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AbstractAbstract

In the absence of specific mechanisms to recognize and sequester cargo destinedIn the absence of specific mechanisms to recognize and sequester cargo destined
for transport and retrieval, communicating for transport and retrieval, communicating organelles would quickly lose theirorganelles would quickly lose their
identity. The biosynthetic pathway, comprising of the endoplasmic reticulum, theidentity. The biosynthetic pathway, comprising of the endoplasmic reticulum, the
Golgi complex, Golgi complex, vesicular-tubular clusters (also known as ERGIC or pre-Golgivesicular-tubular clusters (also known as ERGIC or pre-Golgi
intermediates) and vesicular/tubular transport carriers has been a frequent targetintermediates) and vesicular/tubular transport carriers has been a frequent target
for for the examination of such transport processes. In the biosynthetic pathway,the examination of such transport processes. In the biosynthetic pathway,
proteins are directed to the endoplasmic reticulum by an proteins are directed to the endoplasmic reticulum by an N-terminal signal peptide.N-terminal signal peptide.
Within the lumen of the ER, proteins may be proteolytically processed, folded,Within the lumen of the ER, proteins may be proteolytically processed, folded,
glycosylated and assembled into their glycosylated and assembled into their tertiary or quaternary structures. Improperlytertiary or quaternary structures. Improperly
folded proteins are passed by retrograde transport through the ER translocon to befolded proteins are passed by retrograde transport through the ER translocon to be
degraded by degraded by a proteasome. Correctly folded proteins are packaged into vesicles ora proteasome. Correctly folded proteins are packaged into vesicles or
tubules at ER exit sites and transported to the Golgi apparatus tubules at ER exit sites and transported to the Golgi apparatus where furtherwhere further
maturation occurs. Though many questions remain regarding mechanisms of proteinmaturation occurs. Though many questions remain regarding mechanisms of protein
retention, sorting, packaging, and recycling retention, sorting, packaging, and recycling in the biosynthetic pathway, newin the biosynthetic pathway, new
discoveries through complementary methods have assisted in the clarification of adiscoveries through complementary methods have assisted in the clarification of a
number of the number of the steps involved.steps involved.

The Endoplasmic ReticulumThe Endoplasmic Reticulum

Structure and Function

The endoplasmic reticulum (ER), originally discovered by Porter and coworkers in 1945
(Palade 1975), is the first organelle in the biosynthetic pathway (Figure 1). The ER is a
labyrinthine array of membrane-bounded tubules and cisternae which extend throughout the
cell. The position and organization of the ER has been demonstrated to depend, at least in
part, on microtubules (Lee et al., 1989, Lane and Allan 1998, Marsh et al., 2001). The
functions of the ER include: protein synthesis, folding, assembly, and degradation; lipid
biosynthesis and metabolism; detoxification; nucleus compartmentalization; ion gradient
retention; and membrane transport (Rooney and Meldolesi 1996, Lippincott-Schwartz et al.,
2000). ER membranes form a continuous interconnected system of rough (RER) and smooth
(SER) regions, depending on whether ribosomes are associated with their cytoplasmic
surfaces (Cole et al., 1996a, Dayel et al., 1999). RER is the site of cotranslational or
posttranslational protein insertion, while SER is proposed to be the site of lipid biosynthesis
and detoxification (Amar-Costesec et al., 1984, Lippincott-Schwartz et al., 2000).

The RER represents the entry point for newly synthesized proteins destined for the
biosynthetic and secretory pathways. The process of how the appropriate proteins are
targeted to the ER, and thus, the true starting point of research on protein trafficking, is
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explained by the signal hypothesis. This hypothesis postulates that an amino-terminal leader
peptide serves as a signal that directs the protein to the ER and then is cleaved off by a
signal peptidase in the ER membrane before the polypeptide chain is fully synthesized (Blobel
and Dobberstein 1975, Walter and Johnson 1994). In mammalian cells, greater detail has
been elucidated. The ER signal peptide on the nascent polypeptide chain is bound by the
signal-recognition particle (SRP), which cycles between the ER membrane and the cytosol.
The binding of the SRP to the signal peptide and ribosome induces a pause in translation and
permits the binding of the SRP-ribosome complex to the SRP receptor, which is located
adjacent to the translocon. The translocon is a complex molecular machine that regulates the
movement of polypeptides in both directions through the ER bilayer while maintaining the
membrane permeability barrier. Once the SRP-ribosome complex is bound to the SRP receptor,
the nascent chain is inserted into the aqueous translocon pore and a GTP-dependent
interaction of SRP with its receptor triggers the release of SRP from the ribosome and the SRP
receptor from the translocon (Bacher et al., 1996). The nascent chain is prevented by
Binding Protein (BiP) from passing through the luminal end of the pore until the chain reaches
~ 70 amino acids in length (Crowley et al., 1994). The delayed release of BiP and the final
opening of the pore may constitute a safety mechanism to ensure that one end of the pore is
not opened before the other end is completely sealed. The release of the BiP may be elicited
after the unfolded nascent chain becomes long enough to bind to BiP, alter its conformation,
and release BiP from the translocon. Cotranslational protein translocation then proceeds
through the aqueous pore, which is now sealed at its cytoplasmic end by tight binding of the
ribosome to the translocon. When the chain length totals ~150 residues, the signal peptidase
cleaves off the leader peptide. After termination of translation, the ribosome is released and
the pore contracts, sealed on its luminal side by BiP (Hamman et al., 1998, Johnson and van
Waes 1999). For soluble proteins, cleavage of the signal peptide releases the polypeptide
into the ER lumen. Other proteins remain anchored to the phospholipid bilayer by a covalently
attatched glycosylphosphatidylinositol (GPI) membrane anchor. These proteins are initially
anchored to the ER membrane by an internal stop-transfer membrane anchor sequence.
However, a short sequence of amino acids in the exoplasmic domain adjacent to the
membrane-spanning domain is recognized by an endoprotease that simultaneously cleaves off
the stop-transfer membrane-anchor sequence and transfers the remainder of the protein to a
pre-formed GPI anchor in the membrane (Kodukula et al., 1992). In contrast, single or
multiple-pass integral membrane proteins remain in the ER membrane after cleavage by the
signal peptidase due to the presence of uncleaved stop-transfer membrane-anchor sequences
or internal signal anchor sequences. Because membrane proteins are always inserted from the
cytosolic side of the ER in a programmed manner, all copies of the same polypeptide chain will
have the same orientation in the lipid bilayer. This generates an asymmetrical ER membrane in
which the protein domains exposed on one side differ from those exposed on the other. This
asymmetry is maintained as proteins made in the ER are transported to other cell membranes
(Lodish et al., 2000).

Quality Control

Once in the ER, proteins are covalently modified (N-glycosylation, oligosaccharide trimming,
formation of disulfide bonds) and acquire their proper tertiary and, in some cases, quaternary
structures. Proper folding of proteins is facilitated in the ER by a number of chaperones (such
as BiP, calnexin, calreticulin, etc.) and by enzymes able to catalyze disulfide bond formation
(such as protein disulfide isomerase, ERp57, etc; Ellgaard et al., 1999, Farmery et al., 2000,
High et al., 2000, Molinari and Helenius 2000). The correct functioning of many of these
folding-assisting proteins is dependent upon maintenance of the ER luminal calcium (Ca2+)
concentration and oxidizing environment (Meldolesi and Pozzan 1998). Proteins that



consistently fail to fold properly are initially retained in the ER, then eventually transported in
a retrograde manner through the ER translocon to the cytosol where they are proteolytically
degraded by a proteasome (Brodsky and McCracken 1997, Plemper et al., 1997, Plemper and
Wolf 1999). Proteasomes are highly conserved barrel-shaped proteolytic complexes that
mediate the elimination of abnormal proteins as well as critical regulatory proteins that must
be rapidly destroyed for normal growth and metabolism. Proteasomes generally degrade
proteins to small peptides, most of which are hydrolyzed to amino acids by cytosolic
exopeptidases. Some of the oligopeptides generated by proteasomes, however, are presented
to the immune system on major histocompatibility complex (MHC) class I molecules (Rock et
al., 1994, Goldberg 1995, Niedermann et al., 1997). The majority of proteins destined for
degradation by the proteasome are marked by conjugation to multiple molecules of ubiquitin
(Hershko and Ciechanover 1992). The first clear indication that a proteasome degrades ER
proteins came from the examination of the cystic fibrosis transmembrane conductance
regulator (CFTR), an integral membrane protein that facilitates chloride transport across the
apical plasma membrane of epithelial cells (Brodsky and McCracken 1997). The most common
mutation in individuals with cystic fibrosis is a deletion of phenylalanine at position 508
(F508), resulting in the retention of this protein in the ER because an ATP-dependent
conformational change required for ER-to-Golgi transport is prevented (Lukacs et al., 1994).
It was demonstrated that the addition of lactacystin, a proteasome inhibitor, obstructed the
degradation of ER-retained forms of CFTR and increased the population of polyubiquitinated
CFTR derivatives (Jensen et al., 1995). Recently, Meacham et al., (2001) showed that CHIP
(carboxyl terminus of Hsp70 interactin protein) functions with Hsc70 to sense the folded
state of CFTR and targets aberrant forms for proteasomal degradation by promoting their
ubiquitination. Therefore, when proteins exit the ER, they are not only sorted away from
resident ER proteins, but also from conformational variants of themselves.

ER-to-Golgi Transport

Once properly folded and assembled, proteins are translocated from the ER to the Golgi
apparatus in transport carriers that move along microtubules, likely driven by the minus end-
directed motor complex of dynein/dynactin (Scales et al., 1997, Lane and Allan 1998). Two
models have been proposed to explain the nature of the export event from the ER. The first
suggests that budding from the ER is a selective process, while the second views the event
as a default process. Current data corroborates the first model. It has been noted that
several cargo proteins are concentrated many-fold during the budding process (Mizuno and
Singer 1993, Balch et al., 1994), and that different proteins are exported from the ER at
markedly different rates (Lodish 1988), thus supporting the existence of selectivity during ER
export. Moreover, several integral membrane proteins implicated in the sorting of specific
cargo molecules have been identified. For example, Shr3p, an ER resident membrane protein,
is required for the incorporation of amino acid permeases Gap1p and Hip1p into COPII-
(coatomer-like protein coat, see text below) coated vesicles, thus demonstrating selectivity
in export from the ER (Kuehn et al., 1996). In another example, Nichols et al., (1998) showed
that mutations in ERGIC-53, an integral membrane protein with lectin-like activity that cycles
between the ER and Golgi, causes a combined deficiency in coagulation factors V and VIII,
resulting in an autosomal recessive bleeding disorder, and thus, suggesting a role for ERGIC-
53 in the selective export of these coagulation factors.

Proteins to be exported from the ER are partitioned at ER exit sites into coated transport
carriers. These ER exit sites, also termed the transitional ER, are scattered over the surface of
the ER and exist as membrane domains with an increased level of organization of protein and
lipid adjacent to elaborate tubular clusters (also called pre-Golgi intermediates, vesicular-



tubular clusters, or ERGIC; Saraste and Kuismanen 1992, Bannykh et al., 1996, Hauri et al.,
2000). ER exit sites observed at the electron microscope level usually contain multiple
budding profiles, possibly representing budding vesicles that subsequently fuse locally to form
vesicular-tubular clusters. However, because the membranes at ER exit sites sometimes show
direct continuity with the vesicular-tubular clusters, an alternative possibility is that the
budding profiles represent ER exit sites transforming directly into vesicular-tubular clusters
without the need for small vesicle intermediates (Krijnse-Locker et al., 1994, Stinchcombe et
al., 1995, Lippincott-Schwartz et al., 2000). Presley et al., (1997) fused GFP to the
temperature-sensitive ts045 mutant of the vesicular stomatitis viral glycoprotein (VSVG) to
study ER-to-Golgi transport in living cells. Upon export from the ER, VSVG-GFP became
concentrated in many differently shaped, rapidly forming pre-Golgi structures. No loss of
fluorescent material from these pre-Golgi structures occurred during their translocation to the
Golgi complex, and they frequently stretched into tubular shapes, contrasting with the
traditional view of small vesicles as the primary vehicles for ER-to-Golgi transport (see
Quicktime movie at http: //dir.nichd.nih.gov/CBMB/pb1labob.html).

Cargo to be transported has been demonstrated to rely on the assembly of the cytosolic coat
complex COPII onto ER exit sites. The COPII coat complex was first identified in yeast as
distinct from both clathrin and coatomer coats (Barlowe et al., 1994). Previously, a non-
clathrin coat termed COP (coatomer protein) consisting of the cytosolic seven subunit protein
coatomer as well as the GTPase ADP-ribosylation factor 1 (ARF1) that regulates both the
sorting of cargo into COP vesicles and the assembly/disassembly of the coat was discovered
to operate in the biosynthetic pathway (Malhotra et al., 1989, Nickel and Wieland 1998). Like
COP, COPII was also discovered as a non-clathrin coat that functioned in the biosynthetic
pathway and relied on the activity of a small monomeric GTPase for coat assembly. Thus, COP
was renamed "COPI" and the newly discovered coat was named "COPII" (Barlowe et al.,
1994). COPII was found to consist of five subunits: the Ras-related GTPase Sar1p and two
heterodimeric complexes (Sec23p/24p and Sec13p/Sec31p; Schekman and Orci 1996).
Later, Sec16p, a membrane-associated peripheral protein that may be involved in cargo
selection and other regulatory events, was also identified as a coat component (Gimeno et al.,
1996, Hong 1998). Additionally, an integral ER membrane glycoprotein, Sec12p, was deemed
necessary to guide the budding machinery to the proper compartment. Mammalian
equivalents of the COPII subunits have been detected by molecular cloning and immunological
cross-reaction. A COPII coat is assembled when Sec12p recruits Sar1p and catalyzes the
exchange of GTP in place of GDP. Sec23p/Sec24p and Sec13p/Sec31p heterodimers are
then, respectively, assembled onto the cytoplasmic leaflet of the activated ER membrane to
form a COPII-coated bud (Figure 2; Schekman and Orci 1996). This bud was generally thought
to transform into a vesicle, though it may not immediately sever, allowing a tubule formation
that could cluster with adjacent COPII-derived tubules (Lippincott-Schwartz et al., 2000).
How specific proteins are recruited into COPII coats is an active topic of research. In the case
of a number of integral membrane proteins (such as CFTR, glucose transporter 4, low-density
lipoprotein receptor, epidermal growth factor receptor and nerve growth factor receptor), an
Asp-X-Glu (DXE) motif may serve as the signal required for efficient recruitment into COPII
vesicles leading to their selective export from the ER (Nishimura and Balch 1997). In the case
of soluble proteins (such as invertase), a family of 24 kDa membrane proteins referred to as
the p24 family have been shown to selectively bind soluble ER proteins destined for transport
to the Golgi while excluding resident ER proteins such as Hsc20 (Lodish et al., 2000, Muniz et
al., 2000).

COPII does not persist on the transport carriers throughout their passage to the Golgi
apparatus. A sequential mode of action of COPII binding, followed by COPI binding, COPII



dissociation, and COPI persistence has been demonstrated (Aridor et al., 1995, Rowe et al.,
1996, Scales et al., 1997, Stephens et al., 2000). This coat exchange is an early event that
precedes the targeting of ER-derived vesicles to vesicular-tubular clusters(VTCs)/ERGIC
(Rowe et al., 1996, Stephens et al., 2000). The subsequent binding of COPI implies a role in
retrieving earlier-acting factors from the transport carriers (e.g. chaperones, COPII-associated
proteins) which, if not removed, would prevent transfer of cargo to the Golgi apparatus
(Scales et al., 1997).

Retention and Retrieval of Resident Proteins

Each organelle in the biosynthetic and secretory pathways is required to selectively allow
transit of newly synthesized proteins destined for export, while still maintaining a unique set
of resident proteins that defines its structural and functional properties. In the case of the ER,
residency is achieved in two ways: prevention of residents from entering transport vesicles,
and retrieval of those residents that escape. Though retention of residents seems the most
obvious method, how such proteins are retained in the ER remains enigmatic. Several
mechanisms have been suggested. Retention of ER membrane proteins may be achieved by
interaction of their cytoplasmic domains with cytoskeletal elements, such as microtubules
(Dahllof et al., 1991). Retention may also occur through the oligomerization of proteins into
complexes that are kinetically or physically excluded from the budding vesicle (Hortsch and
Meyer 1985, Teasdale and Jackson 1996). It has also been proposed that Ca2+ in the ER
lumen serves as a stabilizer of a reticular matrix of resident soluble and membrane proteins,
constituting an immobile phase through which secretory proteins percolate (Hammond and
Helenius 1995). Evidence supporting this model comes from studies indicating that retrieval
appears to be Ca2+-independent (Wilson et al., 1993), whereas perturbation of intracellular
Ca2+ stores by ionophores induces secretion of resident proteins (Booth and Koch 1989).
Recently, Andersson et al., (1999) demonstrated that protein targeting to the ER by dilysine
signals involves direct retention in addition to retrieval. Chimerae consisting of the plasma
membrane protein CD4 and either a C-terminal Lys-Lys-Ala-Ala (KKAA) or a Lys-Lys-Phe-Phe
(KKFF) signal were expressed in Lec-1 cells. The KKAA chimerae were localized to the ER by
confocal microscopy, and were neither processed by cis-Golgi-specific enzymes in vivo, nor
included into ER-derived transport vesicles in an in vitro binding assay, suggesting that the
KKAA-bearing proteins were permanently retained in the ER.

Unlike retention, retrieval of resident proteins back to the ER has been well documented. A
number of sorting signals that direct localization of resident proteins to the ER has been
identified. The criteria defining organellar targeting motifs are that they function in a specific
position of a protein, can be disrupted through mutation, and confer residency in a specific
organelle when engineered onto a reporter protein. Retrieval of many soluble ER proteins has
been demonstrated to rely on a C-terminal Lys-Asp-Glu-Leu signal (KDEL; HDEL in yeast). This
signal is recognized by the Erd2p (endoplasmic reticulum retention defective
complementation group 2) transmembrane protein receptor that resides at steady state in
the Golgi apparatus (Munro and Pelham 1987, Lewis and Pelham 1990, Aoe et al., 1997).
Additionally, carboxy-terminal dilysine (KKXX, KXKXX) and amino-terminal diarginine (XXRR)
sequences have been shown to function as retrieval signals for ER resident membrane
proteins (Schutze et al., 1994, Townsley and Pelham 1994, Teasdale and Jackson 1996).
Both the luminal and cytoplasmic motifs are conserved among species and mediate rapid
recycling from post-ER compartments as distal as the trans Golgi network (Miesenbock and
Rothman 1995). The recycling of the ER residents bearing the aforementioned signals
depends on COPI (Storrie et al., 2000). As first demonstrated by Cosson and Letourneur
(1994), the K(X)KXX motif binds directly to coatomer in vitro, and corresponding mutations



that abolish binding result in the loss of reporter molecules to the cell surface in vivo.
Moreover, inhibition of COPI function through expression of mutated ARF1 or microinjection of
antibodies to coatomer blocks recycling of both the KDEL receptor and ERGIC-53 from the
Golgi to the ER (Girod et al., 1999). These experiments clearly show the importance of COPI
in retrograde traffic from the Golgi to the ER.

The Golgi ApparatusThe Golgi Apparatus

Structure and Function

The Golgi apparatus, originally discovered by Camillo Golgi in 1898, consists of a collection of
membrane-bounded cisternae surrounded by tubules and vesicles. The precise number of
Golgi compartments is still debated, but most investigators recognize the following four: cis
(also called cis-Golgi network or CGN), medial, trans, and trans-Golgi network (TGN; Griffiths
and Simons 1986, Rambourg and Clermont 1990, Ladinsky et al., 1994, Farquhar and Palade
1998). In most metazoan cells, a single Golgi apparatus is located adjacent to the nucleus,
while in plants and fungi many Golgi apparatus are distributed throughout the cell (Griffing
1991, Lane and Allan 1998). In 1984, Saraste and Kuismanen reported the existence of a
pre-Golgi compartment located between the transitional ER and cis Golgi. Recognition of
distinct features of this possible compartment, now referred to as VTCs or ERGIC, came about
after the discovery of the only known marker of this area, p53 (ERGIC53; Schweizer et al.,
1988) and its rat homologue p58 (ERGIC58; Saraste et al., 1987, Lahtinen et al., 1996).
Currently, the question of whether VTCs/ERGIC is a true compartment or a transient
membrane structure remains unanswered (Hauri and Schweizer 1992, Presley et al., 1997,
Scales et al., 1997, Hauri et al., 2000).

In animal cells, evidence implies that microtubules and the minus end-directed motor dynein
are involved in Golgi positioning, since microtubule-depolymerizing drugs (colchicine,
nocodazole) or overexpression of the dynamitin subunit of the dynactin complex results in
Golgi fragmentation (Cole et al., 1996b, Burkhardt et al., 1997, Burkhardt 1998). Recently, it
was reported that Hook proteins constitute a novel family of coiled-coil proteins that bind
organelles to microtubules. More specifically, human Hook3 was implicated in binding the Golgi
apparatus to microtubules, thus defining its architecture and localization (Walenta et al.,
2001).

In general, transport carriers with cargo derived from the ER deliver their contents uniquely to
the cis face of the Golgi, which exists as a tubular network. The cargo then moves through
the polarized stacks of flattened cisternae enriched in glycoprotein and glycolipid-processing
enzymes to the trans Golgi network (TGN) where they are packaged into post-Golgi carriers
before being delivered to their final destination (Palade 1975, Teasdale and Jackson 1996).
The functions of the Golgi apparatus include: N-linked oligosaccharide processing, O-linked
glycosylation, proteoglycan formation, sugar and tyrosine sulfation, lipid modification, and
cargo sorting/filtering (Neutra and Leblond 1966, Tooze et al., 1988, Munro 1998, Lodish et
al., 2000). Though some N-linked oligosaccharide processing does occur in the ER, the
extreme structural diversity of N-linked oligosaccharides in mature glycoproteins of different
organisms or of different cell types belonging to multicellular organisms originates by
differential processing reactions in the Golgi apparatus (Parodi 2000).

Retention and Retrieval of Resident Proteins

The population of resident proteins and sorting components must be maintained despite the
continuous flow of cargo through the Golgi apparatus. Furthermore, mechanisms must exist



to account for the restriction of resident enzymes and trafficking components such as
SNAREs to specific cisternae. The first insights into the nature of these mechanisms were
provided by Machamer and Rose (1987), who revealed the unexpected finding that targeting
and retention of Golgi membrane proteins resides in a single transmembrane domain. Other
studies since then have confirmed the importance of this domain as a localization signal
(Colley 1997), but how this signal mediates retention is still unknown. Two models have been
proposed to explain this retention mechanism: the kin-recognition model (Weisz et al., 1993,
Nilsson et al., 1994, Slusarewicz et al., 1994) and the bilayer-mediated sorting model
(Bretscher and Munro 1993). The first model envisages that enzymes in a particular cisterna
interact to form structure too large to be included in transport vesicles. This model initially
arose from an experiment demonstrating that oligomerization of a VSVG protein tagged with
a cis Golgi localization signal correlated with the protein's retention (Weisz et al., 1993). It
has been further suggested that the immobility of these enzyme oligomers could be
augmented by their binding to a putative Golgi matrix located among the cisternae
(Slusarewicz et al., 1994). In contrast, the second model proposes that the bilayer of the
Golgi cisternae is not homogeneous but contains distinct lipid domains between which the
Golgi enzymes partition differentially. The length of the transmembrane domain is viewed as
the crucial factor in sorting resident Golgi proteins, which have shorter transmembrane
domains than those of the plasma membrane. This model arose from the observations that
Golgi transmembrane domains do not contain any obvious distinguishing sequence motif,
attempts to find key residues by mutagenesis have been unsuccessful, and mammalian Golgi
enzyme transmembrane domains are on average five residues shorter than those of the
plasma membrane proteins (Bretscher and Munro 1993, Munro 1998). At present, the only
aspect that appears to be agreed upon with respect to the retention of Golgi resident
proteins is the importance of the transmembrane domain.

Aside from retention, there is evidence that retrieval is a factor in localization of residents to
the Golgi. A tyrosine-based sorting signal, for example, is used for retrieval of TGN38 from
the plasma membrane (Bos et al., 1993, Farquhar and Palade 2000). Furthermore, a number
of studies indicate that proteins normally residing in the Golgi apparatus also recycle back to
the ER, possibly as a quality control function. When COPII-dependent ER export was blocked
upon introduction of a dominant negative mutant of Sar1p, Golgi components including TGN
glycosyltransferases gradually accumulated (Storrie et al., 1998). Other evidence for the
recycling of Golgi proteins to the ER comes from a retrograde transport assay based on the
capacity of the ER to retain misfolded proteins. In this assay, the ectodomain of the
temperature-sensitive VSVG ts045 was fused to Golgi or plasma membrane targeting
domains. At the permissive temperature of 32oC, the chimerae correctly localized to the Golgi
apparatus or plasma membrane. When cells were shifted to the nonpermissive temperature of
40oC, Golgi fusion proteins, but no plasma membrane proteins, reaccumulated in the ER due
to misfolding of the ectodomain. Recycling was not induced by misfolding of the fusion
proteins within the Golgi apparatus since the chimerae exhibited a misfolded phenotype only
after redistribution into the ER. These results indicated that the chimerae normally cycled
between the Golgi and the ER despite their Golgi localization phenotype, and became
misfolded and retained at 40oC while passing through the ER (Cole et al., 1998). It is
interesting to note that, unlike the retrieval pathway for ER resident proteins, the Golgi
recycling pathway appears to be COPI-independent (Girod et al., 1999). The rationale for such
cycling of Golgi components through the ER could be that recycling is important for
monitoring the fidelity of proteins that spend most of their lifetime in distal secretory
compartments. For Golgi enzymes in particular, it could periodically expose them to the
folding machinery in the ER where they could undergo further modification/repair or



degradation (Lippincott-Schwartz and Zaal 2000).

Intra-Golgi Transport

The most controversial topic in the trafficking of biosynthetic and secretory cargo is intra-
Golgi transport. Two opposing models, vesicular transport and cisternal maturation, have
resulted in considerable polarization of the field (Figure 3). In the vesicular transport model,
COPI vesicles bud from one cisterna and fuse with another, delivering newly synthesized cargo
in a cis to trans direction. Cisternae are distinct, stable, pre-existing structures; therefore, the
Golgi apparatus as a whole is stable. Newly synthesized cargo that escapes is retrieved by
specialized COPI carriers, predicting a dual function for COPI vesicles (Storrie et al., 2000).
Evidence in support of this model includes: the identification of two populations of COPI
vesicles (one containing anterograde cargo) in vivo (Orci et al., 1997), incorporation of an
engineered anterograde cargo marker into COPI vesicles in a GTP and ARF1-dependent
manner (Nickel 1998, Malsam et al., 1999), and the identification of "mega-vesicles" that
could explain the rapid transport of intra-cisternal aggregates across the Golgi stack (Volchuk
et al., 2000). In the cisternal maturation model, cisternae carry newly synthesized cargo
towards the cell surface. COPI vesicles transport resident proteins and lipids in a retrograde
direction, exchanging the content of each cisterna and thus balancing the flow of newly
synthesized cargo. Cisternae are transient; therefore, the Golgi apparatus as a whole exists in
a state of flux (Storrie et al., 2000). Current evidence in support of this model includes:
transport through the Golgi of green algal scales seemingly too large to be included in
standard vesicles (Melkonian et al., 1991), "maturation" of ER-to-Golgi intermediates in a
process that selects anterograde cargo away from retrograde cargo (Shima et al., 1999,
Stephens et al., 2000), and the ability of COPI to mediate retrograde transport from the Golgi
to the ER (Cosson and Letourner 1994).

A recent model proposed by Pelham and Rothman (2000), attempts to pacify the polarization
by combining both views. COPI vesicles would percolate up and down the Golgi apparatus
bidirectionally (Orci et al., 2000), providing both the fast track through which cargo flows
across the Golgi and the recycling required to retain resident proteins. Cisternal progression
would provide a slower track for larger aggregates. A second population of COPI vesicles
would operate in a retrograde manner to return ER resident proteins/machinery to the ER.
Nevertheless, despite this attempt to bring the two views into accord, it is likely that
advocates of either the vesicular transport model or the cisternal maturation model will
remain polarized for many years.

ConclusionsConclusions

Over the course of evolution, cells have developed ways to monitor and regulate their
activities. The biosynthetic pathway plays a pivotal role in compartment communication. A
number of new techniques and a synergistic combination of established methods have
resolved many questions and provided insight into this pathway. For example, the ER
translocon has been demonstrated to exhibit bidirectionality, facilitating "input" of nascent
polypeptides to the biosynthetic pathway and "output" of misfolded proteins to the
proteasome. Additionally, transport between the ER and Golgi apparatus has been shown to
rely on tubular carriers as well as vesicles. Moreover, a COPI-independent pathway for periodic
cycling of Golgi proteins back to the ER has been reported. Nevertheless, many issues remain
unresolved, particularly the mechanisms of intra-Golgi transport and protein sorting into the
regulated secretory pathway. Resolution is likely to depend on collaboration between experts
in current methods and on the development of innovative techniques.



AcknowledgementsAcknowledgements

This research was supported by Natural Sciences and Engineering Research Council grant
#138216-01 to Francis Choy and a NSERC PGS-B Scholarship to Tessa Campbell.

ReferencesReferences

Amar-Costesec, A., Todd, J.A., and Kreibich, G. 1984. Segregation of the polypeptide
translocation apparatus to regions of the endoplasmic reticulum containing ribophorins and
ribosomes. I. Functional tests on rat liver microsomal subfractions. J. Cell Biol. 99: 2247-
2253.

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

Aoe, T., Cukierman, E., Lee, A., Cassel, D., Peters, P.J., and Hsu, V.W. 1997. The KDEL
receptor, ERD2, regulates intracellular traffic by recruiting a GTPase-activating protein for
ARF1. EMBO J. 16: 7305-7316.

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

Bacher, G., Lutcke, H., Jungnickel, B., Rapoport, T.A., and Dobberstein, B. 1996. Regulation by
the ribosome of the GTPase of the signal-recognition particle during protein targeting. Nature
381: 248-251.

Balch, W.E., McCaffery, J.M., Plunter, H., and Farquhar, M.G. 1994. Vesicular stomatitis virus
glycoprotein is sorted and concentrated during export from the endoplasmic reticulum. Cell
77: 841-852.

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

Barlowe, C., Orci, L., Yeung, T., Hosobuchi, M., Hamamoto, S., Salama, N., Rexach, M.F.,
Ravazzola, M., Amherdt, M., and Schekman, R., 1994. COPII: a membrane coat formed by Sec
proteins that drive vesicle budding from the endoplasmic reticulum. Cell 77: 895-907.

Blobel, G. and Dobberstein, B. 1975. Transfer of proteins across membranes: Presence of
proteolytically processed and unprocessed nascent immunoglobulin light chains on membrane-
bound ribosomes of murine myeloma. J. Cell Biol. 67: 835-851.

Booth, C. and Koch, G.L.E. 1989. Perturbation of cellular calcium induces secretion of luminal
ER proteins. Cell 59: 729-737.

Bos, K., Wraight, C., and Stanley, K.K. 1993. TGN38 is maintained in the trans-Golgi network
by a tyrosine-containing motif in the cytoplasmic domain. EMBO J. 12: 2219-2228.

Bretscher, M.S., and Munro, S. 1993. Cholesterol and the Golgi apparatus. Science 261: 1280-
1281.

Brodsky, J.L. and McCracken, A.A. 1997. ER-associated and proteasome-mediated protein
degradation: how two topologically restricted events came together. Trends Cell Biol. 7: 151-
156.



Burkhardt, J.K. 1998. The role of microtubule-based motor proteins in maintaining the
structure and function of the Golgi complex. Biochim. Biophys. Acta 1404: 113-126.

Burkhardt, J., Echeverri, C., Nilsson, T., and Vallee, R. 1997. Overexpression of the dynamitin
p50 subunit of the dynactin complex disrupts dynein-dependent maintenance of membrane
organelle disruption. J. Cell Biol. 139: 469-484.

Cole, N.B., Ellenberg, J., Song, J., DiEuliis, D., and Lippincott-Schwartz, J. 1998. Retrograde
transport of Golgi-localized proteins to the ER. J. Cell Biol. 140: 1-15.

Cole, N.B., Smith, C.L., Sciaky, N., Terasaki, M., Edinin, M., and Lippincott-Schwartz, J. 1996a.
Diffusional mobility of Golgi proteins in membranes of living cells. Science 273: 797-801.

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

Colley, K.J. 1997. Golgi localization of glycosyltransferases: more questions than answers.
Glycobiology 7: 1-13.

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

Crowley, K.S., Liao, S., Worrell, V.E., Reinhart, G.D., and Johnson, A.E., 1994. Secretory
proteins move through the endoplasmic reticulum membrane via an aqueous, gated pore. Cell
78: 461-471.

Dahllof, B., Wallin, M., and Kvist, S. 1991. The endoplasmic reticulum retention signal of the
E3/19K protein of adenovirus-2 is microtubule binding. J. Biol. Chem. 266: 1804-1808.

Dayel, M.J., Horn, E.F.Y., and Verkman, A.S. 1999. Diffusion of green fluorescent protein in
the aqueous-phase lumen of endoplasmic reticulum. Biophys. J. 76: 2843-2851.

Ellgaard, L., Molinari, M., and Helenius, H. 1999. Setting the standards: quality control in the
secretory pathway. Science 286: 1882-1888.

Farmery, M.R., Allen, S., Allen, A.J., and Bulleid, N.J. 2000. The role of ERp57 in disulfide bond
formation during the assembly of major histocompatibility complex class I in a synchronized
semipermeabilized cell translation system. J. Biol. Chem. 275: 14933-14938.

Farquhar, M.G. and Palade, G.E. 1998. The Golgi apparatus: 100 years of progress and
controversy. Trends Cell Biol. 8: 2-10.

Gimeno, R.E., Espenshade, P., and Kaiser, C.A. 1996. COPII coat subunit interactions: Sec24p
and Sec23p bind to adjacent regions of Sec16p. Mol. Biol. Cell 7: 1815-1823.

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

Goldberg, A.L. 1995. Functions of the proteasome: the lysis at the end of the tunnel. Science
268: 522-523.

Griffing, L.R. 1991. Comparisons of Golgi structure and dynamics in plant and animal cells. J.



Electron. Microsc. Tech. 17: 179-199.

Griffiths, G. and Simons, K. 1986. The trans Golgi network: sorting at the exit site of the Golgi
complex. Science 234: 438-443.

Hamman, B.D., Hendershot, L.M., and Johnson, A.E. 1998. BiP maintains the permeability
barrier of the ER membrane by sealing the lumenal end of the translocon pore before and
early in translocation. Cell 92: 747-758.

Hammond, C. and Helenius, A. 1995. Quality control in the secretory pathway. Curr. Opin. Cell
Biol. 7: 523-529.

Hauri, H-P., Kappeler, F., Andersson, H., and Appenzeller, C., 2000. ERGIC-53 and traffic in the
secretory pathway. J. Cell Sci. 113: 587-596.

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

Hershko, A. and Ciechanover, A., 1992. The ubiquitin system for protein degradation. Annu.
Rev. Biochem. 61: 761-807.

High, S., Lecomte, F.J.L., Russell, S.J., Abell, B.M., and Oliver, J.D. 2000. Glycoprotein folding
in the endoplasmic reticulum: A tale of three chaperones? FEBS Lett. 476: 38-41.

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

Hortsch, M. and Meyer, D.I. 1985. Immunochemical analysis of rough and smooth microsomes
from rat liver: segregation of docking protein in rough membranes. Eur. J. Biochem. 150: 559-
564.

Jensen, T.J., Loo, M.A., Pind, S., Williams, D.B., Goldberg, A.L., and Riordan, J.R. 1995. Multiple
proteolytic systems, including the proteasome, contribute to CFTR processing. Cell 83: 129-
135.

Johnson, A.E. and van Waes, M.A. 1999. The translocon: a dynamic gateway at the ER
membrane. Annu. Rev. Cell Dev. Biol. 15: 799-842.

Kodukula, K., Amthauer, R., Cines, D., Yeh, E.T.H., Brink, L., Thomas, L.J., and Udenfriend, S.
1992. Biosynthesis of phosphatidylinositol-glycan PI-G-anchored membrane proteins in cell-
free systems: PI-G is an obligatory cosubstrate for COOH-terminal processing of nascent
proteins. Proc. Natl. Acad. Sci. USA 89: 4982-4985.

Krijnse-Locker, J., Ericsson, M., Rottier, P.J., and Griffiths, G. 1994. Characterization of the
budding compartment of mouse hepatitis virus: evidence that transport from the RER to the
Golgi complex requires only one vesicular transport step. J. Cell Biol. 124: 55-70.

Kuehn, M.J., Shekman, R., and Ljungdahl, P.O. 1996. Amino acid permeases require COPII
components and the ER resident membrane protein Shr3p for packaging into transport
vesicles in vitro. J. Cell. Biol. 135: 585-595.

Ladinsky, M.S., Kremer, J.R., Furcinitti, P.S., McIntosh, J.R., and Howell, K.E. 1994. HVEM
tomography of the trans-Golgi network: structural insights and identification of a lace-like
vesicle coat. J. Cell Biol. 127: 29-38.



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

Lane, J. and Allan, V. 1998. Microtubule-based membrane movement. Biochim. Biophys. Acta
1376: 27-55.

Lee, C., Ferguson, M., and Chen, L.B. 1989. Construction of the endoplasmic reticulum. J. Cell
Biol. 109: 2045-2055.

Lewis, M.J. and Pelham, H.R. 1990. A human homologue of the yeast HDEL receptor. Nature
348: 162-163.

Lippincott-Schwartz, J., Roberts, T.H., and Hirschberg, K. 2000. Secretory protein trafficking
and organelle dynamics in living cells. Annu. Rev. Cell Dev. Biol. 16: 557-589.

Lippincott-Schwartz, J. and Zaal, K.J.M. 2000. Cell cycle maintenance and biogenesis of the
Golgi complex. Histochem. Cell Biol. 114: 93-103.

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

Lodish, H., Berk, A., Zipursky, S.L., Matsudaira, P., Baltimore, D., and Darnell, J. 2000.
Molecular Cell Biology 4th ed.. New York: W.H. Freeman and Company.

Lukacs, G.L., Mohamed, A., Kartner, N., Chang, X-B., Riordan, J.R., and Grinstein, S. 1994.
Conformational maturation of CFTR but not its mutant counterpart DF508 occurs in the
endoplasmic reticulum and requires ATP. EMBO J. 13: 6076-6086.

Machamer, C.E. and Rose, J.K. 1987. A specific transmembrane domain of a coronavirus E1
glycoprotein is required for its retention in the Golgi region. J. Cell Biol. 105: 1205-1214.

Malhotra, V. Serafini, T., Orci, L., Shepherd, J.C., and Rothman, J.E. 1989. Purification of a
novel class of coated vesicles mediating biosynthetic protein transport through the Golgi
stack. Cell 58: 329-336.

Malsam, J., Gommel, D., Wieland, F.T., and Nickel, W. 1999. A role for ADP ribosylation factor
in the control of cargo uptake during COPI-coated vesicle biogenesis. FEBS Lett. 462: 267-
272.

Marsh, B.J., Mastronarde, D.N., Buttle, K.F., Howell, K.E., and McIntosh, J.R. 2001. Organellar
relationships in the Golgi region of the pancreatic beta cell line, HIT-T15, visualized by high
resolution electron tomography. Proc. Natl. Acad. Sci. USA 98: 2399-2406.

Meacham, G.C., Patterson, C., Zhang, W., Younger, J.M., and Cyr, D.M. 2001. The Hsc70 co-
chaperone CHIP targets immature CFTR for proteasomal degradation. Nat. Cell Biol. 3: 100-
105.

Meldolesi, J. and Pozzan, T. 1998. The endoplasmic reticulum Ca2+ store: a view form the
lumen. Trends Biochem. Sci. 23: 10-14.

Melkonian, M., Becker, B., and Becker, D. 1991. Scale formation in algae. J. Electron Microsc.
Tech. 17: 165-178.



Miesenbock, G. and Rothman, J.E. 1995. The capacity to retrieve escaped ER proteins extends
to the trans-most cisterna of the Golgi stack. J. Cell. Biol. 129: 309-319.

Mizuno, M. and Singer, S.J. 1993. A soluble secretory protein is first concentrated in the
endoplasmic reticulum before transfer to the Golgi apparatus. Proc. Natl. Acad. Sci. USA 90:
5732-5736.

Molinari, M., and Helenius, A. 2000. Chaperone selection during glycoprotein translocation into
the endoplasmic reticulum. Science 288: 331-333.

Muniz, M., Nuoffer, C., Hauri, H-P., Riezman, H. 2000. The Emp24 complex recruits a specific
cargo molecule into endoplasmic reticulum-derived vesicles. J. Cell Biol. 148: 925-930.

Munro, S. 1998. Localization of proteins to the Golgi apparatus. Trends Cell Biol. 8: 11-15.

Munro, S. and Pelham, H.R. 1987. A C-terminal signal prevents secretion of luminal ER
proteins. Cell 48: 899-907.

Neutra, M. and Leblond, C.P. 1966. Radioautographic comparison of the uptake of galactose-
H and glucose-H3 in the golgi region of various cells secreting glycoproteins or
mucopolysaccharides. J. Cell Biol. 30: 137-150.

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

Nickel, W. 1998 Uptake by COPI-coated vesicles of both anterograde and retrograde cargo is
inhibited by GTP?S in vitro. J. Cell Sci. 111: 3081-3090.

Nickel, W. and Wieland, F.T. 1998. Biosynthetic protein transport through the early secretory
pathway. Histochem. Cell Biol. 109: 477-486.

Niedermann, G., Grimm, R., Geier, E., Maurer, M., Realini, C., Gartmann, C., Soll, J., Omura, S.,
Rechsteiner, M.C., Baumeister, W., and Eichmann, K. 1997. Potential immunocompetence of
proteolytic fragments produced by proteasomes before evolution of the vertebrate immune
system. J. Exp. Med. 186: 209-220.

Nilsson, T., Sluzarewicz, P., Hoe, M.H., and Warren, G. 1993. Kin recognition: a model for the
retention of Golgi enzymes. FEBS Lett. 330: 1-4.

Nishimura, N., and Balch, W.E. 1997. A di-acidic signal required for selective export from the
endoplasmic reticulum. Science 277: 556-558.

Orci, L., Ravazzola, M., Volchuk, A., Engel, T., Gmachi, M., Amherdt, M., Perrelet, A., Sollner,
T., and Rothman, J.E. 2000. Anterograde flow of cargo across the Golgi stack potentially
mediated via bidirectional "percolating" COPI vesicles. Proc. Natl. Acad. Sci. USA 97: 10401-
10405.

Orci, L.M., Stamnes, M., Ravazzola, M., Amherdt, M.., Perrelet, A., Sollner, T.H., and Rothman,
J.E. 1997. Bidirectional transport by distinct populations of COPI-coated vesicles. Cell 90:
335-349.

Palade, G. 1975. Intracellular aspects of the process of protein synthesis. Science 189: 347-



358.

Parodi, A.J. 2000. Role of N-oligosaccharide endoplasmic reticulum processing reactions in
glycoprotein folding and degradation. Biochem. J. 348: 1-13.

Pelham, H.R.B. and Rothman, J.E. 2000. The debate about transport in the Golgi-two sides of
the same coin? Cell 102: 713-719.

Plemper, R.K., Bohmler, S., Bordallo, J., Sommer, T., and Wolf, D.H. 1997. Mutant analysis links
the translocon and BiP to retrograde protein transport for ER degradation. Nature 388: 891-
895.

Plemper, R.K., and Wolf, D.H. 1999. Retrograde protein translocation: ERADication of
secretory proteins in health and disease. Trends Biochem. Sci. 24: 266-270.

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

Rambourg, A. and Clermont, Y. 1990. Three-dimensional electron microscopy: structure of
the Golgi apparatus. Eur. J. Cell Biol. 51: 189-200.

Rock, K.L., Gramm, C., Rothstein, L., Clark, K., Stein, R., Dick, L., Hwang, D., and Goldberg, A.L.
1994. Inhibitors of the proteasome block the degradation of most cell proteins and the
generation of peptides presented on MHC class I molecules. Cell 78: 761-771.

Rooney, E. and Meldolesi, J. 1996. The endoplasmic reticulum in PC12 cells. Evidence for a
mosaic of domains differently specialized in Ca2+ handling. J. Biol. Chem. 271: 29304-29311.

Rowe, T., Aridor, M., McCaffery, J.M., Plutner, H., Nuoffer, C., and Balch, W.E. 1996. COPII
vesicles derived from mammalian endoplasmic reticulum microsomes recruit COPI. J. Cell Biol.
135: 895-911.

Saraste, J., and Kuismanen, E. 1984. Pre-and post-Golgi vacuoles operate in the transport of
Semliki Forest virus membrane glycoproteins to the cell surface. Cell 38: 535-549.

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

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

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

Schekman, R. and Orci, L. 1996. Coat proteins and vesicle budding. Science 271: 1526-1533.

Schutze, M-P., Peterson, P.A., and Jackson, M.R. 1994. An N-terminal double-arginine motif
maintains type II membrane proteins in the endoplasmic reticulum. EMBO J. 13: 1696-1705.

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



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

Slusarewicz, P., Nilsson, T., Hui, N., Watson, R., and Warren, G. 1994. Isolation of a matrix that
binds medial Golgi enzymes. J. Cell Biol. 124: 405-413.

Stephens, D.J., Lin-Marq, N., Pagano, A., Pepperkok, R., and Paccaud, J-P. 2000. COPI-coated
ER-to Golgi transport complexes segregate from COPII in close proximity to ER exit sites. J.
Cell Sci. 113: 2177-2185.

Stinchcombe, J.C., Nomoto, H., Cutler, D.F., and Hopkins, C.R. 1995. Anterograde and
retrograde traffic between the rough endoplasmic reticulum and the Golgi complex. J. Cell
Biol. 131: 1387-1401.

Storrie, B., Pepperkok, R., and Nilsson, T. 2000. Breaking the COPI monopoly on Golgi
recycling. Trends Cell Biol. 10: 385-391.

Storrie, B., White, J., Rottger, S., Stelzer, E.H.K., Suganuma, T., and Nilsson, T. 1998.
Recycling of Golgi-resident glycosyltransferases through the ER reveals a novel pathway and
provides an explanation for nocodazole-induced Golgi scattering. J. Cell Biol. 143: 1505-
1521.

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

Tooze, S.A., Tooze, J., and Warren, G. 1988. Site of addition of N-acetyl-galactosamine to the
EI glycoprotein of mouse hepatitis virus-A59. J. Cell Biol. 106: 1475-1487.

Townsley, F.M. and Pelham, H.R. 1994. The KKXX signal mediates retrieval of membrane
proteins from the Golgi to the ER in yeast. Eur. J. Cell Biol. 64: 211-216.

Volchuk, A., Amherdt, M., Ravazzola, M., Rivera, V.M., Clackson, T., Perrelet, A., Sollner, T.H.,
Rothman, J.E., and Orci, L. 2000. Mega-vesicles implicated in the rapid transport of intra-
cisternal aggregates across the Golgi stack. Cell 102: 335-348.

Walenta, J.H., Didier, A.J., Liu, X., and Kramer, H. 2001. The Golgi-associated Hook3 protein is
a member of a novel family of microtubule-binding proteins. J. Cell Biol. 152: 923-934.

Walter, P., and Johnson, A.E. 1994. Signal sequence recognition and protein targeting to the
endoplasmic reticulum membrane. Annu. Rev. Cell Dev. Biol. 10: 87-119.

Weisz, O.A., Swift, A.M., and Machamer, C.E. 1993. Oligomerization of a membrane protein
correlates with its retention in the Golgi complex. J. Cell. Biol. 122: 1185-1196.

Wilson, D.W., Lewis, M.J., and Pelham, H.R.B. 1993. pH-dependent binding of KDEL to its
receptor in vitro. J. Biol. Chem. 268: 7465-7468.






