mediated delivery. The higher morphological
complexity of the ER-Golgi interface in metazoan comparing to yeast cells is also reflected by
the severalfold higher complexity of the molecular transport machinery in higher eukaryotes.
This may be best illustrated by the Rab GTPases (Ypt proteins in yeast) that act as key
membrane organizers involved at all the levels of membrane traffic (Segev, 2001). Yeast
contains 11 Rab proteins, 10 of which have an assigned function. Among the 60 Rab proteins
found in the human genome (Bock et al., 2001), some share a high degree of both sequence
and functional identity to their yeast counterparts, while for many others functional
information is still missing. In the following section, we will try to integrate the available
mechanistic data on the mammalian ER-Golgi interface into a working model on protein
traffic through the ERGIC.

The protein coat COPII is required for ERES-to-ERGIC transport, whereby it is
replaced by COPI (Aridor et al., 1995; Scales et al., 1997; Stephens et al., 2000). In the case
of COPI, the function in mammals may be somewhat more versatile than in yeast. Although
the COPI-mediated retrieval of early resident proteins from ERGIC/Golgi back to the ER that
was initially described in yeast (Letourneur et al., 1994) also applies to higher organisms,
anti-COPI antibodies have been shown to inhibit transport from the ERGIC to the Golgi
(Pepperkok et al., 1993). This may suggest that COPI carriers are additionally involved in
anterograde transport. Consistent with this, some membrane carriers labelled by GFP-tagged
COPI or by a fluorescent anti-COPI antibody were seen to segregate from ERES and travel to
the Golgi (Scales et al., 1997; Stephens et al., 2000; Presley et al., 2002). It can only be
speculated on how the same protein coat from the same donor compartment could generate
short-range transport back to the ER as well as Golgi-directed AC partition. COPI appears to
be a highly adaptable machinery though. Possible modulators of COPI coat formation include
transmembrane (Goldberg, 2000) and soluble cargo (Volchuk et al., 2000) as well as
membrane curvature (Bigay et al., 2003) and Rab GTPases (Alvarez et al., 2003). It is likely

that Rabs play a central role in membrane compartmentalization on the ERGIC. For example,
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Rab2 in concert with atypical protein kinase C iota/lambda and glyceraldehyde-3-phosphate
dehydrogenase is thought to regulate COPI-dependent retrograde transport from the ERGIC
(Tisdale, 2003), while Rab1 that comes in two flavours, Rabla and Rablb (Segev, 2001), is
involved in membrane tethering (Cao et al., 1998; Allan et al., 2000; Moyer et al., 2001) and
influences COPI recruitment (Alvarez et al., 2003). It has also been suggested that the
function of protein coats may extend beyond vesicle budding (Klausner et al., 1992;
Bonifacino and Lippincott-Schwartz, 2003). Rab GTPase-coordinated COPI-coated
membrane domains on the ERGIC (Martinez-Menarguez et al., 1999; Shima et al., 1999)
could help organize its partition into a stationary phase and a mobile phase destined for the
Golgi.

Another conceivable and non-mutually exclusive mechanism may involve a
Rab/motor protein complex in analogy to the Rab6/Rabkinesin6 COPI-independent Golgi-to-
ER pathway (Girod et al., 1999; White et al., 1999). Such motor protein-driven anterograde
trafficking from the ERGIC might result from the recruitment of the dynein/dynactin complex
via BICD (Matanis et al., 2002) to an activated ER-Golgi Rab GTPase that would coordinate
membrane segregation. Dynein has been immunolocalized to the ERGIC (Roghi and Allan,
1999) and its displacement arrested the movement of VSV-G-containing TCs (Presley et al.,
1997) presumably at the level of the ERGIC. It is important to note that motor protein-
mediated membrane transport is strictly dependent on local coat depolymerization on the
membrane carrier. Conversely, it is the COPI-coat that is recognized at the ER membrane
during the docking of retrograde vesicles (Andag et al., 2001; Reilly et al., 2001; Andag and
Schmitt, 2003), suggesting that these vesicles during short range ERGIC-to-ER transport
preserve their coat. Therefore, anterograde and retrograde directionality may be determined
by the specific modulation of COPI depolymerization kinetics (Goldberg, 2000; Bigay et al.,
2003) on distinct membrane carriers. Interestingly, a COPI-dependent tethering mechanism
has also been proposed for the docking of retrograde COPI-vesicles to the Golgi (Suvorova et
al., 2002).

Can ERES-to-ERGIC and ERGIC-to-Golgi transport additionally be discriminated by
the tethering and fusion machineries that accomplish the delivery steps? Concerning the
SNARE proteins (Chen and Scheller, 2001), from the available functional data it is impossible
to precisely localize the membrane fusion activity of specific SNAREs in the mammalian ER-
Golgi interface. ER-Golgi SNAREs generally recycle between ER and Golgi (Chao et al.,
1999) via their interactions with COPII (Miller et al., 2003; Mossessova et al., 2003) and
COPI (Rein et al., 2002). Nevertheless, there is now wide agreement that — in analogy to yeast
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— the major ER-Golgi SNARE complex is formed by Syntaxin 5, Sec22b, Membrin, and Betl1.
This complex is thought to be implicated at two membrane fusion interfaces: the fusion of
ER-derived vesicles with the ERGIC and the later fusion of ACs at the cis-face of the Golgi.
Interestingly, the discovery of a long isoform of Syntaxin 5 in mammalian cells that localizes
more prominently to the ERGIC than to the Golgi (Hui et al., 1997) may point to some
molecular variation between fusion complexes at the ERGIC and at the cis-Golgi.
Alternatively, it has been proposed that a late step in ER-to-Golgi transport may involve a
Syntaxin 5-Betl-GOS-28-Ykt6 SNARE complex (Zhang and Hong, 2001). The full
specificity for membrane delivery though does not appear to be encoded by the ER-Golgi
SNARE machinery.

Recent research has highlighted the function of so-called tethering complexes that
bridge the apposing membranes prior to SNARE complex formation and, therefore, can
contribute to the fidelity of membrane fusion (Whyte and Munro, 2002). Beyond this,
tethering molecules in the early secretory pathway perform additional key functions such as
assistance in SNARE assembly and activation of Rab proteins (see below). A central role in
ER-to-Golgi traffic is ascribed to the large coiled-coil protein p115 (Usolp in yeast). P115 is
a Rabl effector (meaning that it can only interact with GTP-bound Rabl (Allan et al., 2000))
that is implicated in membrane tethering (Cao et al., 1998; Sonnichsen et al., 1998), catalysis
of SNARE complex formation (Sapperstein et al., 1996; Shorter et al., 2002), and presumably
COPI-function (Garcia-Mata and Sztul, 2003). Several laboratories have reported that p115
action starts during COPII vesicle biogenesis (Allan et al., 2000; Morsomme and Riezman,
2002; Kondylis and Rabouille, 2003), whereas the guanine nucleotide exchange factor (GEF)
that activates Rabl at the ERES remains to be determined. The finding that the Rabl-p115
interaction during vesicle budding is followed by a pl115-SNARE interaction on the vesicle
essential for subsequent fusion (Allan et al., 2000) has gained additional mechanistic
significance by the discovery that a SNARE motif-related domain within p115 stimulates the
formation of fusogenic SNARE complexes (Shorter et al., 2002). It is this SNARE interaction
that marks the p115 activity essential for Golgi biogenesis (Puthenveedu and Linstedt, 2004).
Antibodies against p115 inhibit ER-to-Golgi transport after ER-exit at the level of the ERGIC
(Alvarez et al., 1999), which is consistent with the inability of ER-derived vesicles to
complete fusion. Conversely, antibodies against the two p115-interacting golgins GM130 and
giantin block transport at the Golgi (Alvarez et al., 2001) suggesting that these tethering
proteins act downstream of pl15. Kinetic staging experiments revealed that the tethering

activity of the Rab1-GTP/GM130 complex (Moyer et al., 2001) preceedes the giantin-requir-
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Figure 1

Working model on the molecular basis of membrane transport through the ERGIC.

Shown is a scheme of the early secretory pathway represented by ER-exit site (ERES), ERGIC, and cis-Golgi.
Transport from ERES to ERGIC depends on COPII. The transport step from ERGIC to cis-Golgi requires the
dynein/dynactin microtubule motor activity and possibly COPI. The targeting of membrane carriers to the
correct acceptor compartment is orchestrated by the tethering machinery. First, Rab1 is activated and thereby
recruited to the membrane by the action of guanine nucleotide exchange factors (GEFs). The GEF for Rab1l on
the ERES is not known, while on the cis-Golgi and presumably on the ERGIC the TRAPP complex exhibits
GEF activity toward Rab1 (zigzag-arrows). During ER-exit, activated Rab1 recruits p115 (Allan et al., 2000),
which in turn is responsible for the docking of ER-derived vesicles to the ERGIC. This docking event pre-
sumably again requires activated Rab1 on the ERGIC (Cao et al., 1998). For ERGIC-to-cis-Golgi transport
there are two possible scenarios depicted: In one scenario, p115 is bound to the ERGIC via activated Rab1 in
analogy to p115 recruitment during ER-exit. Docking to the cis-Golgi would occur by a p115-GM130 tether,
whereas also GM 130 that is membrane anchored by binding to the peripheral membrane protein GRASP65
(black rectangel) requires activated Rabl to display this activity (Moyer et al., 2001). In an alternative scenario,
the GM130/GRASP65 complex recycles from the cis-Golgi to the ERGIC (Marra et al., 2001), where it is
primed by activated Rab1. Docking to the Golgi would then involve the ternary tether GM130-p115-giantin
(Sonnichsen et al., 1998). Membrane docking in all cases is followed by SNARE-mediated membrane fusion
that requires catalysis by p115 (Shorter et al., 2002; Puthenveedu and Linstedt, 2004).

ing stage (Alvarez et al., 2001). It has been suggested that the p115-GM130 interaction is
needed for the anterograde delivery of ACs into an early Golgi compartment, while the p115-
giantin interaction may be essential for vesicular retrograde recycling of Golgi resident
proteins to that compartment. Consistent with this, giantin has been localized to the rims of
Golgi cisternae that are involved in retrograde vesicle biogenesis (Martinez-Menarguez et al.,

2001). Alternatively, GM130 recruitment may take place before the cis-Golgi, where giantin
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tethers would then capture ACs via a trimeric GM130-p115-giantin complex (Sonnichsen et
al., 1998). Indeed, GFP-tagged GM130 in complex with its membrane anchor GRASP65
(Barr et al., 1998) has been reported to mark a tubular Golgi-to-ERGIC recycling pathway,
which has been taken to suggest the existence of a late intermediate compartment in COS7
cells (Marra et al., 2001).

As GM130 and giantin are not present in yeast, we propose that tethering of ER-
vesicles to the ERGIC in higher eukaryotes is mechanistically related to the Usolp/p115-
requiring docking of ER-vesicles to the fragmented yeast Golgi. This process has been shown
to additionally require Yptlp (yeast Rabl) (Cao et al., 1998) that presumably has been
activated by the GEF activity of the Golgi-localized TRAPP complex (Wang et al., 2000).
Somewhat conflicting, TRAPP per se has been shown to be essential (Barrowman et al.,
2000) and sufficient (Sacher et al., 2001) for COPII vesicle tethering in another in vitro assay.
A subunit of mammalian TRAPP has been localized both to the ERGIC and to the Golgi,
when transiently expressed in COS7 cells (Gecz et al., 2000), raising the possibility that
TRAPP-catalized Rabl activation can occur in both compartments. In Fig. 1 we present a

working model on the molecular basis of protein transport through the ERGIC.

3.3 PosITIONING OF THE ERGIC WITHIN THE CELL

The importance of the microtubule cytoskeleton on the integrity of the early secretory
apparatus is depicted by the repositioning of the ER (Terasaki et al., 1986) and the
fragmentation of the Golgi apparatus (Cole et al., 1996) in cells that had been treated with the
microtubule depolymerizing agent nocodazole. As to the ERGIC, it has been found that a
viral transmembrane microtubule-binding protein relocalizes ERGIC-53-positive membranes
away from ERES and arrests anterograde transport from the ERGIC (Xu et al., 2000),
indicating that the position and function of the ERGIC in the proximity of ERES critically
depends on the dynamic interaction with microtubules. ERGIC membranes do not only
associate the microtubule minus-end motor dynein (Roghi and Allan, 1999), but also the plus-
end motor kinesin (Lippincott-Schwartz et al., 1995). These two activities may not only
contribute to the segregation of ACs from the ERGIC, but also regulate its steady-state
positioning on the microtubule cytoskeleton. At 15° ERGIC membranes move closer to the
Golgi, raising the possibility that low temperature can modulate the equilibrium of motor

protein-activity on the ERGIC. It has also been proposed that both dynein and kinesin motors
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remain membrane-connected while recycling between ER and Golgi (Lippincott-Schwartz et
al., 1995; Roghi and Allan, 1999). This, however, would require that during transport either

activity is to be down-regulated by an as yet unknown mechanism.

3.4 PROTEIN SORTING IN THE ERGIC

The function of the ERGIC as the first sorting station of anterograde- and retrograde-
transported proteins is now beyond dispute, presumably owing to the fact that it is
independent on the question, of whether the ERGIC consists a stationary compartment or a
transient TC. Several investigators have localized the segregation of anterograde-directed-
from recycling protein flow to the ERGIC (Aridor et al., 1995; Bu et al., 1995; Klumperman
et al.,, 1998; Appenzeller et al., 1999; Martinez-Menarguez et al., 1999; Ben-Tekaya et al.,
2004), demonstrating that this compartment functions as a major crossroad of the biosynthetic
protein traffic. In some ways, the ERGIC may be functionally related to the sorting
endosome/endocytic recycling compartment system that represents the branch point in the
receptor-mediated endocytosis pathway (Maxfield and McGraw, 2004).

The issue of protein sorting in the ERGIC gains complexity in the case of cargo
proteins that require the assistance of recycling transport receptors during ER-export
(Appenzeller et al., 1999; Muniz et al., 2000; Belden and Barlowe, 2001; Powers and
Barlowe, 2002). Such proteins, for successful anterograde delivery from the ERGIC, need to
be physically released from their receptors, suggesting that the ERGIC exhibits features
different from the ER-environment, where receptor-association occurs. For example, it has
been proposed that the ERGIC, contrary to the ER, maintains a low pH environment
(Palokangas et al., 1998). In line with this, the efficient release of procathepsin Z from its pH-
sensitive transport receptor ERGIC-53 requires organelle acidification (Appenzeller-Herzog
et al., 2004). Perhaps, low pH in the ERGIC represents the general trigger for ER-export
receptor-cargo dissociation. Furthermore, the acidification of pre-Golgi/Golgi compartments
appears to be important for other processes than ER-export receptor function (Fig. 2). pH-
dependent binding of the ER-resident protein RAP to LDL receptor-related protein, which
prevents premature ligand interactions, is released in the ERGIC, where the two proteins
segregate. Other than that, lowered organellar pH is thought to contribute to the effective
recognition and ER-retrieval of KDEL ligands from post-ER compartments by the KDEL
receptor. Most interestingly, the pH-dependence of substrate binding by the KDEL receptor
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(Scheel and Pelham, 1996) and ERGIC-53 (Appenzeller-Herzog et al., 2004) are inversed,
which reflects their reciprocal mode of action (Fig. 2). The steady-state localization as well as
the recycling pathway of the two receptors, however, slightly differ, with the KDEL receptor
distribution shifted preferentially to the Golgi region (Tang et al., 1995). It has been well
established that only the binding of ligands will stimulate the COPI-mediated retrograde
transport of KDEL receptor (Lewis and Pelham, 1992), possibly via homooligomerization
(Aoe et al., 1998) or cytosolic phosphorylation of the receptor (Cabrera et al., 2003). This
raises the possibility that acidification along the ER-Golgi pathway may occur gradually,
presumably by selective uptake of active H™ v-ATPase pumps during AC partition from the
ERGIC, and that the optimal pH for KDEL ligand binding may be only achieved at the level
of the cis-Golgi.

ERGIC

anterograde:>

retrograde

Figure 2

pH-dependent sorting between ER and ERGIC.

Proteins travel from ER to ERGIC in anterograde- and from ERGIC to ER in retrograde direction. The pH of the
ER equals 7.4, while the lumen of the ERGIC is acidified. The scheme represents three different pH-dependent
sorting mechanisms of anterograde-directed and/or recycling proteins in the early secretory pathway. ERGIC-53
functions as a transport receptor for the secretory/lysosomal protein procathepsin Z (pro-catZ). Association
between ERGIC-53 and pro-catZ occurs in the ER at neutral pH, and the interaction is released upon transport
to the ERGIC by acid-induced protonation of the ligand-binding site in ERGIC-53 (Appenzeller-Herzog et al.,
2004). While ERGIC-53 is recycled back to the ER, pro-catZ proceeds through the secretory pathway. The LDL
receptor-related protein (LRP) during transit from ER to ERGIC is complexed by the escort protein RAP (Bu et
al., 1995), which inhibits receptor-ligand interactions in the early secretory pathway. Again, low pH in the
ERGIC triggers the dissociation of the two proteins. Subsequently, RAP is retrieved to the ER by a C-terminal
HNEL motif (presumably involving the KDEL receptor), and LRP travels through the Golgi to the cell surface.
Binding of the KDEL receptor (KDEL-R) to escaped ER proteins comprising a C-terminal KDEL sequence, on
the other hand, is thought to require the acidified pH in post-ER compartments (Scheel and Pelham, 1996). The
ligand binding in turn triggers the retrograde translocation of KDEL receptor-ligand complexes to the ER.
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How then can ERGIC-53, whose recycling pathway mostly bypasses the cis-Golgi
(Tang et al., 1995; Klumperman et al., 1998), insure proper ligand-release despite the
supposedly minimal pH-gradient from ER to ERGIC? Binding of ERGIC-53 to its substrates
requires calcium (Itin et al., 1996; Appenzeller et al., 1999), and in vitro binding experiments
have shown that the pH-sensitivity of ERGIC-53 was increased, when calcium concentrations
were low (Appenzeller-Herzog et al., 2004). Accordingly, a mechanism that maintains lower
calcium levels in the ERGIC would promote pH-induced cargo release. Of note, an imaging
approach to visualize total calcium (i.e. the sum of free and bound calcium) in quick frozen-
freeze dried PC12 cells demonstrated high titers of calcium in ER and Golgi, but ERGIC
elements remained below detection level (Pezzati et al., 1997). Although this does not prove
an analogous drop in free calcium, which is the physiologically relevant fraction for calcium-
dependent processes, it clearly underlines the distinct identity of the ERGIC in relation to ER
and Golgi that may provide an optimized platform for ligand-withdrawal from ERGIC-53 and
other cargo receptors. It will be interesting to quantitatively assess changes in free calcium

and pH from the ER to the ERGIC.

3.5 ADDITIONAL FUNCTIONS OF THE ERGIC

Does the function of the ERGIC go beyond sorting out and retrieval of escaped ER-resident
proteins and of components of the trafficking machinery? One additional function of the
ERGIC is to mediate an initial concentration step of abundant secretory cargo that is thought
to exit the ER by a non-selective process. In this way, amylase and chymotrypsinogen in
pancreatic acinar cells were not concentrated in COPII-buds but only at the level of the
ERGIC (Martinez-Menarguez et al., 1999). The authors proposed that this concentration of
secretory cargo in the ERGIC directly resulted from its exclusion from retrograde-directed
COPI vesicles.

In addition to that, evidence is accumulating that the ERGIC might participate in some
mechanisms of conformation-based protein quality control and, possibly, protein folding. A
proteomic approach to spot proteins cycling in the early secretory pathway, identified — in
addition to cargo receptors and membrane trafficking proteins — a number of protein folding
chaperones that were enriched in ERGIC-like membranes upon brefeldin A-treatment (Breuza
et al., 2004). Likewise, an ultrastructural study using quantitative immunoelectron microscopy

localized the highest labelling intensity of the glycoprotein folding sensor UDP-
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glucose:glycoprotein glucosyltransferase to the ERGIC (Zuber et al., 2001). If, however, the
maturation of a given folding substrate was to partially occur beyond the ER, we would
expect that a dead-end folding variant of this substrate is re-routed back to the ER, the major
site where terminally misfolded proteins are cleared from the biosynthetic pathway (known as
“ER-associated degradation”). This retrieval pathway for ER-associated degradation has been
independently discovered by two laboratories in yeast (Caldwell et al., 2001; Vashist et al.,
2001). A model has emerged implying that the retrieval pathway is molecularly distinct from
the conventional retention pathway and can serve as a backup-system that will be upscaled by
the unfolded protein response, when the ER-retention pathway is saturated (Haynes et al.,
2002). Moreover, we now know that the post-ER quality control checkpoint is only required
for the processing of certain substrate proteins (Vashist and Ng, 2004).

Once again, for most of these implications from yeast studies, we can find evidence in
mammalian cells, whereas, not surprisingly, cell-type specificity has been observed. For
example, VSV-G, when expressed in Vero cells, blocked in the ERGIC at 15° and then
unfolded, did neither become reglucosylated by glucosyltransferase, nor recycled back to the
ER for further folding assistance, but rather escaped into the Golgi and beyond (Mezzacasa
and Helenius, 2002). If, however, VSV-G protein is expressed in CHO cells at the restrictive
temperature that will not allow its folding, instead of being trapped in the ER, it can move to
the ERGIC and the cis-Golgi in complex with the soluble folding chaperone BiP, but is then
recycled back to the ER (Hammond and Helenius, 1994). Finally, in HepG2 cells, VSV-G is
rapidly degraded at the restrictive temperature, but acquires cis-Golgi specific modifications
ahead of its withdrawal (Spiro and Spiro, 2001). In the case of unassembled T-cell antigen
receptor a-chains, a similar recycling route together with BiP has been demonstrated, whereas
the retrieval occurs via the KDEL receptor/COPI pathway, presumably by the recognition of
the C-terminal KDEL-motif in BiP (Yamamoto et al., 2001). Other folding substrates that
have been suggested to be subject of quality control in the ERGIC include unassembled MHC
class I (Hsu et al., 1991), mutant forms of sucrase-isomaltase and lysosomal a-glucosidase
(Moolenaar et al., 1997), connexin E186K (VanSlyke et al., 2000), and soluble IgM
molecules (Elkabetz et al., 2003). Taken together, incompletely folded proteins that escape
the ER-checkpoints because of system overload or failed recognition can be caught by a
sequential checkpoint mechanism in the ERGIC.

Albeit speculative, we believe that the ERGIC quality control checkpoint can be seen
on the job by expression of GFP-ERGIC-53. Stationary ERGIC structures, when imaged at

short time intervals, are connected by rapidly moving, short-lived elements of variable,
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sometimes tubular shape (Ben-Tekaya et al., 2004). These elements were more abundant upon
rewarming from a 15° transport block, or if GFP-ERGIC-53 was overexpressed, indicating
that artificial overload of ERGIC membranes had the potential to induce their appearance.
Conversely, they were absent from cells upon microtubule depolymerization. Similar
transport intermediates on the move along microtubules were observed with the anterograde
marker lum-GFP after release from the 15° block (Blum et al., 2000). Interestingly, these lum-
GFP labelled tubules initially colocalized with ERGIC-53, but not with VSV-G positive
structures that appeared to be interconnected by GFP-tubules. Likewise, tubular structures
emanating from the 15° compartment upon rewarming were seen in fixed cells with
endogenous marker proteins (Tang et al., 1995; Klumperman et al., 1998). We propose that
these fast moving carriers do not represent anterograde or retrograde carriers, but functionally
connect the discontinuous ERGIC system by mediating horizontal transfer of critical
components. It is also possible that tubular transport is required to efficiently balance
compartmental membrane distribution. It has been shown that the generation of these tubular
transport intermediates depends on the activity of cytoplasmic phospholipase A, enzymes

(Brown et al., 2003).

3.6 CONCLUDING REMARKS

Although the TC-model is now widely accepted to explain the numerous aspects of ER-to-
Golgi transport, its formulation was largely based on a single marker protein, VSV-G, and it
is incompatible with recently published live cell imaging studies. Irrespectively, the TCs
defined by VSV-G-GFP and the ACs that segregate from the stationary GFP-ERGIC-53
structures both move to the Golgi and therefore may represent a common, reconciling theme.
There are basically two possibilities: (i) VSV-G TCs really do segregate from the ERGIC,
marked by ERGIC-53, by a dissociative process that has never been monitored, or (ii)
synchronized VSV-G transport by itself potently modulates the organization of the early
secretory pathway leading to the recruitment of the ERGIC as a whole to Golgi-directed
movement. It must be emphasized that the latter scenario may simply reflect the capability of
the secretory apparatus to adapt to temporary high-throughput conditions. Co-labeling of
VSV-G and ERGIC-53 in live cells will be required to resolve this issue. The relevance of a
stationary ERGIC sorting compartment may be the necessity to largely extract recycling

material and quality control substrates before long range transport to the perinuclear Golgi.
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This energy saving mechanism may have only evolved in higher eukaryotes as opposed to
small yeast cells.

Another open question is, how ACs are incorporated into the Golgi apparatus. It is
conceivable that the cisternal maturation model (Storrie and Nilsson, 2002) may apply to
post-ERGIC transport, implying that ACs undergo homotypic fusion to give rise to a new cis-
Golgi stack. This stack in turn would further mature by sorting out cis-Golgi proteins and
receiving medial/trans-Golgi proteins from later cisternae by COPI vesicular transport. This
“cisternal maturation beyond the ERGIC” model may be supported by the fact that ERGIC
membranes do not collapse upon brefeldin A-treatment (Breuza et al., 2004). This fungal drug
that extracts COPI-components from membranes leads to the spectacular breakdown of the
Golgi apparatus, possibly reflecting the COPI-dependent integrity of this organelle that is
brought forward by the cisternal maturation hypothesis.

It will be required in the future to reproduce the partition of isolated ERGIC
membranes in the test tube. Thereby, it may be important to complement the activity of Rab
GTPases and COPI components with microtubules and motor proteins. Other Rab proteins
that are lacking an assigned location and function so far could be essential for the proper
organisation of ERGIC membranes. Furthermore, it will be required to establish the weight of
saccular versus vesicular budding in the early secretory pathway and to precisely localize the
subcellular activity and requirement of tethering and SNARE molecules. Another interesting
field of research will concern the changed luminal environment of the ERGIC as compared to
the ER and the molecular determinants in those ERAD substrates that require transport to the
ERGIC to be properly degraded. Although the available data combining live cell imaging and
electron microscopy have started to create the basis for our understanding of protein sorting in
and transport through the ERGIC, the molecular events that govern these events remain to be

elucidated in the future that, for sure, will continue to be controversial, but exiting.
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