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Vesicle trafficking from the endoplasmic reticulum (ER) is a vital cellular process in all eukaryotes responsible for
moving secretory cargoes from the ER to the Golgi apparatus. To accomplish this feat, the cell employs a set of
conserved cytoplasmic coat proteins – the coat protein II (COPII) complex – that recruit cargo into nascent
buds and deform the ERmembrane to drive vesicle formation.While our understanding of COPII coatmechanics
has developed substantially since its discovery, we have only recently begun to appreciate the factors that regu-
late this complex and, in turn, ER-to-Golgi trafficking. Here, we describe these factors and their influences on
COPII vesicle formation. Properties intrinsic to the GTP cycle of the coat, as well as coat structure, have critical
implications for COPII vesicle trafficking. Extrinsic factors in the cytosol can modulate COPII activity
through direct interaction with the coat or with scaffolding components, or by changing composition of the ER
membrane. Further, lumenal and membrane-bound cargoes and cargo receptors can influence COPII-mediated
trafficking in equally profound ways. Together, these factors work in concert to ensure proper cargo movement
in this first step of the secretory pathway. This article is part of a Special Issue entitled: Functional and structural
diversity of endoplasmic reticulum.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Eukaryotic protein secretion is an essential cellular process that
ensures that proteins destined for the secretory pathway, plasmamem-
brane or extracellular space are delivered with temporal and spatial ac-
curacy. Central to this process is the formation of cargo-bearing vesicles
that ferry proteins between compartments of the secretory pathway.
Vesicles form from the endoplasmic reticulum (ER) through the con-
certed action of Coat Protein complex II (COPII) on the ER membrane
[1]. Although the basic mechanism of COPII action is relatively well
characterized [2,3], the biophysical details of how the COPII coat de-
forms the ER membrane remain to be fully understood. In particular,
how this process might be modified to accommodate a wide range of
secretory cargoes and regulated to meet the dynamic needs of the cell
remains unclear. Several recent findings highlight the complexity of
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vesicle formation from the ER: the potential role that cargo proteins
might play in this process is now being explored, as are the various
post-translational modifications of the cytosolic COPII machinery.
Appreciating that an entire third of the eukaryotic genome is trafficked
by vesicular transport from the ER [4], it is not surprising that regulation
of this process would be layered, allowing for modification at various
points in vesicle formation. Clearly, there is enormous potential for dys-
function in this pathway and indeed, COPII proteins are now appreciated
as drivers in a variety of human diseases [5]. In this review we provide a
detailedmechanistic view of how cargo is incorporated into COPII coated
vesicles and budded from the ER. In addition we will discuss how recent
findings have sent thefield in newand exciting directions toward a better
understanding of how this pivotal process is intricately regulated.

2. Overview of COPII coat formation

Transport vesicles are created at the ER via an essential core set of
coat proteins that assemble on the cytosolic face of the ER membrane.
This core machinery serves multiple functions: it is responsible for in-
ducing curvature in the ERmembrane, concentrating cargo into nascent
buds, and driving vesicle release. All of these functions are performed by
the COPII coat, composed of five proteins: Sar1, Sec23, Sec24, Sec13 and
Sec31, which form the minimal machinery required to form vesicles
from membranes in vitro [1,2].

Assembly of the COPII coat on the ERmembrane occurs in a stepwise
fashion, beginning with recruitment of the GTPase Sar1 through GTP
loading facilitated by its guanine nucleotide exchange factor (GEF),
Sec12 [6]. In the GTP-bound state, Sar1 exposes an N-terminal
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amphipathic alpha helix that becomes inserted in the ERmembrane [7].
Sar1-GTP at the ER subsequently recruits heterodimeric Sec23/24
through the binding of Sec23 to Sar1-GTP, and through interactions of
Sec23/24 with the membrane [2,8]. Sec24 serves as the principle
cargo-binding adaptor for the COPII coat and, once at the ER, associates
with cargo molecules to be trafficked to the Golgi apparatus through
direct interactions with cargoes or with cargo-bound receptors [9–11].
Protein modules composed of Sar1-Sec23/24-cargoes are referred to
as “pre-budding complexes”, and represent the basic functional units
of the COPII inner coat layer to be incorporated into ER-derived trans-
port vesicles. Following pre-budding complex formation, heterodimers
of Sec13/31 are recruited via interaction between Sec23 and Sec31 [12].
Sec13/31 forms a cage-like outer coat layer on the nascent vesicle, driv-
ing membrane curvature [13–15]. Sec23 is the GTPase activating pro-
tein (GAP) for Sar1, with Sec31 also promoting GTP hydrolysis in the
completed COPII coat [3]. GTP hydrolysis seems to be required for the
ultimate release of vesicles from the donormembrane [16]. After vesicle
formation occurs, downstream events lead to uncoating of transport
vesicles and recycling of the COPII coat components [1] (Fig. 1). Al-
though our understanding of COPII-mediated vesicle formation has de-
veloped substantially over the past two decades, many details of this
process remain unresolved, in particular the cellular regulatory events
that govern COPII action. Further adding complexity is the amplification
of COPII orthologs in metazoans, where most COPII proteins are found
as multiple isoforms that remain poorly understood in terms of func-
tional differences. Here, we discuss recent studies that have contributed
to our understanding of the COPII system and its regulatory elements.

2.1. Sar1

Sar1 is a small Arf-related GTPase, and is the central player in regulat-
ing COPII vesicle formation at the ER. Specific and efficient Sar1 recruit-
ment to the ER membrane is accomplished by its cognate GEF Sec12,
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which is an ER-resident integral membrane protein [17,18]. When
bound to GTP, Sar1 undergoes a conformational change in its switch I/II
regions that exposes an N-terminal amphipathic alpha helix [8,19]. This
helix becomes embedded in the lipid bilayer through interactions of
hydrophobic residues with phospholipid groups [7]. The shallow inser-
tion of this amphipathic helix can impart curvature on the membrane
[7,16,20,21], although the physiological significance of this curvature
remains unclear since the effect was observed with very high concentra-
tions of Sar1. Perhaps more physiologically important is the apparent
requirement for both the helix and GTPase activity in mediating vesicle
scission from the membrane [7,16]. At the membrane, Sar1-GTP is able
to recruit Sec23/24 via an extensive binding interface with Sec23 that
accounts for ~20% of the surface area of Sar1 [8].

Although the mechanics of Sar1 membrane recruitment and
GTPase activity are well understood, its participation in regulating
COPII vesicle formation remains somewhat convoluted. Sar1 GTP
hydrolysis appears to control multiple processes, both early and late
in COPII vesicle formation. GTP-binding and ER membrane association
are essential for the downstream recruitment of Sec23/24 to synthetic
liposomes, but cargo-containing membranes may also provide affinity
for recruitment of Sec23/24 and in this context Sar1 might instead be
more of a regulatory factor than a recruitment anchor. In support of
such a model, GTP hydrolysis by Sar1 influences cargo-concentration
during pre-budding complex formation [22]. Single-molecule fluores-
cence studies showed active concentration of cargoes into COPII pre-
budding complexes dependent in part on multiple rounds of GTP hydro-
lysis by Sar1, whereas cargo-free Sar1 and Sec23/24 complexes dissociate
more readily from the membrane when GTP is hydrolyzed [22,23]. For
large cargo molecules, Sar1-GTP cycling may have an analogous
effect on enhancing cargo transport from the ER; large cargoes such
as procollagen may require Sar1 cycling [24]. Interestingly, different
Sar1 isoforms are associated with distinct human disease states. Sar1B
is important for the efficient packaging of large lipid particles known
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as chylomicrons [25] and is also uniquely sensitive to mutations in
Sec23A that confer craniofacial development disorders [26]. This is de-
spite remarkable conservation between the Sar1A and Sar1B isoforms,
which share ~90% sequence identity.

Late in COPII vesicle formation, Sar1 GTP hydrolysis likely regulates
vesicle scission from the membrane. Release of budded vesicles is
inhibited when either the amphipathic helix of Sar1 is deleted [7] or
when GTP hydrolysis on Sar1 is prevented [16,21]. On large unilamellar
vesicles, Sar1 forms an ordered scaffold dependent on an omega loop at
its C-terminus that tubulates and constricts the underlying bilayer
[20,21]. Scaffolding and constriction of Sar1 in this fashionmay facilitate
closure of COPII bud necks at the ER, leading to vesicle release. The
ability of Sar1 to lower the rigidity of lipid membranes might aid in
this constriction process, as was reported with Sar1 complexed with
non-hydrolyzable GTP analogs in optical trap studies [27,28]. After
vesicle release from the ER, Sar1 GTP hydrolysis is also thought to con-
tribute to the uncoating of COPII components from formed transport
vesicles by destabilizing interactions of the COPII components with
the membrane after GTP hydrolysis has occurred [1,3].

Taken together, these results suggest that Sar1 performs multiple
functions during COPII vesicle formation [29]. Whether this results
from different Sar1 populations or differential regulation by various
factors (i.e. Sec16, Sec12, Sec23, Sec31) that ensure that their specific
functions are not undermined by counteracting forces remains to be
seen.

2.2. Sec23/Sec24

Sar1 recruitment to the ER membrane is followed by the
heterodimeric Sec23/Sec24 complex. Sec23/24 forms a bowtie-shaped
complex with a concave membrane-apposed surface that may impart
curvature on the underlying membrane or simply promote complex
binding to already curved membranes [8]. An extensive interaction
interface between Sec23 and Sar1 likely drives Sec23/24 recruitment,
with additional affinity probably contributed by electrostatic interac-
tions between the basic residues that line the Sec23/24 concave face
and acidic phospholipids in the ER [2,8]. A key part of the Sar1-Sec23
interface is an arginine residue from Sec23 that inserts into the catalytic
pocket of Sar1 [8]. This “arginine finger” results in stimulation of Sar1
GTPase activity through stabilization ofGTP phosphate groups [8]. Bind-
ing of Sec31 to Sec23 and Sar1 through an extended unstructured loop
of Sec31 re-orients this arginine residue to further enhance GTPase ac-
tivity 4- to 10-fold over Sec23/24 alone [3,12].

In addition to this well-established role of Sec23 in Sar1 GAP activ-
ity, recent cryo-EM studies suggest that Sec23 also plays an important
role in orienting Sec24 for optimal cargo binding [15]. Rather than
aligning directly beneath the outer coat, Sec23 is thought to be able
to bind in two distinct locations on Sec31 allowing for alternate con-
formations of the final three-dimensional geometry [15]. Importantly,
these geometries position Sec24 in the open face of the cuboctahedral
cage formed by Sec13/31, allowing for binding of cargo with various
shapes and sizes [15]. The specific orientation of Sec23/24 is also
thought to influence vesicle size, indicating that placement of this
adaptor complex in the coat is potentially important for the transport
of larger secretory cargo [15].

Although Sec23p is not known to bind to any cargo directly, it may
indirectly impact cargo incorporation via interactions with other coat
components influencing aspects such as the Sar1 GTP cycle as well as
recruitment of the outer cage. Boyadjiev and colleagues identified a
missense mutation in the Sec23A isoform that is associated with
cranio–lentinculo–sutural dysplasia (CLSD), which derives from ex-
tracellular matrix deficiencies [30]. The mutant Sec23 isoform is un-
able to recruit Sec13/31 and consequently prevents complete fission
of vesicles from the ER [26]. Interestingly, an excess of ER tubules is
observed indicating that the pre-budding complex assembles and
confers a degree of curvature without the outer cage. The CLSD
mutation in Sec23A also decreases the GAP activity of Sec23A [26].
All of these phenotypes are specific for Sar1B; when Sar1A is the
sole copy of Sar1 the severity of decreased Sec13/31 recruitment, ves-
icle budding and GAP activity is diminished [26]. Kim et al. described
a second CLSD-associated mutation in Sec23A that also maps to the
Sec31A binding interface. Although this mutation also causes in-
creased intracellular retention of collagen, it does not diminish asso-
ciation with Sec31A, and instead activates Sar1B GTPase activity
[31]. Vesicle formation in general and traffic of most cargo molecules
remain largely unaffected, suggesting that the mutation causes vesi-
cle release from the ER before larger cargo, such as procollagen fibers,
can be incorporated. These findings further link the Sar1 GTPase cycle
to packaging of large secretory cargo. Additional evidence for the reg-
ulation of collagen secretion by the TANGO1 cargo receptor via direct
interaction with Sec23/24 (discussed below) further substantiates a
role for GTPase regulation in collagen trafficking. These distinct muta-
tions in Sec23A illustrate how the same protein–protein interactions
within the coat can be differentially modified to impact vesicle traffick-
ing in opposite ways, suggesting that precise regulation of intra-coat
interactions is essential for faithful secretion from the ER.

Post-translational modifications of Sec23 are only beginning to be
unmasked, but may have profound impacts on COPII vesicle trafficking.
Evidence from Lord and colleagues suggests that phosphorylation and
dephosphorylation of Sec23 regulate interactions with specific protein
partners to govern vesicle delivery. A phosphorylation event adjacent
to the site of Sar1 interaction seems to control sequential binding and
release of Sar1 and the vesicle delivery factor TRAPP. Sar1 would initially
bind Sec23 at this site to promote vesicle formation. Following GTP
hydrolysis and Sar1 release, TRAPPwould bind to the same site, initiating
recruitment of another trafficking regulator, Ypt1/Rab1. A Golgi-localized
kinase, Hrr25, would then phosphorylate Sec23, displacing TRAPP and
perhaps promoting coat release. This cascade of events may control the
directionality of COPII vesicle transport, preventing back fusion of vesicles
with the ER [32].

Sec24 serves as the principle cargo-binding adaptor for the COPII coat,
and is responsible for efficient sorting and recruitment of cargomolecules
into pre-budding complexes [9–11]. Cargo molecules associate with
Sec24 via interactions between cargo-borne export signals and cargo-
binding sites on the surface of Sec24 [11,33,34]. Additional isoforms of
Sec24 (Iss1/Sfb2 and Lst1/Sfb3 in yeast; Sec24A-D in mammals) may
help to broaden the cargo binding capacity for COPII transport vesicles
and may also contribute morphological effects by increasing vesicle size
[35–37]. Cargo recruitment by Sec24 can be driven by direct cargo-coat
interactions or indirect interactions via membrane-spanning receptor
proteins that aid in the export of lumenal cargoes from the ER [11,38].
Binding of cargo to Sec24 results in enhanced stability of pre-budding
complexes on membranes even in the context of GTP hydrolysis by
Sar1 [22,39].

Although Sec24 has long been considered a static platform for COPII
cargo binding, recent evidence suggests that Sec24 is also critically
involved in local and cellular regulatory networks. A novel mutation
on the surface of Sec24, termed the m11 mutation, leads to broad
defects in COPII vesicle formation [40]. This mutant form of Sec24
displays reduced binding to Sec16 and diminishes the ability of Sec16
to inhibit the GTPase activity of Sar1 in vitro, implying a role for Sec24
in regulating COPII vesicle formation through complex formation with
Sec16 [40]. A potential regulatory role for Sec24 is also suggested by
new findings that implicate a cellular kinase in post-translational mod-
ification of Sec24. One recent study demonstrates that Akt, an important
signaling kinase implicated in cancer and diabetes progression, has the
ability to phosphorylate mammalian Sec24C; recombinant Akt protein
was able to phosphorylate recombinant Sec24C isoform in vitro [41].
Phosphorylated Sec24C and Sec24D bind less well to Sec23 [41]. These
data imply that Sec24 can also respond to cellular signaling, and per-
haps regulate pre-budding complex formation through altered associa-
tion with Sec23.
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2.3. Sec13/31

After formation of the pre-budding complex, the Sec13/Sec31
complex binds, forming the outer layer of the COPII coat [42]. The
propensity for Sec13/31 to self-assemble into a cage-like spherical
structure is suggestive of a role for the outer coat in both collecting
the underlying inner coat complexes to organize the vesicle and driving
curvature during polymerization [13]. A single unit of the Sec13/31 cage
is composed of a heterotetramer of these proteins. Two Sec31molecules
dimerize tail-to-tail via α-solenoid structures to form a rod. Four rods
associate via N-terminal β-propeller domains of Sec31 to form the ver-
tex of the COPII cage. Sec13 lies sandwiched between the α-solenoid
and β-propeller domains of Sec31, with Sec31 contributing one β-blade
to complement the 6-bladed β-propeller structure of Sec13 [14]. When
fully polymerized, the outer cage is believed to optimally form a
cuboctahedral geometry, although multiple geometries are possible via
this structural model making the outer coat somewhat adaptable to
different vesicle shapes [13,43]. Support for the model that Sec13/31
assembly drives membrane curvature associated with vesicle formation
comes from a recent study that explored the role of Sec13 within the
COPII coat. Exploiting yeast genetic backgroundswhereby Sec13becomes
dispensable, Copic and colleagues discovered that reducing the cargo
burden relieves the cellular requirement for Sec13, suggesting that the
primary role of Sec13 is to provide structural rigidity to the outer coat
[44]. Artificially rigidifying Sec31 by deleting a flexible hinge region
that encompasses the Sec13 binding site also supported viability absent
Sec13. These findings are consistent with cage assembly driven by
inter-molecular Sec31 interactions providing the driving force for mem-
brane scaffolding, with Sec13 providing an additional structural role in
creating rigid edge for the cage. Such a model is supported by recent
experiments that provide a pseudo-atomic model of the COPII cage,
derived from higher resolution cryo-EM structures coupled with
hydrogen–deuterium exchange to measure solvent accessibility and
flexibility of the coat [45]. This new view of the COPII cage provides
important insight into the Sec31 interactions that likely drive cage
assembly and set the stage for more exciting insight into how this
event might be regulated in vivo.

Binding of Sec13/31 to the prebudding complex also impacts the
catalytic cycle of the coat, increasing the GAP activity of Sec23, and
therefore GTP hydrolysis on Sar1, by an order of magnitude [3]. This
creates something of a conundrum whereby coat assembly drives
maximal catalysis that leads to depolymerization of the coat. How
cargo incorporation, vesicle formation and scission all take place before
Sar1 GTP hydrolysis stimulates de-polymerization of the coat remains
to be fully dissected [3]. The answer to this question is likely to be
answered by a multi-faceted regulatory scheme that is continually
modified as cargo is incorporated and additional layers of the coat
come together on the ER membrane [29].

One type of regulation that has been increasingly explored recently
is that associated with secretion of unusually large cargo from the ER
[46]. Since the details of cage geometry have been elucidated, the larg-
est intact cages observed have been 1000 Å in diameter [15]. This is not
large enough to accommodate cargoes such as procollagen fibers and
chylomicrons, which can be as large as 3000 Å and 10,000 Å respective-
ly [25,46]. This raises the question as to how the composition or geom-
etry of the COPII coat is modified to traffic large cargo. One possibility is
that asymmetrical or non-spherical cage geometries provide a mecha-
nism with which to mediate transport of large cargo. Although such
arrangements were originally postulated [13], they have recently been
experimentally observed by electron tomography [15]. These authors
were subsequently able to show that larger cages of similar geometries
can be constructedwhilemaintaining the previously determined angles
required for a vertex of four Sec31molecules [15]. Additional regulation
of cage sizemay come fromdirect post-translationalmodification of the
outer coat. A recent publication by Jin and colleagues showed that
monoubiquitylation of Sec31 allows for the formation of larger COPII
vesicles to allow for trafficking of procollagen fibers [47]. The precise
site of the ubiquitination event was not important for the observed
phenotypes, suggesting that ubiquitylation serves primarily to recruit
an additional effector that could regulate coat assembly or catalytic
activity. Thismodel is also supported by the recent high-resolution struc-
ture of COPII cage that demonstrated the flexibility of the region that
is ubiquitylated, suggesting a regulatory rather than structural role for
this site [45]. Nonetheless, it is becoming clear that post-translational
modifications to the coatwill be important regulators of how the compo-
nents interact and affect GTPase activity of Sar1. This is an especially
interesting prospect given the aforementioned finding of the Sec31-
Sec23 interface having an impact on the lifetime of the coat and incorpo-
ration of large cargo indirectly.

3. Cytosolic regulatory factors

Although the five COPII coat proteins described above represent the
minimal machinery required to bud a transport vesicle, even from
naked synthetic liposomes [1,2], there are clearly additional compo-
nents that also participate. Indeed, numerous accessory factors are re-
sponsible for modulating coat recruitment and COPII vesicle transport,
albeit often in poorly-understood ways. Here, we discuss how factors
on the cytosolic face of the ER influence COPII coat function.

3.1. Sec16

Perhaps the most enigmatic cytosolic factor controlling COPII ves-
icle formation is Sec16, a large multi-domain protein that associates
peripherally with the ER membrane and is essential for ER export in
vivo [48,49]. Sec16 localizes to sites of rapid COPII vesicle turnover
known as ER exit sites (ERES) and is critical for the maintenance of
these structures [49,50]. Sec16 interacts physically with all of the
COPII coat proteins, as well as the ER membrane proteins Sec12 and
Sed4, and has a higher lifetime on ER membranes than other COPII
components [50–55]. Yet despite its central role in vesicle production,
very little is known about the mechanistic role that Sec16 plays in
vivo, in large part due to the difficulty associated with working with
this 250 kDa protein. However, recent structural, biochemical and
genetic studies have made significant strides in this area.

One key finding is that Sec16 can impede the GTPase activity of
the full COPII coat in vitro, implying that this protein can regulate
COPII vesicle formation by controlling Sar1 activity [40,51]. A truncated
form of Sec16 that lacks the N-terminal domain, but can still comple-
ment a sec16 deletion, inhibits the Sec31-dependent GTPase activity of
Sar1 [40]. This basic finding was confirmed independently by another
group that showed the same effect for full-length Sec16 [51]. This
Sec16 GTPase inhibitory activity is dependent on a specific site on
the surface of Sec24; mutation of this site (sec24-m11) diminishes this
inhibitory activity in vitro and causes accumulation of ER membranes
in vivo [40]. This observation raises the possibility that COPII vesicle
formation and cargo recruitment into nascent vesicles via Sec24 are
linked through Sec16 activity, although this model remains speculative.

In addition to a catalytic function for Sec16, it is also implicated
more broadly in organization of ERES. Yeast Sec16 can bind directly
to membranes in vitro and in turn interacts with every COPII coat
protein [48,53,54,56]. These observations have led to the suggestion
that Sec16 impacts the formation of ERES by scaffolding the other COPII
components during vesicle formation, perhaps further stabilizing the
nascent coat by locally reducing Sar1 GTPase activity [40,50,51,56,57].
In metazoans, another factor also aids Sec16 in its assembly: TRK-
fused gene 1 (TFG-1) binds directly to Sec16 and its depletion leads to
a reduction in Sec16 and Sec13 at ERES [58]. TFG-1 forms a hexameric
complex that helps Sec16 associate properly with themembrane, further
implying a scaffolding function either in vesicle formation or in move-
ment of nascent vesicles to an adjacent site of fusion [58].
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Sec16 localization to ERES can also be influenced by cellular
kinases, in particular ERK2 and ERK7. The MAPK signaling pathway
was identified as a potential regulator of ER exit via a siRNA screen
performed in HeLa cells [59]. Subsequent investigation revealed that
the MAPK member ERK2 was able to phosphorylate Sec16 (confirmed
by anti-MAPK substrate immunoblot) and knockdown of ERK2 led to
a decrease ERES number [59]. Intriguingly, inclusion of purified ERK2
in an in vitro COPII budding assay led to increased vesicle production,
suggesting that Sec16 phosphorylation may influence rate of vesicle
production at the ER [59]. In a separate study, ERK7 was also found to
regulate secretion and Sec16 at ERES. When ERK7 is overexpressed,
Sec16 is less abundant at ERES and instead appears dispersed in the
cytoplasm [60]. A similar effect is observed during serum and amino
acid starvation conditions, where ERK7-mediated ERES disassembly
leads to perturbed secretion [60]. These results imply that Sec16 may
serve not only as a scaffold for the COPII coat but also a signal integrator,
modulating COPII vesicle formation sites in response to cellular condi-
tions. In a similar vein, Sec16 is also responsible for mediating changes
in ERES number during increases in cargo load at the ER, indicating
that Sec16 may be responsive to other cellular stimuli aside from cell
signaling cascades [61].

Through this recentwork, it is becoming clear that Sec16 hasmultiple
roles to play at the ER. Futurework directed at clarifying how these differ-
ent roles may be integrated with one another in the context of COPII
vesicle formation at the ER will continue to enhance our understanding
of this critical secretory protein.

3.2. Sec12

Although Sec12 has long been known to aid in the recruitment of
Sar1 to the ER membrane through GTP exchange, recent investigations
have expanded our understanding of Sec12 catalytic activity and its
localization within the ER across various species, both of which may
effectively regulate COPII vesicle biogenesis. The crystal structure of
the S. cerevisiae Sec12 cytoplasmic domain was recently solved [62],
revealing that residues in the Sec12 K-loop bind to a potassium ion.
Potassium binding is critical for GEF activity since substitution of potassi-
um for sodium resulted in a 5-fold decrease in Sar1-GTP exchange in an in
vitro assay [62]. Stimulation of GEF activity through metal binding could
potentially have a physiological role in a cellular context, although such
a mechanism has not been described.

Restriction of Sec12 to discrete locations within the ER may also af-
fect COPII vesicle formation, but localization of Sec12 seems to vary
across species. In S. cerevisiae, Sec12 is dispersed throughout the ER,
similar to human Sec12 [18,63]. However, Pichia pastoris Sec12 localizes
to puncta representing ERES [63,64]. Recent work has attempted to ex-
plain these observations. An investigation by Montegna and colleagues
has indicated that P. pastoris Sec12 indeed co-localizes with ERES, and
that human Sec12 does as well, contrary to previous observations
[52]. Further, P. pastoris and human Sec12 can both bind directly to
the C-termini of their cognate Sec16 homologs, whereas S. cerevisiae
Sec12 cannot [52,55]. These results demonstrate that the Sec12-Sec16
interactionmay be a conservedmethod of Sec12 localization across spe-
cies. Sec12 localized to active sites of COPII vesicle formation via Sec16
would permit the rapid recruitment of Sar1-GTP to the ER in these
areas, facilitating high vesicle turnover.

3.3. Sed4

A yeast-specific ER-resident protein, Sed4, which has significant
sequence homology with Sec12, may in fact play an opposing role
in vesicle formation despite this similarity. SED4 was identified as a
multicopy suppressor of an ERD2 deletion, which encodes the HDEL
receptor in yeast [65]. Sed4, like P. pastoris and human Sec12, binds
to the C-terminus of Sec16 [55,63]. Despite sharing 45% homology
with the cytosolic domain of Sec12, the N-terminal cytoplasmic
domain of Sed4 does not display any GEF activity toward Sar1
[66,67]. On the contrary, recent evidence suggests that Sed4 stimulates
Sar1 GTPase activity in a GAP-like fashion, acting on both Sar1 and
Sec23 [66]. Further, Sed4 GAP activity is restricted to cargo-free Sar1
molecules, implying that it may have a cargo concentrating effect on
pre-budding complexes entering ERES [66]. Given the opposing activi-
ties of Sec12 and Sed4, it remains to be seen (i) how these factors influ-
ence one another in S. cerevisiae, and (ii) if a factor analogous to Sed4
exists in higher eukaryotes.

3.4. Phosphatidylinositol 4-phosphate

Another factor implicated in regulating localization of COPII vesicle
production is phophatidylinositol 4-phosphate (PtdIns4P). PtdIns4P
plays an important role in Golgi vesicular trafficking, facilitating the
recruitment of the GTPase Arf1 to specific lipid subdomains within the
Golgi membrane through two pleckstrin homology (PH) domain acces-
sory proteins, FAPP-1 and FAPP-2 [68,69]. Evidence in mammals sug-
gests that PtdIns4P may have a similar role at the ER. Addition of
GST-FAPP1-PH to an in vitro COPII budding reaction using microsomal
membranes inhibited vesicle formation, suggesting that PtdIns4P is
required for COPII budding [70]. Furthermore, Sar1 activation on ER
membranes led to enrichment of PtdIns4P, and this phospholipid also
accumulated on Sar1-induced tubules by fluorescence microscopy as
detectedby a FAPP1-PH reporter [70]. These results indicate that PtdIns4P
is a critical component of ERES composition, and that this phospholipid
may play a regulatory role in modulating COPII recruitment to the ER
membrane. These findings raise the possibility for direct ERES regulation
through the local activity of PtdIns4P-specific kinases and phosphatases
[71]. Indeed, in the same study, incubation of COPII-containing cytosol
and ER microsomes in the presence of the cytosolic domain of Sac1 – a
yeast ER- and Golgi-localized PtdIns4P phosphatase – led to a reduction
in total vesicle production [70]. Furthermore, knockdown of a PtdIns4
kinase, PI4K-IIIα, reduced the number of ERES [61]. Determiningwhether
such kinases act directly at the ER or indirectly in a post-ER compartment
will be important in understanding how they impact COPII function at
ERES [71].

Intriguingly, Sec16may also be able to respond to changes in lipid
composition at the ER; Sec16 localizes to distinct “cup-shaped” struc-
tures in metazoans [50,57]. Evidence from Drosophila melanogaster
suggests that an arginine-rich domain of dSec16 may bind to the ER
membrane at these locations; a deletion construct of Sec16 lacking
this region leads to a diffuse localization as detected by fluorescence
microscopy [57]. Since arginine-rich domains are known to bind to
anionic lipids [72,73], it remains a distinct possibility that dSec16
may interact with phosphorylated PtdIns to direct ERES localization to
specific lipid domains, as a functional link between PtdIns4P and Sec16
has already been established at ERES [61]. Further work will be required
to resolve this point, and to see if it is applicable to orthologs of Sec16
in other organisms.

3.5. Additional regulators: p125A and ALG-2

In mammals, new roles are being found for additional players that
seem to act in the biogenesis of COPII vesicles in still poorly understood
ways. One such protein, p125A, was initially identified as a Sec23
interacting protein (Sec23IP), binding Sec23 through its N-terminal
proline-rich domain in a variety of tissues [74]. This same domain is
responsible for recruiting p125A to ERES, and recruitment is enhanced
by Sar1-GTP [75]. However, until recently the biological significance of
these observations remained clouded. Now, new evidence suggests
that p125A also binds Sec13/31: pulldown of Sec31-GST from rat liver
cytosol also purifies p125A, dependent on residues 260-600 of p125A
[76]. Furthermore, p125A silencing results in Golgi fragmentation and
an ER trafficking delay of themodel secretory cargo, VSVG [76]. Togeth-
er, these results suggest that p125A is an important accessory factor



2469J.G. D'Arcangelo et al. / Biochimica et Biophysica Acta 1833 (2013) 2464–2472
that facilitates COPII-mediated trafficking in mammalian cells, perhaps
by acting as an adaptor that promotes recruitment of Sec13/31 to
Sec23 thereby enhancing the interaction between the inner and outer
COPII coat layers.

Alg-2 is a penta-EF-hand Ca2+-binding protein that colocalizes at
ERESwith p125.WhenAlg-2 is depleted,mammalian Sec31A localization
at ERES is reduced, implicating Alg-2 in ERES stabilization [77]. This pro-
tein has also been found to directly bind to mammalian Sec31A in a
calcium-dependent manner [78]. For this reason it has been proposed
as a possible regulator of the COPII coat. More recent studies have
shown that Alg-2 may actually inhibit homotypic fusion of vesicles by
binding to Sec31 in a Ca2+ dependentmanner [79]. In a study examining
the impact of lumenal Ca2+ on early secretory pathway function, Bentley
and colleagues found that an increase in lumenal Ca2+ promotes binding
of Alg-2 to Sec31 thereby stabilizing the coat on the membrane and
preventing fusion. Thesefindings present an interesting regulatorymech-
anism in the early secretory pathway reminiscent of the regulated secre-
tion that has been known to exist in the late secretory pathway. As other
potential modes of COPII regulation are explored it will be interesting to
find if other regulatory mechanisms are in fact conserved throughout
the secretory pathway but simply yet to be observed for ER to Golgi
transport.

4. Lumenal regulation of COPII function: cargo as active participants

A diverse complement of protein cargo as well as membrane-
spanning cargo receptors populate each vesicle formed from the ER. A
growing body of work has begun to change the way we view secretory
cargo. What once appeared to be inert vesicle passengers are now
more accurately described as dynamic vesicle occupants, all with specif-
ic requirements for vesicle size, cargo composition and even COPII coat
composition. This has opened the field up to consider cargo and cargo
receptors as lumenal regulators of vesicular trafficking. The following
section will discuss several of these cargo and cargo receptors.

4.1. Cargo as antagonists to budding: GPI-APs

Glycosylphosphitdylinositol-anchored proteins (GPI-APs) are a highly
abundant class of proteins attached to the lumenal leaflet of the ER
membrane by lipid-anchors. These proteins have long been known to
segregate into distinct ERES that are depleted for more traditional trans-
membrane cargoes [80]. More recently, these asymmetrically distributed
cargoes have been implicated more directly as barriers to vesicle forma-
tion due to their unique topology. This model stems from an unusual
rescue of sec13Δ lethality observed when any of a number of proteins
involved in processing or trafficking of GPI-APs is also deleted. The
mechanism behind this bypass-of-sec-thirteen (bst) phenomenon re-
mains to be fully explored, but it is thought that ERES concentration of
asymmetrically oriented cargoes could create local negative curvature
that would oppose the curvature of the COPII coat. Sec13 is thus re-
quired to confer rigidity to the coat in order to overcome themembrane
bending rigidity associated with GPI-AP enrichedmembranes (Fig. 2A).
Intriguingly, the yeast Sec24 isoform, Lst1, is also linked to both GPI-AP
trafficking and Sec13. Originally defined as a mutant that was lethal-
with-sec-thirteen, Lst1 was subsequently appreciated to be a Sec24
paralog required for trafficking of Pma1 from the ER [35]. Lst1 likely
functions as a cargo-specific adaptor that recognizes both Pma1 and
the p24 proteins that serve as cargo receptors for GPI-APs [10,35,81];
both Pma1 and GPI-APs likely enrich in discrete ceramide-rich domains
during ER export [82]. Lst1-containing vesicles are larger than those
purely containing Sec23/24 [36] although it remains unclear whether
the change in vesicle size is driven by the adaptor or by the underlying
cargo. One enticing possibility is that the large Pma1 complex and the
asymmetrically distributed p24s and GPI-APs create a burden on the
ability of the coat to generate sufficient curvature. Traffic of these vesi-
cles is thus more dependent on Sec13 to contribute structural rigidity,
which may be augmented by Lst1 to create a larger diameter bud.
Such a model is consistent with siRNA experiments in mammalian
cells that depleted Sec13 yet caused no defect in bulk secretion, instead
creating a specific block in collagen export, which would also require
significant bending capacity for the COPII coat [83].

4.2. Direct coat regulation by cargo adaptors: TANGO1

TANGO1 is a transmembrane protein discovered in Drosophila that
interacts both with collagen in the ER lumen and Sec23/24 in the
cytosol. This topology is reminiscent of a canonical cargo receptor that
links a lumenal cargo to the coat. However, TANGO1 itself appears to
not be packaged into COPII vesicles, suggesting a different mode of
action. The current model suggests that TANGO1, in complex with its
binding partner cTAGE5, binds both to collagen and Sec23, precluding
recruitment of Sec31 and thereby stalling hydrolysis of GTP on Sar1 in
order to extend coat polymerization to package bulky collagen fibers
(Fig. 2B) [84]. Presumably, once the collagen fiber is fully incorporated
into the vesicle, TANGO1 dissociates from both the cargo and the coat
and Sec13/31 can bind, stimulating Sar1 GTP hydrolysis and vesicle
scission. This novel finding is the first direct evidence of an ER cargo
receptor playing a regulatory role in coat formation. Given the ever-
growing number of cargo receptors being unveiled, especially with
the introduction of high throughput screening, it would be surprising
to find that the TANGO complex is the only example of this type of
regulation.

Cargo may also be able to regulate COPII vesicle formation through
direct binding to Sec24, although evidence for such a phenomenon is
scant. Cargo load at the ER can indeed cause redistribution of ERES [61],
and lifetimes of COPII components at ERES are influenced by cargo
amount [85]. Further, examination of the sec24-m11 allele reveals that
Sec24 plays a vital role in regulating the activity of Sar1 through Sec16,
as Sec24-m11abrogates the ability of Sec16 to inhibit Sar1GTPase activity
in an in vitroGTPase assay [40]. Due to the proximity of them11mutation
to the A cargo binding site on yeast Sec24, and given that Sec24-m11 fails
to interact normally with Sec16, it is enticing to suggest that cargo and
Sec16 may compete or cooperate for interaction with Sec24 at this site
to influence COPII vesicle turnover. However, no direct evidence for
cargo acting in such a capacity has been described.

4.3. Additional cargo receptors: the ERVs and ERGICs

Canonical cargo receptors function to simply link lumenal cargo
molecules to the vesicle coat machinery to ensure efficient capture
into nascent vesicles. Examples include yeast Erv29p, which medi-
ates trafficking of multiple soluble cargo proteins [38] (Fig. 2C), and
mammalian ERGIC53 family members, which facilitate trafficking
of glycoproteins [86,87]. Non-canonical cargo receptors facilitate
transport of integral membrane cargoes, which in principle could
contain their own ER export motifs. Yeast Erv26p is one such adaptor
that mediates ER export of type-II integral membrane proteins. These
single pass proteins often have short N-terminal tails with binding sig-
nals for trafficking in the late secretory pathway, thus perhaps necessi-
tating the aid of a cargo adaptor for ER exit [88] (Fig. 2C). Erv14 is
another conserved non-canonical receptor that appears to be required
for ER exit of many integral membrane proteins that ultimately reside
in the plasma membrane [89, Herzig, 2012 #93]. A common feature of
plasmamembrane proteins is that they possess transmembrane domains
of greater length than ER or Golgi residents [90]. When such proteins are
in transit through the ER, this would create a mismatch between the
hydrophobic environment of the lipid bilayer, which is relatively thin in
the ER, and the transmembrane domains of the cargoes. One possibility
is that Erv14 functions as a chaperone to shield the transmembrane do-
mains of these cargoes and prevent premature degradation that might
be triggered by hydrophobic mismatch. Although these cargo receptors
may not be representative of canonical, direct regulation, they may be
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Fig. 2. Cargo and cargo receptors as COPII regulators. A. Concentration of lumenally oriented asymmetric cargo and cargo receptors at ERES confers a local membrane environment
less amenable to bending and thus requires the full rigidity of the Sec13/31 cage. B. TANGO1 competes with Sec13/31 for binding of Sec23/24, thus stalling GTP hydrolysis. This
allows for polymerization of a larger coat for trafficking of procollagen. C. A variety of other cargo receptors may also have regulatory roles. Erv14 may act as a chaperone for its
plasma membrane-localized cargo. Receptors for cargo that could interact with the coat directly are also appealing candidates for regulatory roles.
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important for modulating coat action indirectly in ways that remain to
be explored.
5. Conclusions

Our view of COPII coat function is evolving aswe appreciate that the
basic coat machinery is subject to multiple layers of regulation. Indeed,
crosstalk between different regulatory components of the vesicle bud-
ding machinery may be essential for proper secretion of a diverse load
of cargo at the ER. COPII components themselves are subject to a wide
variety of mechanisms that regulate assembly, both temporally and
spatially. Beyond the core coatmachinery, accessory factors in the cyto-
sol and ER membrane further influence coat dynamics and vesicle
formation, through post-translational modification of coat components,
direct binding to COPII members, and influencing characteristics of the
local membrane environment. Future studies will continue to expand
our understanding of how vesicular trafficking from the ER is intricately
managed by cellular machinery.
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