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COPII vesicles mediate the export of secretory cargo
from endoplasmic reticulum (ER) exit sites. However, of
60-90 nm diameter COPII vesicles are too small to accom-
modate secreted molecules such as the collagens. The
ER exit site-located proteins TANGO1 and cTAGES are
required for the transport of collagens and therefore
provide a means to understand the export of big cargo
and the mechanism of COPII carrier size regulation
commensurate with cargo dimensions.
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Introduction

There are two distinct routes of protein secretion in eukar-
yotes: one, that requires the entry of the secretory cargo into
the endoplasmic reticulum (ER) followed by its transfer to the
Golgi and thence to the cell surface; the other, or the non-
conventional pathway, which is independent of the ER-Golgi
pathway (Pfeffer, 2007; Nickel and Rabouille, 2009). In the
conventional protein secretion pathway, after translocation
into the ER, the secreted cargo is collected at the ER exits
sites, and then loaded into small membrane vesicles that are
generated by a set of highly conserved proteins called the coat
protein complex IT (COPII) (Jensen and Schekman, 2011). But
how can these small vesicles of 60-90 nm diameter transport
bulky cargoes such as the abundantly secreted collagens
some of which assemble in the ER into 300-400 nm rod-like
structures? There are two possibilities: specific proteins may
control the loading of big cargoes and regulate the size of
COPII carriers accordingly. Alternatively, carriers distinct
from the standard COPII vesicles may mediate the transport
of big cargoes. Recent findings have revealed that the proteins
TANGO!1 and cTAGES assemble into a dimer at the ER exit
sites and both are required for Collagen VII secretion.
TANGOL1 binds Collagen VII and both TANGO1 and cTAGES
bind COPII coat proteins Sec23/Sec24 (Saito et al, 2009,
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2011). TANGO1-null mice die at birth and are defective in
the secretion of a number of different collagens (Wilson et al,
2011). These findings provide strong evidence that TANGO1
and cTAGES are required for the secretion of collagens in a
COPII-dependent manner. These two new proteins thus pro-
vide a means to reveal the mechanism by which bulky
cargoes such as the collagens are exported from the ER. In
this article, we first summarize the events in the recruitment
and assembly of COPII coats at the ER. We then discuss how
TANGO1 and cTAGES facilitate collagen loading into COPII
carriers and can potentially regulate the size of these carriers.
Finally, we discuss our understanding of how these events
could regulate the scission of COPII vesicles and the
unresolved questions that must be addressed to provide a
comprehensive understanding of cargo export at the ER.

The conserved components of the COPII
vesicle biogenesis

COPII vesicles are essential for the export of secretory cargo
at ER exit sites in all eukaryotes. The biogenesis of this class
of transport carriers requires six highly conserved polypep-
tides. Briefly, the ER membrane protein Secl2 catalyses
exchange of GTP for GDP on Sarl and the latter is inserted
into the ER membrane outer leaflet. The dimeric Sec23/Sec24
complex binds Sarl by direct interaction of Sec23 with Sarl-
GTP. This forms the first of two layers of coat proteins on the
cytoplasmic surface of the ER (Bi et al, 2002). In this
prebudding complex, Sec24 is thought to be key for the
binding and concentration of transmembrane (TM) cargoes
that contain di-hydrophobic, di-acidic and C-terminal aro-
matic motifs in their cytoplasmic domains, into COPII carriers
(Wendeler et al, 2007). The Secl3/Sec31 dimer is then
recruited to complete COPII assembly. Sec31 interacts directly
with Sec23 through a proline-rich domain (PRD) (Bi et al,
2007). In addition to its function as a coat protein, Sec23 is
also a GAP (GTPase activation protein) for Sarl (Yoshihisa
et al, 1993). The binding of the outer coat layer regulates the
GAP activity of Sec23 on Sarl, more specifically by direct
interaction with the PRD domain of Sec31. This regulation of
Sarl GTPase activity and the recruitment of the outer coat
layer are suggested to time the completion of the COPII
vesicle biogenesis and the uncoating of the transport carrier
(Bi et al, 2007). The scission of COPII vesicles is independent
of a dynamin-like GTPase and the purified COPII components
are sufficient to generate small vesicles from synthetic lipo-
somes (Matsuoka et al, 1998; Supek et al, 2002; Lee et al,
2004).

Thus, a set of five cytoplasmic proteins is recruited to ER
exit sites through events initiated by membrane-bound Sec12.
These six participants are highly conserved and required for

The EMBO Journal VOL 30 | NO 17 ] 2011

3475


http://dx.doi.org/10.1038/emboj.2011.255
mailto:vivek.malhotra@crg.eu
http://www.embojournal.org
http://www.embojournal.org

Protein export at the ER
V Malhotra and P Erlmann

the biogenesis of 60-90 nm, spherical COPII vesicles in all
eukaryotes.

TANGO1 is required for loading collagens
into COPII carriers

A genome-wide screen in Drosophila tissue culture cells led to
the identification of new components that are required for
protein secretion and Golgi organization. These proteins are
nicknamed TANGO for Transport ANd Golgi Organization
(Bard et al, 2006). One of these proteins, TANGO1, is required
for the export of Collagen VII from the ER (Saito et al, 2009).
TANGOI1 of 1907 aa is localized specifically to ER exit sites in
mammalian cells. The luminal portion of the TANGO1 pro-
tein is comprised of an SH3-like domain at its N-terminus
followed by a coiled-coil domain; the cytoplasmic portion
contains two coiled-coil domains and a PRD at the C-termi-
nus. TANGO1 contains two closely spaced hydrophobic
stretches: amino acids 1143-1165 and 1183-1205, respec-
tively. It is suggested that one of these is a TM domain that
spans the ER membrane, whereas the second is partially
embedded in the outer or the inner leaflet. In this arrange-
ment, the TM domain anchors TANGOL1 in the ER and the
partially inserted hydrophobic domain would act as a pivot to
move the proximal domains perpendicular to the ER mem-
brane (Saito et al, 2009).

Human genome sequence analysis has revealed the pre-
sence of additional, TANGOI1-like proteins. These include a
widely expressed, short splice variant of TANGO1 and eight
members of the cTAGE (cutaneous T-cell lymphoma-asso-
ciated antigen) family of proteins (Usener et al, 2003).
Sequence alignment of TANGOI, its short splice variant and
members of the cTAGE family is shown in Figure 1. The
family includes proteins comprised of a TM domain,
two coiled-coil domains and a PRD, each of which is
highly homologous to the C-terminal cytoplasmic portion
of TANGO1. However, these proteins lack the N-terminal,
lumenally oriented region of TANGOL1.

Depletion of TANGOL1 in HeLa cells by RNAi did not have
any appreciable effect on the organization of ER exit sites or
on general protein secretion. However, ER export of Collagen
VII was blocked upon TANGO1 depletion. In the same
experiments, Collagen I secretion was not perturbed (Saito
et al, 2009). The SH3 domain of TANGO1 binds to Collagen
VII, while the PRD binds Sec23A and Sec24C and is required
for TANGO1 localization at ER exit sites. Based on these
findings, it has been proposed that TANGO1 facilitates the
loading of Collagen VII into COPII-coated carriers at ER exit
sites (Saito et al, 2009). TANGO]1, itself, is not packed into the
COPII-coated carriers during Collagen VII export. A model
depicting TANGO1-dependent collagen loading compared
with standard (non-collagen containing) COPII vesicle bio-
genesis is shown in Figure 2. Binding of Collagen VII to the
SH3 domain of TANGO1 in the lumen of the ER is proposed to
change TANGO1’s conformation, triggering the binding of its
PRD to Sec23/Sec24, which would inhibit PRD-dependent
binding of Sec31 to Sec23. This delays Sarl-GTP hydrolysis
and thus promotes the growth of COPII carriers to accom-
modate large cargoes. Once Collagen VII is encapsulated into
a COPII carrier of the right size (mega carrier), the collagen
molecule would dissociate from TANGOI1, a process that
would be coupled with the dissociation of TANGO1’s PRD
from Sec23/Sec24. Sec13/Sec31 would then be recruited to
the exposed Sec23/Sec24 and trigger the separation of the
Collagen VII containing mega carrier from the ER (Saito et al,
2009). We suggest that TANGO1 may act as a kinetic timer to
load cargo while blocking scission of the COPII carrier.

TANGO1 dimerizes with cTAGEbS at the ER
exit site

cTAGES localizes to ER exit sites in HeLa cells, binds TANGO1
via its second coiled-coil domain and Sec23/Sec24 via its PRD
and is also required for Collagen VII export (Saito et al, 2011).
The dimerization of TANGO1 and cTAGES at ER exit sites is
thought to be needed for the efficient Collagen VII packaging.
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Figure 1 TANGO1 and TANGO1-like proteins. The amino-acid sequence of TANGO1, TANGO1 spliced, cTAGES, cTAGE2, cTAGE3 (possible
pseudogene), cTAGE4 and cTAGE6/7/8 (highly similar to cTAGE4, possible pseudogenes) were aligned and the domain structure indicated as
shown in the UniProtKB database. ss, signal sequence; SH3, SRC homology 3 domain; TM, transmembrane domain.
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Figure 2 Comparison of normal and TANGO1-assisted formation of COPII carriers. TANGO1 is not required for general protein secretion and,
therefore, has no role in the biogenesis of a generic COPII vesicle of 60-90 nm average diameter. TANGO1 binds Collagen VII through its SH3
domain and Sec23/Sec24 through its PRD. In this mode, the Sec13/Sec31 dimer cannot bind Sec23/Sec24 and the completion of Collagen VII
containing COPII carrier is delayed. The carrier thus continues to grow in size. Release of Collagen VII triggers separation of TANGO1’s PRD
from the Sec23/Sec24. Sec13/Sec31 can then bind Sec23/Sec24 to generate a mega COPII carrier.

In this model, TANGO1’s SH3 domain binds collagen, the
PRD’s of TANGO1 and cTAGES bind Sec23/Sec24 and are
thus more effective in preventing the binding of Sec13/Sec31
to Sec23/Sec24 (Saito et al, 2011; Figure 3). The intracellular
location and function of the other TANGO1-like proteins is
not known. Perhaps TANGO1 assembles into a larger com-
plex that contains other TANGO1-like molecules, in addition
to cTAGES. A multi-component TANGO1 complex, or a
transient coat, would increase the number of PRD’s available
for binding Sec23/Sec24, to more effectively inhibit or delay
the recruitment of Sec13/Sec31. Simply put, TANGO1 binds
the cargo; the cytoplasmic coiled-coil domains bind other
TANGOI1-like molecules, and the respective PRD’s bind
Sec23/Sec24. The main purpose of this complex of

©2011 European Molecular Biology Organization

TANGOI1 and its associates is to delay the Sar1-GTP hydro-
lysis by retarding the recruitment of Secl3/Sec31 to
Sec23/Sec24.

TANGO1 and MIA proteins

MIA or melanoma inhibitory activity was identified as a
12-kDa protein expressed and secreted by malignant mela-
nomas (Blesch et al, 1994). The structural analysis of MIA or
cartilage-derived retinoic acid-sensitive protein (CD-RAP)
revealed an SH3-like domain with terminal extensions of
20aa at both the N and the C-termini (Lougheed et al,
2001). MIA is expressed predominantly in the chondrocytes
and is reported to have a role in cartilage development and
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Figure 3 A dimer of TANGO1 and cTAGES is more effective in Collagen VII loading into COPII carriers. A view from the top of newly forming
COPII carrier. In the TANGO1-cTAGES dimer, TANGO 1 binds Collagen VII; both, however, provide a PRD for interaction with the Sec23/Sec24.
The stoichiometry of TANGO1-cTAGES dimer at the ER exit site is not known but the dimeric PRD is likely to be more effective in inhibiting

Sec13/Sec31 binding, to promote COPII carrier growth.

maintenance. It inhibits the adhesion of melanoma cells to
the extracellular matrix composed solely of fibronectin and
laminin and could therefore promote metastasis by inhibiting
the attachment of melanoma cells to the ECM (Bosserhoff
and Buettner, 2002). Gene searches have revealed paralogs of
MIA and called OTOR (128aa, expressed specifically in
cochlea and eye (Robertson et al, 2000)) and TANGO130.
Bosserhoff et al (2003, 2004) have identified two additional
homologues of MIA. These proteins are called MIA2 (522 aa,
expressed specifically in hepatocytes) and TANGO (11.9 kDa,
expressed ubiquitously in the mouse is the same as
TANGO130). These proteins: MIA, OTOR, MIA2 TANGO/
TANGO130 and TANGO1 share extensive homology in the
SH3 domain but apart from the SH3 domain TANGO1/MIA3
has no similarities with MIA, OTOR, MIA2 or TANGO130/
TANGO. There are no reports on the involvement of MIA,
OTOR, MIA2 and TANGO130/TANGO in protein secretion
and MIAl-null mice are viable (Moser et al, 2002).
TANGO1/MIA3 is a resident of the ER exit sites, whereas
MIA, OTOR, MIA2 and TANGO130/TANGO are secreted from
the cell. TANGO1/MIA3, therefore, should not be confused
with MIA, OTOR, MIA2 and TANGO130/TANGO.

TANGO1-null mice are defective in collagen
secretion

Do TANGO1 and cTAGES have a role in Collagen VII secretion
in vivo? Do these two proteins form a specific receptor for the
trafficking of Collagen VII? The answer to these questions has
come from mouse knockout of the TANGO1/MIA3 gene
(Wilson et al, 2011). TANGO1 knockout mice show defects
in extracellular matrix composition, development of chon-
drocytes and in bone mineralization, which leads to dwarf-
ism and neonatal lethality. The defect in mice lacking
TANGOL1 has been mapped to a block in ER export of collagen
in chondrocytes, fibroblasts, endothelial cells and mural cells.
The authors report a role for TANGOL1 in the export of a large
number but not all collagens (Wilson et al, 2011). There are
> 30 collagens and collagen-related proteins and thus far only
Collagen VII is known to bind TANGO1 directly. The SH3
domain of TANGO1 binds Collagen VII; however, the binding
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site in Collagen VII is not known. It has been suggested that
unlike the conventional SH3 domains, MIA does not recog-
nize polyproline helices (Lougheed et al, 2002).1t is therefore
not obvious whether the SH3 domain of TANGO1 binds
polyproline helices of the collagens or whether TANGO1
binds all collagens and participates directly in their ER export.
While the precise specificity of TANGO1 for collagen secre-
tion awaits further analysis, TANGOL1 is clearly an important
component of the ER export machinery and represents a
novel player that contributes to the secretion of collagen.

Paralogs of COPIl coat components and
their roles in cargo selection

Mammalian cells contain two Sarl paralogs, SarlA and
SarlB; two Sec23 paralogs, Sec23A and Sec23B; four Sec24
paralogs, Sec24A, Sec24B, Sec24C and Sec24D; a single
Secl3; and two Sec31 paralogs, Sec31A and Sec31B
(Fromme et al, 2008; Hughes and Stephens, 2008).
Mutations in SarlB have been linked with chylomicron
retention disease and Anderson disease (Jones et al, 2003;
Shoulders et al, 2004). Individuals with these fat-malabsorp-
tion diseases have low blood cholesterol levels and show
a lack of chylomicrons in their blood. Chylomicrons are
75-450nm in diameter, produced in the ER and secreted via
the conventional ER-Golgi secretory pathway. These findings
suggest the possibility that Sar1B might be dedicated to the
secretion of bulky cargo that is too big to fit into a standard
COPII vesicle. Mutations in Sec24D in the zebrafish are
characterized by embryonic lethality, skeletal dysmorphology
and reduced extracellular matrix (Sarmah et al, 2010). The
absence of a functional Sec24D in fish chondrocytes leads to a
distended ER filled with Collagen 2ol. Mutations in Sec23A
and Sec24B are also linked to transport of specific cargoes
(Bianchi et al, 2009; Routledge et al, 2010). How these
paralogs affect COPII coat assembly in a cargo-dependent
manner and whether they differ in their affinity for TANGO1/
TANGOI-like proteins is not yet known. It is tempting to
propose that TANGO1-cTAGES interact with a subset of
Sec23/Sec24 dimers that are utilized for export of large
cargoes.
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Membrane fission to separate COPIl-coated
transport carriers at the ER exit site

The separation (scission) of clathrin-coated vesicles from the
plasma membrane requires the dynamin GTPase. How dyna-
min cuts the neck of a clathrin-coated vesicle is not clear;
however, it is well established that dynamin is recruited to
the membrane in a GTP-bound form and nucleotide hydro-
lysis parallels events leading to separation of clathrin-coated
vesicles from the plasma membrane (Doherty and McMahon,
2009). Surprisingly, the formation of clathrin-coated vesicles
at the plasma membrane in Saccharomyces cerevisiae and at
the TGN in all eukaryotes is dynamin independent. In these
latter cases, actin is thought to perform the function of
dynamin (Galletta and Cooper, 2009). Dynamin and actin
are very different proteins and it is hard to imagine how they
can replace each other’s function. Nevertheless, these pro-
teins are important for fission of clathrin-coated vesicles.
Since neither dynamin nor actin is required for COPII vesicle
biogenesis, is scission mediated entirely by the two layers of
proteins that comprise COPII coats? Is Sarl assembly the key
to changes in membrane curvature and fission? Sarlp-GTP
inserts into the outer leaflet of the ER through an amphipathic
helix at its N-terminus (Barlowe et al, 1993). The N-terminal
9aa are essential for anchoring Sar1-GTP to synthetic lipo-
somes. A mutant form that lacks these N-terminal residues is
functionally inactive and cannot replace endogenous Sarl in
SAR1-deleted yeast (Bielli et al, 2005). Indeed, a single
change (FS5D) in Sarl’s N-terminus dramatically reduces
Sarl binding to isolated ER and Sec23 recruitment (Huang
et al, 2001). These findings highlight the significance of Sar1’s
N-terminus in its anchoring at ER exit sites, the subsequent
recruitment of Sec23 and the resulting membrane curvature
needed to induce tubulation. Moreover, oligomerization of
membrane-bound Sarl is reportedly sufficient to break tu-
bules by membrane fission (Lee et al, 2005; Long et al, 2010).
The net effect of Sarl insertion into the membrane, followed
by recruitment of the first and second layer COPII coat
components, might be sufficient to bend the membrane and
cut COPII-coated transport carriers from the ER.

In summary, GTP hydrolysis by Sarl is key to the events
leading to changes in membrane curvature and cutting.
Hydrolysis is regulated by the combined action of Sec 23
and Sec31. Therefore, a mechanism that delays the binding of
these two proteins would influence GTP hydrolysis, and in
principle, promote growth of a COPII carrier by delaying the
Sarl-dependent membrane fission event. The PRD domains
of TANGO1 and its binding partners are therefore excellent
candidates for factors that could delay Sar1-GTP hydrolysis in
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a cargo-dependent manner, by binding Sec23/Sec24 and
delaying recruitment of the Secl3/Sec31 complex. In this
manner, TANGOs can promote extended growth of COPII
carriers.

What else is involved in the biogenesis of
COPII carriers?

The highly conserved six polypeptides that comprise the
COPII machinery represent the nuts and bolts that generate
small vesicles for cargo export at the ER. A number of new
proteins have been identified that are required to load specific
cargoes and may also potentially regulate the size of the
COPII carriers. TANGOL1 links collagens in the lumen with the
COPII machinery in the cytoplasm. We suggest that TANGO1
and its interactor cTAGES, act as a kinetic timer to promote
mega carrier biogenesis in a cargo-dependent manner. An
understanding of the cargo that is directly exported by
TANGO1, assembly of TANGO1 and the related molecules
(cTAGES, etc.) at the ER exit sites, their role in the regulation
of the Sarl GTPase activity, could reveal the mechanism of
packing big cargo and potentially the size regulation mechan-
isms of the COPII carriers. We also look forward to an
understanding of the molecular composition of the ER exit
site that makes them unique to recruit the peripheral mem-
brane protein Secl6 and anchor TANGO1. Secl6 interacts
with Sec31 and Sec13 but surprisingly does not have a direct
role in COPII biogenesis (Watson et al, 2006; Bhattacharyya
and Glick, 2007). What then is the role of Sec16 in the ER to
Golgi transport? In addition, phospholipase D and phospha-
tidylinositol 4-phosphate affect cargo export at the ER, sug-
gesting the involvement of modified lipids in COPII-mediated
cargo export (Pathre et al, 2003; Blumental-Perry et al, 2006).
The molecular analysis of this new collection of proteins will
reveal heretofore unknown details regarding the mechanism
by which eukaryotic cells regulate the, size, shape and
number of COPII carriers, to commensurate with secretory
cargo at ER exit sites.
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