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Proteins to be secreted are transported from the endoplasmic reticulum (ER) to the Golgi
apparatus. The transport of these proteins requires the localization and activity of proteins that
create ER exit sites, coat proteins to collect cargo and to reshape the membrane into a
transport container, and address labels—SNARE proteins—to target the vesicles specifically
to the Golgi apparatus. In addition some proteins may need export chaperones or export
receptors to enable their exit into transport vesicles. ER export factors, SNAREs, and mis-
folded Golgi-resident proteins must all be retrieved from the Golgi to the ER again. This
retrieval is also part of the organellar homeostasis pathway essential to maintaining the
identity of the ER and of the Golgi apparatus. In this review, | will discuss the different
processes in retrograde transport from the Golgi to the ER and highlight the mechanistic

insights we have obtained in the last couple of years.

roteins that are exposed at the plasma mem-

brane or populate a membrane-bounded or-
ganelle are synthesized into the endoplasmic
reticulum (ER). In the ER, the folding of these
proteins takes place and posttranslational mod-
ifications such as N-glycosylation and disulfide
bridge formation occur. Upon adopting a suit-
able, often correct, conformation, proteins des-
tined to locations beyond the ER are concen-
trated at so-called ER exit sites (ERES) and
incorporated into nascent COPII-coated vesi-
cles. These COPII vesicles eventually bud off
the ER membrane and are transported to the
Golgi (in yeast, Drosophila, and C. elegans) or
the ER-Golgi intermediate compartment (in
mammalian cells) (Schweizer et al. 1990; Kon-
dylis and Rabouille 2003; Spang 2009; Witte
et al. 2011).

It is assumed that the vesicle coat is at least
partially destabilized through the hydrolysis of
GTP by the small GTPase Sar1 (Oka and Nakano
1994; Springer et al. 1999). However, some of the
destabilized coat components have to stay on the
vesicle until it has reached the Golgi apparatus
because coat components participate in the rec-
ognition and the tethering process (Barlowe
1997; Cai et al. 2007; Lord et al. 2011; Zong
et al. 2012). Subsequently, SNARE proteins on
the vesicles (v-SNAREs) zipper up with cognate
SNAREs on the Golgi (target SNAREs, t-
SNARE:s) to drive membrane fusion (Hay et al.
1998; Cao and Barlowe 2000; Parlati et al. 2002).
The content of the ER-derived COPII vesicles
is thereby released into the lumen of the cis-
cisterna of the Golgi apparatus. Most proteins
will continue their journey through the Golgi
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apparatus and encounter further modifications
such as extension of the glycosylation tree or
lipidation. However, some proteins, especially
those involved in the fusion process, i.e., the v-
SNAREs or proteins that act as export factors of
the ER, such as Vma21, which is essential for
export of the correctly folded and assembled
VO sector of the V-ATPase, need to be recycled
back to the ER for another round of transport
(Ballensiefen et al. 1998; Malkus et al. 2004).
Moreover, cis-Golgi proteins are returned to
the ER for quality/functional control (Todorow
et al. 2000; Sato et al. 2004; Valkova et al. 2011).
Finally, some ER-resident proteins, such as the
ER Hsp70 chaperone BiP/Kar2, can escape the
ER, but are captured at the cis-Golgi by the H/
KDEL receptor Erd2 and returned to the ER
(Lewis et al. 1990; Semenza et al. 1990; Aoe
et al. 1997).

Unfortunately, the retrograde transport
route is also hijacked by toxins. For example,
endocytosed cholera toxin subunit A contains
a KDEL sequence and can thereby exploit the
system to access the ER (Majoul et al. 1996,
1998). From there, it is retro-translocated into
the cytoplasm where it can exert its detrimental
function.

VESICLE FORMATION AT THE GOLGI
APPARATUS

COPI Vesicles

Most transport vesicle formation appears to fol-
low an evolutionarily and structurally conserved
scheme. First, a small GTPase of the Arf1/Sarl
family is recruited to the membrane by the ac-
tion of a guanine nucleotide exchange factor
(GEF). Then a layer of the coat binds to the
activated small GTPase and recruits cargo at
the same time. If there is enough cargo avail-
able, the GTPase-coat-cargo complex is stabi-
lized. Interestingly, this first inner layer of the
coat also contains a GTPase activating protein
(GAP), which thus becomes an intrinsic part of
the coat complex. However, the arrangement in
this prebudding complex is such that the GAP
cannot efficiently stimulate the GTPase activity
of the small GTPase. Next, a second layer of the

coat is recruited with the ability to deform the
membrane of the donor compartment. This
outer coat layer also plays an important role in
determining the size of the transport vesicle.
The binding of the second layer/outer shell
drives polymerization of the coat, which leads
to the deformation of the membrane. Finally, the
transport vesicle is formed and fission from the
donor compartment needs to occur. In the case
of clathrin-coated vesicles dynamin, a GTPase
with the ability to polymerize and form a tight
constriction, binds to the base of the vesicle and
drives scission (van der Bliek et al. 1993; Hin-
shaw and Schmid 1995; Takei et al. 1995). In all
other vesicle budding scenarios, the mechanistic
basis for severing the vesicle from the donor
membrane is much less clear, although a direct
role of the Arfl/Sarl GTPases has been pro-
posed because each of them can oligomerize
and cause tubulation of liposomes in vitro (Bielli
et al. 2005; Lee et al. 2005a; Beck et al. 2008,
2011).

The players at the cis-Golgi involved in COPI
vesicle formation follow the general scheme out-
lined above, beginning with the GEF at the cis-
Golgi, GBF1 (Geal/2 in yeast) (Peyroche et al.
1996, 2001; Spang et al. 2001; Zhao et al. 2006).
How the GEF is itself recruited is not entirely
clear. One determinant appears to be the phos-
phoinositide PI4P (Dumaresq-Doiron et al.
2010). However, lipid binding cannot account
for the specific recruitment of the GEF to the cis
face of the Golgi. How the temporal and spatial
control of GBF1 Golgi localization is achieved
would be an important piece of information, as
the localization of the GEF determines where
the small GTPase Arfl is activated. Upon acti-
vation, Arfl is recruited to the Golgi, where it
initiates the binding of the heptameric coat
complex, coatomer. This complex can be divid-
ed up into two layers: a tetrameric subcomplex
resembling adaptor complexes of the clathrin
coat and a cage-like trimeric subcomplex possi-
bly containing the membrane-deforming abili-
ty of the complex (Yu et al. 2012). Two Arfl
proteins interact with the tetrameric subcom-
plex to initiate membrane recruitment of coat-
omer (Yu et al. 2012). In the case of COPI ves-
icles, the first and second layers of the coat are
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thought to be recruited simultaneously. This is
because the coatomer complex exists as a pre-
assembled heptameric complex in the cyto-
plasm (Waters et al. 1991; Hosobuchi et al.
1992; Robinson and Kreis 1992; Hara-Kuge
et al. 1994). Furthermore, the purified hepta-
meric complex, together with activated Arfl
and guanine nucleotides, is sufficient to gener-
ate COPI-coated vesicles from synthetic lipo-
somes (Spang et al. 1998). However, different
types of the coatomer complexes exist, one of
which appears to act at the level of endosomes
(Whitney et al. 1995; Aniento et al. 1996; Gu
et al. 1997). Here, we will concentrate on the
coatomer complex at the cis-Golgi.

The coatomer complex by itself is unable
to stimulate GTP hydrolysis by Arfl; ArfGAPs
have to be included and are intrinsic parts of the
coat. Although in yeast two different ArfGAPs,
Gesl and Glo3, have partially overlapping func-
tions in COPI vesicle formation and can substi-
tute for each other (Poon et al. 1999), their
mammalian counterparts, ArfGAP1 and Arf-
GAP2/3, may have very distinct functions (Fri-
gerio et al. 2007; Weimer et al. 2008; Shiba et
al. 2010). Yet, Gesl and ArfGAP1 contain so-
called ALPS motifs that are able to sense mem-
brane curvature, whereas Glo3 interacts with
cargo, SNARE proteins, and coatomer through
its BoCCS (binding of coatomer, cargo, and
SNAREs) domain (Bigay et al. 2005; Schindler
et al. 2009). Glo3, but not Gesl, is found on
COPI vesicles (Lewis et al. 2004), whereas in
mammals ArfGAP1 appears to be a component
of COPI vesicles (Yang et al. 2002). These data
were recently challenged because the analysis of
ArfGAP2 and ArfGAP3 revealed a more prom-
inent role of these GAPs than of ArfGAP1 for
coatomer polymerization and Golgi integrity
(Kartberg et al. 2010). It is likely that there are
common and distinct roles for Glo3 (ArfGAP2/
3) and Gesl (ArfGAP1) in the life cycle of a
COPI vesicle. The common role would be the
involvement of cargo packaging into nascent
vesicles (Lanoix et al. 2001; Rein et al. 2002;
Schindler et al. 2009). The distinct roles can be
separated temporally and functionally. Gesl
(ArfGAP1), with its ability to sense curvature,
could act as part of the pinchase that would

Retrograde Traffic from the Golgi to the ER

liberate the nascent vesicle from the donor
membrane, and hence act early in vesicle bio-
genesis. In contrast, Glo3 (ArfGAP2/3) would
stabilize the coat on the nascent vesicle and fi-
nally would initiate uncoating by stimulating
GTP hydrolysis on Arfl; this latter function be-
ing probably required late in the vesicle’s life-
time.

Before it can fuse with a target compart-
ment, a vesicle’s coat must be at least partially
disassembled or destabilized. This led us to ask
when uncoating would occur. Multiple scenar-
ios have been discussed for COPI and COPII
vesicles. It is assumed, as discussed above, that
generation and consumption of COPI and
COPII vesicles follow a very similar mechanism.
Therefore, [ will use the following findings from
either COPI or COPII vesicles to illustrate our
current understanding of uncoating. Initially, it
was believed that uncoating occurs just before
the fusion event; the coat might therefore play
a role in targeting a vesicle to the correct desti-
nation. The basis for this model was the find-
ing that in the presence of either the nonhydro-
lysable GTP analog GTP-v-S, or the Arfl1Q71L
mutant, which is defective in hydrolysis and
therefore predominantly bound to GTP, COPI-
coated vesicles accumulate (Tanigawa et al.
1993). This model was replaced by one in which
GTP hydrolysis occurs early in the vesicle bud-
ding process. The “early uncoating” model is
based on in vitro data that Sarl GTP hydroly-
sis is 50-fold enhanced by the presence of the
ER-localized GEF Sec12 and the COPII coat
component and Sarl GAP Sec23 (Barlowe and
Schekman 1993; Schekman and Orci 1996;
Springer et al. 1999). Moreover, coatomer bind-
ing to ArfGAP stimulates GTP hydrolysis by
Arfl 1000-fold (Goldberg 1999). This early
hydrolysis would increase cargo incorporation
into COPI vesicles (Lanoix et al. 1999, 2001;
Elsner et al. 2003) and would lead to destabili-
zation of the coat (Bigay et al. 2003), so that in
principle, uncoating at the tip of the nascent
vesicle could occur while the base of the vesicle
is still connected to the donor compartment
(Springer et al. 1999). This model went out of
fashion with the identification of COPII cages
(Antonny et al. 2003; Fath et al. 2007). These
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cages consist of the first and second layer of the
coat and are devoid of the small GTPase Sarl,
indicating that neither the presence of Sarl nor
the nature of its bound nucleotide is obligately
linked to coat stability. Vesicles with this “meta-
stable coat” might diffuse (or be actively trans-
ported) to the target organelle, where uncoating
would then be initiated. Whether or not this
scenario is accurate for COPII vesicles, its rele-
vance to COPI coated vesicles en route from
the Golgi to the ER remains unclear because
no COPI cages have been reported to date, al-
though their existence has been inferred from
the crystallization of the a3’-COP core (Lee and
Goldberg 2010). However, in a recent study the
way coatomer assembles onto membranes has
been challenged (Faini et al. 2012). Thus, the
temporal regulation of coat destabilization and
its relationship to Arfl GTP hydrolysis remain
unresolved.

One possibility has received surprisingly
little attention: coat stability could be regulat-
ed by reversible posttranslational modifications
such as phosphorylation and ubiquitylation.
Indeed, Gesl and Glo3 are phosphoproteins
(Bodenmiller et al. 2007), with the Glo3 regu-
latory motif (Yahara et al. 2006; Schindler et al.
2009) phosphorylated at multiple sites (Boden-
miller et al. 2007). Because the Glo3 regulatory
motif regulates the activity of the Glo3 GAP
and BoCCS domains, differential phosphoryla-
tion could act as a trigger of Arfl GTP hydrolysis
and subsequent coat depolymerization. Phos-
phorylation event could potentially be linked
to the initial tethering of the COPI vesicle
with the ER. In addition, 3’ COP appears to
be deubiquitylated by the Ubp3-Bre5 complex
to maintain the heptameric coatomer complex
(Cohen et al. 2003). Removal of at least some
coatomer complexes from vesicles appears to
happen late in the life cycle of a transport vesicle
as the ER tethering complex can recognize coat-
omer (Andag et al. 2001; Vanrheenen et al.
2001), and Sec18/NSF can displace Arfl from
SNARE:s in vitro (Schindler and Spang 2007).

Although COPI-coated vesicles can be
formed from liposomes in the absence of cargo
or cargo-tails (Spang et al. 1998), cargo unques-
tionably plays a pivotal role in the generation of

transport carriers in vitro and in vivo (Brem-
ser et al. 1999). The best-studied cargoes are
the proteins of the p24 family, which themselves
are involved in the export of other proteins at
the ER and which cycle between the ER and the
Golgi (Fiedler et al. 1996; Bethune et al. 2006;
Aguilera-Romero et al. 2008); as such, both they
and SNARE proteins are found in COPI and in
COPII vesicles (Springer and Schekman 1998;
Rein et al. 2002; Honda et al. 2005; Lee et al.
2005b; Schindler et al. 2009). Cargo interacts
either directly or indirectly, via cargo receptors
or chaperones, with structural components of
the coat. Such cargo—coat interactions stabilize
the coat after GTP hydrolysis commences. More-
over, at least from studies in the COPII system,
it is also apparent that the size and the availabil-
ity of cargoes regulate the size (Stagg et al. 2008;
Copic et al. 2012; Jin et al. 2012) and the num-
ber (Farhan et al. 2008) of transport vesicles,
respectively. To maintain ER/Golgi homeosta-
sis, COPI vesicles formation might be regulated
in a similar manner.

COPI-Independent Transport Carriers

Besides COPI-dependent transport from the
Golgi to the ER, an independent pathway was
identified in which neither Arfl nor coatom-
er play a role, and for which the vesicle coat
remains unknown. Through a slow transport
pathway, Shiga toxin lacking a KDEL retrieval
sequence and the Golgi-resident galactosyl-
transferase can reach the ER in a Rab6A-depen-
dent manner (Girod et al. 1999). The further
analysis of the pathway is hampered by the
fact that Rab6 is also involved in COPI- and
clathrin-dependent trafficking steps at the Golgi
(Storrie et al. 2012), demanding careful dissec-
tion of the different roles of Rab6A and illus-
trating the need to identify Rab6A effectors spe-
cific for an individual pathway. To complicate
the issue, Rab6-COPI-independent (Chen et
al. 2003) and Rab6-COPI-dependent pathways
have also been reported (Smith et al. 2009) that
appear to function in parallel with the classi-
cal COPI retrograde Golgi-ER pathway. The
biological function of these pathways remains
elusive but one possibility would be that they
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are part of a stress response, especially because
each of them has been characterized primarily
based on a specific toxin they transport. These
toxins may create membrane stress, interfere
with protein structure in the Golgi by binding
glycosphingolipids and glycans (Gallegos et al.
2012), or interfere with glycolipid biosynthesis.
The cell might respond to such stress with a
special retrieval mechanism to the ER. However,
these are only speculations and further research
is necessary to provide mechanistic insights in-
to COPI-independent transport from the Golgi
to the ER. The remainder of this review will
focus on COPI-dependent retrograde vesicles
and their fusion with the ER.

TARGETING AND FUSION OF VESICLES
WITH THE ER

A COPI vesicle is formed at the face of the cis-
Golgi and either diffuses (in yeast) or is actively
transported on microtubules (in mammalian
cells), most likely by dynein (Chen et al. 2005),
toward the endoplasmic reticulum. Either in the
cytoplasm or on the ER membrane, the COPI
vesicle encounters the tethering complex DSL1,
also referred to as the syntaxin 18 complex. The
DSL1 complex is a member of the so-called
CATCHR (complexes associated with tethering
containing helical rods) tethers and is the only
CATCHR for which a complete structural model
has been reported (Ren et al. 2009; Tripathi et al.
2009; Spang 2012). The definition of a tethering
complex is somewhat ambiguous but generally
signifies that it is the first component to “touch”
the transport vesicle, initiating an ordered series
of events culminating in the fusion of the vesicle
with the acceptor compartment—in this case,
the ER. Also ill-defined is the part played by
the Rab GTPases that are clearly involved but
whose precise role remains elusive. The Rab
GTPase involved in retrograde transport to the
ER is Rab1l/Yptl (Kamena et al. 2008). Most
tethering complexes function as Rab effectors
and are recruited to membranes by the activated
Rab. In general, it is assumed that the tether,
anchored via the activated Rab GTPase to the
target membrane, makes the first contact with
the vesicle by recognizing its coat. Two of the

Retrograde Traffic from the Golgi to the ER

three subunits comprising the DSL1 complex
are capable of binding coatomer (Zink et al.
2009; Diefenbacher et al. 2011) and may facili-
tate uncoating (Zink et al. 2009). This would
expose the v-SNAREs to interact with the t-
SNAREs on the target membrane, with the sub-
sequent formation of a membrane-bridging
four-helix bundle. Of the four helices, three
are contributed by three different t-SNAREs
on the ER membrane whereas one is contributed
by the v-SNARE on the uncoated (or partially
coated) vesicle. This is in marked distinction
to COPII vesicle traffic, in which one Golgi t-
SNARE engages three vesicle t-SNAREs during
the fusion process (Spang and Schekman 1998;
Cao and Barlowe 2000; Parlati et al. 2002). These
different requirements may also play a role in
the directionality of the respective transport
processes.

Several years ago, before the identificytion
of the DSL1 complex, we found that a specific
mutation, tip20-8, could override the safeguard
of vectorial transport between the ER and the
Golgi by allowing ER-derived COPII vesicles to
fuse back with the ER, a process which is nor-
mally prohibited in the cell (Kamena and Spang
2004). The recent discovery that the DSL1 com-
plex promotes and accelerates SNARE complex
formation in vitro (Ren et al. 2009; Diefen-
bacher et al. 2011; Meiringer et al. 2011) pro-
vides a possible explanation for this obser-
vation. The DSL1 complex may selectively
facilitate the formation of correct SNARE com-
plexes by acting as a chaperone. Indeed, this
mechanism may not be limited to COPI vesicle
fusion at the ER. Another tethering complex,
HOPS, was recently shown to restrict the forma-
tion of cis-SNARE complexes and thereby pro-
mote trans-SNARE complex formation (Alpadi
etal.2012). Inatrans-SNARE complex, v- and t-
SNARE:s are on opposing membranes. After the
vesicle has fused with the ER, the resulting cis-
SNARE complexes (v- and t-SNAREs are in the
same membrane, interacting in cis) are disas-
sembled by the action of Sec18 /NSF in conjunc-
tion with Sec17/a-SNAP, and the v-SNAREs
can diffuse to an ER exit site to be incorporated
into COPII vesicles (Spang and Schekman 1998;
Spang 2008).
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GOLGI-ER TRANSPORT OVER EXTREMELY
SHORT DISTANCES

Inanumber of cells and organisms, the cis-Golgi
is juxtaposed to ER exit sites where COPII vesi-
cles are formed. This is not restricted to single-
celled organisms such as yeast, but has also been
observed in C. elegans and D. melanogaster
(Rossanese et al. 1999; Kondylis and Rabouille
2003; Connerlyetal. 2005; Witteetal. 2011). The
distance between the ER and the cis-Golgi in
these cases is 100— 150 nm. Because of this close
proximity, this region is also referred to as the
tER-Golgi unit (Levi et al. 2010; Kondylis et al.
2011). Consideration of the size of a coated
COPI or COPII vesicle (around 70 nm) casts
some of the above considerations into a different

light. How important is it, really, to time GTP
hydrolysis and coat destabilization in such a
setting? The budded transport vesicle will
more-or-less immediately bump into the target
compartment. Considering this, it appears less
surprising that parts of the COPII coat interact
with proteins on the Golgi, or that COPI vesicles
have binding partners on the ER.

Clearly the cytoskeleton and motor activity
are dispensable for vesicle transport under these
circumstances. How critical is the tethering of
vesicles at the cis-Golgi and the ER membrane?
Mutations in tethering factors have detrimental
effects, but perhaps it is not so much the teth-
ering function that is needed but rather their
positive effect on trans-SNARE complex for-
mation. Juxtaposed ER exit sites (ERES)/Golgi

ER

cis-Golgi

Figure 1. Schematic depiction of how cargo shuttles between the ER and Golgi. COPII vesicles are formed at
ERES and fuse at GoAS, whereas COPI vesicles are generated at GoES and are consumed at ERAS. The arrival
sites contain t-SNAREs and tethering factors, whereas the exit sites are enriched in GEFs for the small GTPases,

coat components, and v-SNAREs/cargo.
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arrival sites (GoAS) could be created to build
the landing platform for COPII vesicles, con-
taining the cis-Golgi t-SNARE, Sed5/syntaxin5.
Likewise, the Golgi exit sites (GoES) will be in
very close proximity to ER arrival sites (ERAS)
that will contain the ER t-SNAREs Ufel /syn-
taxinl8, Sec20 and Usel as well as the DSL1
tethering complex (Fig. 1). Moreover, because
these ER-Golgi transitional units are not very
large, the GoAS and GoES as well as ERAS
and ERES should also be in relatively close prox-
imity, allowing communication and exchange
of general transport factors, perhaps in partic-
ular v-SNARE proteins. After fusion of a COPI
vesicle at the ERAS, the cis-SNARE complex
would be disassembled by Sec18/NSF and the
v-SNARE could be handed over to the ERES for
another round of exit. This spatial organization
might allow for extremely efficient transport by
limiting the free diffusion of transport factors
and regulators away from sites where they are
required and hence solve the problem in gener-
ating exit sites randomly or de novo.

CONCLUSIONS

The last ten to fifteen years has increased our
understanding of intracellular traffic in general
and Golgi-ER retrograde transport in particu-
lar. However, many questions still remain. For
example: how is lipid and protein homeostasis
between the ER and Golgi sensed and regulated?
It is conceivable that the availability of SNAREs
or other transport factors would be monitored
to maintain organelle identity as well as efficient
transport, and how would this work with lipids?
Is the timing of uncoating of transport vesicles
traveling between ER and Golgi more of a phil-
osophical than mechanistically relevant ques-
tion, given the very short distance between ER
and Golgi/ERGIC? Perhaps this could explain
why no specialized uncoating factors, as in case
for clathrin-coated vesicles, have been identi-
fied. Both COPI- and clathrin-coated vesicles
require the small GTPase Arfl for their forma-
tion, so why do only clathrin-coated vesicles
need dynamin for fission and release? Many
more questions remain to be answered in the
future.

Retrograde Traffic from the Golgi to the ER
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