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Protein egress from the endoplasmic reticulum (ER) is driven bya conserved cytoplasmic coat
complex called the COPII coat. The COPII coat complex contains an inner shell (Sec23/
Sec24) that sorts cargo into ER-derived vesicles and an outercage (Sec13/Sec31) that leads to
coat polymerization. Once released from the ER, vesicles must tether to and fuse with the
target membrane to deliver their protein and lipid contents. This delivery step also depends
on the COPII coat, with coat proteins binding directly to tethering and regulatory factors.
Recent findings have yielded new insight into how COPII-mediated vesicle traffic is regulat-
ed. Here we discuss the molecular basis of COPII-mediated ER–Golgi traffic, focusing on the
surprising complexity of how ER-derived vesicles form, package diverse cargoes, and cor-
rectly target these cargoes to their destination.

The port of entry into the secretory pathway
is the endoplasmic reticulum (ER). Approx-

imately one-third of the eukaryotic proteome
traffics from this multifunctional organelle
(Huh et al. 2003). This diverse set of cargo is
translocated into the ER, folded, and modified
before it travels to the Golgi, where further mod-
ifications occur. From the Golgi, cargo is sorted
to other subcellular compartments to perform
a variety of cellular functions. The highly con-
served machinery required for these transport
events was initially identified through genetic
screens in the yeast Saccharomyces cerevisiae,

and insights into the function of this machinery
were provided through the use of in vitro trans-
port assays. Advances in microscopy, in partic-
ular, the use of GFP fusion proteins and live cell
imaging, have also played a critical role in un-
derstanding the dynamics of membrane traffic.
In this article, we describe the mechanistic ad-
vances that have helped us to understand how
diverse cargo correctly traffics from the ER to
the Golgi complex in lower and higher eukary-
otes. Even though these mechanisms are largely
conserved, they are more complex at the molec-
ular and organizational levels in metazoans.
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THE COPII COAT GENERATES
ER-DERIVED VESICLES

Our understanding of the molecular basis of
vesicle-mediated ER export has been built on
the isolation and characterization of condition-
al lethal yeast secretory mutants that accumulate
ER membranes at their restrictive growth tem-
peratures (Novick et al. 1980, 1981). This ge-
netic approach, coupled with subsequent bio-
chemical characterization of ER–Golgi trans-
port events, ultimately defined the vesicle coat
proteins themselves, known as the COPII coat
(Baker et al. 1988; Ruohola et al. 1988; Barlowe
et al. 1994). The five highly conserved cytosolic
proteins that define the coat complex represent
the minimal machinery required for generating
and populating spherical transport vesicles
from the ER membrane (Barlowe et al. 1994;
Matsuoka et al. 1998a,b). On synthetic lipo-
somes, the COPII coat assembles in a hierarchi-
cal manner, driven by the initial recruitment
and activation of the small G-protein Sar1,
which exists in a soluble, cytoplasmic form
when in its GDP-bound state (Nakano and Mu-
ramatsu 1989; Barlowe et al. 1993). Exchange
of GDP for GTP is catalyzed in vivo by the ER
membrane protein Sec12, which activates Sar1
(Nakano et al. 1988; Barlowe and Schekman
1993). Activation of Sar1 triggers a structural
rearrangement that exposes an amphipathic
a-helix that shallowly embeds in the lipid bilay-
er and likely induces initial membrane curva-
ture by locally expanding the cytoplasmic leaflet
relative to the lumenal leaflet (Bielli et al. 2005;
Lee et al. 2005). Membrane-bound GTP-loaded
Sar1 subsequently recruits a heterodimer com-
posed of Sec23 and Sec24, which stably associate
with each other to form a bowtie-shaped struc-
ture that exhibits a concave surface that may face
the membrane (Matsuoka et al. 1998b; Bi et al.
2002). The Sec23/Sec24 complex provides two
functions. Sec23 is the GTPase-activating pro-
tein for Sar1, contributing to GTP hydrolysis via
an “arginine finger” that inserts into the GTP-
binding pocket (Yoshihisa et al. 1993; Bi et al.
2002). Sec24 is the cargo-binding platform,
interacting with multiple different ER export
motifs via a variety of surface-localized domains

(Miller et al. 2002, 2003; Mossessova et al. 2003;
Mancias and Goldberg 2008). Sec23/Sec24 also
provide for the recruitment of the outer layer
of the COPII coat, a heterotetramer formed by
Sec13 and Sec31.

The Sec13/Sec31 complex has the intrinsic
capacity to self-assemble into cage-like lattice
structures that can adopt multiple different ge-
ometries (Stagg et al. 2006, 2008). Crystal struc-
tures of fragments of Sec31 complexed with
Sec13 suggest that the COPII cage assembles
largely by intermolecular interactions between
Sec31 molecules. Sec31 dimerizes tail-to-tail in
the middle of the rod-shaped “edge” element via
carboxy-terminal a-solenoid domains; four
amino-terminal b-barrel domains of Sec31 in-
teract to drive assembly of the “vertex” region
where four rods come together; and sandwiched
between these two domains lies Sec13. In addi-
tion to providing a membrane-bending force,
Sec31 also contributes to GTP hydrolysis via
an unstructured loop within the proline-rich
domain that lies across the surface of Sec23/
Sar1 to optimize the position of catalytic resi-
dues (Bi et al. 2007) and thereby stimulate the
GTPase activity of the coat approximately 10-
fold (Antonny et al. 2001). Mammalian Sec31 is
ubiquitinated, an event that is critical for effi-
cient collagen traffic (Jin et al. 2012). ER export
of collagen represents a unique challenge in that
assembled collagen rods are too large to fit into a
canonical COPII vesicle. It is tempting to spec-
ulate that ubiquitination may facilitate recruit-
ment of an accessory factor that would change
the geometry of the COPII cage or alter the ri-
gidity of the coat to capture this large, unwieldy
cargo more effectively.

Vesicle formation can be separated into
three distinct events. First, membrane curvature
is required to transform a planar ER membrane
into a curved vesicle (60–80 nm in vitro). Sec-
ond, the capture of appropriate cargo mole-
cules is needed to ensure efficient ER egress of
key proteins. Third, scission of the membrane
drives vesicle release from the donor membrane.
As described above, membrane curvature likely
stems from multiple physical properties of each
of the COPII coat proteins. Sar1 can drive tu-
bulation of synthetic liposomes upon insertion
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of its amphipathic a-helix (Bielli et al. 2005; Lee
et al. 2005). But ectopic recruitment of a trun-
cated form of Sar1 that lacks this domain still
results in the formation of a spherical bud-like
structure upon the addition of Sec23/Sec24
and Sec13/Sec31 (Lee et al. 2005). This ob-
servation suggests that additional membrane-
bending capacity derives from the rest of the
coat. The spherical structure of the Sec13/
Sec31 cage is suggestive of a central role for
the outer coat in generating membrane curva-
ture, either by direct scaffolding or by organiz-
ing and concentrating the curvature induced by
the underlying inner coat proteins (Stagg et al.
2006, 2008). Recent biochemical and genetic
dissection of the molecular function of Sec13
in yeast has further defined a structural role for
Sec13/Sec31 in generating vesicles from cargo-
rich membranes, which may represent a signifi-
cant barrier to membrane curvature induced by
the coat (Copic et al. 2012).

Unlike membrane curvature, which seems
to be driven by multiple coat elements, cargo
recruitment into nascent vesicles is driven large-
ly by the Sec24 subunit. A role for Sec23/Sec24
was initially proposed when a minimal “pre-
budding” complex composed of Sar1, Sec23,
and Sec24 was shown to interact with cargo pro-
teins (Aridor et al. 1998; Kuehn et al. 1998) and
the SNARE (soluble N-ethylmaleimide-sensi-
tive factor attachment protein receptor) ma-
chinery that drives downstream membrane fu-
sion (Springer and Schekman 1998). Although
some evidence exists for a direct role for Sar1 in
the capture of cargo molecules (Giraudo and
Maccioni 2003; Tabata et al. 2009), the over-
whelming genetic, biochemical, and structural
data support a primary role for Sec24 in this
process (Miller et al. 2002, 2003; Mossessova
et al. 2003; Mancias and Goldberg 2007, 2008).
Furthermore, most eukaryotes express multiple
paralogs of Sec24 that have distinct cargo-bind-
ing capacities, which likely serves to diversify the
repertoire of cargo molecules recognized by the
coat (Roberg et al. 1999; Shimoni et al. 2000;
Miller et al. 2002; Mancias and Goldberg 2008).
Again, the transport of large cargo proteins
seems to require additional functionality, linked
either to the coat itself or to accessory proteins

that facilitate uptake. The yeast Sec24 paralog,
Lst1, is required for efficient transport of the
plasma membrane protein, Pma1, which forms
a dodecamer of �1 MDa (Roberg et al. 1999;
Lee et al. 2002). Vesicles formed with Lst1 are
intrinsically larger in size, suggesting that vesicle
architecture is in part dependent on coat com-
position (Shimoni et al. 2000). Similarly, col-
lagen requires an accessory factor, TANGO1,
which binds both collagen (in the lumen) and
Sec23/Sec24 (in the cytosol) and may alter ves-
icle architecture or regulate the coat to prevent
premature vesicle scission (Saito et al. 2009; Mal-
hotra and Erlmann 2011). cTAGE5, a TANGO1
homolog, binds both TANGO1 and Sec23/
Sec24 and is also required for collagen export
from the ER (Fig. 1).

Once a nascent vesicle bud has formed and
been adequately populated, the membrane at the
bud neck must undergo scission to release the
free vesicle and close the ER membrane. In other
vesicle scission events, this step can be driven by
members of the dynamin family, large GTPases
that couple GTP hydrolysis to membrane-re-
modeling events. There is no evidence for a dy-
namin-like protein in ERexport, and instead this
function is thought to be driven by Sar1 itself,
with the GTPase activity driving membrane re-
modeling via insertion and removal of the am-
phipathic a-helix (Pucadyil and Schmid 2009).
Indeed, in budding experiments that are driven
either by a GTP-locked form of Sar1 (Bielli et al.
2005) or by a truncated form that lacks the a-
helix (Lee et al. 2005), vesicle buds form but are
not released from the donor membrane, con-
firming a role for Sar1 in vesicle scission. How-
ever, it is becoming clear that additional layers
of regulation broadly act on the process of vesicle
formation and scission in particular. Recent bio-
chemical dissection of the essential but enigmat-
ic protein Sec16 uncovered a GTPase inhibitory
function for a central domain that likely works
by preventing the efficient recruitment of Sec31
to the Sar1/Sec23 complex, thereby reducing
the GTPase activity of the coat in situ. Surpris-
ingly, this function of Sec16 was impaired by a
surface mutation on Sec24, and one effect of the
increased GTPase activity of the coat in the con-
text of the Sec24-m11 mutant was the release
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of smaller vesicles, confirming that GTPase ac-
tivity of the coat is intimately linked to vesicle
scission (Kung et al. 2012). These findings high-
light the need for a deeper understanding of the
complexity of intermolecular interactions that
the coat proteins undergo in the complex envi-
ronment of a cargo-rich membrane.

Although the fundamental machinery that
drives COPII vesicle formation is conserved
across all eukaryotes, metazoans have amplified
the repertoire of COPII isoforms and also use
additional accessory factors to modulate vesicle
traffic in poorly understood ways. In some cases,
this diversity likely reflectsthe specific challenges
associated with the particular secretory needs
of an individual cell. For example, collagen traf-
ficking requires the accessory factors TANGO1
and cTAGE5, described above, but also seems
to be particularly sensitive to perturbations in

the level of Sec13/Sec31 (Townley et al. 2008).
Similarly, uncoupling Sec13/Sec31 from the
inner COPII coat by mutation of Sec23 causes
a craniofacial development defect, presum-
ably resulting from defects in collagen secre-
tion (Fromme et al. 2007). This dependence on
Sec13/Sec31 may reflect a need for significant
membrane-bending force to encapsulate a col-
lagen rod or may stem from altered GTPase ac-
tivity of the coat under depletion conditions. As
our understanding of the molecular basis of ge-
netic disease increases, it is becoming increas-
ingly apparent that COPII-mediated traffic can
be linked to a growing number of different dis-
ease conditions. Some of these are cargo specific:
Mutations in the cargo receptor ERGIC-53 cause
blood clotting diseases as the result of inef-
ficient ER export of clotting factors (Nichols
and Ginsburg 1999). Others cause more broad
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Figure 1. The COPII coat drives vesicle formation from the ER. COPII vesicle formation is initiated by the
guanine nucleotide exchange factor Sec12, which recruits and activates Sar1. Sar1-GTP, in turn, recruits the
Sec23/Sec24 dimer, which binds cargo molecules, including the SNARE proteins that drive vesicle fusion. These
pre-budding complexes, in turn, recruit a heterotetramer of Sec13/Sec31, which drives membrane bending and
vesicle formation. The peripheral protein Sec16 functions as both a regulator and a scaffold in this process,
localizing to discrete ER exit sites that, in metazoan cells, form cup-shaped domains. Some large cargo proteins,
like collagen, cannot fit into a canonical COPII vesicle but instead rely on accessory factors like TANGO1 and its
homolog cTAGE5 to modify this process to generate a carrier competent for transport.
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cellular dysfunction: Sec16 interacts with a pro-
tein called TFG-1, which was originally identi-
fied as a gene fusion associated with thyroid can-
cer, and in this state drives recruitment of a
kinase to ER exit sites, improperly phosphory-
lating unknown substrates and thereby causing a
propensity for transformation (Witte et al.
2011).

ER-TO-GOLGI TRAFFIC AND TWO
COAT COMPLEXES

In addition to the molecular regulation de-
scribed above, ER export in both budding yeast
and mammalian cells is subject to higher-level
organization. Cargo exits the ER from a special-
ized domain where COPII vesicles form, known
as the transitional ER or ER exit sites (Palade
1975). These domains serve in part to segregate
different classes of cargo molecules (Muniz et al.
2001; Watanabe and Riezman 2004) and also
participate in ER quality control by excluding
misfolded proteins (Mezzacasa and Helenius
2002). Precisely how these discrete domains
are generated and maintained remains unclear,

although Sec16 seems to be a key player, perhaps
via its scaffolding function (Ivan et al. 2008;
Hughes et al. 2009). In mammalian cells, vesi-
cles subsequently move to the pre-Golgi or ER–
Golgi intermediate compartment, called the
ERGIC (also referred to as vesicular tubular
clusters, or VTCs) (Fig. 2), which corresponds
to the first post-ER compartment where sorting
occurs (Bannykh et al. 1996). From the ERGIC,
cargo either traffics toward the Golgi or back to
the ER (Ben-Tekaya et al. 2005). The ERGIC
resides near ER exit sites and has different prop-
erties than either the ER or Golgi (Schweizer
et al. 1991). Early live cell imaging studies on
the trafficking of the viral glycoprotein VSV-G
suggested that the ERGIC might be a transient
pre-Golgi intermediate that fuses with the cis-
Golgi compartment (Presley et al. 1997). A more
recent study using GFP-ERGIC-53 as a marker,
however, showed that ERGIC-53 localizes to sta-
tionary membranes that correspond to ERGIC
clusters. GFP-ERGIC-53 did not display any net
movement from these clusters, whereas the an-
terograde cargo marker VSV-G-GFP moved to-
ward the Golgi. Cargo sorting from ERGIC-53-
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Figure 2. Vesicle traffic between the ER and the Golgi complex. Vesicle traffic from the ER is initiated when the
COPII coat complex sorts cargo into a budding vesicle from the transitional ER (tER). Cargo then moves from
the ER to the ER–Golgi intermediate compartment (ERGIC). This event does not require microtubules. Traffic
from the ERGIC to the Golgi is dependent on microtubules and the motor protein dynein, and appears to be
mediated by COPI-coated vesicles. Nonresident ERGIC cargo recycles back to the ER. Recycling is COPI
dependent and requires microtubules, as well as the motor protein kinesin.
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positive structures back to the ER was also ob-
served, implying that ERGIC-53 marks a stable
organelle (Ben-Tekaya et al. 2005).

The ERGIC has two main functions: to con-
centrate cargo that leaves the ER and to sort
cargo for onward anterograde transport or ret-
rograde retrieval back to the ER (Aridor et al.
1995; Martı́nez-Menárguez et al. 1999). Both
of these cargo-sorting events are regulated by
defined protein sequences. For example, a hy-
drophobic motif in GAT1, a transmembrane
GABA transporter that traffics to the plasma
membrane, regulates exit from the ERGIC to-
ward the cis-Golgi (Farhan et al. 2008). The
identification of a positive sorting signal to
drive anterograde traffic from the ERGIC is con-
sistent with the model of the ERGIC as a stable
compartment, although the molecular mecha-
nism by which such signals are recognized re-
mains unknown. Retrograde traffic back to the
ER is driven by different sorting sequences, such
as KDEL (Munro and Pelham 1987) and dily-
sine (Jackson et al. 1990) motifs, which func-
tion either by direct interaction with the COPI
coat (dilysine signals) or by indirect engage-
ment via the KDEL receptor (Erd2 in yeast).
COPI is a second coat complex that acts sequen-
tially with the COPII complex on this pathway
(Aridor et al. 1995). The COPI coat complex is
recruited to the ERGIC to mediate anterograde
traffic to the Golgi and retrograde traffic back to
the ER (Pepperkok et al. 1993; Scales et al. 1997;
Stephens and Pepperkok 2002). An in-depth
discussion of the role of the COPI coat in retro-
grade traffic is discussed by Spang (2013).

Yeast appears to lack a distinct ERGIC, and,
instead, the first post-ER compartment where
sorting occurs is the early Golgi. Traffic from the
ER to the Golgi is mechanistically similar to
ER–ERGIC traffic, with COPII vesicles rapidly
diffusing within the cell and fusing directly
with the early Golgi (Cao et al. 1998; Lord et al.
2011). In the absence of an ERGIC compartment,
COPI-mediated retrograde traffic in yeast is also
from the early Golgi (Letourneur et al. 1994).

Because cargo selection and fusion factors
need to recycle back to the ER to regulate ad-
ditional anterograde cycles, disrupting retro-
grade transport typically affects anterograde

traffic. One important unanswered question is
how the same COPI coat complexcan be used for
different trafficking events within the ER-to-
Golgi pathway. Specificity may be regulated by
different GTPases of the Arf1 family, which me-
diate the recruitment of the COPI coat complex
to membranes (D’Souza-Schorey and Chavrier
2006; Hsu et al. 2009), or potentially by different
types of cargo and their sorting motifs.

THE ROLE OF THE COPII COAT IN
CYTOSKELETAL-MEDIATED CARGO
TRANSPORT

Disruption of microtubules by the depolymer-
izing agent nocodazole inhibits the transport
of VSV-G from the ERGIC to the Golgi but
has no effect on the transport of VSV-G into
the ERGIC (Presley et al. 1997). The large phys-
ical distance between the ERGIC and the Gol-
gi may require microtubule function for the
efficient transport of cargo between these two
compartments (Fig. 2). Microtubule-driven
traffic from the ERGIC to the Golgi also requires
the minus-end-directed motor dynein and its
adaptor complex dynactin, which links dynein
to membranes (Presley et al. 1997; Kardon and
Vale 2009). Additionally, the COPII coat sub-
unit Sec23 interacts with the dynactin subunit
p150glued (Watson et al. 2005). Overexpression
of the domain of p150glued that binds to Sec23
inhibits the export of VSV-G from the ER, sug-
gesting that this interaction may anchor vesicles
to the dynein motor (Watson et al. 2005). Al-
though not essential for ER–ERGIC trafficking,
microtubules may stimulate the export of cargo
from the ER (Watson et al. 2005). It is also pos-
sible that dynein is recruited to COPII vesicles
to regulate a later microtubule-dependent step
in ER–Golgi transport. TRAPPC9, a subunit
of the mammalian TRAPP complex described
below (Yamasaki et al. 2009), also interacts
with p150glued (Zong et al. 2012). Likewise,
retrograde traffic from the ERGIC to the ER
is driven by microtubules but uses kinesin, a
microtubule-plus-end-directed motor (Lippin-
cott-Schwartz et al. 1995). The dual activities of
dynein and kinesin may playa role in positioning
the ERGIC on the ER–Golgi pathway.
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VESICLE TETHERING

Tethering factors link vesicles to their correct
acceptor membrane. The tethering of COPII
vesicles to the ERGIC/Golgi is dependent on
the Sec23 subunit of the COPII coat complex,
the multimeric TRAPP complex, the Rab Ypt1
(Rab1 in mammals), and the Ypt1 effector Uso1
(p115 in mammals) (Cai et al. 2007a).

Like many other vesicle delivery events, a
Rab family protein coordinates the tethering
and fusion of COPII vesicles. There are at least
60 Rabs in mammalian cells and 11 Ypt pro-
teins in the yeast S. cerevisiae (Hutagalung and
Novick 2011). These small GTPases are acti-
vated by guanine-nucleotide exchange factors
(GEFs) that catalyze the exchange of GDP for
GTP. The TRAPP complex acts as a GEF for
Ypt1/Rab1, driving its recruitment to vesicles
upon nucleotide exchange. The GEF activity
of TRAPP is dependent on multiple subunits
of the complex, specifically Bet3, Bet5, Trs23,
and Trs31 (Kim et al. 2006). A crystal structure
of these subunits bound to Ypt1 revealed that
Ypt1 largely binds to the highly conserved sur-
face of Trs23 (Cai et al. 2008). Key to TRAPP’s
catalytic activity is the interaction of the carbox-
yl terminus of Bet3 with two regions (switch I
and switch II) in the nucleotide-binding pocket
of the Rab. When bound to Bet3, the switch
regions adopt a different conformation, which
leads to the opening of the nucleotide-binding
pocket. Bet5 mainly plays a structural role in the
complex, facilitating the interaction of Trs23
with the carboxyl terminus of Bet3, whereas
Trs31 may have an allosteric role. Together these
molecular interactions catalyze the release of
GDP from Ypt1. TRAPP also accelerates the up-
take of GTP by holding the switch regions in an
open conformation.

The activated form of the Rab (Rab-GTP)
exerts its function through its effectors. One of
the best-characterized Rab1 effectors is the Gol-
gin p115. Golgins are a family of coiled-coil
proteins that play a role in structuring the Golgi
(Barr and Short 2003). p115 is recruited to
COPII vesicles by activated Rab1 (Allan et al.
2000), where it mediates COPII vesicle tethering
(Bentley et al. 2006) and appears to play a role in

organizing tER sites (Kondylis and Rabouille
2003). p115 also resides on the ERGIC (Alvarez
et al. 1999) and Golgi (Nelson et al. 1998). In
addition to regulating ER–ERGIC traffic, p115
is required for ERGIC–Golgi transport (Alva-
rez et al. 1999), where it works in conjunction
with another Golgin and Rab1 effector, GM130.
Additional players in this event include the Gol-
gin GRASP-65 (Moyer et al. 2001) and the COPI
coat subunit b-COP, which interacts with p115
during tethering events at the Golgi (Guo et al.
2008).

Uso1, an ortholog of p115, mediates the
tethering of COPII vesicles to the Golgi in yeast
(Cao et al. 1998). Uso1 and p115 share structur-
al characteristics that are essential for their
tethering functions. Electron microscopy analy-
sis showed that both Uso1 and p115 are long
coiled-coil dimers with two globular head re-
gions, similar to the motor protein myosin (Sap-
perstein et al. 1995; Yamakawa et al. 1996). The
amino-terminal head region of p115 contains
12 Armadillo-likea-helical repeats, termed teth-
er repeats (TRs), which are also found in other
tethering factors (An et al. 2009). The conserved
H1 TR is required for the interaction of p115
with Rab1-GTP (An et al. 2009). The coiled-
coil region of Uso1 has an average length
of 154 nm that can bend in defined regions
(Yamakawa et al. 1996). This long length may
facilitate the tethering of vesicles that are a con-
siderable distance away from the Golgi. Bending
would allow Uso1 to bring the vesicle closer to
the Golgi, where fusion occurs. The first coiled-
coil region of p115 (CC1) binds to the ER–Gol-
gi SNAREs, suggesting a role in mediating fu-
sion in addition to tethering (Shorter et al.
2002). The carboxy-terminal tail of p115 binds
to two other Golgins, GM130 (Nakamura et al.
1997) and giantin (Lesa et al. 2000; Linstedt et al.
2000), which compete for binding to p115 (Lin-
stedt et al. 2000). p115 may initially engage
the SNAREs and giantin on the vesicle before it
binds to GM130 on the Golgi (Sonnichsen et al.
1998; Allan et al. 2000). In yeast, the golgin or-
thologs Bug1 (GM130) and Grh1 (GRASP65)
interact with both Uso1 and the Sec23/Sec24
complex, suggesting that conserved interac-
tions drive vesicle tethering. A yeast ortholog
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for giantin has not been identified thus far (Beh-
nia et al. 2007).

VESICLE FUSION

Once tethered, the vesicle fuses with its target
membrane. Fusion is catalyzed by a class of pro-
teins called SNAREs, which are generally type II
membrane proteins that are anchored via a car-
boxy-terminal transmembrane domain or
a hydrophobic posttranslational modification
(Veit et al. 1996; McNew et al. 1997). They
bind to each other through a conserved 60- to
70-amino-acid heptad repeat, called the SNARE
motif (Fasshauer et al. 1998; Weber et al. 1998).
SNAREs are divided into four subgroups: R-,
Qa-, Qb-, and Qc-SNAREs. This subgrouping
is based on the SNARE domain sequence and
the presence of a glutamine or asparagine at a
conserved site in the protein (Fasshauer et al.
1998; Bock et al. 2001). In vivo (Newman et
al. 1990) and in vitro (Lian and Ferro-Novick
1993; Cao and Barlowe 2000) studies suggest
that the ER–Golgi SNAREs Sec22 (R), Sed5
(Qa), Bos1 (Qb), and Bet1 (Qc) regulate fusion
in yeast. Their orthologs—Sec22, syntaxin 5
(Sed5), membrin (Bos1), and Bet1—appear to
act in both ER–ERGIC and ERGIC–Golgi traf-
fic (Hay et al. 1997, 1998; Bentley et al. 2006).
ER–ERGIC traffic may use a long isoform of
syntaxin-5 (Hay et al. 1997; Hui et al. 1997). A
second SNARE complex—syntaxin-5, Bet1,
GOS-28, and Ykt6—also functions in the late
stages of ER–Golgi traffic in mammalian cells
(Zhang and Hong 2001).

The localization and structure of SNAREs
are critical for their function in membrane
fusion. In vitro liposome studies suggest that
fusion occurs when Bos1, Sec22, and Sed5 are
topologically restricted from Bet1 (Parlati et
al. 2000). Fusion requires the formation of a
trans-SNARE complex, which occurs when the
SNARE motifs on opposing membranes bind
to each other to form a highly stable parallel
helical bundle (Sutton et al. 1998). Formation
of this bundle proceeds like a zipper (Lin and
Scheller 1997), starting at the amino terminus
of each SNARE. Zippering is thought to provide
the mechanical force necessary to overcome the

significant energy barrier required to fuse two
membranes together. Once fusion is completed,
the SNAREs remain associated in a cis-SNARE
complex at the target membrane. This cis-
SNARE complex is disassembled by SNAP/
Sec17 and the AAAþ ATPase NSF/Sec18 in an
ATP-dependent manner. Disassembly is essen-
tial to reprime the SNAREs for further rounds of
membrane fusion (Mayer et al. 1996).

Other factors associated with the SNAREs
regulate membrane fusion. For example, p115
not only binds to the SNAREs (Allan et al.
2000), but it also catalyzes SNARE complex
formation (Shorter et al. 2002). Sly1, a Sec1/
Munc18 (SM) family member that binds the
Qa-SNARE syntaxin 5/Sed5p (Dascher and
Balch 1996), is required for ER–Golgi trans-
port (Cao and Barlowe 2000; Williams et al.
2004) and has been implicated in SNARE pair-
ing (Flanagan and Barlowe 2006). Its precise
role in membrane fusion, however, is still un-
clear. Sly1 may increase the rate of SNARE pair-
ing (Kosodo et al. 2002); however, another
study found it primarily prevents the ER–Golgi
SNAREs from pairing promiscuously with oth-
er SNAREs acting at different stages of mem-
brane traffic (Peng and Gallwitz 2002). This lat-
ter study suggested that Sly1 may only function
to promote the specific binding of Sed5 with
Bet1, Bos1, and Sec22.

THE DIRECTIONALITY OF ER–GOLGI
TRAFFIC IS MEDIATED BY THE COPII COAT

The COPII coat subunit Sec23 initiates vesicle
tethering by recruiting Bet3 to COPII-coated
vesicles (Yu et al. 2006; Cai et al. 2007b). Bet3
is a component of the multimeric TRAPP com-
plex, described above, which activates Rab1 and
its yeast ortholog Ypt1 (Cai et al. 2008; Yama-
saki et al. 2009). Interestingly, the recruitment
of Bet3 to vesicles is dependent on the release
of Sar1-GTP from the vesicle (Lord et al. 2011).
Because the hydrolysis of GTP on Sar1 is re-
quired for vesicle fission (Bielli et al. 2005; Lee
et al. 2005), these events ensure that tethering
is only initiated after vesicle budding takes
place. After Sar1 is released from the membrane,
the coat is retained, presumably by cargo sorted
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into the vesicle (Sato and Nakano 2005; Forster
et al. 2006; Cai et al. 2007b).

Activation of the Rab leads to the recruit-
ment of the long coiled-coil tether Uso1 to
the vesicle (Fig. 3) (Allan et al. 2000), physically
linking the vesicle to its target. Long tethers,
like Uso1, can bend at defined regions in the
coiled-coil domain (Yamakawa et al. 1996),
which could bring the vesicle closer to its acceptor
compartment to facilitate membrane fusion.
Consistent with its role in vesicle tethering,
the COPII coat remains associated with the ves-
icle until tethering is complete (Lord et al.
2011). At the Golgi, Hrr25 (the yeast homolog
of CK1d), a serine/threonine kinase, could dis-
place TRAPPI from the COPII coat and phos-
phorylate the Sec23/Sec24 complex. These
events ensure the fidelity of membrane traffic
by preventing the vesicle from fusing prema-

turely (Lord et al. 2011). Together, these find-
ings imply that phosphorylation of the COPII
coat regulates COPII vesicle fusion.

CONCLUDING REMARKS

Genetic, biochemical, and live cell imaging
studies have revealed that the basic mechanism
of ER–Golgi traffic is conserved from yeast to
man. Despite a detailed understanding of the
mechanisms that drive this process, our under-
standing of how the pathway is regulated and
integrated to maintain organelle homeostasis
remains murky. An in-depth picture of how
cargo loading, vesicle budding, tethering, and
fusion are coordinated and the role that post-
translational modifications play in these events
still needs to be elucidated, and many questions
remain unanswered. For example, we still do not

TRAPPI

P

Golgi

Key

Sec23/24

Sec13/31

SNAREs

Cargo Hrr25

Uso1

Ypt1

P

Figure 3. Vesicle tethering and fusion is regulated by the COPII coat complex. The TRAPPI complex is recruited
to COPII vesicles by the coat subunit Sec23, where it activates Ypt1. On the vesicle, activated Ypt1 binds to its
effector Uso1. Uso1 is a long coiled-coil tether that can bend. When the tether bends, it may bring the vesicle
closer to its target. At the target membrane, the TRAPPI complex is displaced from the vesicle by the serine/
threonine kinase Hrr25/CK1d. Hrr25/CK1d then phosphorylates the Sec23/Sec24 complex, the inner shell of
the COPII coat. Subsequently, the coat is released, allowing the SNAREs to pair, which catalyzes membrane
fusion. The vesicle does not uncoat until it reaches its acceptor compartment, ensuring that fusion only takes
place at the correct membrane. These events appear to be conserved in mammalian cells.
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fully understand how GTPase hydrolysis is cou-
pled to cargo loading and the role that Sec16
plays in these events. Ubiquitination is clearly
playing an important role in loading large car-
go, but are other posttranslational modifica-
tions also involved? Phosphorylation by a Gol-
gi-localized kinase is required for membrane
fusion, but its precise role is still unknown. It
is also unknown if other kinases are required for
fusion and the role that phosphatases play in
ER–Golgi trafficking. Interestingly, a recent re-
port has identified several kinases and phos-
phatases that regulate secretion in mammali-
an cells (Farhan et al. 2010). Now that we have
identified the players and the posttranslational
modifications that may regulate these processes,
we have set the stage to answer these important
questions.
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