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Abstract

Coat proteins play multiple roles in the life cycle of a membrane-bound transport intermediate,
functioning in lipid bilayer remodeling, cargo selection and targeting to an acceptor compartment.
The Coat Protein complex Il (COPII) coat is known to act in each of these capacities, but recent
work highlights the necessity for numerous accessory factors at all stages of transport carrier
existence. Here, we review recent findings that highlight the roles of COPII and its regulators in
the biogenesis of tubular COPII-coated carriers in mammalian cells that enable cargo transport
between the endoplasmic reticulum and ER-Golgi intermediate compartments, the first step in a
series of trafficking events that ultimately allows for the distribution of biosynthetic secretory
cargoes throughout the entire endomembrane system.
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11 INTRODUCTION

The first membrane fission and fusion steps in the mammalian secretory pathway are
mediated by Coat Protein complex Il (COPII), which promotes the formation of transport
carriers at unique, ribosome-free subdomains of the endoplasmic reticulum (ER) to facilitate
the delivery of cargoes, including an array of membrane proteins and lipids, to juxtaposed
ER-Golgi intermediate compartment (ERGIC).1> A combination of in vitro biochemical
assays, proteomic studies, single particle electron microscopy-based techniques and X-ray
crystallography approaches have been used to provide mechanistic insights into COPII coat
assembly and disassembly. Collectively, this work has led to a much improved
understanding of how COPII, together with a variety of regulatory factors, support transport
carrier fission and fusion at the ER/ERGIC interface.

The initial description of COPII was based on studies using yeast as a model system and
highlighted the assembly of a 10-nm-thick electron dense coat on ~60 to 65 nm vesicles that
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were able to fuse with Golgi membranes following GTP hydrolysis-mediated disassembly.®
In contrast, contemporaneous studies demonstrated that ER to Golgi transport in mammalian
cells requires the sequential actions of COPII and another coat complex (COPI), with COPII
acting specifically at the ER to enable cargo transport to pre-Golgi intermediates composed
of vesicular-tubular clusters, now commonly referred to as ERGIC membranes.”8 Thus,
unlike yeast, the activity of COPII in the mammalian secretory pathway is largely restricted
to a ~300 to 500 nm space between the ER and ERGIC and is unlikely to play a direct role
in ERGIC to Golgi trafficking.!

21 THE COPII COAT

The COPII coat complex consists of two proteinaceous layers that are capable of deforming
highly curved ER membranes to generate cargoladen transport intermediates. The inner
layer is composed of a flexible Sar1-Sec23-Sec24 lattice, while the outer cage is made up of
Sec13-Sec31 heterotetramers.®-12 Assembly of COPII complexes is initiated by activation of
Sarl, a small Ras-like GTPase, which is mediated by the integral membrane guanine
nucleotide exchange factor (GEF) Sec12/PREB.13-15 In mammals, two Sar1 isoforms are
expressed in most tissues, and although in vitro studies have defined only modest differences
in their activities, SarlA and Sar1B (~90% sequence identity) have been suggested to play
distinct roles in vivo, particularly in the ER export of chylomicrons within enterocytes of the
small intestine.16-20 Patients lacking Sar1B (or expressing mutant forms predicted to impair
nucleotide or membrane binding) exhibit fat malabsorption disorders due to impaired
chylomicron (often >200 um in size) secretion into the bloodstream, even though SarlA is
present and expressed normally.16:21 These data suggest that Sar1B is uniquely suited to
drive the formation of large COPII-coated transport carriers (some more than 1 pm in
diameter) in vivo. In contrast, most cultured cells grown in vitro can tolerate individual
inhibition of either Sar1A or Sar1B, while their co-depletion leads to potent cargo trafficking
defects.22:23

The crystal structure of mammalian SarlA is characteristic of other Ras superfamily
GTPases with two mobile switch regions and a core of six central beta-strands positioned
between three flanking alpha helices?4:2> (Figure 1). The guanine-nucleotide-binding pocket
contains a highly conserved GxxxxGKT Walker A motif (P-loop; residues 32-39) and serves
as a docking site for Sec12 to catalyze GTP loading.1®27 Mutation of threonine 39 to
asparagine generates a dominant negative isoform, which is constitutively bound to GDP
and blocks COPII carrier formation.”-28:29 Conversely, mutation of histidine 79 to glycine
within switch 11 dramatically reduces GTP hydrolysis and enables constitutive association of
Sarl with Sec23-Sec24 heterodimers, its major effector.”-28 Importantly, Sar1H79C strongly
potentiates membrane tubulation, but potently blocks COPII-mediated transport in cells,
suggesting a key role for GTP hydrolysis during carrier scission.18:30-36

Unlike other members of the Ras superfamily that use myristoyl or prenyl modifications for
membrane association, Sarl isoforms employ a unique amino-terminal amphipathic helix to
sample membranes.33 However, only when activated by Sec12 is Sar1GTP able to stably
penetrate the bilayer to initiate membrane remodeling and COPII coat assembly.30:37
Importantly, active Sarl exhibits curvature sensitivity, showing enhanced affinity for bent
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membranes.30 Thus, as the membrane becomes more highly deformed, Sar1 is able to bind
more tightly, thereby promoting the formation of a tubular transport intermediate. Consistent
with this idea, electron and fluorescence microscopy-based in vitro studies have
demonstrated that Sarl is capable of forming organized lattices on artificial liposomes,
converting them into tubules and even detached vesicles at high concentrations.3! The
intrinsic GTPase activity of Sarl is also stimulated by the presence of highly curved
membranes.30 Ultimately, Sar1 likely concentrates in regions of elevated curvature, such as
the necks of budding transport carriers, where it can facilitate rapid fission upon GTP
hydrolysis.38 Although speculative, Sar1B may uniquely drive the generation of large,
unconventional COPII carriers by exhibiting slower GTPase activity in cells as compared to
SarlA and providing additional time to enclose sizable substrates including chylomicrons
within a carrier ahead of neck scission.

Sculpting of COPII carriers is further governed by Sar16TP- mediated recruitment of a
Sec23-Sec24 lattice composed of repeating ~15 nm bowtie-shaped units that form a helical
array..10.37.39 Crystallographic and electron microscopy-based analysis of the membrane
proximal region of yeast Sec23-Sec24 shows it to be concave, with a positively charged
surface that is conserved in their mammalian paralogs and may stabilize curvature of the
underlying phospholipid bilayer.19 Even though the proteins exhibit limited sequence
similarity, the overall folds of Sec23 and Sec24 are closely related, and they are linked via
intimate hydrogen bonding and van der Waals interactions, which join their trunk domains to
generate an intersubunit beta-sheet (Figure 1). The trunk domain of Sec23 further contacts
the switch Il region of Sarl, but the neighboring helical domain is most critical for
recognizing switch 1 and the active GTP-bound state.10 Additionally, the gelsolin-like
domain of Sec23 plays a key role in promoting GTP hydrolysis on Sarl by providing a
catalytic arginine finger in fransto the active site, thereby serving as a guanine nucleotide
activating protein (GAP).1040 Thus, somewnhat paradoxically, completion of the inner layer
of the COPII coat drives GTP hydrolysis on Sarl, promoting disassembly from the
membrane surface. However, the integrity of Sar1GTP-Sec23-Sec24 complexes must be
sufficiently long-lived to enable completion of COPII carrier biogenesis. Based on in vitro
studies, the lifetime of such complexes is ~30 seconds, suggesting that COPII carriers at ER
subdomains form at a similar rate as compared to other vesicle biogenesis events, including
clathrin-mediated budding from the cell surface.41-43

Like Sarl, mammals express two isoforms of Sec23 that are ~85% identical to one another.
Although mutations in Sec23B have been implicated in anemia and various forms of cancer,
and the Sec23-AF382L mytation causes craniolenticulosutural dysplasia, the paralogs appear
to be largely redundant for function and only vary by distinct tissue expression profiles.44-47
Both isoforms stably interact with any of the four Sec24 isoforms (A-D), which serve as
adaptors for numerous integral membrane secretory proteins, including receptors for
lumenal cargoes that must be guided out of the ER.#8 Degenerate motifs enable a wide range
of clients to be sorted into COPII carriers, with structural studies highlighting binding
pockets on Sec24A and Sec24B that can associate with LxxLE and DxE sorting signals,
while Sec24C and Sec24D harbor surface grooves for the IxM packaging motif.49-52
Additionally, other cargo binding domains may exist on each Sec24 paralog, further
expanding their ability to capture a multitude of cargoes.>%:53 Although Sec24A and Sec24B
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exhibit significant overlap in cargo selectivity, mutational analysis in mice has uncovered a
potentially unique role for Sec24A in PCSKO9 secretion, a key regulator of plasma
cholesterol levels, which is mediated by the PCSK9 receptor Surf4.54:55 However, this
selectively may only be the result of differences in the expression profiles of Sec24A and
Sec24B. Consistent with this idea, Sec24A exhibits 5- to 10-fold higher expression as
compared to Sec24B in the mouse liver.5® Similarly, conditional deletion of Sec24C in
murine neural progenitors results in extensive neuronal cell death, but the phenotype can be
rescued by ectopic expression of Sec24D.56:57

Inner COPII coat assembly enables Sec13-Sec31 recruitment and outer cage formation in
cells. Specifically, based on the analysis of yeast protein fragments, the extended proline-
rich domain of Sec31 binds directly to a surface on Sec23 that includes the gelsolin, trunk
and B-barrel domains, and extends over switch 11 of GTP-bound Sar158 (Figure 1). These
data explain the ordered process by which Sar16TP-Sec23-Sec24 complexes must first
associate with membranes, followed by outer cage assembly. However, the outer cage also
drives organization of the inner coat to form a coherent lattice, with homotypic Sec23
interactions largely governing lateral associations.>® Based on indirect measurements of
GTP hydrolysis on Sarl, which leverage changes in tryptophan fluorescence believed to
accompany the transition of Sarl from the GTP- to the GDP-bound state, binding of Sec31
has been suggested to accelerate Sarl GTPase activity.*! The crystal structure of the yeast
Sarl-Sec23-Sec31 ternary complex suggests a mechanism by which this occurs, involving
optimization of the geometry of the histidine within switch Il of Sarl and a nucleophilic
water molecule that bridges the imidazole side chain and the gamma phosphate of a GTP
analog.58 However, in the absence of an analogous structure for a metazoan COPII complex,
the extent to which Sec31 activates GTP hydrolysis in animal cells remains ill-defined.

Sec31 isoforms are comprised of multiple domains, including a series of seven amino-
terminal WDA40 repeats that form a 7-bladed beta-propeller, another WD40 repeat (beta-
blade) that co-assembles with Sec13, a series of alpha-helices that create an alpha-solenoid,
an ancestral coatomer element (ACE1) domain, a proline-rich domain that contacts Sar1GTP-
Sec23-Sec24, and another carboxyl-terminal alpha-helical domain.%12 The much smaller
Sec13 also contains a series of WD40 repeats (six) and forms a 7-bladed beta-propeller after
incorporating the beta-blade of Sec31. Sec13-Sec31 dimers assemble into heterotetramers
via a domain swap between two ACE1 domains to create an overall rod-like structure that is
approximately 28 nm in length.12 Further co-assembly of four Sec31 beta-propellers at the
termini of four distinct rods form one of many vertices within a cage.11:60 Additionally, the
angle between the terminal beta-propeller domains and alpha-helical central rod is flexible,
creating a hinge that allows the cage to vary in dimension, depending on the size of the
transport carrier it must encase.12:60.61 A second potential hinge was identified more
recently, which allows the beta-propeller domains of Sec13 and Sec31 to move relative to
one another.52 Based on cryoEM studies, the underlying inner coat is positioned such that
Sec23 protomers appear below each vertex and in the middle of triangular faces of the outer
cage, and Sec24 subunits are located in the middle of square faces of cuboctahedrons or
pentagons of icosidodecahedrons, providing sufficient space to accommodate the cytosolic
domains of integral membrane cargoes.>® Direct association between the inner and outer
coat was recently confirmed using yeast proteins, although the cryoEM density failed to

Traffic. Author manuscript; available in PMC 2020 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Peotter et al.

Page 5

overlap completely with the crystal structure of the Sar1GTP-Sec23-Sec31 interface,
potentially due to the inherent flexibility of proline-rich domains.3” Unlike components of
the inner coat, only a single Sec13 locus is found in mammals. However, two Sec31 paralogs
have been identified, which are only ~47% identical. Based on subcellular localization
studies, Sec31A and Sec31B distributions do not overlap precisely, raising the question of
whether the two subunits are able to co-assemble into a single cage.53 Regardless, the
diversity of COPII components expressed in mammals enables numerous types of carriers to
be generated that can vary not only in size and subunit composition, but also cargo content.

31 REGULATION OF COPII COAT ASSEMBLY

Although COPII-mediated carrier formation has been reconstituted using minimal or
chemically defined systems in vitro,32:39 several regulators of this process have been
identified in mammalian cells that either facilitate localized COPII subunit assembly at
specialized ER subdomains or promote coat disassembly, which is necessary after carrier
scission to enable fusion with neighboring ERGIC membranes. One major driver of ER
subdomain selection is the large scaffolding protein Sec16A, which interacts directly with
several components of the COPIl machinery.54-66 Its depletion reduces the number of COPII
budding sites on the ER and attenuates the rate at which secretory cargoes leave the ER. At a
biochemical level, only half of Sec16A has been well characterized, with little known about
its first 1000 amino acids, beyond their dispensability for localization in overexpression
studies.8” The remaining protein is comprised of three domains with varying roles in
regulating COPII dynamics. The carboxyl-terminal domain (CTD) exhibits a conserved
function for binding to Sec12, which helps to enrich the integral membrane GEF for Sarl at
ER subdomains to make them competent for COPII carrier formation.®® The CTD
additionally harbors a proline-rich region, which likely facilitates Sec23 recruitment via its
gelsolin-like domain (Figure 1). This interaction may also obstruct outer COPII coat
assembly, as the Sec31 proline-rich domain must also associate with the same surface on
Sec23 to direct overall COPII coat architecture.>8:59 This potential role for Sec16A in
delaying Sec31 action may also extend to nonmetazoan systems. Specifically, the carboxyl-
terminal half of yeast Sec16 has been suggested to impede the stimulatory effect of Sec31 on
Sarl GTP hydrolysis.®® Surprisingly, the effect appears to be mediated by an association
between Sec16 and the COPII cargo adaptor Sec24. This interaction could offer a unique
sensing mechanism to delay outer coat assembly until transport carriers are first loaded with
cargo. A mutation in Sec24 that disrupts its association with Sec16 leads to the formation of
smaller transport carriers, suggesting that accelerated GTP hydrolysis results in premature
scission.®9 By extension, slowing GTP hydrolysis should promote the formation of larger
COPII carriers. Further studies are necessary to demonstrate whether mammalian Sec16A
directly or indirectly regulates the Sarl GTPase cycle.

Upstream of the CTD is the central conserved domain (CCD) of Sec16A, which is found in
all Sec16 paralogs across evolution. The CCD is comprised of a beta-blade followed by a
helical ACE1 domain, highly similar to the organization of Sec31 isoforms.”® Analogously,
Sec16 binds to Sec13 as a heterotetramer, in which Sec13 associates with the beta-blade of
Sec16, and the ACE1 domains dimerize to form an extended ~16.5 nm rod.” Unlike Sec31,
however, Sec16 lacks an amino-terminal beta-propeller, preventing its assembly into cage-
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like structures. Thus, Sec16 recruits Sec13 to ER subdomains, but again may act to impede
outer coat assembly by sequestering Sec13 until the appropriate time in the COPII coat
assembly pathway.

Upstream of the Sec16A CCD is an ER localization determinant (ELD), which was recently
shown to bind to the proline-rich domains of two members of the Tangol/cTAGES family
(TangolL and TangolS) that govern the ER export of several collagen isoforms in large
COPII transport carriers.”1-73 Surprisingly, while both Tango1 isoforms are required for
efficient collagen secretion, only TangolL harbors a SH3-like domain that can engage
HSP47, a collagen-specific molecular chaperone, suggesting that Tangol family members
may possess additional roles in regulating COPII-mediated transport beyond acting merely
as a cargo receptor.”* Consistent with this idea, loss of both Tango1L and Tango1S was
shown to cause Secl6A to be partially redistributed from ER subdomains and reduce overall
COPII coat assembly.”? Conversely, depletion of Sec16A causes Tangol isoforms to
disperse throughout the ER network. Thus, Tangol and Sec16A play complementary roles in
directing the distribution of COPII budding sites on the ER, although it continues to remain
unclear how these subdomains are initially formed or maintained. Tangol additionally plays
an important role in localizing a related family member cTAGES, which also functions in
ER collagen export without directly associating with cargo.”® The interaction between
Tangol and cTAGES is mediated by coiled coil domains found in the cytosolic sides of each
protein. A second flanking coiled coil domain in cTAGEDS also contacts Sec12, facilitating
its specific accumulation at COPII budding sites on the ER, but without affecting GEF
activity.”8.77 In contrast, neither of the Tango1 coiled coil domains exhibit an ability to
associate with Sec12. Structural analysis of these coiled coil motifs should provide
mechanistic insight into the specificity of their associations.

All members of the Tangol/cTAGES family also bind to the inner COPII coat protein Sec23
via its gelsolin-like domain’2 (Figure 1). Based on X-ray crystallography studies, the
interaction is mediated by tripeptide PPP motifs within the proline-rich domain of Tangol,
of which there are seven that associate with a series of surface aromatic residues on Sec23.78
Thus, individual Tango1/cTAGES proteins can recruit multiple Sec23 protomers, likely in
complex with Sec24 subunits, as a transport carrier begins to assemble. It remains unclear
whether these associations occur in synergy with Sec16A-mediated Sec23 binding or in
competition, as they likely share a common interface. However, given the interdependent
roles for Sec16A and Tangol/cTAGES in establishing subdomains on the ER capable of
COPII budding, it appears more probably that they function together to drive inner coat
assembly. In contrast, regions on the ER devoid of these factors are unlikely to support
COPII carrier biogenesis, even though Sarl may continually sample the membrane via its
flexible amphipathic helix.3° Taken together, current evidence suggests a model in which
Sec16A and members of the Tango1/cTAGES family concentrate Sec12 to enable local GTP
loading onto Sarl, which deforms and tubulates ER microdomains, while simultaneously
recruiting Sec23-Sec24 complexes to further transform membrane tubules into cargo-laden
transport carriers. Based on several electron microscopy-based studies, the ER/ERGIC
interface in mammalian cells is largely populated by clustered, dumbbell-shaped transport
intermediates, as well as more spherical, detached vesicles.”9-81 The presence of these
dumbbell-shaped structures is most consistent with the initial formation of COPII-coated
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tubules, with GTPase activity on Sarl generating intermittent constrictions at areas of
elevated concentration. Ultimately, a fraction of these more highly bent regions undergo
scission, perhaps stochastically due to a locally elevated GTP hydrolysis, enabling cargoes to
be separated from the ER and begin their movement in an anterograde manner. In the case of
highly elongated cargoes, such as fibrillar collagens that can reach ~300 nm in length and
~1.5 nm in diameter,82 steric hindrance may be sufficient to prevent scission reactions that
would otherwise cause cargoes to become inappropriately severed.

Alternatively, members of the Tango1/cTAGES family may play more active roles in driving
the formation of large COPII-coated transport intermediates. TangolL possesses a Tether of
ERGIC at ER (TEER) domain, a coiled coil motif that is capable of binding to ERGIC
membranes in frans.8% Although the mechanism by which this occurs remains unclear, direct
recruitment of ERGIC to sites of COPII carrier formation on the ER could provide an
additional reservoir of membrane to generate transport intermediates. Given the enormous
surface area of the ER, it is questionable whether membrane ever becomes limiting during
collagen export, but local deposition from an alternative source could augment the kinetics
of carrier biogenesis. Based on super resolution imaging studies, TangolL has been
suggested to assemble into ring structures that encircle COPII carriers at their base on ER
membranes, potentially providing a scaffold onto which ERGIC membranes could be
recruited.8485 However, other non-diffraction-limited approaches have failed to resolve such
rings.86:87 Instead, these structures may only form in response to non-physiological
accumulation of collagen within the ER, which was necessary to initially observe Tangol
ring assembly.84 In contrast, more recent studies suggest that Tango1, together with Hsp47,
CTAGES and Sec12, actually enter the large COPII carriers that enable collagen export from
the ER.87 These factors are subsequently retrieved from ERGIC and Golgi membranes via
the action of retrograde COPI transport, while collagen continues on its journey through the
secretory pathway toward the cell surface. Importantly, by trafficking on large COPII
carriers, Tangol/cTAGES family members would promote continual Sec12 GEF activity and
maintain Sarl in a GTP bound state. These actions may limit membrane constriction
associated with GTP hydrolysis on Sarl along the length of transport carriers, thereby
ensuring fibrillar collagens can be properly packaged in large COPII carriers. Potentially in a
similar manner, the fatty acid binding protein FABP5 was shown recently to bind Sec12 and
enhance GTP loading onto Sarl, thereby promoting the formation of large COPII transport
carriers capable of packaging collagens as well as large lipoproteins.88

Unlike conventional COPII-coated transport carriers that generally range in size from 50 to
200 nm and have been repeatedly resolved at the ER/ERGIC interface using electron
microscopy-based approaches, larger COPII carriers have been more challenging to
visualize in a native setting. This is at least in part due to the cell lines that have been chosen
for analysis, most of which do not produce high levels of fibrillar collagens or other large
cargoes. Although recent studies highlight the existence of large carriers that contain
collagen and stain positively for COPII subunits, in most cases, their destinations are
unclear.8? Instead, these carriers may participate in a noncanonical form of autophagy, which
targets misfolded procollagens to the lysosome for degradation.?° In the absence of a large
number of transport intermediates to analyze, some have even argued that collagens in the
early secretory pathway may not even use a transport intermediate.?! Instead, direct
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connections between ER and ERGIC membranes could enable collagens to be exported from
the ER in the absence of a vesicular carrier. Formation of these tubular connections would
still require the COPII machinery to drive membrane remodeling and members of the
Tangol/cTAGES family to recruit collagen and ERGIC membranes and maintain the activity
of Sarl, but mechanisms to maintain the unique identities of the ER and ERGIC in such a
model still require elucidation.?2 Additionally, examination of native collagen trafficking by
leveraging CRISPR/Cas9 technology to tag their endogenous isoforms would dramatically
improve on current approaches that use overexpression, which likely activate ER stress
responses and the unfolded protein response (UPR) and may lead to artifacts.%3

Assembly of the outer COPII cage, mediated largely by contacts between Sec31 and Sec23,
likely displaces several of the regulatory factors that initially stimulate formation of the inner
adaptor layer of the COPII coat. Based on direct competition assays, the proline-rich domain
of Sec31 exhibits higher affinity for the Sec23 gelsolin-like domain as compared to members
of the Tango1/cTAGES family.’® By displacing these factors, Sec31 acts to downregulate
further GTP loading onto Sarl and may shift the equilibrium toward Sarl GTP hydrolysis,
which is predicted to promote detachment of COPII carriers from the ER. Recruitment of
Sec13-Sec31 heterotetramers to the ER has been suggested to be regulated by several
factors. Based on immunoprecipitation studies, soluble Sec13-Sec31 complexes interact
with the large phospholipase Al-like factor p125A.94-97 The carboxyl-terminal region of
p125A binds to acidic phospholipids, facilitating its targeting to COPII budding sites that are
enriched for phos-phatidic acid and phosphatidylinositol 4-phosphate, while its central
domain (residues ~260-600) is sufficient for interaction with Sec31.94.98 Although a
mechanistic understanding of this association is lacking, biochemical studies further suggest
that p125A binds to Sec23 via its adjacent, amino-terminal proline-rich domain, potentially
serving as a bridge to bring Sec31 into close proximity of the inner coat®® (Figure 1).
Overexpression studies also suggest that p125A displaces Sec16A from COPII complexes,
further promoting outer COPII cage assembly as carriers emerge from the ER and leave
Sec16A behind.?* The Sec31 binding partner ALG-2 (also known as PDCD6) has also been
proposed to facilitate an interaction between the outer COPII cage and the inner coat.
Specifically, ALG-2 associates with the proline-rich domain of Sec31 and alters its
conformation to increase its affinity for Sec23.99 Again, the structural basis for this
phenomenon has yet to be defined, but in vitro studies suggest that the presence of ALG-2
slows the rate at which COPII carriers bud from the ER. Thus, ALG-2 appears to facilitate
interaction between the two layers of the COPII coat, while negatively regulating carrier
scission, potentially via negative regulation of GTP hydrolysis on Sarl until COPII assembly
can be completed. Notably, ALG-2 harbors a calcium binding EF-hand, and the localization
of ALG-2 to COPII budding sites requires the presence of calcium.190 Additionally, the
calcium binding protein Annexin A1l further promotes stable association of Sec31 with
COPII budding sites, using ALG-2 as an adaptor.191 Together, these data suggest that
cytosolic calcium levels regulate COPII carrier formation, linking early secretory pathway
function to various signaling cascades that are dependent on calcium influx, including the
ER stress response and the UPR.102 Nonetheless, Sec23 remains the most prominent
recruiting factor for the outer COPIl components, best illustrated by the effect of a relatively
subtle missense mutation (F382L) in Sec23A that underlies Cranio-lenticulo-sutural
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dysplasia, which results in impaired Sec13-Sec31 assembly at ER subdomains.17:47
Strikingly, patients harboring this mutation accumulate coated tubules that are readily
observed in skin fibroblasts, further indicating that outer coat assembly plays a major role in
regulating carrier scission, as opposed to initial carrier formation.4’

41 REGULATION OF COPII COAT DISASSEMBLY AT THE ER/ERGIC
INTERFACE

To enable efficient secretory cargo transport from the ER to the ERGIC, COPII coat
assembly must be balanced by rapid disassembly following transport carrier scission. Based
on the distribution and dynamics of COPII complexes in cells, the lifetime of the coat is
brief and largely relegated to small ~500 nm areas scattered over the entire ER network,
which extends throughout cells, but is most highly concentrated in the peri-nuclear region.
Super resolution imaging has demonstrated that essentially all ER subdomains that produce
COPII carriers are juxtaposed to ERGIC membranes, even in areas densely packed by Golgi
cisternae, suggesting that COPII coat disassembly is coupled to fusion with ERGIC, as
opposed to direct fusion with the Golgi.”® Many have questioned the origin of ERGIC
membranes, with a consensus view suggesting that homotypic fusion of COPII carriers
initially produces tubular-vesicular clusters that become enriched with ERGIC markers, and
subsequent homotypic and/or heterotypic fusion events maintain the identity of the
organelle.8.103 A major requirement for such an organization is a mechanism to locally
tether COPII carriers for a sufficient period of time to allow coat complexes to disassemble
and expose SNARES necessary to drive fusion events. Recent work suggests that COPII
carrier tethering is mediated by small ring-like homo-oligomers composed of Trk-fused gene
(TFG) subunits.”9:86.104

TFG was originally described as a fusion partner for the TrkA receptor tyrosine kinase,
generated following a chromosomal translocation and functioning as a potent driver of cell
transformation.105 Subsequently, several additional oncogenic TFG fusion proteins have
been identified, each carrying the amino-terminal portion of TFG, including its PB1 domain
and adjacent coiled coil motif.196 Structural analysis using single particle electron
microscopy has demonstrated that this region of TFG is sufficient to form ~11 nm octameric
rings, with a central ~4 nm pore.”® These data highlight the ability of the TFG amino-
terminus to multimerize fusion partners, many of which are kinase domains that require co-
assembly to elicit activity. However, oligomerization alone was shown to be insufficient to
enable the TrkA kinase domain to transform cells. Instead, localization to the ER/ERGIC
interface plays a critical role in oncogenesis, although the precise downstream targets that
cause cells to become transformed remain undefined.104

Based on the analysis by circular dichroism, the carboxyl-terminal portion of TFG (residues
125-400) is largely unstructured, with a propensity to self-associate, thereby linking TFG
octamers into a higher order meshwork.”® These characteristics are highly reminiscent of
synapsin, another disordered protein, which was shown recently to undergo phase separation
to generate liquid droplets.197 However, unlike other liquid droplet-like, membraneless
organelles such as P granules or PML nuclear bodies, phase separated synapsin is able to
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capture small liposomes in vitro and play a key role in clustering synaptic vesicles in
neuronal synapses. Analogously, phase separated TFG may tether COPII-coated transport
carriers at the ER/ERGIC interface.86 Consistent with this idea, overexpression of TFG leads
to the formation of large spherical structures in cells that sequester COPII carriers.”®
Moreover, depletion of TFG leads to the accumulation of COPII carriers throughout the
cytoplasm, no longer restricted to the ER/ERGIC interface.”®:86 Biochemical studies have
demonstrated that the last ~20 amino acids of TFG binds directly to Sec23 with high affinity,
and its disordered domain is enriched with proline residues (>16%) that likely facilitate
binding to the Sec23 gelsolin-like domain8® (Figure 1). These findings provide a potential
molecular basis for hypothetical TFG liquid droplets to tether COPII-coated transport
intermediates at the ER/ERGIC interface with specificity, although additional studies are
required to validate this idea. Strikingly, in the absence of COPII carrier formation, TFG
fails to accumulate near ER subdomains, suggesting that the presence of COPII-coated
transport carriers is a prerequisite for concentrated assembly of TFG in cells.86 Beyond
binding to Sec23 and tethering COPII carriers, TFG has also been shown to interact with
ALG-2 in a calcium-dependent manner.108 in vitro studies suggest that this association may
enhance co-assembly of TFG octamers into larger complexes. However, depletion of ALG-2
has minimal impact on the levels of TFG at the ER/ERGIC interface.198 Further work is
necessary to define the mechanistic basis for TFG assembly in the early secretory pathway
and how this process is regulated.

Surprisingly, as opposed to binding COPII carriers via the outer cage, TFG directly
associates with the inner adaptor layer and utilizes the same interface on Sec23 as Sec31
uses for binding (Figure 1). Based on biochemical competition assays, TFG exhibits an
ability to disrupt the association between the two COPII subunits, suggesting that it
promotes outer coat disassembly at the ER/ERGIC interface, while simultaneously
restricting the distribution of partially coated carriers.88 Exposure of the inner coat may also
facilitate its association with the downstream TRAPP tethering complex, which functions on
ERGIC membranes to promote COPII carrier fusion and cargo delivery. In particular, the
TRAPPC3 subunit of the TRAPP complex, which exhibits a flattened alpha-beta fold, has
been proposed to bind to Sec23.109.110 The interaction does not affect GAP activity, but little
else is known regarding the mechanism of association or whether it would affect the ability
of inner COPII-coated carriers to remain partitioned with putative TFG liquid droplets or be
released for ERGIC fusion. Alternatively, dissociation of the inner COPII coat may be
facilitated by GTP hydrolysis on Sarl that remains associated with the transport carrier after
scission from the ER.4! Although some biochemical data suggest that Sar1 is released from
transport carriers rapidly after the budding process, localization studies have yet to define its
distribution at the ER/ERGIC interface.® Thus, it remains very possible that GTP-bound
Sarl persists on COPII carriers following scission, and local tethering mediated by TFG
provides sufficient time for GTP hydrolysis to enable inner coat disassembly.

Although deletion of TFG results in early embryo lethality, point mutations have been
identified in several patients suffering from various forms of neurological disease.86:111.112
Analysis of these mutant alleles has underscored the importance of the TFG ring-like
architecture in regulating COPII-mediated cargo transport. Specifically, mutations in the
PB1 domain or the coiled coil domain underlie early onset forms of complicated hereditary
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spastic paraplegia (HSP) and result in defective ring assembly without impairing the ability
of TFG to homo-oligomerize.111 Although mutations in other factors that form liquid
droplets in neurons have been suggested to promote their aggregation leading to neuronal
toxicity, localization studies indicate that amino-terminal mutations in TFG cause it to
become more diffusely distributed.111.113.114 These data suggest an alternative mechanism
for neurodegeneration in HSP patients harboring TFG mutations. Consistent with this idea,
stem-cell-derived neurons harboring the TFG (p.R106C) mutation exhibit a defect in axon
pathfinding, likely caused by impaired trafficking of high molecular weight adhesion
molecules that normally mediate axon bundling and their maintenance.11! Other mutations
that affect the disordered domain of TFG have been implicated in late onset sensory
neuropathies.12 However, the impact of these mutations to TFG structure and function
remain to be defined.

51 REGULATION OF COPII CARRIER FORMATION AND TRANSPORT
MEDIATED BY POSTTRANSLATIONAL MODIFICATIONS

Posttranslational modifications (PTMs) play important regulatory roles in cell signaling,
protein-protein interactions and membrane remodeling processes. Although numerous PTMs
have been mapped on components of the early secretory pathway, we still have only an
elementary understanding of their contributions to membrane trafficking. p-linked N-
acetylglucosamine (O-GIcNAc) modifications are found frequently at serine and threonine
residues on both nuclear and cytoplasmic proteins.119.116 These modifications are highly
reversible and cycle on and off rapidly throughout the lifetime of the protein. In animals, O-
GIcNAc transferase (OGT) is responsible for the addition of this modification, while O-
GlcNAcase (OGA) mediates its removal.117 Based on mass spectrometry-based analysis, O-
GIcNAc modified sites have been identified on Sec23A, Sec24C, Sec31A and TFG118
(Figure 2). In general, O-GlcNAcylation of COPII subunits is high during interphase and
low during mitosis, when early secretory pathway trafficking is suspended.19 The roles of
O-GIlcNAc modification vary, with those found on Sec31A clustered within its hinge region,
suggesting a potential function in regulating the flexibility of the outer COPII cage and
thereby impacting cargo selection, while O-GIcNAc modified sites on Sec23A and Sec24C
appear to regulate protein-protein interactions.118 Although the specific binding partners of
the inner COPII coat proteins that require OGT activity have yet to be identified, mutation of
one modified site in Sec23A (S184A) within its trunk domain results in defective collagen
export from the ER, suggesting that the regulators may play a role in controlling Sarl
GTPase activity.118 TFG also undergoes O-GIcNAc modification, which may promote co-
assembly of octamers to enhance the kinetics of liquid droplet formation. Alternatively,
modification of TFG could enable the recruitment of a binding partner, similar to that
brought in by Sec23A or Sec24C, to further support large carrier transport. Consistent with
this idea, depletion studies suggest that TFG plays a particularly critical role in the
anterograde movement of large COPII cargoes.111.120

PTM by the E3 ubiquitin ligase Cullin-3 (CUL3) has also been proposed to facilitate the
formation of unconventionally large COPII carriers. Specifically, the addition of mono-
ubiquitin to Sec31A has been suggested to augment the size of the COPII coat, although a
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mechanistic basis for this effect remains unresolved.121.122 A major hurdle has been
identifying a specific ubiquitin-modified site on Sec31A that mediates enlargement of the
outer COPII cage, and mutational analysis has failed to specify any individual lysine
residues in Sec31A that are required for collagen secretion from the ER. Several adaptors are
necessary for Sec31A ubiquitinylation by CUL3, including KLHL12, which harbors a series
of Kelch-like repeats that form a B-propeller tertiary structure, and the calcium binding
factors ALG-2 and Pef1 that can associate to form heterodimers.121-123 Based on co-
immunoprecipitation studies, all five proteins form a complex, with KLHL12 present as a
dimer.122 Additionally, Pefl must itself be ubiquitin-modified by CUL3 to enable Sec31A
ubiquitinylation, ensuring that only active CUL3 complexes are recruited to budding sites to
drive large COPII carrier formation.122 The requirement for Pefl and ALG-2 further
suggests that the formation of large COPII carriers may rely on transient increases in
cytosolic calcium. However, direct evidence to support this idea is lacking. Moreover, recent
data now argue against a direct role for CUL3-KLHL12 in collagen secretion, implicating
them instead in regulation of UPR signaling and collagen biosynthesis.124 An alternative
explanation for the role of ubiquitin-modification in the early secretory pathway has also
been suggested by studies showing that misfolded forms of procollagen are targeted to the
lysosome via noncanonical autophagic transport carriers that originate at or near the ER.
Instead of mediating large COPII carrier formation, it is possible that ubiquitin-modification
of Sec31A facilitates recognition of sites harboring cargoes destined for lysosomal
degradation, as opposed to secretion.?? With clear evidence accumulating that COPII
functions in the generation of membranes necessary for autophagosome formation, the role
of ubiquitin-modification in generating large secretory carriers may require substantial
revision.

Beyond ubiquitin and O-GIcNAc modifications, COPII components are also subject to
phosphorylation, although most sites have yet to be unambiguously mapped and only a
selected few have been assigned a functional or regulatory role. Casein Kinase 11 (CKII) has
been implicated in Sec31A phosphorylation, which may impede its association with the
inner COPII coat!25 (Figure 2). Specifically, two regions of Sec31A are phosphorylated by
CKII, the alpha-solenoid (S527 and S799) and its carboxyl-terminal alpha-helical domain
(S1163 and T1165). Although none of the phosphorylated residues are positioned within
known Sec31A binding interfaces, mutations within the alpha-solenoid that block
phosphorylation stabilize association with Sec23.125 Thus phosphorylation of Sec31A may
either delay outer coat assembly to facilitate cargo loading and prevent premature carrier
scission, or potentially help drive disassembly of the outer cage after carrier scission is
complete. Structural analysis is necessary to provide further insights into the role of Sec31A
phosphorylation during COPII-mediated membrane transport, and localization studies are
required to determine CKII distribution at the ER/ERGIC interface, which will shed light on
the timing of its action in the early secretory pathway.

Further regulation of COPII coat assembly is mediated by phosphorylation of Sec23
isoforms by the Unc-51 like kinase (ULK1), an enzyme most often associated with
regulating the autophagy pathway in response to nutrient availability (Figure 2). When
modified on sites within the trunk and p-barrel domains of Sec23A (S207, S312 and T405),
its interaction with Sec31A is dramatically reduced, suggesting that ULK1 activation
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impedes full COPII coat assembly required for secretory protein export from the ER, and
shifts its function toward the biogenesis of donor membranes needed for autophagosome
formation.126 ULK1 has also been shown to phosphorylate Sec23B within the trunk domain
(S186) (Figure 2), but in this case, phosphorylation disrupts an interaction with the F-box
protein FBXWS5, which normally targets Sec23B for proteasome-mediated degradation.27
In addition to stabilizing Sec23B, phosphorylation of Sec23B by ULKZ1 inhibits its binding
to Sec24C and Sec24D, but not Sec24A or Sec24B, and allows for redistribution of Sec23B
to ERGIC membranes to fuel autophagosome biogenesis.12” At a mechanistic level, it
remains unclear how phosphorylation of Sec23B would influence Sec24 binding in an
isoform-specific manner, but impaired association with Sec24C and Sec24D would likely
reduce overall secretory protein efflux from the ER. Together, these findings highlight
multiple pathways by which ULK1 activation retunes the role of the COPII machinery to
meet cellular demands in response to changing environmental conditions. However, the
major question of how COPII components relocalize from ER subdomains to ERGIC
membranes in response to starvation remains unanswered.

One possibility is that ULK1 targets additional components in the early secretory pathway to
enable transport of COPII machinery across the ER/ERGIC interface. In particular, Sec16A
has been shown to be phosphorylated by ULK1 and its paralog ULK2 (Figure 2). Both
kinases associate with the CCD domain of Sec16A and promote phosphorylation upstream
of their binding site (5846).128 A mutant isoform of Sec16A, which cannot be
phosphorylated, exhibits reduced accumulation at ER subdomains and also impairs
recruitment of the Sec24C cargo adaptor.128 Although one interpretation of these data argues
that ULK1 activity plays a constitutive role in supporting anterograde trafficking of
biosynthetic cargoes, an alternative view predicts that active ULK kinases selectively
stimulate the secretion of only certain cargo to ERGIC membranes in response to starvation,
one of which may be Sec12, which would enable Sar1GTP accumulation to drive the
formation of LC3 lipidation-active vesicles for autophagosome biogenesis.129-131 However,
Sec16A has also been identified as an ERK7 kinase substrate during serum or amino acid
starvation, with phosphorylation within its carboxyl-terminus leading to dispersal from ER
subdomains.132 Further work is needed to better understand how various signaling pathways
converge on the early secretory pathway during nutrient deprivation.

Lastly, Sec16A has also been shown to be a target of ERK2/MAPKL in actively proliferating
cells, downstream of growth factor stimulation. Phosphorylation by ERK2 within the amino-
terminal half of Sec16A (T415) increases the number of Sec16A-marked ER subdomains,
potentially augmenting the capacity of COPIl-mediated membrane trafficking33 (Figure 2).
Based on high throughput, mass spectrometry-based analysis, several other components of
the early secretory pathway are also subject to PTM, both under steady state conditions and
following various forms of exogenous stimulation. We are now only beginning to understand
the complex regulatory systems in place to modulate secretory efflux, which likely occurs in
a cell type specific manner. In the future, it will be critical to decipher these pathways to
fully appreciate how membrane transport at the ER/ERGIC interface influences overall
tissue homeostasis.
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61 CONCLUSIONS AND PERSPECTIVES

Over the last 25 years, the field has witnessed a dramatic expansion in the defined roles for
COPII in membrane transport, with numerous implications for normal human development
and disease. The impacts of pathological point mutations that affect early secretory pathway
components are how becoming understood not only at the cellular level but also at a
structural level, which should enable the development of therapeutic approaches to combat
disease. Nevertheless, some very fundamental questions remain unresolved. How are COPII
budding sites on the ER defined? What is the structure of a native, intact COPII coat? How
are transport intermediates organized at the ER/ERGIC interface? What imparts vectoral
transport between ER and ERGIC membranes in the absence of cytoskeletal elements? What
drives full COPII coat disassembly? For several of these problems, improvements in focused
ion beam technology and cryoEM-based techniques should provide conclusive answers.
With high resolution views of COPI and clathrin coats now defined, solution of the COPII
coat structure is likely forthcoming.134-137 However, it will be critical to examine coat
architecture and underlying membrane morphology in several mammalian cell types, which
express a variety of cargoes, including fibrillar collagens or chylomicrons. In this regard, use
of genome-edited human stem cells that express native levels of functionally tagged COPII
subunits (to enable correlative light and electron microscopy) and differentiated to distinct
cell fates is necessary to obtain physiologically relevant structures that are likely to be
present in developing tissues. For now, we propose a working model for COPII-mediated
transport that includes a series of steps that act in a coordinated fashion at the ER/ERGIC
interface (Figure 3). The next 25 years will undoubtedly yield an array of new and exciting
findings that detail additional regulatory aspects governing function of the early secretory
pathway, with the prospect of a full mechanistic understanding of COPII-mediated
trafficking just over the horizon.
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Sec16A
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Sec23A TFG

p125A

FIGURE 1.
Sec23 acts as an interaction hub for control over COPII carrier assembly and disassembly.

An illustration highlighting the various interaction partners that have been identified for
Sec23A/B. Numerous regulators are believed to compete for binding with the Sec23
gelsolin-like domain, enabling a stepwise assembly and disassembly pathway for COPII
carrier biogenesis. The structure of Sec23A depicted is adapted from PDB 5VNO?26
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FIGURE 2.

Components of the COPII transport system are subject to posttranslational modifications
that regulate their functions. An illustration showing the distribution of posttranslationally
modified residues on COPII components and several regulators of COPII carrier transport
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FIGURE 3.

Working model for COPII-mediated transport at the ER/ERGIC interface. Based on current
findings, we proposed a speculative model highlighting a set of sequential regulatory steps
that ensure COPII coat assembly and disassembly during cargo transport from the ER to
ERGIC membranes

Traffic. Author manuscript; available in PMC 2020 July 01.



	Abstract
	INTRODUCTION
	THE COPII COAT
	REGULATION OF COPII COAT ASSEMBLY
	REGULATION OF COPII COAT DISASSEMBLY AT THE ER/ERGIC INTERFACE
	REGULATION OF COPII CARRIER FORMATION AND TRANSPORT MEDIATED BY POSTTRANSLATIONAL MODIFICATIONS
	CONCLUSIONS AND PERSPECTIVES
	References
	FIGURE 1
	FIGURE 2
	FIGURE 3

