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The functions of coat protein complex II (COPII) coats in cargo packaging and 

the creation of vesicles at the endoplasmic reticulum are conserved in eukaryotic 

protein secretion. Standard COPII vesicles, however, cannot handle the secretion 

of metazoan-specific cargoes such as procollagens, apolipoproteins, and mucins. 

Metazoans have thus evolved modules centered on proteins like TANGO1 

(transport and Golgi organization 1) to engage COPII coats and early secretory 

pathway membranes to engineer a novel mode of cargo export at the endoplasmic 

reticulum. 

 

Introduction 

Protein sorting and trafficking is critical to regulate cellular functions from the 

generation and maintenance of organelles, to the ability to sense and respond to 

extracellular stimuli. For the 30% of secreted or membrane associated proteins, these 

processes depend on controlled export of cargoes from their site of synthesis in the 

endoplasmic reticulum (ER) (1). Whilst yeast genetics, biochemical reconstitution and 

tremendous advances in cell biology and microscopy have illuminated many 

fundamental features of the molecular basis of cargo export, there are critical aspects 

of this process for which we still have only a rudimentary understanding. In addition, 

studies of over-expressed artificial secretory cargoes such as vesicular stomatitis virus 

glycoprotein (VSV-G), or easy-to-assay proteins such as horseradish peroxidase (HRP) 

or luciferase, covalently linked to signal sequences (ss-HRP/ss-luciferase) (2), have 

provided foundational insights into the process of protein secretion, but they cannot 

explain many of the challenges faced by metazoan cells that secrete a wide variety of 

cargoes of varying quantities and sizes. 

Secretory cargoes can range in diameter from less than 2nm for a small globular protein 

to >200nm for a large chylomicron particle. It is clear that conventional COPII vesicles 

would be sufficient to export small cargoes from the ER, but as secretory requirements 

increase in size and complexity through evolution, mechanisms for their export from 

the ER have adapted concomitantly. In metazoans, extracellular matrix molecules and 

lipoproteins cannot entirely utilise conventional mechanisms for ER export; they are 

too large to fit in standard, ~60nm cargo carriers – COPII-coated transport vesicle, 

generated at an ER exit site (ERES). 
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This review focuses on recent advances in our understanding of the export of such bulky 

cargoes from the ER and the critical role played by the TANGO1-family of proteins. 

We briefly describe three model bulky cargoes, procollagens, apolipoprotein particles, 

and mucins, emphasizing the constraints they place on the early secretory pathway. We 

highlight how the TANGO1 family of proteins organise the early secretory pathway to 

sort cargoes that are too bulky, or are secreted in volumes too large, to use generic 

mechanisms in place for smaller, simpler cargoes. The discovery of the TANGO1 

family of proteins and its remarkable capacity for membrane reorganisation has led to 

a new model of secretory traffic, which posits that cargo export is accomplished by a 

novel mechanism, likely involving direct conduits between the ER and a downstream 

secretory compartment. 

The cargoes  

Collagens 

Collagens are the major components of the extracellular matrix (ECM). They are the 

most abundant mammalian secretory cargo – representing 25% of the dry protein 

weight of the body (3) – and are some of the most challenging proteins to export from 

the ER. Some procollagens in the ER assemble into rigid elements that attain lengths 

too bulky to fit into generic COPII-coated vesicles of ~60nm diameter (4), though their 

exact length in the ER remains unclear (5). This incompatibility has driven the search 

for a modified or alternative mechanism for bulky cargo export from the ER. 

Members of the collagen family assemble into a triple helix (Figure 1), containing three 

polypeptide (α) chains. Each polypeptide monomer has a repeating Gly-X-Y triplet in 

which every third position is a glycine and the X and Y positions are frequently 

occupied by the imino acids proline and 4-hydroxyproline, respectively (6, 7). They 

have at least one collagenous domain as well as non-collagenous domains, the number 

and features of the collagenous and non-collagenous (NC) domains are specific to each 

collagen type. Fibril-forming collagens are synthesised as procollagens that contain 

globular N- and C-propeptides. The three chains assemble into a triple helix in a C- to 

N-terminal direction, initiated by folding of the C-terminal trimeric NC1 domain. The 

NC1 domain in turn requires intra- and inter-chain disulphide bonds (8). 
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Collagens are synthesised as pre-procollagens in the ER and undergo extensive post-

translational modification prior to triple helix formation. Chaperones and enzymes for 

procollagen post-translational modifications have been identified and much is known 

about the individual steps from translation to producing an export-competent, folded 

cargo in the ER. Even so, several issues remain unresolved and this is a field of active 

research, particularly as therapeutic targeting of these steps presents a potential means 

to alleviate human pathologies such as scleroderma and tissue fibrosis, associated with 

excessive collagen production. These aspects have been extensively reviewed by others 

(4). 

From translation and folding in the ER to arrival at the Golgi apparatus, takes collagen 

I only ~10-30 min, despite numerous post-translational modifications (9, 10). This 

efficiency is brought about by synergistic interactions of an ensemble of ER proteins to 

supply procollagens to ER export machinery (11). As a final step in triple helix 

assembly in the ER, the chaperone HSP47 acts to clamp together chains in the 

assembled triple helix, preventing them from disassembling or prematurely associating 

into higher-order fibrillar structures (12). 

Once procollagens leave the ER, they can begin to assemble into structures resembling 

their final secreted fibrillar form, whose structure and orientation are of particular 

importance in regulating interactions of collagen and its ligands in the ECM. ER-Golgi 

trafficking defects are associated with faulty collagen processing. Collagens bind a 

number of molecules including integrins, metalloproteinases, fibronectin, 

proteoglycans, and von Willebrand factor among others. Many binding partners are 

critical for collagen fibril formation in vivo (4, 13). Interestingly, the structure and 

stability of collagen fibrils affect and effect the binding and activity of these interactors 

(14, 15). Dysregulation of collagen production or secretion is the major contributing 

factor in several human pathologies, including aging, diabetes, and tissue fibroses (16). 

Apolipoproteins 

All plasma lipoproteins have a neutral lipid core of triacylglycerols (TAGs) and 

cholesteryl esters surrounded by a monolayer of phospholipids, unesterified 

cholesterol, and specific proteins. Apolipoproteins primarily transport hydrophobic, 

water-insoluble lipids in circulation in the plasma to tissues such as the adrenal gland 

or the gonads. Apolipoprotein B (ApoB) is the primary protein component and is the 



6 
 

carrier for chylomicrons and very low density lipoproteins (VLDLs). Cells of the liver 

and small intestine secrete these lipid particles, and a defect in their export impairs 

cholesterol and triglyceride homeostasis.  

Assembly of pre-chylomicrons and pre-VLDLs at the ER is regulated by the chaperone 

MTTP, which incorporates ApoB into lipids (17, 18). Each chylomicron or VLDL 

particle is encircled by one molecule of apolipoprotein B (Figure 1). Chylomicrons and 

large VLDLs assemble into particles of �150–500 nm and up to 90-nm diameter, 

respectively (19), though it remains unresolved how big these particles are at the point 

of ER exit. Like procollagens, apolipoproteins can be secreted in large volumes, leading 

to the milky appearance of plasma after a fatty meal. Exit from the ER in a specialized 

vesicle, the pre-chylomicron transport vesicle, is the rate-limiting step in the transit of 

TAG across the intestinal absorptive cell (20). Despite the importance of this step in 

TAG homeostasis, the composition and formation of the transport vesicle remains 

poorly understood. 

Mucins 

Mucus is a viscoelastic biological hydrogel that coats every wet epithelial surface of 

the body, including the eyes, the airways, and the gut. Mucus is a protective lubricant 

against shear-induced mechanical damage associated with digestion and blinking and a 

physicochemical barrier against foreign molecules and pathogens (21). 

The human body secretes over a litre of mucus every day, predominantly in airways 

and intestines. The primary protein component of mucus is the glycoprotein mucin, of 

which there are 21 identified genes (the MUC family), in humans. Mucins are secreted 

from specialised submucosal glands and epithelial goblet cells. Mucins are composed 

of a variable number of tandem repeats rich in proline, threonine, and/or serine (PTS 

domains), as well as cysteine-rich regions interspersed between PTS domains and at 

the termini. PTS domains are heavily O-glycosylated, so they structurally resemble 

bottlebrushes with radially branched glycans emanating from the protein core (Figure 

1). Apomucins in the ER have large protein cores, ranging from 200 kDa (MUC1) to 

>1500 kDa (MUC16), constituting 20% of their molecular weight when mature, with 

the remaining 80% of their weight made up by sugars added in the Golgi apparatus. In 

the ER lumen, apomucins receive N-glycosylation, C-mannosylation and then dimerise 

into covalent disulphide-linked dimers with a contour length of ~180 nm (22). 
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In addition to these, and many other, bulky cargoes that place demands on the secretory 

pathway’s ability to deal with size constraints, huge secretory loads under some 

conditions can also be challenging. For instance, plasma cells can secrete thousands of 

antibody molecules per second, with immunoglobulin transcripts representing the 

majority of mRNAs being translated (23). 

Secretory pathway components are conserved through eukaryotes, evidenced from the 

identification of NSF in mammalian cells as the orthologue of yeast Sec18. What 

membrane (re)shaping modules have been added to the metazoan repertoire of COPII-

based ER export systems to handle these enormous, high-volume cargoes? 

COPII vesicle biogenesis - the dogma and lingering questions 

The first packaging and sorting stations for secretory pathway proteins are ERES (24), 

specialized subdomains of the ER membrane, identified by the presence of COPII 

proteins and adjacent ER-ERGIC-Golgi cycling proteins such as ERGIC-53. The 

discovery that clathrin, COPI and finally COPII, form lattices of fixed dimensions 

assembling into a coat to sculpt a vesicle was a simple and elegant proposal that 

provided an understanding of how cargo export is achieved (25).  

The biogenesis of conventional COPII vesicles has been characterised over the past 

three decades. In brief, COPII coat assembly is initiated by the activation of the 

cytoplasmic small Ras-like GTPase Sar1. The GEF Sec12, an ER-resident 

transmembrane protein (26), mediates exchange of Sar1-GDP to Sar1-GTP. The GDP-

to-GTP transition in Sar1 exposes an N-terminal amphipathic α-helix, which inserts 

into the ER membrane, inducing curvature and initiating budding (27–29). Membrane-

bound Sar1-GTP binds to Sec23, recruiting Sec23/24 heterodimers that form an inner 

coat at a nascent membrane bud. Subsequently, this pre-budding complex recruits 

Sec13/31 heterodimers, providing the outer layer of a coat for the biogenesis of a 

spherical vesicle (30, 31) (figure 2). The majority of cargo is captured through 

interaction with Sec24, which exhibits multiple independent cargo binding sites (32), 

and it is thought that COPII lattice assembly contributes to cargo packaging (33–35). 

Crucially, this entire process leads to the sculpting of ER membrane into an independent 

vesicular carrier of ~60-80nm (36). 
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Another protein Sec16, conserved in eukaryotes, is critical for ERES organization (37, 

38). Sec16 has independent binding domains for each of the COPII proteins, the 

functional significance of which are unclear (39). It has been suggested that Sec16 is a 

scaffold to recruit and stabilize COPII subunits on the ER membrane and to facilitate 

COPII vesicle formation (40). Additionally, a proposed model places Sec16 in a ring at 

the base of the budding COPII, negatively regulating Sar1 GTPase activity by 

modulating interactions with COPII coat components (41) (figure 2). 

Core COPII machinery itself is well conserved throughout eukaryotes (42), and COPII 

vesicles have been reported by EM in yeast and Chlamydomonas, but there are few 

demonstrations of COPII-coated vesicles in metazoan cells under physiological 

conditions, or without inhibiting vesicle consumption by using non-hydrolysable GTP 

analogues such as GTPγS. Free, coated vesicles in cells are not prominent. Some reports 

on COPII-coated vesicles in metazoans have used thin-section EM that might represent 

cross-sections through lipid tubules, as vesicular profiles. Suggestions are that an intact 

COPII coated vesicle is a transient species; uncoating is too rapid for the fully coated 

vesicle to be captured, as opposed to clathrin where characteristic triskelia are evident 

on independent vesicles. How are these structures so elusive if they are the dominant 

mode of transfer out of the ER? 

The GTP-hydrolysis cycle is key to dynamic stability of COPII-coated structures, but 

the mechanisms by which it contributes to cargo concentration, vesicle scission and 

uncoating have not been fully elucidated. Uncoating is necessary both to recycle the 

coat proteins and to expose vesicle tethering and fusion machinery, but the mechanisms 

and timing of uncoating remain unclear. Studies suggested an important role in vesicle 

uncoating for GTP hydrolysis on Sar1, activated by the inner coat GAP Sec23 and 

further stimulated, by as much as tenfold, by the outer coat protein Sec31 (25, 27, 43). 

However, the location and timing of GTP hydrolysis, loss of Sar1, cargo accumulation 

in the nascent carrier, and uncoating remain unclear (44–46). Post-translational 

modifications such as phosphorylation of COPII subunits at ERGIC and Golgi 

membranes, were thought to play a role in uncoating, but in vitro studies have failed to 

recapitulate this idea (47, 48). 

It is clear that secretion of lipoproteins, mucin, and collagens all require COPII 

machinery; several human pathologies associated with altered secretion of bulky 
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cargoes are linked to mutations in COPII genes (49, 50). How are these proteins used 

to export bulky cargoes? 

A first possible solution to this problem would be if COPII coats assemble into vesicles 

of variable size. Indeed data suggested that regions of flexibility in Sec13/31 permits 

envelopment of vesicles from ~60-120 nm (31, 51). A study suggested that E3 ubiquitin 

ligase CUL3, and one of its substrate adaptors KLHL12, promotes Sec31A 

ubiquitination thereby changing the structure it adopts in a lattice. Overexpression of 

KLHL12 enhanced the kinetics of collagen secretion and cells exhibited large COPII 

structures decorated with Sec31A and KLHL12 (52, 53). Subsequent reports indicated 

that similar structures are destined for degradation and are not bona fide transport 

carriers; they are in fact often still contiguous with the ER (54–56). These data thus do 

not address how and whether larger COPII coated structures export bulky cargoes. 

Which brings us back to the question of how COPII machinery might be used 

differently to convey bulky cargoes, instead of forming a conventional ~60nm vesicle. 

In order to address this, we need to better understand the following issues about COPII 

coats. How can COPII lattices be induced to assemble into alternate forms? How are 

COPII budding sites at the ER defined and constrained? When and how is the COPII 

coat disassembled? How are ER-resident proteins excluded from the transport 

intermediate? How are transport intermediates at the ER/ERGIC interface organised 

and then prevented from diffusing away? What quality control mechanisms are in place 

to respond to errors created by incorrect coat assembly or cargo packaging? How is this 

process regulated, to handle changes in cargo load? Finally, how is COPII machinery 

redirected toward other homoeostatic processes? Mechanistic answers to some of these 

questions are emerging from the discovery of metazoan proteins such as TANGO1. 

 

The Discovery of TANGO1 

In one of the first genome-wide RNA interference screens in a metazoan system, the 

model cargo ss-HRP was expressed in Drosophila S2 cells and used as a reporter to 

identify proteins involved in secretion (2). These proteins, named TANGOs for 

Transport ANd Golgi Organization, include a protein named TANGO1/MIA3 that 

localizes to a compartment proximal to early Golgi cisternae in Drosophila S2 cells. 
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TANGO1 manifests in metazoa and includes a number of ERES-localised members 

(TANGO1, cTAGE5, TALI, and further predicted isoforms of each). From analyses in 

mammalian cells, TANGO1 localizes to approximately 80% of Sec16-containing 

ERES and RNAi-mediated TANGO1 depletion severely inhibited procollagen VII 

export from the ER without affecting general protein secretion (2, 57, 58). 

TANGO1 is required for the secretion of bulky cargoes 

The TANGO1 family of proteins (particularly MIA2, cTAGE5, and TANGO1) are 

ERES-localised proteins (figure 3), required for the export of metazoan secretory 

cargoes including procollagens, apolipoproteins and mucins (59–61). 

TANGO1 orthologues are expressed in most metazoan species and are required for 

procollagen secretion in all species tested thus far. In Drosophila, TANGO1 is essential 

for the secretion of the sole collagen Viking, a homologue of human collagen IV (62, 

63). In mice, deletion of TANGO1 results in smaller pups that lack mineralized bones, 

and exhibit neonatal lethality, and skin abnormalities indicative of defects in collagen 

export. Mouse embryonic fibroblasts from TANGO1-/- mice are defective in sorting and 

exporting several collagens (60). Human patients with a biallelic mutation in the 

TANGO1-encoding MIA3 gene, leading to a truncated protein, present with a 

syndromal disease due to hampered collagen secretion (64). 

TANGO1 is expressed in all Drosophila larval tissues, with the highest expression in 

the salivary gland, a dedicated secretory organ, where TANGO1 controls ER-export of 

larval mucin-like glue proteins (65). Other secretory pathway components are highly 

expressed in salivary glands (which have no collagen), suggesting that TANGO1 

expression correlates with high secretory demands. In mammals, TANGO1, MIA2 and 

cTAGE5 are required for apoliporotein secretion (66, 67). In D. rerio too, TANGO1 

and cTAGE5 are required for collagen secretion and lipid particle trafficking (59). 

A murine conditional knockout of cTAGE5 in the brain is accompanied by severe 

developmental defects, which are linked to neuronal ER export (68). Deletion of 

cTAGE5 in pancreatic β-cells disrupts proinsulin trafficking, reduces glucose-

stimulated insulin secretion and produces glucose intolerance in the mouse (69). A 

phosphoproteomic analysis of events associated with increased insulin secretory 
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capacity revealed TANGO1 phosphorylation at multiple sites (S1458, T1466, S1765, 

S1766) (70). 

Given the prodigious amounts of ECM protein produced, secretory and folding 

demands must be dealt with rapidly and dynamically. In these contexts, cells can 

regulate expression of export machinery. The unfolded protein response (UPR) 

transducer BBF2H7 regulates a set of genes (SEC23/24/13/31, Tango1, Sedlin, and 

KLHL12) required for COPII-associated procollagen homoeostasis (71, 72). TANGO1 

itself is also an ER-stress responsive protein (73). The collagen chaperone HSP47 

interacts directly with the IRE1α UPR sensor and also with TANGO1, providing 

opportunities for immediate feedback for levels of procollagen in the ER (74). 

Collagen synthesis and export shows diurnal rhythms and circadian regulation in some 

ECM-rich tissues, including the growth plate, bone, tendon and cartilage (75). To 

support these requirements, several secretory pathway components, including 

TANGO1 are also under circadian control (76). 

Pathophysiological changes in secretory load have to be coupled to adaptive changes 

in ERES proteins including TANGO1. ECM changes are associated with subcutaneous 

wound healing in response to injury or stress. Inappropriate wound healing responses 

can lead to maladaptive ECM changes, overproduction and hypersecretion of collagen 

and eventually to organ dysfunction and fibrosis (77). TANGO1 plays a unique role in 

mediating hepatic stellate cell homeostasis via the UPR to control collagen I secretion 

and liver fibrogenesis in mice (73). Similarly, aging is also associated with tissue 

fibrosis and circadian rhythm reprogramming. Changes in dermal thickness and ECM 

density become increasingly apparent with aging and fibroblasts isolated from old mice 

have reduced expression of collagen-secretion machinery including TANGO1, when 

compared with younger counterparts (78). 

It stands to reason that TANGO1 plays an important role in metazoan adaptations to 

dynamically handle the ER export of both outsized and high-volume cargoes and it will 

provide a key to understanding this process. 

TANGO1 gene evolution and architecture 
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There is only one melanoma inhibitory activity (MIA) family gene (TANGO1) in 

invertebrates, but the gene has duplicated in vertebrates, resulting in MIA2 and 

TANGO1 and multiple isoforms of each (figure 3).  

TANGO1 is the only member of the MIA/cTAGE family member in invertebrates and 

might represent the core functions carried out by the family in higher vertebrates (61, 

63, 79–81). Drosophila TANGO1 interacts with itself, Sar1 and tethering proteins. 

Later during evolution, interactions with other proteins might have been segregated and 

specialised between the different MIA family members, particularly TANGO1 and 

cTAGE5. 

In mammals, the MIA gene family is comprised of MIA, MIA2, TANGO1/MIA3, and 

otoraplin, sharing 34-45% amino acid identity and 47-59% cDNA homology. that 

MIA2 encodes for isoforms cTAGE5 and TALI and MIA3 encodes for isoforms 

TANGO1S and TANGO1L (figure 3). Phylogenetic analysis might indicate how 

TANGO1 and cTAGE5 domains evolved, and provide insight into how different 

proteins in the family developed specific roles in cargo export. The best-conserved 

feature of the TANGO1 family is a lumenal Src-homology 3 (SH3)-like domain. This 

makes the TANGO1 family one of the very few proteins with an SH3 domain within 

an organelle, and MIA the first extracellular protein found to have the SH3-like fold 

(figure 3). Structural studies of the soluble protein MIA show that, in contrast to known 

structures with an SH3 domain fold, MIA is a single-domain protein and it lacks the 

canonical binding site for a proline-rich domain (82, 83). 

In the vertebrate ER lumen, the SH3-like domain in TANGO1 interacts with the 

chaperone HSP47 (KD = 0.26 µM) similar to the binding affinity of triple helical 

procollagen and HSP47 (KD = 0.2~4 µM), indicating that the three proteins form a 

tripartite equilibrium complex in the ER (84). It remains unclear what functions the 

SH3 domain carries out in invertebrates, which lack HSP47. The SH3-like domain of 

TANGO1 may even interact directly with procollagen VII (58, 84). 

In addition to the SH3-like domain, lumenal TANGO1 contains a domain predicted to 

be an intrinsically disordered region (IDR). One third of the amino acids are charged, 

with a twofold excess of negatively charged residues. The disordered region has not yet 

been assigned a function and its role promises to be an area of active investigation, 
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given the growing interest in IDRs and their propensity to form molecular condensates 

by liquid-liquid phase separation. 

On the cytoplasmic side of the ER, TANGO1 has two predicted coiled-coil domains 

(CC1 and CC2) and a proline-rich domain (PRD). The mammalian CC1 domain binds 

the NBAS/RINT1/ZW10 (NRZ) multisubunit tethering complex. The CC1 of both 

mammalian and Drosophila TANGO1 is also required for the self-association of 

TANGO1 (65, 85). The TANGO1 CC2 is also well conserved and, in vertebrates, 

heterodimerizes with cTAGE5 CC2 (86). The PRD of TANGO1 and cTAGE5 interact 

with the COPII components Sec23A and Sec16 and are required to localise TANGO1 

family proteins to ERES (58, 87, 88). The cTAGE5 CC2 recruits the retrograde ERGIC 

v-SNARE Sec22b (69). In addition, cTAGE5 binds to Sec12 and therefore regulates 

the activity of Sar1 (88–90). TANGO1 and cTAGE5 are present in 1:1 stoichiometry 

suggesting that they always function in complex with one another (91). 

 

The mechanism of TANGO1 function 

By recruiting and scaffolding COPII components, TANGO1 changes the form of a 

COPII lattice and organises proteins and membranes at the ER-ERGIC-Golgi interface. 

Identifying these functions and interactors has informed our view of TANGO1 as a 

central player in reorganising both COPII coats and ERES (92). 

 

(Re)organising COPII coats 

Unlike many cargo receptors, TANGO1 binds Sec23A instead of Sec24 and is unique 

in that it does not leave the ER with cargo (58). Instead, TANGO1 at the ERES plays a 

key role in shaping COPII-coat assembly. Structural data suggest that multivalent 

interactions of the polyproline motifs of TANGO1 and cTAGE5 engage multiple copies 

of Sec23-Sec24-Sar1A, facilitating flexibility in COPII lattices and promoting different 

shapes and curvatures (87, 93). In this case, the COPII inner coat lattice can adopt a 

cylindrical form instead of its usual spherical structure. COPII assembly therefore likely 

involves at least two mutually incompatible self-assembly reactions that compete to 
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determine the shape of the COPII carrier with the outcome decided by master scaffolds, 

TANGO1 and cTAGE5. 

TANGO1 and cTAGE5 PRDs have seven and five proline tripeptide (PPP) repeats 

respectively, each of which can bind to a molecule of Sec23A (87). Quantitative 

analysis in HeLa cells reveal that there are ~172,000 molecules each of TANGO1 and 

cTAGE5 per cell, providing a maximum of over 2 million Sec23A binding sites - more 

than a fivefold excess of all the Sec23A (~382,000 molecules) (91). These numbers 

suggest that only a small fraction of the total TANGO1-cTAGE5 in a cell are ever fully 

occupied with Sec23A and some export events do not use TANGO1 or only engage a 

fraction of the TANGO1/cTAGE5 PRDs. 

In a situation where several PPP-Sec23A interactions are in place, if any one PPP comes 

unbound, the chance of rebinding is higher than anticipated from its concentration and 

affinity alone. Such allovalent interactions are useful to concentrate or trap the inner 

COPII layer. In binding to Sec23A, TANGO1 controls the binding of the outer coat 

proteins Sec13/31A, playing a key role in controlling the timing of progression into 

assembly of the outer coat of a carrier at the ERES (58). Similar allovalent or fuzzy 

interactions between proline-rich disordered portions of proteins such as Sec31 or 

Sec16, could coordinate inner coat assembly and disassembly (41, 87, 94). 

Distinct COPII assembly pathways also influence Sar1 orientation on the membrane. 

Since Sar1 is sensitive to membrane curvature, its orientation will affect membrane 

architecture at the neck of a transport intermediate at an ERES. An ordered array of 

Sar1/Sec23/Sec24 subunits will orient Sar1 differently, delaying membrane fission. 

TANGO1/cTAGE5-mediated Sar1 accumulation, assembly and regulation of its 

GTPase activity might be critical for the exit of large size cargoes from ERES. 

(Re)organising ERES 

COPII-dependent budding sites are distinctly organised in different eukaryotes. In 

mammalian cells, the ERES are specialised sub-domains of the rough ER, which are 

devoid of ribosomes and show characteristic budding structures with COPII proteins. 

250-500 ERES are distributed throughout the mammalian cell with a large 

concentration at the juxtanuclear region in close proximity to the Golgi apparatus (95). 

In interphase cells, mammalian ERES consist of 2 – 6 COPII-coated buds according to 
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electron microscopic analysis (96, 97). Individual ERES components have half-times 

on the order of seconds (98), ERES on the other hand are typically long-lived and 

partially mobile (95, 99). Although the mechanisms of COPII-coat assembly have been 

extensively characterized, the biogenesis of an ERES is poorly understood. Little is 

known about how ERES are generated and maintained, or how COPII vesicle initiation 

machinery is restricted to an ERES. Remarkably, during these dynamic processes, both 

the number and average size of ERES remain approximately constant (95, 100). In 

response to large secretory needs, cells adapt the number and size distribution of ERES 

(100). The acute response to such increased cargo load is to fuse ERES to generate 

fewer, larger export sites in part by regulating COPII turnover, while at longer 

timescales, cells upregulate the synthesis of COPII components to generate a larger 

number of normal sized ERES (100). 

TANGO1 allows for this adaptive coupling of cargo load to the amount of ERES 

machinery recruited. Each collagen triple helix can contain several HSP47 binding 

sites, for instance procollagen 1 might have ~25-30 such sites (101) As HSP47 binds 

as a dimer to procollagen (102), there will be twice as many molecules of HSP47 per 

procollagen as there are recognition sites. Several sites on each procollagen can 

simultaneously be occupied by HSP47 dimers, each monomer of which could be in 

complex with TANGO1. Each TANGO1 is a heterodimer with one cTAGE5 and 

together they can recruit up to 12 Sec23/24 proteins. These approximate numbers 

provide the opportunity to appreciate signal amplification across the ER membrane 

where a few procollagen molecules in the ER lumen can, through TANGO1, recruit 

hundreds of Sec23/24 dimers. The more the cargo and its requirements, the greater the 

amount of ERES machinery that can be brought to the site. 

The TANGO1 family of proteins assist in controlling ERES architecture; depletion of 

TANGO1 in Drosophila reduces ERES size and causes ERES-Golgi uncoupling and 

its overexpression creates more and larger ERESs (61). 

ERES dissociate, and ER to Golgi traffic is blocked during mitosis, but underlying 

mechanisms remain unclear. CK1-mediated phosphorylation of TANGO1 controls the 

interaction between TANGO1 and Sec16, to mediate the disassembly and subsequent 

reassembly of exit sites during that stage of the cell cycle (103). 



16 
 

With ~172,000 molecules each of TANGO1 and cTAGE5 per cell (91), these numbers 

correspond to approximately 350-700 TANGO1-cTAGE5 dimers per ERES that would 

assemble into a linear filament in the plane of the ER membrane, wrapping around 

COPII (85, 104). A ring of TANGO1 would serve as a “picket fence” to corral COPII 

coat components and membranes at an ERES-ERGIC interface (85, 104, 105), creating 

a larger single functional unit when required, that is dedicated to efficient cargo export. 

According to this model, the TANGO1 ring at the base of the ERES binds to peripheral 

COPII subunits delaying the complete assembly of conventional COPII coated 

spherical vesicles. A ring of TANGO1 is extensible and can be lengthened, presumably 

by adding more TANGO1 molecules (65, 104). In analogy to surfactants, molecules 

that adsorb into liquid-liquid two-dimensional interfaces and decrease their surface 

tension, we propose that by binding to COPII subunits, TANGO1 proteins act as line-

active agents, or linactants (105). 

High-curvature domains of the ER membrane are required for the biogenesis or 

stabilisation of ERES (106). Recruitment of TANGO1 to saddle-shaped membrane 

regions, as found at the rim of an ERES, will dramatically improve the efficiency in 

generating and constraining buds at an ERES. A pair of TANGO1 hydrophobic helices 

is proposed to act as a membrane-shape sensor to recognise the base of a tubule at the 

junction of the ERGIC and the ER (107). One helix traverses the membrane and the 

other dips into the ER membrane inner leaflet. Neighbouring TANGO1 molecules in 

the ER membrane will align along the curved membrane at the ERES-ERGIC interface, 

potentially limiting the coat polymerisation zone, a role akin to that played by proteins 

such as FCHO1/2 and EPS15/EPSR in the initiation of clathrin-mediated endocytosis 

(108). Multiple interactions between TANGO1, coat proteins and cargo may assist in 

the progression of the cascade leading to a size-definition of the sites. A synergistic 

effect of hundreds of TANGO1 molecules at an ERES could stabilise curved ERES 

membranes, promoting the recruitment of curvature-sensitive components including 

Sar1 and COPII coat proteins, setting up a positive feedback loop where exit site 

machinery and TANGO1 mutually recruit and constrain each other through their 

membrane sculpting capabilities. Once aligned, it is likely that TANGO1 molecules 

can better participate in lateral interactions with each other, promoting their assembly 

into a filament, further reinforcing the organisation of TANGO1 and its interactors at 

the site. 
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This sensing and response to curvature and/or shape by the membrane helices of 

TANGO1 can be looked at from an alternative perspective, providing a key insight to 

the functioning of TANGO1. Transmembrane regions of a protein mediate 

communication between portions of the protein on either side of the membrane. For 

TANGO1, there has to be communication between its lumenal domains during cargo 

packaging, and its cytoplasmic domains as it constructs a transport intermediary. 

Clearly, the cargo must be packaged from the ER lumen at the same site as the transport 

intermediate is being constructed in the cytoplasm. This requirement for spatial 

communication is unique to TANGO1 among cargo-receptor-like proteins, as other 

cargo receptors are packaged and depart with the cargo. By sensing membrane shape 

to align TANGO1, and therefore associated ERES machinery, membrane helices 

coordinate these two activities – cargo packaging and transport intermediary 

construction. This also suggests that TANGO1 has two sets of semi-independent 

functions, stitched together in space and time by its unusual combination of membrane 

helices i) organising cytoplasmic ERES machinery and ii) organising a zone for export-

competent cargo in the ER lumen. 

As TANGO1-mediated reorganisation of ERES can dramatically improve the 

efficiency of ER export, the greater the efficiency required for cargo export, the more 

of a role TANGO1 will play in its export. Either bulky cargoes (procollagens or 

apolipoproteins), or highly abundant cargoes (mucins or over-expressed proteins) will 

have the greatest dependence on TANGO1 for their secretion. This explains the mild 

effects of TANGO1 depletion on general protein secretion, the somewhat greater effect 

on overexpressed small model cargoes used in screens for genes involved in secretion, 

and the more severe impact on bulky cargo secretion (2, 61). 

An additional metazoan-specific module, which also performs a similar function to 

cluster and constrain ERES machinery to increase efficiency, is TFG (Trk-fused gene) 

(109). Like TANGO1, TFG also binds to Sec16 and Sec23 (110–112). TFG interaction 

with Sec23 is at a similar site as the Sec23-Sec31 interaction, which serves to modulate 

Sec23-Sec31 assembly and disassembly. TFG forms a matrix at the ERES-ERGIC 

interface through oligomerisation of C-terminal PQ (proline-glutamine)-rich 

intrinsically disordered regions, to control the timing of coat disassembly and the 

directional movement of carriers (110). 
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Are these COPII and ERES organisational functions sufficient to explain bulky and 

voluminous cargo export? The discovery that TANGO1 directly recruits tethering 

proteins that function in retrograde transport from the ERGIC to the ER, has led to a 

model that proposes a dramatic re-envisioning of ER cargo export. 

TANGO1 recruits tethers 

Tethers play a central role in membrane targeting and organelle biogenesis. By 

recruiting retrograde tethers to an ERES, TANGO1 effectively holds together the ER 

and a subsequent secretory compartment (figure 4). In mammalian cells, the 

evolutionarily conserved multi-subunit tether complex NRZ (NBAS, RINT1, ZW10) 

co-immunoprecipitates with TANGO1 (85). The NRZ tether is required for retrograde 

capture of cis-Golgi or ERGIC membranes, it partially localises to ER exit sites and 

interacts with the SNARE proteins that are required for procollagen export from the ER 

(85, 113). One component of the tether complex (RINT1) was identified in a screen for 

genes required for protein secretion (2). Mutations in another component, NBAS, are 

linked to dysregulated collagen secretion in atypical osteogenesis imperfecta (114).  

In Drosophila fat body extracts, TANGO1 co-immunoprecipitates with Rab1, cis-Golgi 

Grasp65 and the tether GM130 (61), further showcasing its ability to recruit retrograde 

membrane (cis-Golgi) to ERES. Depleting TANGO1 in fat bodies leads to a spatial 

separation of ERES and the Golgi complex. 

TANGO1 also recruits TRAPPC2 (Sedlin), a component of the TRAnsport Protein 

Particle (TRAPP) complex, which is involved in vesicle tethering (115). Sedlin has 

been identified as mutated in spondyloepiphyseal dysplasia tarda, an X-linked skeletal 

disorder characterized by collagenopathies, and fibroblasts and chondrocytes from 

patients show impaired collagen secretion (115, 116). Sedlin binds and promotes 

efficient cycling of Sar1 to improve collagen export. 

The important feature here is that bulky cargo export out of the ER is coupled to the 

recruitment and tethering of membranes from a downstream compartment, the ERGIC 

in mammalian cells or the cis-Golgi in Drosophila. In fact, another pan-metazoan 

protein TMEM131 was recently identified, as having a very similar role in the export 

of secretory cargoes including procollagen (117). TMEM131 links procollagen folding 

machinery to the TRAPP tethering complex subunit TRAPPC8, at the ER-ERGIC 
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interface. This activity is required for efficient ER export of procollagen in C. elegans 

and mammalian cells (117). The discovery of TMEM131 resolves a long-standing 

question of how C. elegans can secrete substantial quantities of collagens to build a 

basement membrane and a cuticle, though it lacks any TANGO1 family proteins. Other 

species have both TMEM131 as well as TANGO1 family proteins, it remains to be seen 

what specific capabilities the two proteins confer on the secretory pathway. 

Why is there membrane tethering and what is tethered membrane used for? Once 

recruited, the retrograde membrane is fused at the ERES via retrograde ER-resident Q-

SNARE proteins syntaxin18, USE1, BNIP1, and ERGIC R-SNAREs Ykt6 or Sec22b, 

with the assistance of SLY1. TANGO1 co-immunoprecipitates with the protein SLY1, 

a member of the STXBP/unc-18/SEC1 family of proteins that regulate the assembly or 

activity of retrograde SNARE machinery (118). cTAGE5, via a cytoplasmic coiled coil 

domain, also recruits retrograde R-SNARE Sec22b (69). These retrograde membrane 

recruitment and fusion activities are required for procollagen ER export (119) (figure 

4). 

With these different aspects of TANGO1 function: organising COPII lattices, ERES, 

and tethering factors, we can now arrive at a unifying framework for the mechanism of 

TANGO1-mediated cargo export. 

Cargo Tunnelling  

TANGO1 and cTAGE5, at the neck of the cargo export conduit, organise COPII coat 

assembly (figure 4). cTAGE5 recruits and maintains a stable presence and continued 

supply of Sec12 and Sar1A (34, 89, 90). COPII continually polymerizes at the neck, 

and depolymerizes at the top such that COPII uncoating precedes membrane fission. 

This COPII collar would be a flowing sheet of polymerized COPII, driven in a 

directional manner by Sar1 hydrolysis, carrying COPII-interacting cargo and the 

underlying membrane past the collar. Indeed, super-resolution confocal live imaging 

microscopy (SCLIM) of budding events at yeast ERES suggest that Sar1 shows 

restricted accumulation at the rims of COPII-coated membranes at a budding site, but 

is excluded from the rest of COPII-coated membranes (120) and restricted to the edges 

of reconstituted COPII coat clusters (121). In this manner, TANGO1 and cTAGE5 

constrain COPII assembly to the site of ER export and control the flow of proteins and 

lipids at an ERES. COPII components will remain at the ERES while anterograde cargo 
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departs in transport intermediates of a size that is defined by cargo and not the COPII 

coat. 

But what of the membrane tethering by TANGO1? Previously it was assumed that 

retrograde trafficking components showed an indirect effect in anterograde transport 

because they are required to recycle SNAREs and other proteins needed for anterograde 

transport. However, these data instead have led to a new proposal for membrane 

trafficking in the secretory pathway. Rather than moulding a carrier from ER membrane 

as in the conventional model of COPII vesicle formation, TANGO1 tethers post-ER 

membranes (ERGIC/Golgi) that fuse at ERES to create an export route for 

procollagens. In other words, TANGO1 creates a conduit, a tunnel between the ER and 

the ERGIC. In these terms, a tunnel is any opening between two pre-existing 

compartments. This tunnel could be generated by fusing a growing bud to a 

downstream compartment, or by directly connecting two apposed compartments 

(a near-zero length tunnel) (122). 

Invertebrates such as Drosophila do not contain a distinct ERGIC, but the close 

proximity of the ERES and the cis-Golgi in Drosophila secretory tissue, might lead to 

TANGO1-dependent cargoes, such as procollagens and mucins, transferring directly 

from the ER to the cis-Golgi. 

ER subdomains that produce COPII carriers are always juxtaposed to ERGIC 

membranes, suggesting that COPII coat formation and/or consumption might be 

coupled to ERGIC. The ERGIC is a composite of vesicles and tubules; if the ERGIC 

membrane anchored by TANGO1 is a sufficiently large tubule, then no further 

membrane is needed and the final container is the ERGIC itself and not a vesicle 

budding from the ER. In this model, procollagen transfers from ERES directly to 

ERGIC without any detectable stand-alone super-sized transport container (122–124). 

Accordingly, ER-to-Golgi procollagen carriers appear pleomorphic and do not contain 

any detectable COPII (125). 

The arrival site at the Golgi apparatus is marked by COPII binding tethers; as an ERES 

coat assembles, if it is sufficiently close to the Golgi entry sites, there may well be direct 

interaction between the ERES and the Golgi tethers, to bring the two compartments 

closer together. Conversely, retrograde tether (DSL/NRZ) complexes at the ER extend 
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�70 nm (113, 126), suggesting that ERGIC COPI buds are tethered, and uncoating 

initiated, even before they are fully formed (113). 

These data are consistent with a model where COPI (retrograde ERGIC) membranes 

are transiently recruited to an ERES and cargo is transferred from the ER to the ERGIC, 

which is then the carrier for anterograde cargo. Therefore, anterograde carriers will be 

defined by components that were tethered at the ERES (figure 4). For example since 

TANGO1-mediated retrograde tethering, recruits components including COPI or Rab1 

(61) to an ERES, this will result in an anterograde transport intermediate with COPI or 

Rab1. Indeed, live confocal microscopy has revealed anterograde carriers that lack 

COPII and instead contain Rab1 or COPI (46, 99, 127). 

Extended tubular structures have been described emanating from an ERES budding 

site, with an electron dense coat at a distance from the budding site (128). The molecular 

composition of the tubules was not defined. While these electron dense coats were 

thought to be COPII, more recent evidence is that they are COPI, perhaps at ERGIC 

membranes in accordance with the model presented herein. 

Published in vitro budding assays also suggest a similar possible tunnel-based export 

event, they result in Sar1-dependent ER export carriers that are enriched in ERGIC-53 

and Rab1 and they recruit COPI (129–131). 

Electron micrographs from many groups as far back as the early 1970s, can best be 

described as showing that the ER and the ERGIC can indeed be physically continuous 

(132–136). In plants, ERES and Golgi bodies form functional units that remain 

intimately associated even when motile, and are frequently described as combined 

secretory units (137). Direct tubular connections between the ERES and the Golgi have 

been debated in the plant secretory system (138). A similar mode may even function in 

S. cerevisiae, described as ‘hug-and-kiss’ where the cis-Golgi contacts ERES to capture 

cargo without a stand-alone COPII vesicle (139). 

Images from plant cells to yeast to mammalian cells suggest that an ERES should be 

viewed as part of an integrated unit together with an associated post-ER compartment 

(140). In tobacco BY-2 cells, the ERES-Golgi interface behaves as a single scaffolding 

unit for ER-Golgi transport and Golgi regeneration (141, 142). In P. pastoris the Dsl1 

complex, the functional orthologue of the mammalian NRZ tether complex, is recruited 
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to the vicinity of ERES even though Pichia lacks TANGO1 (126). Similarly, the 

association of ERES with cis-Golgi membranes is prominent in Pichia and algae. It is 

not clear how these associations are maintained, but it is possible that metazoan proteins 

like TANGO1 have arisen in evolution to scaffold, control and elaborate this 

functionally conjoined unit, by physically recruiting ER-ERGIC-Golgi tethers to an 

ERES. 

Additional corroboratory evidence, for the recruitment of ERGIC membranes to an 

ERES, comes from observing the cellular location of the chaperone HSP47, which 

binds to and recruits triple helical procollagen to TANGO1 for export at an ERES. 

Structural information, obtained from crystal structures of the heterodimeric complex 

of canine HSP47 and collagen model peptides, led to an elegant proposed mechanism 

for pH-dependent HSP47-procollagen release based on a cluster of histidine residues 

(102). In this model, HSP47 transiently associates with procollagen in the ER (pH 7.2 

– 7.4) and then dissociates once the complex encounters lower pH in the ERGIC or the 

cis-Golgi. The conventional model suggests that HSP47 is then returned to the ER by 

virtue of its C-terminal RDEL amino acids. More recent observations have shown that 

HSP47 dissociates from procollagen at ERESs, suggesting that a drop in pH might be 

controlled by retrograde fusion of more acidic ERGIC membranes to the ERES (54).  

The ERES as a filter 

While cytoplasmic activities are scaffolded for efficient cargo export, a similar 

structuring of ER lumenal activities is also required to organise export-competent 

cargo. This brings us to another vital role of the ERES as a selective filter, offering the 

final opportunity for ER-associated quality control machinery to act. To achieve this 

control, we present the ERES as a hierarchy of at least three stages of filtration. 

First, ER resident lipids and proteins are partially excluded from the ER lumenal export 

zone of the ERES, while secretory cargoes are concentrated at the site. Second, cargo 

receptors and cargoes are selected and packaged from the export zone to the transport 

intermediate. Third, if any dysfunctional cargoes have been captured into the nascent 

transport container, or if the container itself has problems, it can be sorted for 

degradation away from the secretory pathway. 
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Cargo filtration or selective concentration requires ERES and ERGIC tubules, with 

their respective COPII and COPI coats (128). Affecting Sec24-cargo recognition results 

in sorting defects and poor quality control (143). An additional method of cargo-

mediated quality control is to fill the export container with correct cargo, thereby 

excluding residents. Accordingly, including p24 cargo receptors and other abundant 

cargoes into COPII vesicles generates macromolecular crowding to exclude ER 

resident proteins (144). Procollagens and VSVG have been reported to be segregated 

at different ERES (125). While the mechanism is not known, it suggests that they are 

separated at the first filtration step. 

The proposed model of transient fusion between two compartments during TANGO1-

mediated procollagen export raises another unique requirement; if the ER and a post-

ER compartment (ERGIC/Golgi) are transiently connected, there must be a partial 

barrier to control bidirectional transfer of proteins and lipids between the two 

compartments. The transmembrane helices of TANGO1, described above as a 

membrane-shape sensing module, are also a barrier for lipid diffusion (107). Such a 

mechanism would maintain organelle identity during procollagen transfer out of the ER 

via the tunnel into the ERGIC. 

But what prevents excessive bidirectional mixing of resident lumenal content between 

the two compartments? The fence of TANGO1 molecules extends into the ER lumen. 

TANGO1 contains extensive regions of high intrinsic disorder, extending (in human 

TANGO1) nearly 900 amino acids, punctuated by a single coiled coil domain. Coiled 

coil domains may promote appropriate oligomeric states and orientation among the 

TANGO1 unstructured sequences, to form a loosely organised isolation chamber within 

the ER lumen. 

This isolation chamber is to concentrate and select cargo prior to its packaging for 

export. The initial cargo gathering within the TANGO1 fence might precede 

recognition by a cargo receptor, as in apolipoprotein exit from the ER, where Surf4 

receptor recognises apolipoproteins after they are concentrated at an ERES. 

A selective fence of TANGO1 can limit the access of resident ER proteins to export 

machinery, actively supporting retention of ER-resident proteins. A ring of TANGO1 

proteins with high intrinsic disorder surrounding an ERES, to control flow of proteins 

between two compartments - is reminiscent of a nuclear pore complex, a ring of 



24 
 

proteins with high intrinsic disorder, controlling exchange of components between the 

nucleoplasm and cytoplasm. Such a comparison may be useful in driving investigation 

of ERES organisation, structure, and function. 

Cargo loading 

Once procollagens and other bulky cargoes have passed the first filtration step and are 

concentrated at the export zone, it is still unclear how they are packaged for transport 

out into an export conduit. Most cargo capture is carried out via interaction with Sec24, 

which contains multiple independent cargo binding sites (32, 145), but there is no 

known conventional cargo receptor for procollagens. It is also not known how much 

procollagen is packaged into a single export event, or if there is selectivity in other 

cargoes that are transferred along with procollagen. 

A theoretical biophysical approach has provided a mechanical framework of TANGO1 

as a membrane tension regulator to control procollagen export from the ER. A ring of 

TANGO1 corralling an ERES can participate in regulating membrane tension to create 

an export route for procollagens at the ERES. According to this proposal, the fusion of 

ERGIC membranes leads to a local, transient decrease in the lateral tension of the ERES 

membrane, which changes the free energy profile of the system to promote growth of 

a transport intermediate, while maintaining the neck in an open (105) state. 

In a multi-step procollagen folding process, chaperones FK506 and HSP47 act 

synergistically to promote the final steps of procollagen maturation and assembly (146). 

If TANGO1-associated HSP47 is still in its synergistic complex with FK506, 

promoting procollagen folding, then TANGO1 may physically and functionally couple 

cargo folding and export. The related protein TMEM131, mentioned earlier, may 

function analogously as it has a lumenal domain that acts as a chaperone for collagen 

folding, and cytoplasmic domains that recruit tethering proteins (117). Depleting 

TANGO1 could therefore result in altered processing of secreted collagen, similar to 

altered N-terminal cleavage and processing of procollagen after depleting giantin (147). 

As a scaffold for procollagen folding and assembly, TANGO1 might thus ensure that 

procollagen doesn't adopt its final conformation in the ER to wait its turn for export; 

instead the very act of assembling a rigid triple helix contributes to the mechanics of 

membrane deformation, assisting in the formation of an export route. 
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Dynamic regulation of ERES machinery 

A next challenge will be to arrive at a broader mechanistic understanding of how 

trafficking is regulated and integrated with other homeostatic processes. Secretory 

demands can vary rapidly and we are only beginning to appreciate how these 

requirements affect secretory pathway components and activity. COPII subunits and 

primer proteins undergo post-translational modifications including phosphorylation, 

ubiquitination, glycosylation and ADP‐ribosylation, that might modulate their activity, 

however the mechanistic basis of these controls remain largely undefined (47, 52, 148–

152). ER-resident leukocyte tyrosine kinase (LTK)-mediated Sec12 phosphorylation 

modulates the number of exit sites and ER-Golgi traffic (153). When large amounts of 

cargo arrive at ERES, AREX (auto-regulation of secretory flux) is activated by a cargo-

Sec24 complex, which triggers kinases including PKA, ERK1, and PKR that act to 

enhance cargo export from the ER (154). 

A final aspect of how cells use ER export machinery in homoeostatic control deserves 

special mention. Membrane remodelling machinery at sites such as the ERES 

intimately link secretory and autophagic pathways. For example, membrane for 

autophagosomes is sourced from a site near where ERGIC, mitochondria and ER are 

closely apposed (155). ERES-associated machinery (ULK, Sec16, Sec24C, TRAPPIII) 

are required for autophagosome formation (148, 156, 157), cTAGE5 interacts with 

FIP200 to initiate autophagosome biogenesis (158). 

Is cargo sorted between these two routes from an ERES? 15-30% of all procollagen is 

degraded intracellularly prior to secretion (159) and COPII machinery is involved in 

directing misfolded procollagen 2 toward non-conventional, microautophagic-like 

degradation at lysosomes at ERES (55). Apolipoprotein autophagic degradation also 

involves ERES and ER-to-Golgi transport machinery and might utilise a similar 

pathway. 

 

Summary and Perspectives 

It is clear that COPII vesicles are sufficient to carry small cargoes between separate 

ER and ERGIC/Golgi compartments, yet ER-export mechanisms of sizeable, high-
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volume cargoes remains more obscure. The discovery of metazoan proteins like 

TANGO1 and its capacity to regulate membrane remodelling and secretory pathway 

organisation has provided a new dimension to our thinking about COPII utilization 

and the mechanisms of cargo export from the ER. ERES organisers can be used to 

maintain dynamic control of cargo flow, secretory capacity, and quality control. 

TANGO1 corrals and reorganises the COPII coat. It recruits cytoplasmic tethering 

proteins to link ER export to retrograde membranes and likely creates a tunnel that 

enables passage of bulky secretory cargoes without involving a bona fide vesicular 

intermediate as per Palade’s model of protein transport. Considering the volume of 

these bulky cargoes and similar mechanisms at play in multiple systems from yeast to 

mammalian cells, this mode of transport might well be a major pathway for export 

from the ER. 

TANGO1 assembly into filaments in the plane of the membrane demarcates an ERES, 

turning it into an isolation-chamber across compartments. This chamber is dedicated 

to synergistic linking of cargo capture, folding and export. Terminally misfolded or 

excess cargo can be triaged for degradation. 

A promising area for future research will be to devise acute inhibition of TANGO1 

family proteins for therapeutic control of collagenopathies and/or aging-related ECM 

changes. Similar strategies may work to control hypersecretory pathophysiologies 

associated with apolipoproteins in cardiovascular disease or mucins in mucinous 

adenocarcinomas and cystic fibrosis. Secretory pathway control is an area that has been 

poorly exploited for therapeutic purposes. 

Mutations in TANGO1-related genes could explain idiopathic collagenopathies, not 

linked directly to mutations in collagens. 

TANGO1 proteins organise membranes for anterograde and retrograde transport to 

maintain secretory pathway organelles, they route membrane for autophagosome 

biogenesis and carry out these functions using remodelling modules that are also 

involved in peroxisome and lipid droplet maintenance. How are all these membrane 

re-routing events integrated, to control trafficking and organelle biogenesis in response 

to dynamic cellular requirements? 
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Future objectives will include visualizing cargo as it moves through the tunnel and 

reconstitution of the structural organization of a TANGO1-corralled ERES to 

understand ER sub-compartmentation in cargo organisation export.  
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Figure 1: Schematic of bulky cargoes secreted by metazoans. A. Rigid triple helix, a 

hallmark of fully assembled collagens B. Chylomicrons, composed of apolipoproteins 

surrounding a lipidic core (shown as a cutaway in the centre of the image) and C. Highly 

glycosylated mucin multimer. 
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Figure 2: COPII vesicle biogenesis. A GTP-dependent hierarchical assembly of coat 

components that pinches a ~60nm COPII-coated vesicle from the ER. Not shown are 

proteins like Sec16, that play an essential, but poorly defined role in this process. 
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Figure 3. TANGO1 family of proteins in mammals. TANGO1, TANGO1-short, 

cTAGE5, TALI are ERES-resident transmembrane proteins. Other members include a 

secreted isoform of MIA2, MIA, otoraplin and further predicted isoforms. 
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Figure 4: Tunnelling of secretory cargo. TANGO1 collects cargo in the ER lumen and 

recruits cytoplasmic tethering proteins to connect ERES to the next secretory compartment 

(ERGIC/cis-Golgi). The fusion of ERES to ERGIC is used to transfer cargo while 

maintaining the identity of the two compartments. In this assembly, COP coats remain as 

collars at the neck of this tunnel. The image is not shown to scale; rings of TANGO1 have 

been measured from ~150nm to over a micron in different cell-types. 

 


