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ABSTRACT: The secretion of type I procollagen presents a classic biophysical paradox: 300–400 nm 
triple-helical rods must traverse secretory pathways governed by 60–90 nm COPII vesicles. Overturning 
long-standing dogma, recent insights demonstrate that procollagen undergoes liquid-liquid phase separation 
within the endoplasmic reticulum (ER) lumen. This fluid state accommodates high cargo density while 
preventing premature intracellular aggregation. At ER exit sites, the master organizer Transport ANd Golgi 
Organization 1 (TANGO1) acts as a fluid-extrusion funnel, capturing these dynamic condensates and 
recruiting retrograde endoplasmic reticulum–Golgi intermediate compartment (ERGIC) membranes to 
form transient intercompartmental tunnels. As the condensate flows toward the Golgi, progressive changes 
in the luminal environment trigger a controlled liquid-to-crystalline phase transition that packs procollagen 
into dense, parallel arrays. Following exocytosis, extracellular metalloproteinases cleave the solubilizing 
N- and C-propeptides. Stripping the protective hydrophilic caps shifts the system toward hydrophobicity, 
driving entropy-driven self-assembly into striated fibrils that cross-linking then locks in place. Reframing 
procollagen export through fluid dynamics and colloidal phase transitions redefines basic organellar 
logistics. This review discusses the current literature on the fluid procollagen condensate in the ER and the 
TANGO1-mediated transient tunnel framework. It also raises some profound biochemical, structural, and 
physiological questions that remain. 

Keywords: Procollagen; Endoplasmic reticulum exit sites; TANGO1; Coat protein complex II (COPII); 
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1. Introduction 

Collagen is the foundational architectural element of metazoans and is the primary structural scaffold 
protein that defines the form, mechanical integrity, and spatial organization of multicellular organisms [1–
3]. Far from being a static background filler, this ubiquitous extracellular matrix (ECM) component 
constitutes roughly one-third of the total protein mass in mammals, underpinning everything from the 
tensile resilience of tendons and skin to the compressive strength of bone and cartilage [4–8]. 
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The collagen family’s extraordinary functional diversity, comprising 28 distinct types in humans, stems 
from its signature structural motif: the right-handed triple helix [9]. This rigid, rod-like conformation is 
formed by the tight intertwining of three polyproline II-like alpha-chains [10], which is heavily reliant on 
a characteristic Glycine-X-Y amino acid repeat sequence [11,12]. Within the extracellular space, these 
individual triple-helical building blocks spontaneously self-assemble into highly organized supramolecular 
networks and fibrils [4–8]. 

Under standard cellular conditions, anterograde transport from the ER to the Golgi apparatus relies on 
coat protein complex II (COPII) transport vesicles [13,14]. They are conventional carriers that are 
assembled into rigid, spherical structures with a tightly constrained diameter, typically between 60 and 90 
nm [15]. They are highly efficient at transferring small, compact, globular proteins, but they create a severe 
physical bottleneck when managing asymmetric macro-cargo, such as collagen. 

A fully assembled procollagen triple-helical rod is an extraordinarily bulky, rigid molecule that reaches 
lengths of 300 to 400 nm, five times the standard vesicle’s maximum diameter. If a conventional spherical 
COPII vesicle were to prematurely bud and pinch off around a procollagen bundle using its default 
assembly kinetics, it would either cleave the rigid cargo or fail to achieve membrane fission. To bypass this 
restriction and safely export these large proteins, the cell must use alternative vesicular trafficking pathways. 
Rather than generating the default small spheres, the secretory machinery at the ER exit site (ERES) 
dynamically remodels into a specialized, flexible vesicle capable of delaying normal vesicle closure and, 
at the same time, orchestrating membrane expansion to accommodate the procollagen molecule. 

To comprehensively understand how the cell orchestrates the biosynthesis and trafficking of one of its 
largest structural cargoes, this review traces procollagen through its entire lifecycle in a strictly 
chronological narrative. By tracing this journey sequentially, we map the complex intersection of structural 
biochemistry, membrane cell biology, and extracellular pathology. 

The manuscript follows the molecule through four distinct operational phases. (1) Phase I (Birth and 
core folding in the ER lumen). Here, we examine the initiation of individual alpha-chains, their unique post-
translational modifications, and the chaperone-mediated quality-control mechanisms that ensure proper 
assembly of the triple helix. (2) Phase II (ERES and navigating the size paradox): we dissect the mechanical 
core of the secretory paradox. This section focuses on how the master regulator TANGO1, specialized 
COPII components, size-regulation delay factors, and retrograde membrane recruitment collectively 
remodel the ERES to build a mega-carrier. (3) Phase III (Transit through the secretory pathway): We outline 
the transport of the mega-carrier through the ER-Golgi intermediate compartment and its subsequent 
processing and sorting throughout the Golgi cisternal stack. (4) Phase IV (Exocytosis and extracellular 
maturation): Finally, we follow the molecule past exocytosis into the ECM, and discuss the proteolytic 
cleavage of its propeptides, spontaneous fibrillogenesis, and covalent cross-linking. 

By following this molecular trajectory from the ribosome to the matrix, we provide a unified conceptual 
framework that bridges basic intrinsic intracellular trafficking and the systemic pathology of fibrotic 
remodeling and genetic connective tissue disorders. 

2. Phase I—Birth and Core Folding in the ER Lumen 

2.1. Biosynthesis and Triple-Helix Assembly 

The biosynthetic lifecycle of type I procollagen begins with the co-translational translocation of 
nascent 𝛼-chains through the Sec61 translocon into the oxidizing lumen of the rough ER [16–20]. Upon 
entry, linear 𝛼 -chains undergo mandatory post-translational modifications that govern both structural 
stability and downstream assembly. Key among these, prolyl 4-hydroxylase converts targeted proline 
residues into hydroxyproline [21,22], a reaction that requires ascorbic acid as an essential cofactor [12,23] 
to provide the thermal stability of the triple helix at physiological temperatures. Concurrently, lysyl 
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hydroxylases modify specific lysine residues to form hydroxylysine [24], creating essential baseline 
anchors for enzymatic glycosylation (via galactosyl and glucosyl transferases) and subsequent extracellular 
cross-linking [24–26]. Simultaneously, protein disulfide isomerase catalyzes intra- and inter-chain disulfide 
bond formation within the bulky, globular C-terminal propeptide domains [23,27], aligning the three 
independent chains in precise structural registration to initiate folding [27] (Figure 1). 

Once C-terminal registration is established, the three modified 𝛼-chains spontaneously wrap around 
one another, zipping in a strict C-to-N terminal direction to generate a right-handed triple-helical rod 
approximately 300 nm in length [28–32]. The interlocked geometry of this fold forces every third amino 
acid into the sterically crowded central core of the helix, imposing an absolute requirement for a Glycine-
X-Y repeating sequence where X and Y are predominantly occupied by proline and hydroxyproline [31,32]. 
Resident molecular chaperones, particularly HSP47 [33], bind selectively to the fully folded native triple 
helix to stabilize its rigid structure and shield it from premature intracellular aggregation. Together, these 
coordinated luminal modifications and folding events transform flexible nascent chains into a ~300–400 
nm macromolecule, setting the stage for the spatial bottleneck encountered at the ER exit site. 

 

Figure 1. Biosynthesis, Co-Translational Translocation, Post-Translational Modification, and Assembly of Procollagen in the 
ER. (1) Biosynthesis and Co-Translational Translocation: Ribosomes actively translate pro-𝛼 collagen chain mRNA on the 
cytosolic surface of the rER membrane. Guided by an N-terminal signal peptide (red), the nascent polypeptide threads directly 
through the translocon channel into the ER lumen. (2) Signal Peptide Cleavage: Inside the ER lumen, signal peptidase (notched 
red circle) proteolytically cleaves the hydrophobic signal peptide, releasing the soluble, linear pro-𝛼 chain (green). (3) Post-
Translational Modifications: The unstructured pro-𝛼  chain undergoes extensive, coordinated enzymatic processing. Prolyl 
hydroxylase (notched blue circle) hydroxylates designated proline residues. Lysyl hydroxylase (notched green circle; dependent 
on Feଶା and vitamin C/ascorbate as essential cofactors) hydroxylates lysine residues. Glycosyltransferase (large purple element) 
then adds carbohydrates (glucose, 3 purple hexagons, and galactose, 5 purple hexagons) to selected hydroxylysine residues. (4) 
Alignment & Registration: ER resident molecular chaperones BiP (light blue) and Hsp47 (brown) interact with the pro-𝛼 chains 
to prevent non-productive interactions and guide proper chain folding. Alignment begins at the globular C-terminal propeptides 
(bottom), which pair through interchain disulfide bond formation (−S−S−), ensuring all three chains register correctly with their 
free N-terminal propeptides oriented upward. (5) Triple-Helix Assembly: Following C-terminal nucleation, the three registered 
pro-𝛼 chains fold in a C-to-N direction into the characteristic triple-helical conformation. Monomeric Hsp47 chaperones (brown) 
bind along the triple helix to stabilize the helical structure and prevent premature intracellular aggregation. The resulting soluble 
procollagen molecule, capped by N-terminal propeptides at one end and disulfide-bonded C-terminal propeptides at the other, is 
fully assembled and ready for ER export. 
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2.2. Liquid Droplets vs. Rigid Rods 

The newly published article from Professor Malhotra’s laboratory [34] represents a paradigm shift in 
structural cell biology. It directly challenges a multi-decade-old dogma by showing that procollagen is not 
maintained as an unyielding, isolated rigid rod throughout its entire stay in the ER lumen; instead, it behaves 
as a flexible component of a liquid biomolecular condensate. The old dogma suggested that the resulting 
triple-helical structure converts the once-flexible polypeptide strands into a rigid, rod-like procollagen 
macromolecule [35–37]. However, Bhattacharyya et al. [34] proved, using high-resolution live-cell 
imaging, that procollagen I undergoes liquid-liquid phase separation. It condenses into dynamic spherical 
droplets within the ER lumen. These droplets behave like fluid condensates: they merge, split, and exchange 
material with their surroundings (Figure 2). This fluid state solves an evolutionary puzzle: if procollagen 
molecules function as highly interactive building blocks, they could spontaneously stack and form fibers 
inside the ER. As Malhotra proposes, premature intracellular fiber formation would kill the cell [38]. By 
keeping procollagen in a pliably packed vesicle, the fluid procollagen condensate prevents toxic 
aggregation, shields the cell from devastating proteotoxicity, and accommodates massive bulk cargo 
volume. The study also revealed that the procollagen condensates form a highly organized, multi-
component folding environment. They are heavily enriched with HSP47, calreticulin, PDIA1, and PDIA6 
[34]. Crucially, they lack the general unfolded protein sensor BiP [34], meaning that the cell organizes these 
dense pools specifically to enable efficient procollagen transport, while deliberately keeping them invisible 
to the ER stress/degradation sensors under normal conditions. 

 

Figure 2. Structural and dynamic characteristics of a collagen liquid-like coacervate droplet. Liquid-liquid phase separation 
drives collagen into a dense, spherical, macromolecule-rich coacervate droplet suspended within a dilute aqueous phase. The 
optical micrograph (inset) demonstrates the characteristic high-contrast, isotropic appearance of a fluid condensate on a substrate. 
Molecular Organization: The highly mobile structure highlights the condensate’s internal liquid-like disorder. Collagen triple 
helices adopt an isotropic, dynamic arrangement characterized by rapid molecular rearrangement and transient non-covalent 
interactions in an aqueous environment. Radial Distribution Function (RDF): Comparative structural order between crystalline-
like rigid rods and disordered coacervates. While rigid collagen rods display sharp, discrete diffraction peaks corresponding to 
defined long-range periodicity (e.g., 67 nm D-periodicity of procollagen), the liquid coacervate exhibits a broad, featureless 
distribution curve characteristic of short-range disorder and fluid-like spatial arrangement. 

Within the ER lumen and throughout transit, we proposed that the massive, globular COOH-propeptide 
is positioned directly adjacent to the hydrophilic carboxy-terminal region of the telopeptide [39] and 
functions to maintain this fluid state. The globular COOH-propeptide would amplify the local electrostatic 
repulsion and hydrophilic shielding, ensuring that even when the collagen molecules come close, their 
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interacting regions remain structurally isolated. Thus, the hydrophobic amino-terminal portions of the 
telopeptides would be kept buried or sterically blocked from aligning with neighboring rods by the sheer 
bulk of the terminal propeptide caps. We believe that this sheer physical bulk creates a structural barrier 
that keeps the central triple-helical domains spaced apart, mechanically preventing them from coming close 
enough to align or stack side by side. Also, we believe the massive concentration of HSP47 coating the 
collagen molecule [40] could act as a fluid molecular mesh. Therefore, the folded helices could be densely 
packed, and yet remain highly mobile and disorganized, gliding past one another like a viscous fluid. Taken 
together, we believe this combination of physical shielding (steric hindrance) and electrical pushing 
(electrostatic repulsion) keeps the individual folded triple helices highly soluble, preventing them from 
aggregating into stiff structural fibers. 

2.3. The Luminal Gatekeeper and Quality Control 

When the phase-separated procollagen condensates pass luminal quality control, they must be 
accurately positioned for export at specialized macro-domains in the exit site. The discovery of the fluid 
state of procollagen fundamentally rewrites the classical model of cargo selection. TANGO1-Long, the 
master transmembrane regulator protein localized at the ERES, does not function as a traditional 
stoichiometric cargo receptor that picks up individual procollagen. Instead, it acts as a spatial mooring point 
that chemically captures and anchors the massive, multi-protein fluid procollagen condensate directly over 
the ERES boundary. 

Because structural defects in the triple helix can compromise tissue integrity, the ER lumen enforces a 
quality-control checkpoint before allowing any cargo to proceed into the export machinery. The central 
coordinator of this procollagen gatekeeping step is HSP47 [33]. Unlike general chaperones that bind 
unfolded proteins, HSP47 recognizes and binds exclusively to the fully folded, native trimeric structure of 
the procollagen triple helix [33,41,42]. This chaperone interaction serves a dual purpose. It structurally 
stabilizes the procollagen within the crowded lumen and also shields it from premature aggregation [42,43]. 
TANGO1 cannot efficiently recognize bare procollagen [44]; rather, because of its HSP47-binding site, it 
relies entirely on the bound HSP47/procollagen complex to identify acceptable, properly matured cargo 
[45]. Misfolded or unstable helices that fail to bind HSP47 are actively retained in the ER and eventually 
shunted toward the ER-associated degradation pathway for destruction [46,47]. Once the collagen is 
extruded from the ER, HSP47 remains behind [33]. 

3. Phase II—ERES and Navigating the Size Paradox 

3.1. Cargo Selection and the Transmembrane Bridge 

When a properly folded procollagen macromolecule passes the luminal quality-control checkpoints, it 
is directed to specialized macro-domains known as the ERES. At this junction, the cell must translate an 
internal structural signal into an active, outward budding event. This critical communication is mediated by 
TANGO1-Long, a master transmembrane regulatory protein specifically localized to the ERES membrane 
[48,49]. TANGO1-Long functions as a physical bridge across the ER lipid bilayer, and on its luminal side, 
TANGO1 projects an SH3-like domain into the ER interior. On its cytoplasmic side, TANGO1 contains 
active structural domains that directly interface with the cellular transport machinery. By simultaneously 
anchoring the interior cargo (HSP47/procollagen) and engaging exterior proteins, this transmembrane 
bridge directly couples cargo selection inside the ER lumen to the dynamic recruitment and expansion of 
the transport carrier on the outside. Interestingly, when TANGO1 is depleted, the fluid procollagen droplets 
still form perfectly in the lumen but drift aimlessly, failing to dock at the exit sites [34], suggesting that this 
transmembrane bridge couples the fluid-state physics of the ER lumen to the dynamic recruitment and 
expansion of the transport carrier on the outside. Rather than shipping a rigid array of 400-nm spears, this 
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structural arrangement enables fluid extrusion, allowing the pliable procollagen pool to flow smoothly 
across the ERES boundary, much like fluid pushed through a tight orifice, thereby perfectly filling the 
expanding mega-carrier. 

3.2. Erecting the Export Perimeter: The TANGO1 Ring as a Fluid-Extrusion Funnel 

The change in thinking, introducing fluid-state procollagen droplets within the ER, fundamentally 
reconfigures our understanding of the cytosolic machinery at the ERES. In the classical model, the assembly 
of the TANGO1 ring was thought to act purely as a restrictive perimeter fence, preventing standard 
spherical coat proteins from closing around an unyielding 400 nm rod. Given the discovery of fluid 
procollagen condensate phase separation, this macromolecular assembly takes on a far more dynamic, 
physical role: it functions as a structural funnel that constrains and channels the procollagen condensate as 
it flows out of the ER (Figure 3). 

 

Figure 3. Structural organization and proposed “fluid extrusion funnel” mechanism of the TANGO1 ring during large-cargo ER 
export. (I). TANGO1 Ring Organization at the Endoplasmic Reticulum Exit Site (ERES). Top-Down View: TANGO1 complexes 
assemble into a large ring structure (~200–400 nm in diameter) at the ERES membrane. The ring creates a central pore, corralling 
inner COPII coat components (Sec23/Sec24) and establishing a defined zone for mega-carrier formation. Side Cross-Section: 
TANGO1 acts as a transmembrane bridge. Its luminal domains bind procollagen cargo via HSP47 chaperones, while its cytoplasmic 
proline-rich domains (PRDs) interact directly with COPII coat components at the base of the ER membrane. (II). Conceptual Model: 
The “Fluid Extrusion Funnel”. (A) Cargo Collection & Ring Assembly: TANGO1 rings corral bulky procollagen rods alongside 
essential COPII inner coat machinery at the ERES to initiate assembly of the outgoing carrier. (B) Membrane Fusion & Funnel 
Formation: The TANGO1 ring defines a constricted neck region. TANGO1’s tether for ERGIC at the ER (TEER) domain recruits 
ERGIC-derived membrane vesicles into the ring’s interior. Fusion of these membranes provides the necessary surface area and fluid 
flow to drive the continuous extrusion of bulky cargo through the neck. (C) Mega-Transport Carrier (MTC) Growth & Fission: As 
incoming membrane fluidifies and expands the growing tubule, the carrier elongates proportionally to fit large procollagen bundles 
(~300–400 nm) before undergoing fission to yield a mature Mega-Transport Carrier. 

This molecular funnel is erected through a highly coordinated, multi-protein oligomerization program 
on the cytosolic leaflet of the ERES. The insertion of TANGO1-Long across the bilayer causes it to self-
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assemble into a vast, highly ordered ring structure measuring approximately 200 nm in diameter [50]. This 
architecture is structurally supported and stabilized by its alternative splice isoform, TANGO1-Short, and 
its coreceptor cutaneous T-cell lymphoma-associated antigen 5 (cTAGE5), which physically locks the 
structural subunits into place [51–53]. Rather than grouping randomly, the proline-rich domains decorating 
the cytoplasmic portion of the TANGO1 ring project outward to directly bind Sec23, a core component of 
the inner COPII coat [37,50,51]. By physically anchoring the Sec23/Sec24 complex directly over the rim 
of the 200 nm aperture, TANGO1 corrals the inner COPII coat components along the perimeter [50]. This 
halts their default thermodynamic drive to spontaneously polymerize into small spheres [54], effectively 
keeping the throat of the budding macro-carrier open. To prolong this open state, TANGO1’s cytoplasmic 
domain also interacts directly with Sec16 [55–57], a major peripheral membrane protein essential for 
organizing the baseline structure of the ERES. Through this scaffolding link, the TANGO1/Sec16 complex 
actively suppresses Sar1 GTP hydrolysis at the neck of the carrier [58,59]. This safety mechanism keeps a 
persistent ring of active, membrane-bound Sar1-GTP to stabilize the growing carrier structure. 

Positioned precisely over the site where the luminal SH3 domain anchors the liquid procollagen-HSP47 
pool, the TANGO1 ring acts as a central bottleneck [50]. As incoming donor lipids expand the budding 
carrier membrane, the ring structure dictates the shape of the emerging envelope. It establishes a controlled 
orifice through which the dense, pliable procollagen condensate is squeezed, ensuring that the bulk fluid 
procollagen condensate flows cleanly into the center of the elongating, tube-like mega-carrier (Figure 3). 

3.3. Kinetic Control: The Biochemical Delay of Vesicle Closure 

While TANGO1 ring assembly creates the physical aperture needed for fluid cargo extrusion, a 
mechanical funnel alone cannot guarantee successful transport. Under baseline conditions, standard COPII 
coat subunits polymerize rapidly via a thermodynamic rate, quickly forming an outer cage that pinches off 
small vesicles from the ER membrane. For an extensive, phase-separated condensate to completely empty 
its contents across the bilayer boundary, this default fission program must be selectively suspended. The 
cell achieves this kinetic matching by introducing a localized, calcium-dependent biochemical delay that 
temporarily stalls vesicle-tunnel closure. 

A specialized ubiquitination hub drives this precise chronological delay and operates directly on the 
cytosolic leaflet of the ERES. The core coordinators of this timing mechanism are Cullin-3 (CUL3) and its 
substrate-specific adaptor Kelch-like protein 12 (KLHL12) [13,60]. This E3 ubiquitin ligase complex is 
dynamically recruited to the active export site in response to localized calcium fluxes, a process mediated 
by the calcium-binding adaptor proteins peflin and apoptosis-linked gene 2 [61–63]. Once localized to the 
perimeter of the TANGO1 fence, the CUL3-KLHL12 complex targets Sec31 [15], one of the major 
structural components of the outer COPII coat scaffold. 

The CUL3-KLHL12 complex drives the selective monoubiquitination of Sec31, which dynamically 
alters the binding geometry and intermolecular interactions between neighboring Sec13/Sec31 lattices [64]. 
Rather than preventing outer coat assembly entirely, monoubiquitination acts as a biochemical brake, 
significantly slowing the rate of outer cage polymerization [15,65]. By extending the time window before 
vesicle closure, the cell gives the elongating macro-carrier membrane enough time to receive the incoming 
bulk volume of the procollagen droplet. This extended expansion phase is further safeguarded by Sedlin 
[66], which binds directly to TANGO1 to orchestrate the efficient, regulated cycling of the initiating small 
GTPase, Sar1, at the vesicle neck. By regulating Sar1 nucleotide-state transitions, Sedlin works in tandem 
with the altered outer coat to prevent premature membrane scission [66], thereby ensuring that the pool of 
pliable procollagen is safely processed across the ERES boundary. 

Researchers have long proposed that ER exit of bulky procollagen molecules requires remodeling of the 
canonical COPII coat. In particular, the Cullin-3 ubiquitin ligase complex (CUL3-KLHL12), dynamically 
recruited to exit sites via calcium-binding adaptors [61–63], was shown to monoubiquitylate SEC31A, 
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thereby driving the formation of enlarged COPII carriers. However, whether SEC31A monoubiquitylation 
strictly governs carrier size and anterograde trafficking remains under active debate. Recent work 
demonstrates that large COPII–KLHL12 assemblies can form independently of CUL3 neddylation/catalytic 
activation, and another dimer, CRL3-KLHL12, can monoubiquitylate SEC31, leading to an increase in COPII 
vesicle dimension and clearance of collagen [67]. The authors proposed that this collagen clearance likely 
occurs through ER-to-lysosomal pathways [67]. Furthermore, procollagen molecules that fail to exit the ER 
are targeted directly from ERES for degradation via selective ER-phagy/microautophagy [68]. Thus, whether 
ubiquitylation of COPII components primarily remodels transport carriers for forward secretion, gates ER 
quality control, or coordinates ER-phagy remains an open question that warrants further investigation. 

3.4. Lipid Logistics: Retrograde Membrane Recruitment from the ERGIC 

Slowing outer-coat polymerization aligns the biochemical clock of fission with the transport window, 
but expanding the transport carrier around a massive fluid cargo requires an immense lipid influx that far 
exceeds the homeostatic surface area available at a default ERES. To avoid a localized depletion of the ER 
bilayer during this prolonged budding event, the TANGO1 complex acts as a localized lipid-conscription 
hub [69]. It establishes a metabolic and structural sink that actively draws in and fuses membrane volume 
from downstream donor compartments to accommodate the bulk volume of the flowing cargo pool. 

This extensive lipid recruitment operates through two synchronized membrane-remodeling 
mechanisms mapped directly to TANGO1’s coiled-coil domains. Adjacent to the ER membrane, TANGO1 
utilizes its second coiled-coil domain (CC2, distal to the ER bilayer) to bind tightly and directly to its 
coreceptor cTAGE5 via their respective coiled-coil motifs. While TANGO1 captures cargo internally and 
tethers the coat externally, cTAGE5 directly recruits and concentrates Sec12, the guanine nucleotide 
exchange factor for Sar1 [70], at the ERES perimeter [58]. By concentration-coupling Sec12 to the site of 
cargo extrusion, the complex ensures a massive, localized generation of active, GTP-bound Sar1 [58,70]. 
This constant insertion of Sar1 amphipathic helices into the cytosolic leaflet continuously drives localized 
membrane curvature, forcing the lipid bilayer to expand outward into an elongated container. Concurrently, 
TANGO1’s first coiled-coil domain (CC1, proximal to the ER bilayer) exposes its specialized TEER 
(Tether for ERGIC at the ER) region. This region recruits the heterotrimeric NRZ complex (NBAS, RINT1, 
and ZW10) directly to the cytosolic face of the ERES [71]. Under the guidance of the NRZ tethering 
complex, the standard directional flow of the early secretory pathway is locally modified: the complex 
captures retrograde membrane transport intermediates arriving from the ERGIC and anchors them directly 
at the base of the budding carrier [72]. These targeted ERGIC membranes, uniquely trackable via the marker 
protein ERGIC-53 [52,55,58,71] directly fuse into the ERES bilayer via localized SNARE pairings [69]. 
By integrating external ERGIC membranes directly at the carrier neck, the budding envelope continuously 
grows and extends, creating a highly accommodating, pleiomorphic sleeve that swallows the fluid 
procollagen condensate as it is extruded through the structural orifice. The continuous fusion of these 
targeted donor lipids stabilizes the elongated carrier, establishing a transient, interconnected channel that 
directly links the ER lumen to the early Golgi architecture [34]. 

While the classical model of bulky cargo export relies on the coordinated action of TANGO1 and 
enlarged or modified COPII coats, recent work has illuminated additional tethering and membrane-
organizing machineries required for procollagen packaging. In particular, researchers recently identified 
the multiple C2 domain-containing ferlin protein, myoferlin, as a novel tethering factor that couples ERGIC 
to ERES [73]. Mechanistically, post-translational modification (specifically site-specific O-GlcNAcylation) 
of the inner-coat subunit Sec24D promotes myoferlin recruitment, facilitating retrograde ERGIC-to-ERES 
membrane recruitment or fusion to supply the membrane surface area needed to accommodate rigid 
procollagen trimers. Independent studies have now corroborated myoferlin’s direct role in mediating 
efficient procollagen secretion [74], establishing that non-canonical membrane tethering via 
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calcium/phospholipid-binding ferlins operates in parallel with or downstream of core ERES organizers 
(such as TANGO1 and Sec23/Sec24). Incorporating myoferlin into models of early secretory trafficking 
underscores that procollagen egress is not merely driven by mechanical coat deformation, but rather relies 
on active, regulated inter-organelle membrane remodeling between the ERES and ERGIC. 

3.5. Macro-Organization of the Export Zone by Trk-Fused Gene 

The local assembly of the TANGO1/cTAGE5 ring complex and the kinetic modifications of the COPII 
coat operate directly on individual ERES lipid bilayers, but the higher-order spatial orchestration of the exit 
domains requires further specialized cytosolic scaffolding. Inside the mammalian transitional ER, the Trk-
fused gene acts as a master architectural organizer. The Trk-fused gene self-assembles at its amino terminus 
into a cup-shaped macromolecular ring network on the cytosolic face of the membrane [75,76]. This 
expansive proteinaceous meshwork physically bridges bundles of scattered transitional ER elements into 
distinct, highly concentrated ERES hubs [62,75]. Cells depleted of the Trk-fused gene support the baseline 
capacity to export standard-sized soluble proteins via fragmented mini-exit sites but show a complete block 
in bulk matrix traffic [77]. The Trk-fused gene macro-scaffold is strictly required to provide the physical 
scale and long-term structural stabilization needed to sustain prolonged COPII coat assembly over extensive 
cargo volumes. Positioned directly at the traffic boundary between the ERES and the downstream ERGIC, 
the Trk-fused gene matrix serves as a localized gatekeeper. It concentrates, stabilizes, and aligns the 
emerging transport pathways, ensuring that the flowing, fluid procollagen pool is efficiently processed 
across the organelle boundary into the early Golgi architecture [78]. 

4. Phase III—Transit Through the Secretory Pathway 

4.1. Intercompartmental Continuity: The Transient Tunnel Model 

The physical resolution of the procollagen export site has introduced one of the most remarkable and 
paradigm-shifting mechanisms in modern cell biology, completely upending traditional models of vesicular 
trafficking. In classical textbook schemas based on standard-sized cargo, a transport carrier must undergo 
complete membrane fission from its donor compartment, forming an isolated, independent spherical vesicle 
that floats through the cytoplasm to find and fuse with its target organelle. However, high-resolution live-
cell imaging and biophysical modeling have fundamentally dismantled this view for large cargoes. 
Complete membrane fission in a 400 nm container would impose a large thermodynamic barrier and an 
unsustainable energetic burden on the ER bilayer. To avoid this structural bottleneck, the cell bypasses 
standard carrier-mediated separation entirely, using the TANGO1 complex to form a direct, transient 
membrane tunnel connecting the ER lumen to the Golgi (Figure 4, Panel A). 

4.2. The Non-Separating Pipeline and Entropic Flow 

Rather than generating a free-floating mega-vesicle that pinches off and drifts away, the export 
machinery establishes a direct physical continuity between the ER and the ERGIC. This non-separating 
shortcut relies on two distinct mechanical roles within the structural network. Unlike traditional cargo 
receptors that pack into budding vesicles and travel alongside their cargo, TANGO1 never leaves the ERES 
[50]. It remains at the ERES boundary, acting as a permanent, transmembrane mooring bridge. By using 
its TEER domain as described in Section 3.4, TANGO1 pulls ERGIC membranes backward until they fuse 
at the ERES boundary, forming an envelope that wraps around the procollagen [40]. This fusion establishes 
an open, continuous tubular path linking the two distinct organelles (Figure 4, Panel B). 

Because the membranes are continuously connected, local physics rather than active vesicular 
translocation governs the cargo’s directional movement. As theoretically modeled by Bunel et al. [40], this 
forward propulsion is driven by an entropic ratchet and fluid pump mechanism. The ER lumen and the 
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ERGIC maintain distinct internal microenvironments, characterized by acute chemical divergence and a 
shifting pH gradient [79]. Structurally, the luminal domain of TANGO1 features a massive, highly 
unstructured segment spanning approximately 1000 amino acids, classified as an intrinsically disordered 
region (TANGO1LUM IDR) [40]. Under resting conditions, this flexible chain samples an exceptionally 
vast conformational space, yielding high localized baseline entropy. 

 

Figure 4. Comparative models of large cargo ER exit and intracellular transport. (Panel A): The Transient Tunnel Model. 
TANGO1 complexes organize into a defined ring structure (~200–400 nm pore diameter) at the ERES, corralling inner COPII 
coat components to delineate a wide neck for bulky cargo transit. Recruitment and fusion of ERGIC-derived membranes fluidify 
the lumen, establishing a directional membrane fluid flow. Procollagen bundles (purple) are bound to Hsp47 chaperones (green 
ovals) and are extruded through a transient, funnel-like neck into a growing carrier without forming intermediate standard COPII 
vesicles. The expanding tubule matures into a discrete Mega-Transport Carrier (MTC). Following membrane fission, the MTC 
detaches, delivering bulky cargo to the Golgi while leaving the TANGO1 ring assembly intact at the ER membrane. (Panel B): 
The Non-Separating Pipeline Model. TANGO1 and COPII/ERGIC proteins stabilize a direct, permanent or long-lived tubular 
extension that forms a continuous membrane connection between the ER lumen and the target compartment. The procollagen 
rods move continuously along the lumen of the stabilized pipe, eliminating the requirement for carrier fission along the conduit. 

However, when the phase-separated, fluid procollagen-HSP47 complexes crowd the ERES and bind 
to TANGO1’s luminal docking domain, they form a dense, restricted protein network that severely confines 
the space available to the IDR tails. To minimize this localized loss of conformational entropy, the polymer 
chains spontaneously generate an entropic contraction force, acting like a compressed microscopic spring 
that pulls back to reclaim their disordered freedom. Because the TANGO1 scaffold is anchored in the rigid 
ERES ring, it cannot move backward to relieve this tension; instead, this thermodynamic force is translated 
into a physical pull on the mobile cargo. The resulting pressure differential acts as a continuous fluid pump 
or capillary siphon, smoothly drawing the pliable procollagen pool out of the bulk ER lumen and driving 
its anterograde flow through the tunnel toward the early Golgi network at a rate of 1 nm·s−1 [40]. 

We hypothesize that, in the tunnel model, COPII coat proteins and their accessory molecules behave 
and are ultimately sorted differently. These proteins are hijacked and incorporated into a static scaffold. 
Rather than acting as mobile vehicles, they serve as the stationary part of the architectural nozzle, keeping 
the mouth of the intercompartmental pipeline open and anchoring, stabilizing, and gatekeeping locally. 
They remain at the periphery of the ERES in a state of suspended polymerization, preventing a complete 
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cage from forming and ensuring that no fission event can close the tunnel while the procollagen pool flows 
through it. 

4.3. Gating the Tunnel: The Dual-Helix Lipid Diffusion Barrier 

While forming a direct intercompartmental channel solves the logistical volume deficit of bulk 
procollagen trafficking, it introduces a profound topological crisis: the potential loss of organelle identity 
through unregulated lateral lipid mixing. The ER membrane is thin and enriched with lipids like 
phosphatidylcholine, while downstream Golgi compartments are packed with rigid sphingolipids and 
cholesterol [80–82]. Left unchecked, lateral diffusion across an open membrane tube would cause these 
lipids and untargeted membrane proteins to mix and dilute each other. This biophysical dilemma is 
elegantly resolved by an unusual structural feature within TANGO1’s core architecture [49]. Rather than 
utilizing a conventional single transmembrane span, TANGO1 inserts into the bilayer via a specialized 
dual-helix membrane domain. This domain consists of one true transmembrane-spanning helix paired with 
an adjacent hydrophobic intramembrane loop that penetrates only the cytoplasmic leaflet, anchoring 
horizontally without crossing to the luminal side. Upon oligomerization into the macro-structural 200 nm 
ring, these specialized dual helices pack tightly side-by-side at the highly curved neck of the budding carrier, 
aligning like a dense row of structural pylons [50]. 

Biophysical reconstitution and mathematical modeling have shown that this rigid, proteinaceous ring 
forces an extreme local constriction and structural compression on the surrounding lipids, creating a potent 
lipid diffusion barrier [40]. By functioning as a physical molecular collar, this structure establishes a strict 
segregation zone [49] that permits the unimpeded anterograde flow of the luminal, fluid procollagen 
condensate through the open center of the tunnel while completely arresting the lateral, inter-organelle 
diffusion of resident membrane lipids and proteins. Consequently, the cell can maintain a continuous, high-
volume shipping pipeline without sacrificing the distinct biochemical boundaries that define the early 
secretory pathway. 

4.4. Golgi Processing: Fluid-State Transition and the Maturation Paradigm 

Upon flowing through the TANGO1-gated transient intercompartmental tunnel and crossing the dual-
helix lipid diffusion barrier, the pliable procollagen pool enters the early Golgi architecture. Rather than 
acting as a simple passive conduit or as a recipient of isolated packages from detached vesicles, the Golgi 
apparatus functions as a highly coordinated, continuous processing line. Within this organelle, the incoming 
fluid cargo undergoes a carefully timed transition, with sequential carbohydrate remodeling, as it shifts 
from its protective, fluid-droplet phase inside the ER to highly concentrated, parallel macromolecular 
crystalline arrays. This phase not only completes the molecule's chemical maturation but also provides 
classic historical evidence of how bulk cargo transitions through the Golgi stack. 

Historically, the intracellular trafficking of procollagen was the critical catalyst that resolved the long-
standing debate between the static vesicular transport and dynamic cisternal maturation models of the Golgi 
apparatus. Under the traditional vesicular view, Golgi cisternae were thought to be stationary compartments, 
with cargo packed into small COPI vesicles that hopped from one cisterna to the next, and these vesicles 
were too small to accommodate procollagen molecules. 

Pioneering work using three-dimensional electron microscopy and live-cell imaging showed that 
procollagen molecules never leave the Golgi lumen during anterograde transport. Instead, the cargo is 
transported via a cisternal progression-maturation model [83]. New cis-cisternae are continually generated 
at the proximal face of the Golgi stack by homotypic fusion and coalescence of incoming cargo-filled 
membranes originating from the downstream end of the transient tunnel-fed ERGIC pipeline [83]. The 
entire membrane cisterna then physically moves forward through the stack like a conveyor belt. As it 
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progresses, the cisterna gradually shifts its biochemical identity because resident enzymes are continuously 
recycled backward into preceding cisternae via retrograde COPI vesicles, ensuring the large cargo moves 
forward without ever leaving the main luminal envelope [84]. 

As the procollagen pool progresses through the maturing cis-, medial-, and trans-cisternae [83], its 
carbohydrate structures become remodeled by an ordered relay of these retrograde-recycled resident 
enzymes. The core oligosaccharide chains previously added to the non-helical 𝑁 - and 𝐶 -terminal 
propeptides within the ER lumen are systematically targeted. Golgi mannosidase removes the excess 
mannose residues, allowing subsequent medial and trans glycosyltransferases to attach N-
acetylglucosamine, galactose, and terminal sialic acid residues [83]. Concurrently, the carbohydrate chains 
attached to specific hydroxylysine residues within the central triple-helical domain are completed [83]. This 
precise, sequential addition of carbohydrates establishes the highly specific surface chemical signature 
required for downstream ECM signaling and collagen-receptor interactions. 

4.5. The Hydrophobic Transition: Lateral Packing and Crystalline Bundling 

Within the flattened lumen of the medial- and trans-Golgi cisternae, procollagen undergoes a physical 
transition. While inside the ER lumen, the molecule is maintained in a highly fluid, dynamic biomolecular 
condensate to prevent premature structural stacking; the changing internal environment of the Golgi stack 
triggers a deliberate crystallization. This transition is driven by a progressive luminal acidification gradient, 
which decreases from near neutral in the ER, to a pH of 6.5–6.7 in the cis-Golgi, 6.3–6.5 in the medial 
Golgi, to ~6.0 in the Trans-Golgi Network (TGN) [85,86]. As the pH drops toward the isoelectric point of 
the procollagen terminal domains, individual triple helices would lose their relative repulsive surface 
charges. This localized environmental shift [40,79] overcomes the protective fluid properties of the initial 
ER condensate [34], causing the mature triple helices to phase-separate into a rigid, structured state that 
condenses laterally into electron-dense procollagen bundles within maturing Golgi cisternae [83,87]. 

The procollagen bundle’s journey through the intracellular secretory pathway culminates at the TGN. 
Functioning as the central logistics and sorting hub of the eukaryotic cell, the TGN is dynamically 
compartmentalized to separate specialized cargo destined for lysosomes, the plasma membrane, or 
regulated extracellular secretion [88,89]. When laterally condensed, electron-dense arrays of parallel 
procollagen rods arrive at this terminal station, the cell faces a geometric packaging constraint that mirrors 
the initial size paradox encountered at the ERES. At the TGN, cargo exit typically relies on clathrin coats 
and adaptor protein complexes (e.g., AP-1) that polymerize into rigid polyhedral cages with strict diameter 
constraints (50–150 nm) [90], which are insufficient to capture the procollagen bundles [91]. Consequently, 
the TGN bypasses conventional coat-driven budding, engaging kinesin motors and Rab6-mediated 
membrane tubulation to pull giant, non-clathrin tubulo-vesicular mega-carriers out of specialized TGN exit 
domains [92,93]. 

5. Phase IV—Exocytosis and Extracellular Maturation 

At the cell surface, wide-aperture exocytosis of dense, laterally aligned procollagen arrays is driven by 
Rab8a/Rab11-recruited exocyst complexes [93], working alongside peripheral soluble N-ethylmaleimide-
sensitive factor attachment protein receptors (SNAREs) (VAMP7, Syntaxin 4, and SNAP-23) to sustain 
dilated fusion pores that prevent cargo shearing [94,95]. Once extruded intact into the extracellular space, 
procollagen molecules undergo targeted enzymatic processing by zinc-dependent metalloproteinases, 
thereby triggering self-assembly. Specifically, procollagen C-proteinase, enhanced by PCPE-1, and 
procollagen N-proteinases proteolytically clip the terminal globular propeptides [96–100]. Stripping these 
protective hydrophilic caps causes an instantaneous drop in solubility within the aqueous environment, 
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creating a strong thermodynamic driver that promotes spontaneous self-association and fibrillogenesis of 
the hydrophobic rigid rods [101]. 

To convert these fragile non-covalent polymer assemblies into a high-tensile matrix that can withstand 
physiological mechanical stress, the extracellular matrix initiates enzyme-catalyzed cross-linking [102,103]. 
Copper-dependent lysyl oxidase oxidatively deaminates specific lysine and hydroxylysine residues within 
the non-helical telopeptide regions into reactive aldehydes (allysine/hydroxyallysine) [104–106]. These 
aldehydes spontaneously condense with adjacent amino acid residues across precisely aligned strands, 
generating divalent intermediates that mature into permanent, trivalent pyrrole and pyridinoline cross-links 
[104,107]. By covalently locking the adjacent triple helices together, this final extracellular maturation 
phase solves the tissue-scale size paradox, transforming fluid cellular exports into a resilient supramolecular 
matrix scaffold. 

6. Open Questions 

Based on the current literature on procollagen export, the fluid procollagen condensate in the ER, and 
the TANGO1-mediated transient tunnel framework, several profound biochemical, structural, and 
physiological questions remain. 

1. Directed Cargo Flow and Condensate Clearance Dynamics: Although recent biophysical frameworks, 
such as the entropic contraction model proposed by Bunel et al. [40], elegantly describe how entropic 
forces pull the fluid procollagen/HSP47 condensate pool through the transient tunnel, the precise 
mechanochemical trigger that initiates this directional momentum remains unknown. In addition, once 
the fluid droplet crosses the TANGO1 boundary, it is unclear whether the condensate clears the lumen 
completely or whether a residual fraction remains at the exit site to preserve channel geometry and 
membrane stability. Mapping the physical parameters that govern the volumetric throughput, viscous 
drag, and complete clearance of a phase-separated biomolecular droplet across the TANGO1 ring 
structure represents a vital, unmapped frontier in live-cell biophysics. 

2. Distal Tunnel Resolution. Transient Scission Versus Perennial Continuities: While TANGO1 remains 
strictly localized to the ERES boundary, the distal fate of the inter-compartmental tunnel that bridges 
the ER and ERGIC remains a pivotal topological question. It remains unresolved whether this 
membrane pipeline undergoes dynamic, cycle-by-cycle scission driven by specific fission machinery 
once the phase-separated condensate pool translocates, or whether it persists as a long-term, perennial 
structural continuity. In hyper-active matrix-secreting cells such as myofibroblasts, maintaining a 
persistent, non-cleaved membrane bridge would drastically reduce the kinetic cost of repeated coat 
assembly and scission; however, the mechanisms that would stabilize such an open, multi-
compartmental conduit against lipid mixing and organellar collapse remain uncharacterized. 

3. Can transient tunnels and the non-separating pipelines co-exist? Transient tunnels and non-separating 
pipelines could coexist, and this remains open to debate. This may depend on cargo load, cell type, and 
secretory demand. Under basal physiological conditions with moderate collagen synthesis, discrete 
transient tunnels could open, translocate collagen bundles, and resolve via scission, avoiding 
compromise of organellar compartmentalization and preventing leakage of ER-resident chaperones 
(BiP, PDI, HSP47). Under hyper-secretory physiological regimes (e.g., active osteoblasts depositing 
bone matrix, or dermal fibroblasts during active wound repair), high local procollagen flux could keep 
the transient tunnel open indefinitely, effectively converting the connection into a quasi-permanent 
non-separating pipeline. Recent studies also indicate that ERES are morphologically and functionally 
heterogeneous [108]. Subpopulations enriched in specific TANGO1 isoforms (TANGO1-Long vs. 
TANGO1-Short) and distinct tethering partners (cTAGE5, Sec12, NRZ complex) may form 
specialized high-throughput “pipeline” conduits at central juxtanuclear ERES, while peripheral ERES 
operate via discrete, transient budding/tunneling events. For a continuous pipeline to co-exist without 
compromising the biochemically distinct identities of the ER and ERGIC/Golgi, TANGO1 must form 
an organized proteinaceous fence/diffusion barrier (via its transmembrane and intramembrane helices) 
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[49]. This barrier would allow directional bulk cargo translocation while preventing homogenization 
of ER-resident proteins and lipids. To directly test the difference between a transient tunnel (which 
cycles through opening, scission/fission, and closure) and a continuous pipeline (a sustained, persistent 
conduit), using continuous loss photobleaching of a diffusible luminal reporter may demonstrate the 
answer. The transient tunnel fundamentally depends on scission/fission machinery to terminate the 
bridge, whereas a continuous pipeline does not. In the transient model, fluorescence depletion should 
be negligible or occur in stochastic, stepwise drops corresponding to discrete, time-limited opening 
and closing/fission cycles. A non-separating pipeline would cause rapid, steady, uninterrupted 
depletion of fluorescence because the lumen remains continuously open. 

4. Intercompartmental Continuity and Cisternal Maturation Dynamics: A major spatial paradox arises 
when reconciling the TANGO1-mediated transient tunnel model with the classic cisternal maturation 
paradigm governing post-ER transport. The classical maturation framework dictates that ERGIC 
elements homotypically coalesce at the proximal face of the Golgi stack to continuously generate new 
cis-cisternae. However, if the transient tunnel acts as a direct, continuous membrane pipeline 
connecting the ER to the ERGIC interface, the mechanical hand-off of bulk cargo into a forward-
progressing Golgi cisterna remains topologically unresolved. Specifically, it is unknown how this 
continuous pipeline transfers large procollagen condensates into a standalone, maturing cisterna 
without allowing downstream Golgi lipids and resident processing enzymes to flow retrograde across 
TANGO1’s dual-helix diffusion barrier. Defining the lipid-gating mechanics at this junction will be 
essential to unify intercompartmental tunnel transport with Golgi ribbon dynamics. 

5. Physical Phase Transitions of Procollagen Beyond the ER: Recent biophysical insights have unmasked 
the fluid, phase-separated droplet nature of procollagen inside the ER lumen [40]. The precise physical 
state of the cargo during its progression through the Golgi stack remains unresolved. Historically, static 
electron micrographs of lateral procollagen bundling in maturing Golgi cisternae have been interpreted 
as a rigid, solid-like crystalline condensation. However, whether the intra-Golgi environmental shifts, 
specifically the progressive luminal acidification, changing calcium levels, and altered ion ratios, 
induce a true liquid-to-solid phase transition or merely compress the liquid condensate into a highly 
ordered, high-density liquid-crystalline state remains an open biophysical question. Determining the 
material properties of post-ER procollagen aggregates in vivo will be crucial to understanding how the 
intra-cisternal environment regulates cargo transport without triggering catastrophic, irreversible intra-
Golgi precipitation. 

6. Tissue-Specific Machinery and Structural Heterogeneity Across the Collagen Superfamily: While 
Type I procollagen in interstitial fibroblasts serves as the foundational archetype for the 
TANGO1/cTAGE5/CUL3 export model, whether these precise components are universally conserved 
across all twenty-eight human collagen types remains an open question. The collagen superfamily 
encompasses vast structural diversity, ranging from linear, high-tensile fibrillar collagens (Types I, II, 
III, V) to sheet-forming basement membrane networks (Type IV) and transmembrane collagens (Types 
XIII and XVII). Genetic evidence in Drosophila and mammalian models confirms that non-fibrillar 
collagens, most notably basement membrane procollagen IV, strictly require TANGO1 for ER export 
[37,109]. Given the comparable molecular lengths (~400 nm for type IV vs. ~300 nm for type I), the 
spatial barrier imposed by standard COPII vesicles remains identical. However, the presence of flexible 
interruptions and bulky globular NC1 domains in procollagen IV [110] raises the question of whether 
ring pore dimensions, gating kinetics, and putative fluid-extrusion dynamics are uniformly conserved 
or tailored to specific structural classes of collagens. It is currently unknown whether other non-fibrillar 
or network-forming collagens rely on the identical ~200 nm TANGO1 ring geometry and fluid 
extrusion mechanics, or if distinct tissues express specialized TANGO1/cTAGE5 isoforms, homologs 
(such as TALI/MIA2), or uncharacterized tissue-specific chaperones to build cargo-customized export 
architectures. Systematic mapping of ERES remodeling across ECM-secreting cell types, including 
chondrocytes, endothelial cells, and epithelial lineages, will be essential for establishing whether a 
single unified export paradigm governs the entire collagen superfamily. 
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7. Regulation of Sec31 De-ubiquitination and ERES Recycling Kinetics: The localized 
monoubiquitination of the outer COPII coat subunit Sec31 by the CUL3/KLHL12 E3 ubiquitin ligase 
complex is a well-established vital biochemical brake that delays carrier closure to accommodate bulky 
procollagen; the complementary off-switch governing ERES recovery remains entirely unmapped. To 
return the ERES to its default 60–90 nm parameters for baseline, spherical vesicular traffic, the cell 
must systematically remove these monoubiquitin handles from Sec31. The specific deubiquitinating 
enzymes that execute this de-clamping step, along with the spatial and temporal signals that recruit 
them after cargo departure, represent a fundamental gap in ubiquitin biology and membrane coat 
dynamics. Identifying these regulatory deubiquitinating enzymes will be crucial to understanding how 
high-flux secretory cells dynamically reset their exit sites between successive waves of 
macromolecular export. 

8. Elucidating the Post-Golgi Structural Machinery at the Trans-Golgi Network: While the 
mechanochemical protocols governing the elongation of COPII-derived carriers at the ERES driven by 
TANGO1 ring assembly, retrograde lipid conscription, and CUL3/KLHL12 monoubiquitination have 
been extensively characterized, the structural machinery operating at the TGN remains a major black 
box. Classical post-Golgi export relies on clathrin lattices and heterotrimeric adaptor complexes (e.g., 
AP-1, GGA proteins), which are thermodynamically and geometrically constrained to generate small, 
spherical vesicles (~50–150 nm). Consequently, how the TGN deforms its membrane to accommodate 
procollagen without relying on spherical coat cages remains an unsolved problem in sorting paradigms. 
Identifying the TGN-localized coat adaptors or motor-driven tubulation machinery that orchestrates 
post-Golgi mega-carrier formation represents a critical frontier in organelle logistics. 

9. Mechanochemical Calcium Sparks as Upstream Triggers for ERES Ubiquitination: Whereas calcium-
dependent penta-EF-hand adaptors peflin and ALG2 are well-established as molecular switches that 
recruit the CUL3/KLHL12 E3 ubiquitin ligase to monoubiquitinate Sec31 and decelerate vesicle 
closure [61], the upstream signal that triggers localized calcium release at the ERES remains unknown. 
A compelling mechanochemical hypothesis posits that the physical crowding or phase separation of 
procollagen condensates within the luminal microenvironment exerts mechanical tension or steric 
pressure on the adjacent ER membrane. This localized physical force could dynamically gate 
neighboring luminal ER calcium release channels, such as IPଷ  receptors or ryanodine receptors, 
generating microdomain calcium sparks precisely where bulk cargo accumulates. Determining whether 
cargo-driven membrane tension directly gates localized ion channels to trigger E3 ligase recruitment 
will be essential for establishing a direct, mechanochemical feedback loop linking intra-luminal 
procollagen density with cytosolic coat modification kinetics. 

10. Mechanotransduction and Outside-In Signaling Loops in Pathogenic Matrix Export: Although 
activated myofibroblasts upregulate TANGO1 to sustain high-flux procollagen secretion during 
fibrotic progression [111], it is unknown whether mechanical forces retroactively control intracellular 
export machinery, and this remains a major unmapped frontier. A compelling mechanobiological 
hypothesis posits that increased ECM stiffness engages cell-surface mechanosensors, such as 𝛽ଵ 
integrins and focal adhesion complexes, to trigger transcriptional mechanotransduction cascades (e.g., 
via YAP/TAZ or MRTF-A translocation). This outside-in mechanical signaling could directly drive 
the transcriptional upregulation or ERES stabilization of TANGO1 and cTAGE5. Elucidating whether 
ECM stiffening initiates a pathogenic mechanochemical feed-forward loop in which a rigid matrix 
forces the cell to amplify its export machinery, thereby driving further collagen deposition, would be 
vital to establishing new therapeutic windows in progressive fibrosis. If mechanosensory feedback 
from a stiffened ECM directly tunes ERES capacity and TANGO1 conduit dynamics, this would 
uncover a previously unrecognized mechanically regulated checkpoint at the organelle level. 
Conceptually, this transforms the secretory apparatus from a passive downstream conduit into an active 
driver of the fibrotic vicious cycle. From a drug development perspective, targeting the molecular 
transducers that relay cytoskeletal tension to ERES assemblies offers an attractive therapeutic window: 
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it could selectively silence hyper-secreting myofibroblasts trapped in rigid scar tissue while sparing 
basal ECM turnover in compliant, healthy organs. 

11. Macro-Condensate Clearance and ER-phagy as Quality Control Safety Valves: While structurally 
compromised procollagen monomers that fail luminal quality control are retrotranslocated across the 
ER membrane and destroyed via the ubiquitin-proteasome system (ERAD) [112], the physical 
dimensions of phase-separated procollagen condensates present a severe proteostatic paradox. The 
barrel-shaped pore of the 20S proteasome can only thread narrow, unfolded single polypeptide chains. 
Consequently, standard ERAD machinery cannot disassemble or retrotranslocate a multi-protein liquid 
macro-condensate comprising interlinked procollagen trimers, HSP47 chaperones, and associated 
luminal factors. This topological bottleneck suggests that the cell must engage specialized selective 
autophagy pathways to clear aberrant condensates. Identifying the specific ER-phagy receptors that 
recognize stalled condensates, and the mechanochemical signals that trigger autophagic engulfment of 
entire condensate-containing ER subdomains, remains a critical, unmapped frontier in procollagen 
quality control and osteogenesis imperfecta pathology. 

12. The Bioenergetics and Colloidal Physics of Post-ER Phase Transitions: Despite the fact that the initial 
procollagen fluid phase inside the ER lumen serves as a vital protective strategy to prevent premature 
fibril aggregation [40], the biophysical mechanisms governing its subsequent transition into densely 
packed intra-Golgi arrays remain largely unmapped. Shifting from a highly dynamic, fluid condensate 
into a compressed, parallel crystalline bundle without triggering intra-luminal precipitation or 
irreversible protein clumping represents an extraordinary feat of soft-matter biophysics. Although 
progressive acidification and shifts in Ca2+/K2+ ion ratios across the cis- to trans-Golgi stack alter 
surface charges and hydration shells, identifying the specific thermodynamic off-switches or solvent 
modifiers that safely regulate this colloidal phase transition in vivo remains a fundamental open 
question in matrix biology. 

7. Conclusions 

The chronological exploration of the procollagen molecule highlights an extraordinary evolutionary 
adaptation in cellular logistics. To accommodate a structural cargo whose physical dimensions completely 
defy the geometric constraints of classic vesicular trafficking, the eukaryotic cell fundamentally rewires its 
standard secretory protocols. Through a highly synchronized interplay of transmembrane bridging, physical 
ring corralling, targeted membrane recruitment, and precise biochemical delay, the cell dynamically remodels 
default 60–90 nm spherical COPII vesicles into expansive, pleiomorphic mega-carriers and transient tunnels. 
This complex intracellular pipeline operates in direct continuity with highly specific extracellular processing 
events, such as propeptide cleavage and lysyl oxidase-mediated cross-linking, to transform individual, fluid 
trimeric chains into the resilient supramolecular networks that support metazoan life. 

Despite major breakthroughs in identifying key molecular organizers such as TANGO1, cTAGE5, and 
the CUL3/KLHL12 complex, several fundamental questions remain unanswered, as discussed above. 
Resolving these remaining biochemical details will do more than just fill gaps in basic cell biology; it will 
provide the specific blueprints needed to advance clinical therapeutics. As our understanding of the 
procollagen export machinery matures from a static inventory of components to a dynamic, physiological 
timeline, we could unlock the ability to design highly targeted interventions. Uncoupling cargo selection 
from carrier growth or modulating localized ERES assembly kinetics offers a sophisticated pathway to 
selectively brake the hyper-secretory state of activated myofibroblasts. Ultimately, targeting this 
specialized transport window offers a promising paradigm for arresting the progression of devastating 
fibrotic conditions or alleviating severe genetic connective tissue pathologies, translating fundamental 
trafficking insights into tangible clinical horizons. 
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