
The C-Propeptide in Collagen Proteostasis 
 

by 
 

Rasia (Chichi) Li 
 

B.S. Chemistry 
University of Virginia, 2016 

 
 

SUBMITTED TO THE DEPARTMENT OF CHEMISTRY IN PARTIAL FULFILLMENT OF THE 
REQUIREMENTS FOR THE DEGREE OF 

 
DOCTOR OF PHILOSOPHY IN CHEMISTRY 

AT THE 
MASSACHUSETTS INSTITUTE OF TECHNOLOGY 

 
MAY 2022 

 
 

© 2022 Massachusetts Institute of Technology. All rights reserved. 
 
 
 
 
 
 
 

Signature of Author: ____________________________________________________________ 
Department of Chemistry 

May 6, 2022 
 
 
 
 
 
 
Certified by: __________________________________________________________________ 

Matthew D. Shoulders 
Associate Professor 

Thesis Supervisor 
 
 
 
 
 
 
Accepted by: _________________________________________________________________ 

Adam P. Willard 
Associate Professor 

Graduate Officer 



This doctoral thesis has been examined by a committee of the Department of Chemistry          
as follows: 

 
 
 
 
 
 
____________________________________________________________________________ 

Ronald T. Raines 
Roger and Georges Firmenich Professor 

Thesis Committee Chair 
 
 
 
 
 
 

____________________________________________________________________________ 
Matthew D. Shoulders 

Associate Professor 
Thesis Supervisor 

 
 
 
 
 
 

____________________________________________________________________________ 
Elizabeth M. Nolan 

Ivan R. Cottrell Professor of Immunology 
Thesis Committee Member 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



3 
 

The C-Propeptide in Collagen Proteostasis 
 

by 
 

Rasia (Chichi) Li 
 

Submitted to the Department of Chemistry on May 6, 2022 in Partial Fulfillment of the 
Requirements for the Degree of Doctor of Philosophy in Chemistry 

 
 

ABSTRACT 
 

Collagen folding is initiated at the C-terminal propeptide (C-Pro) domain, a globular 
domain wholly distinct from the collagen’s characteristic triple helix. The C-Pro domain is 
responsible for assembling three collagen strands into the correct orientation and stoichiometry 
and nucleating folding of the most abundant protein in the human body. While the function of the 
C-Pro domain in guiding collagen assembly is well accepted, its role in proteostasis has only 
recently been appreciated. In Chapter 2, we demonstrate that the highly-conserved N-glycan in 
the collagen-I C-Pro domain is critical for maintaining collagen proteostasis under challenging 
conditions. Specifically, the N-glycan facilitates interaction between procollagen and ER lectin 
chaperones to ensure proper folding of misfolding-prone collagen variants or wild-type collagen 
under proteostatic stress. In Chapter 3, we present progress towards understanding the molecular 
mechanisms of collagen assembly. We previously showed that collagen-I C-Pro assembly 
patterns are guided by Ca2+-dependent non-covalent assembly of all C-Pro trimers, followed by 
covalent immortalization by interchain disulfide bonds. While prior work focused on the C-Pro 
domains in isolation, Chapter 3 explores unanswered questions about collagen assembly using 
full-length procollagen constructs. We show that regions of procollagen beyond the C-Pro domain 
play an unexpected role in defining the ability of triple-helical domains to homotrimerize. These 
results also yield fresh insights into the still unknown molecular features that promote procollagen 
heterotrimerization. Collectively, the work described in this thesis advance our understanding of 
the critical roles of the C-Pro domain in collagen proteostasis.  
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A NOTE ON COLLAGEN NOMENCLATURE USED HEREIN: 
 
Gene names are written as COLXAY, where X is the collagen type in Arabic numerals and Y is 
the number of the chain in Arabic numerals. 
 

Individual chains are written as Y(X), where X is the collagen type in Roman numerals and Y is 
the number of the chain in Arabic numerals. 
 
“pro” preceding the chain name specifies procollagen, which includes both propeptides. 
 
“N-Pro or “C-Pro” preceding the chain name specifies either the N-Pro or C-Pro domain of that 
chain alone, not fused to any other domain.
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CHAPTER 1: 
 
 

COLLAGEN ASSEMBLY AND PROTEOSTASIS 
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OVERVIEW  

Collagen is the most abundant protein in the human body and, by one estimate, the 

second most abundant protein on the planet.1 It serves as the molecular scaffold for animal life, 

comprising the primary proteinaceous component of connective tissue. Specifically, collagen is a 

fundamental component of the extracellular matrix (ECM) and is intimately involved in the ECM’s 

many functions, ranging from providing structural support to regulating signal transduction to 

maintaining tissue homeostasis.2 

Maintaining proper collagen biosynthesis is critical for many cells and tissues across 

human existence, yet collagen production is not a trivial process. Collagen monomers range from 

~600 to ~3000 amino acids in length and fold into homo- or heterotrimeric molecules that are 75 

to 425 nm in length.3 They fold and assemble in the crowded endoplasmic reticulum (ER), where 

they interact with a large number of chaperones and modifying enzymes and are subject to 

extensive (and essential) co- and post-translational modifications.4, 5 Assembly starts at the C-

terminus, and cells often express multiple collagen strands simultaneously, meaning fully 

synthesized collagen strands must remain soluble and unfolded until they meet the correct partner 

strands.6 Likely owing to collagen’s unusual size and shape, it appears to utilize non-canonical 

secretion and degradation mechanisms that are still being actively investigated.7-14 Secreted 

collagen molecules are subject to further processing, including cleavage of the propeptides, and 

modification, particularly formation of covalent crosslinks between triple helices, before they can 

assemble into their final supramolecular assemblies.15 Remarkably, this entire process takes only 

~30 minutes from translation to secretion.16   

As a consequence of these complexities, collagen folding often goes awry. Under normal 

conditions, up to 20–50% of collagen is estimated to misfold,17-22 and this problem is severely 

exacerbated in disease states. Dysregulated collagen production is linked to a variety of 

pathologies, from cancer to fibrosis to scurvy.23 Those associated with genetic defects, usually in 

a collagen gene or collagen-related protein, have been collectively termed the 

“collagenopathies”.24 Disease-modifying treatments for the collagenopathies do not exist. 

Considerable effort is being directed towards understanding and targeting each part of the 

collagen production process with the goals of both understanding and potentially treating 

disease.23 

 

THE FIBRILLAR COLLAGENS 

There are twenty-eight different types of collagen, encoded by forty-four different genes. 

The excess of genes compared to collagen types reflects that some collagens are heterotrimers, 
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composed of multiple unique chains.3 All collagens share the characteristic structural motif of a 

triple helix, formed by three polypeptide strands in polyproline II (PPII) helices twisted into a right-

handed helix.25 This triple-helical structure is enabled by a primary structure containing glycine at 

every third residue, in a repeating Gly-Xaa-Yaa triplet motif. Glycine, due to its small side chain, 

is the only amino acid that can sterically fit within the tightly packed interior of the triple helix. Xaa 

and Yaa can be any amino acid but are most commonly proline and 4(R)-hydroxyproline (Hyp), 

respectively, with Gly-Pro-Hyp being the most common triplet by far (10.5%).26  

The various types of collagen are subdivided into classes based on the supramolecular 

structures they form. The fibrillar collagens (types I, II, III, V, XI, XXIV, and XXVII) form long, 

periodic fibrils that contribute to the structural scaffold of tissues such as bone, cartilage, and 

tendon (Table 1-1).3 These collagens are the most abundant and most well-studied, particularly 

types I–III, and are the focus of this chapter. 

 

Table 1-1: The fibrillar collagens and their assembly patterns.3, 27-30 
 

Type Strand Homotrimeric form Heterotrimeric form 

type I 
1(I) [1(I)]3 [1(I)]22(I) 

2(I)  [1(I)]22(I) 

type II 1(II) [1(II)]3 
1(XI)2(XI)3(XI)* 

1(XI)2(V)3(XI)* 

type III 1(III) [1(III)]3  

type V 

1(V) [1(V)]3 

1(V)2(V)3(V) 

[1(V)]22(V) 

1(V)1(XI)2(V) 

2(V)  

1(V)2(V)3(V) 

[1(V)]22(V) 

[1(XI)]22(V) 

1(V)1(XI)2(V) 

1(XI)2(V)3(XI)* 

3(V)  1(V)2(V)3(V) 

type XI 
1(XI)  

1(XI)2(XI)3(XI)* 

[1(XI)]22(V) 

1(V)1(XI)2(V) 

1(XI)2(V)3(XI)* 

2(XI)  1(XI)2(XI)3(XI)* 

type XXIV 1(XXIV) [1(XXIV)]3  

type XXVII 1(XXVII) [1(XXVII)]3  

* 3(XI) has the same protein sequence as 1(II) with higher hydroxylysine-
linked glycosylation content.31, 32 
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The fibrillar collagens are synthesized as procollagen precursors, consisting of a single 

triple-helical domain bookended by short telopeptides and globular N- and C-terminal propeptide 

(N-Pro and C-Pro, respectively) domains.30, 33 Upon co-translational insertion of the procollagen 

chain into the ER, the nascent collagen chains undergo extensive co- and post-translational 

modifications, in particular proline and lysine hydroxylation.4 Folding and assembly into the 

procollagen trimer begins at the C-Pro domain, followed by zipper-like folding of the triple-helical 

domain.34 Once the triple helix is properly formed, the individual strands are no longer able to be 

hydroxylated. The fully formed procollagen molecule is then secreted from the cell, where the 

propeptides are cleaved prior to incorporation of the collagen molecule into fibrils.15 This chapter 

focuses on the process of fibrillar procollagen and assembly as it occurs in the ER, organized by 

the main domains of procollagen molecules (Fig. 1-1).  

 

 

Figure 1-1: Fibrillar collagen biosynthesis. 

Fibrillar collagen biosynthesis begins with translocation of individual strands into the ER. Each 
strand then undergoes a variety of co- and post-translational modifications prior to folding and 
assembly of the C-Pro domain. Once three C-Pro domains are properly assembled, the triple helix 
folds from C- to N-terminus. The resultant trimeric procollagen can be directed towards secretion 
or, if identified as somehow misfolded or misassembled, degradation. Secreted molecules 
undergo additional modifications during fibril assembly. 
 
THE C-PRO DOMAIN 

Early studies of collagen folding were confounded by the slow kinetics and low yield of 

properly folded collagen observed in in vitro renaturation of collagen purified from tissue.35, 36 Both 

effects were attributed to the presence of some then-unknown mechanism of chain alignment in 

vivo, which was confirmed upon the discovery of the full procollagen precursor molecule.37 The 

C-Pro domain was quickly shown to be responsible for overcoming the in vitro rate limiting step 
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of chain alignment, serving as the nucleation site for collagen folding. Other early stage functions, 

particularly register determination and chain selection, were also attributed to the C-Pro domain.34 

The C-Pro domains of the fibrillar collagens are ~250 amino acids in length and ~30 kDa 

in size as monomers. In the last ten years, two high-resolution crystal structures of the collagen-

III and collagen-I homotrimeric C-Pro trimers revealed that they adopt the overall appearance of 

a flower, with three petal regions, a base where the individual polypeptides come together, and a 

coiled-coil stalk.38, 39 The crystal structures resolved discrepancies about the pattern of inter- and 

intrachain disulfide-linkages and revealed the presence of a Ca2+ ion bound at the interface of the 

monomers (Fig. 1-2). They also allowed for identification of specific interchain interactions 

proposed to be involved in folding and helped model the impact of disease-causing mutations that 

have been identified within the C-Pro domain. 

 

 

Figure 1-2: The fibrillar collagen C-Pro domain.  

The C-Pro domain of homotrimeric collagen-I (PDB ID: 5K31) adopts a flower-like shape. Each 
monomer contains three intrachain disulfide bonds. At the interface between two monomers, there 
is a single interchain disulfide bond and a Ca2+ binding site. 
 

The decades of research since the initial discovery of the C-Pro domain have largely 

focused on its role in governing trimeric assembly, and substantive progress has been made 

concerning specific interactions that govern chain selection as well as the role of its cysteines and 

Ca2+-binding regions. More recently, there is a growing appreciation for the potential role of the 

C-Pro domain in collagen proteostasis, particularly in quality control. Major advances in these two 

areas are summarized below.  
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Chain-selective assembly. Many cells express multiple types of collagen simultaneously 

and, in the case of the heterotrimeric collagens, multiple strands of the same type.40-42 Because 

trimerization of the C-Pro domain occurs prior to triple-helical folding, the C-Pro domain is 

generally believed to contain the molecular information that ensures proper chain selection. Chain 

selection can be broadly defined in two ways: (1) ensuring that each collagen strand only 

associates with other strands of the same type (with the exception of hybrid type-V and -XI 

molecules, which has led to the view that they are in fact a single type43-45), and (2) for 

heterotrimeric collagens, ensuring that collagen trimers of a given type have the correct 

stoichiometry.  

One mechanism that contributes to ensuring type-specific chain selection was first 

identified by Bulleid and coworkers using a mini collagen system, which utilizes COL3A1 and 

COL1A2 genes with truncated triple-helical domains of ~190 amino acids expressed in a cell-free 

translation system. The mini-pro1(III) strand forms disulfide-linked, pepsin-resistant trimers, 

while the mini-pro2(I) strand does not form either. By swapping segments of the C-Pro domain 

between these two mini collagens, the researchers were able to identify a discontinuous 15 

residue sequence within C-Pro1(III) that was sufficient to drive formation of pepsin-resistant 

trimers by mini-pro2(I).46 This region, termed the chain recognition sequence (CRS), was noted 

to be fairly diverse amongst the fibrillar collagens while maintaining relative hydrophilicity (Fig. 1-

3). It was therefore proposed to mediate initial interaction between C-Pro monomers of different 

collagen types. The crystal structure of C-Pro1(III) domain confirmed that the two segments of 

the CRS form salt bridges between monomers, and additional residues outside the CRS were 

identified as forming interchain interactions (Fig. 1-3).38 The residues involved in these salt 

bridges are not conserved amongst the other fibrillar collagen strands (Fig. 1-3), and the crystal 

structure of the C-Pro1(I) homotrimer exhibited fewer interactions between strands in the same 

region, suggesting perhaps that the CRS is primarily important for type-III chain assembly.39  



18 
 

 

Figure 1-3: The chain recognition sequence within C-Pro1(III) may guide type-specific 

assembly. 

The chain recognition sequence identified in C-Pro1(III) is shown to participate in two interchain 
salt bridges. The residues involved in these salt bridges are not conserved in the other fibrillar 
collagens, suggesting they may help ensure type-specific assembly for collagen-III (PDB ID: 
4AE2).  
 

Another intriguing difference between the crystal structures of C-Pro1(III) and C-Pro1(I) 

was a difference in symmetry of the overall trimer. An intrinsic asymmetry was observed in the C-

Pro1(III) structure, particularly in the region between the two segments of the CRS, despite all 

three chains having the same amino acid sequence.38 This observation was hypothesized to 

account for the evolution of heterotrimers. However, the C-Pro1(I) trimer was unexpectedly 

found to be fairly symmetric.39 Whether this difference in symmetry alludes to any mechanism of 

chain selection, whether type-specific or stoichiometric, remains unknown. To date, no 

experiments have been performed to directly examine whether type-specific assembly can be 

disrupted by perturbation of the CRS or other proposed chain selection interactions. Thus, the 

degree to which these proposed molecular features are sufficient to control type-specific 

assembly remains unknown.   

Meanwhile, the fundamental question of how collagen controls stoichiometric chain 

selection within a single type was historically considered in the context of collagen-I. Collagen-I 

exists naturally as a 2:1 1(I):2(I) heterotrimer, a ratio that is preserved even when the C-Pro 

domains are expressed independently of the rest of the domains.39, 47 However, 1(I) homotrimers 

have been observed as a minority component of adult skin, with higher levels reported in disease 
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tissue.48-55 Surprisingly, the 1(I) homotrimer is both more thermally stable and slower to denature 

than the heterotrimer,56 raising questions about how heterotrimers are preferentially synthesized.   

Although the crystal structure of the heterotrimeric collagen-I C-Pro domain has yet to be 

solved, modeling the C-Pro2(I) chain into the homotrimeric C-Pro1(I) structure led to the 

identification of several putative interchain salt bridges that are unique to the heterotrimer.39 

Mutagenic disruption of these interactions via substitution of one or more of the residues involved 

was shown to decrease incorporation of C-Pro2(I) into heterotrimers, although the data shown 

did not clarify whether this effect could have been due to lowered expression or misfolding of the 

variants.39  

 

 

Figure 1-4: The cysteine residues and Ca2+-binding site in the C-Pro domain provide a 
possible mechanism for assembly 

The C-Pro domains of homotrimerizing collagens have 8 cysteines (the first four of which are 
shown), while non-homotrimerizing collagens are missing either C2 or C3. A model for 
stoichiometric collagen-I C-Pro assembly suggests that Ca2+ guides dynamic assembly of all 
species, while interchain disulfides immortalize specific biologically observed assemblies.  

 

Another feature of the C-Pro domain that appears to be involved in chain selection is a 

network of cysteine residues. The C-Pro domain of all fibrillar collagens contain seven or eight 

highly conserved cysteine residues, numbered C1 through C8.57 C1, C4, and C5–8 are present 

in all fibrillar C-Pro domains and form intrachain disulfide bonds. C2 and C3 form interchain 

disulfide bonds, but one or the other is missing in some collagen strands (Fig. 1-4).38, 39 The 

strands that have the full complement of cysteines have all been observed to form homotrimers 

(with the exception of 2(XI)27, although we have shown that C-Pro2(XI) forms disulfide-linked 
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homotrimers47), while those that are missing C2 or C3 have only been found in heterotrimers (Fig. 

1-4).47 In the case of 2(I), a seven-cysteine strand, it does not form homotrimers even when 

expressed in the absence of (I).58  

Initial studies using the mini collagen system examined the role of the missing C2 in 2(I) 

by substituting the existing serine residue with a cysteine. In this system, reintroduction of C2 did 

not induce formation of disulfide-linked trimers. In the decades since, any potential role of the Cys 

residues in informing collagen homo- versus heterotrimerization has been largely ignored.59 

However, our lab’s recent work expressing the C-Pro domain alone, without any of the other 

collagen domains, in human cells demonstrated that the S2C substitution in C-Pro2(I) does in 

fact drive disulfide-linked trimer formation.47 In fact, reintroduction of the missing cysteine in all 

non-homotrimerizing C-Pro domains allowed them to form stable, disulfide-linked homotrimers. 

Similarly, removal of C2 or C3 from homotrimerizing C-Pro domains abolished their ability to form 

disulfide-linked homotrimers.47  

The discrepancy between our results and those obtained by Bulleid and co-workers could 

be related to contributions of the triple-helical and N-Pro domains to assembly or to other 

differences in the expression systems. Critically, we identified a specific, molecular explanation 

for why the mini collagen system did not yield disulfide-linked S2C 2(I) homotrimers. 

The two C-Pro crystal structures revealed a previously unknown Ca2+ binding site found 

at the interface between monomers.38, 39 The Ca2+ ion coordinates five residues on one chain and 

one residue on the neighboring chain via a water molecule (Fig. 1-2). Using sedimentation 

equilibration experiments, we made the remarkable, unexpected discovery that Ca2+ coordination 

actually promotes dynamic, non-covalent association of C-Pro2(I) into trimers.47 We 

hypothesized that Ca2+-mediated non-covalent assembly is necessary to template disulfide bond 

formation. The mini collagens were expressed in an in vitro translation system that required pre-

translation treatment with Ca2+ chelators, obscuring the ability of S2C C-Pro2(I) to assemble into 

disulfide-linked homotrimers.46, 59, 60  

Significantly, we observed dynamic, Ca2+-mediated assembly of C2S C-Pro1(I) into 

homotrimers and the formation of 1:2 C-Pro1(I):C-Pro2(I) heterotrimers. Therefore, we 

proposed a model for C-Pro assembly wherein Ca2+-mediated non-covalent assembly guides 

trimerization of the C-Pro domain into all possible stoichiometries, regardless of cysteine content. 

The formation of interchain disulfide bond formation then serves as a thermodynamic sink to 

immortalize appropriate species for triple-helix folding (Fig. 1-4).47  
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While this model accounts for the two observed species of collagen-I, the 2:1 1(I):2(I) 

heterotrimer and the 1(I) homotrimer, it leaves a key question unanswered: specifically, how is 

heterotrimer formation vastly preferred in biological settings? 1(I) homotrimers have more 

disulfide bonds than heterotrimers and in fact form a more stable triple helix than the heterotrimer, 

yet account for <5% of the collagen in normal skin.61 Likely, there are additional molecular features 

in the collagen sequence that promote heterotrimer formation. Indeed, interchain disulfide 

formation appears to be unnecessary for triple helix formation in the mini collagen system, 

suggesting that other features likely contribute to chain-selective assembly .60 This work sets the 

stage for further exploration of the fundamental mechanisms of trimer assembly. Of particular 

note, no attempt has been made to understand the mechanism of collagen assembly using full-

length procollagen constructs, owing to the difficulties associated with genetic manipulation and 

biochemical analysis of such constructs.  

Of note, chain selection of collagen-V appears to be perturbed in recombinant expression 

systems. Whereas endogenous collagen-V is typically found as a 2:1 1(V):2(V) heterotrimer, 

co-expression of these two chains in yeast, insect, and mammalian cells favored the 1(V) 

homotrimer.62 This effect has not been reported with other heterotrimeric collagens, such as 

collagen-I. Expression of the triple-helical domain-binding chaperone, Hsp47 did not restore 

heterotrimer preference. This finding suggests that there may be specific cellular machineries that 

promote formation of heterotrimeric collagen-V, but the identify of these mechanisms remains 

unknown. The possibility that these mechanisms exist for other heterotrimeric collagens must be 

considered as well. 

C-Pro Proteostasis. Correct folding of the C-Pro domain is critical for ensuring production 

of correct collagen molecules. Thus, even though the C-Pro domain is proteolytically removed 

from the functional collagen molecule, mutations within the C-Pro domain can cause significant 

impairment of collagen-containing tissues.63 Approximately 6.5% of mutations within collagen-I 

genes that cause osteogenesis imperfecta (OI) are found in the C-Pro domain, and their 

phenotypes range from mild to lethal. This percentage is lower than what might be expected by 

random mutation rate, thus some have suggested that additional mutations are overlooked due 

to lack of phenotype (unlikely due to the C-Pro domain’s critical function) or, more likely, 

embryonic lethality.64  

Phenotypes observed due to C-Pro mutations may be caused by delayed folding and 

assembly, leading to overmodified triple helices, or impaired folding and assembly, leading to 

reduced collagen production and/or cellular dysfunction.55, 63-69 Both of these effects can be 



22 
 

buffered by the cell’s proteostasis network, a collection of chaperones and quality control 

enzymes that help maintain efficacious protein synthesis.70, 71  

Studies of misfolding C-Pro variants have helped reveal how both mutant and wild-type 

collagen are engaged by the proteostasis network. Early studies of patient fibroblasts with OI-

causing C-Pro domain mutations, including D1277H, W1312C, 1337–38, and a frameshift 

mutation, that disrupt chain association revealed that some mutant strands bind immunoglobulin 

binding protein (BiP), a key ER chaperone.65, 66 Wild-type collagen has been shown to interact 

with protein disulfide isomerase (PDI), which assists with disulfide bond formation and may help 

retain monomeric C-Pro variants in the ER.72-74  

The first detailed mapping of collagen-I C-Pro2(I) interactome in isolation (without the 

triple-helical domain)69 revealed that a specific subset of the full-length collagen proteostasis 

network75 interacts with the C-Pro domain.75 The C-Pro domain interactors primarily fall within the 

categories of general ER chaperones, redox related proteins, lectin-based chaperones, and 

secretory pathway proteins. These ER proteostasis network interactions are expected for a 

globular protein that is disulfide-rich and N-glycosylated. Comparison of the wild-type C-Pro2(I) 

interactome with that of the OI-causing C1163R C-Pro2(I) variant demonstrated that the ER 

proteostasis network is able to differentially engage misfolding C-Pro variants. These results 

demonstrate that the C-Pro domain itself is able to engage with the ER proteostasis network to 

try and resolve folding defects, even in the absence of the triple-helical domain. 

A potentially interesting feature of the C-Pro domain from a proteostasis perspective is a 

highly-conserved N-glycosylation site. N-Glycans can directly or indirectly promote protein 

folding.76, 77 All fibrillar collagens have at least one putative N-glycosylation site within their C-Pro 

domains, with pro1(I) and pro2(I) known to contain exactly a single site that is occupied.78-80 

This site is highly conserved amongst the human fibrillar collagens and in the pro1(I) or 

equivalent strand of many species, suggesting a meaningful function.80 However, early work in 

which the N-glycosylation site was genetically removed via site-directed mutagenesis 

demonstrated that non-N-glycosylated pro1(I) did not exhibit any functional difference compared 

to N-glycosylated pro1(I).81 We recently demonstrated that, while removal of the pro1(I) N-

glycan indeed does not impact well-folding pro1(I), its absence causes major proteostasis 

defects when collagen folding is challenged by either destabilizing mutations or even moderate 

ER stress.80 This effect was due to the N-glycan promoting interaction of collagen with lectin-

based chaperones to ensure proper folding and secretion under proteostatically challenged 

conditions (Fig. 1-5).   
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Figure 1-5: Potential functions of the collagen C-Pro N-glycan.  

The collagen C-Pro N-glycan interacts with the ER lectin chaperones to assist with folding. Folding 
collagen is then directed to secretion. Misfolding collagen undergoes N-glycan processing that 
directs the protein to ERAD or macro-ER-phagy. Macro-ER-phagy has been shown to require N-
glycan interaction with calnexin and FAM134B.  
 

The C-Pro N-glycan and its interaction with the lectin chaperones is also noteworthy due 

to existing and emerging knowledge of the roles of the ER lectin-based machinery in quality 

control. Targeting of misfolded proteins to either ER-associated degradation (ERAD) or ER-to-

lysosome-associated degradation (ERLAD) involves N-glycan processing.82, 83 The latter process 

has been explicitly shown to require interaction between calnexin, a known C-Pro interactor,80 

and misfolded collagens via the collagen N-glycan (Fig. 1-5). Other calnexin-associated proteins, 

including collagen interactors calreticulin and ERp29, have also been suggested to be involved in 

collagen proteostasis and quality control.75, 84 These recent findings point to the exciting possibility 

that the collagen C-Pro domain, and its N-glycan specifically, is central to ensuring that misfolded 

collagen is either refolded or targeted to a specific degradative pathway. 

The interaction of the collagen C-Pro domain and calnexin is also intriguing in the context 

of evidence showing that procollagen associates with the ER membrane. Membrane association 

has been hypothesized to be advantageous for collagen assembly by helping co-localize three 

procollagen strands, though there is little evidence to date (Fig. 1-5).85 Given that the entire 

collagen strand must be synthesized prior to folding from the C-terminus, free diffusion of 

unassociated strands would likely slow the process of assembly and potentially increase the 

chances of misfolding or aggregation. Recent work proposes the existence of collagenosomes”, 

discrete bodies associated with the ER membrane where collagen folding may take place.86 

Microsome spreading has also suggested that procollagen strands are associated with the rough 

ER membrane via the C-Pro domain, although the exact nature of this association is not known. 
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Bächinger and co-workers suggested that the C-Pro domain may interact with specific membrane 

proteins or lipids.85 Given that calnexin is a membrane-bound protein, its association with the C-

Pro and its role in folding provides an appealing hypothesis for a mechanism of membrane-

associated folding and assembly of the collagen trimer.87  

More recently, procollagen containing OI-causing C-Pro domain variants were shown to 

mislocalize to the ER lumen, rather than the ER membrane, based on loss of colocalization with 

calnexin.64 Why misfolded C-Pro domains do not associate with the membrane is unknown, 

especially given that calnexin is more likely to bind misfolded proteins. These same variants were 

shown to have delayed assembly, potentially due to the loss of spatial organization. These results 

again suggest that the C-Pro domain may serve as one important avenue for effective quality 

control of misfolding procollagens. 

Summary. The C-Pro domain of collagen has long been appreciated for its role in 

nucleating triple helix folding, determining chain alignment and register, and ensuring correct 

alignment. While significant progress has been made towards understanding the exact molecular 

features that contribute to these functions, much remains unknown about how a relatively small 

domain governs such complex processes. Concurrently, a greater appreciation for the role of the 

C-Pro domain in collagen proteostasis, particularly quality control, has been gaining ground. 

Growing bodies of work suggest that ERLAD is closely tied to ER-to-Golgi transport, including the 

involvement of ER-phagy receptor FAM134B and various COPII-associated proteins in both 

processes.88-94 The C-Pro N-glycan has already been demonstrated to be involved in ERLAD via 

FAM134B-calnexin interaction;83 whether C-Pro-driven mechanisms are involved in ER-to-Golgi 

transport or other quality control pathways remains unknown. As the mechanisms behind the 

various pathways of collagen quality control and secretion continue to be studied, additional 

functions of the C-Pro domain may continue to be uncovered.  

 

THE TRIPLE-HELICAL DOMAIN 

Fibrillar collagens contain a single triple-helical domain that is ~1000 amino acids long and 

folds into a triple helix that is ~300 nm in length.30 Key to the structure of the collagen triple helix 

is the inclusion of a glycine at every third residue in its primary structure, in repeating Gly-Xaa-

Yaa triplets. Other than glycine, the amino acid content of collagen strands largely correlates with 

the stability conferred by each amino acid in collagen model peptides.95 Approximately one-third 

of the non-glycine amino acids in the collagen triple-helical domain are proline residues, 40–50% 

of which are hydroxylated. Outside of glycine and proline, there is a relative abundance of charged 

residues, with ~40% of all Gly-Xaa-Yaa triplets containing at least one charged residue. 
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Negatively charged residues prefer the Xaa position, and positively charged residues prefer the 

Yaa position.96 Fibrillar collagen triple helices are not known to contain cysteine or tryptophan 

residues.26  

The cross-sectional view of a folded collagen triple helix shows that the obligate glycine 

residues are buried within the center of the helix. The other residues, particularly those in the Xaa 

position, are highly solvent-exposed (Fig. 1-6).25 The three strands have a single amino acid 

stagger between neighboring strands, although the register of the three strands within 

heterotrimers is still not definitively known.97-102 This arrangement allows for the formation of a 

hydrogen bond between the amine group of each glycine and the carboxyl group of the Xaa 

residue on the neighboring strand (Fig. 1-6). Charged residues also stabilize the triple helix by 

formation of intramolecular salt bridges as well as additional hydrogen bonds, in the case of Yaa-

position arginines.96, 103-105 

 

 

Figure 1-6: The structure of a collagen triple helix.  

The collagen triple helix consists of three PPII helices wound into a triple helix. The cross-sectional 
view of the structure shows that the obligate glycine residues are buried inside the helix, while the 
Xaa and Yaa position amino acids are solvent exposed. Each Gly-Xaa-Yaa forms a hydrogen 
bond with each neighboring strand (PDI ID: 2G66). 

 

The collagen triple helix is surprisingly unstable at physiological temperatures, with an 

equilibrium melting temperature several degrees below body temperature.106 This instability has 

been observed across a variety of species with different physiological temperatures, largely 

correlating with hydroxyproline content, and altering physiological temperature appears to change 

collagen stability.107-109 Uneven distribution of hydroxyprolines along the collagen strand also 

results in regions of varying stability.110, 111 The advantages of the most abundant ECM protein 

being unstable are not understood, although it is hypothesized to be relevant for fibrillogenesis.112 

Interestingly, patients with a complete deficiency of the a2(I) chain due to homozygous mutations 

in COL1A2, synthesize only the a1(I) homotrimer, a more thermodynamically stable form of 

collagen-I. These patients exhibit severe OI53-55 or Ehlers-Danlos syndrome (EDS),113 suggesting 

that marginal stability may indeed be important for supramolecular assembly.56, 114 
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An interesting feature of the properly folded collagen triple helix is that it is resistant to 

commonly used proteases, including pepsin, trypsin, and chymotrypsin. This unique property is 

convenient in that it allows for straightforward isolation of collagen triple helices and can serve as 

an indirect assay for collagen folding when other biophysical methods cannot be used.115  

The unusual amino acid content and structure of the collagen triple helix necessitates a 

unique ensemble of modifying enzymes, chaperones, and quality control factors for collagen 

folding. The expression and activity of these enzymes are often correlated with collagen 

expression, and disruptions to their function lead to altered collagen function.4, 5 The following 

sections describe the process of triple-helical collagen folding in the ER and the proteins involved. 

Modification of monomeric collagen strands. The triple-helical domain of procollagen 

strands is subject to extensive co- and post-translational modification prior to and during folding 

of the triple helix. In particular, proline and lysine residues are hydroxylated, and hydroxylysine 

residues can be further O-glycosylated.116 The enzymes that catalyze these modifications can 

only associate with monomeric procollagen strands, meaning that modification must be complete 

before triple-helix folding.4  

The unique structure of proline as an imino acid helps preorganize each collagen strand 

into PPII helices and therefore decreases the entropic cost for assembly of three PPII helices into 

a triple helix.117 The majority of Yaa position prolines (~40–50% of all prolines) are hydroxylated 

in a 4R configuration (Fig. 1-7A), which confers additional, essential thermal stability to triple-

helical structure via a stereoelectronic effect.117, 118 4R-Hydroxyproline favors the C-exo 

conformation, rather than the C-endo conformation preferred by unhydroxylated proline, which in 

turn favors the desired torsional angles for a Yaa-position amino acid. In addition, the C-exo 

conformation allows for stabilizing n→* interactions.117 Remarkably, inhibiting hydroxylation 

lowers the melting temperature of the collagen-I triple helix by ~15 °C,119 a considerable difference, 

particularly given that collagen is only marginally stable at body temperature.106 

Prolyl hydroxylation at the 3-position occurs at the Xaa position (Fig. 1-7A) and is much 

more rare. Initially, only a single 3(S)-hydroxyproline was identified in collagen-I and -II and none 

in type-III.120-122 However, growing evidence, including unpublished mass spectrometry studies 

from our lab, suggests that there are additional Xaa sites that are 3-hydroxylated,123-125 with a 

greater degree of heterogeneity than Yaa position 4-hydroxylation. The role of 3(S)-

hydroxyproline is not fully defined, although it appears to be essential for type-IV collagen in 

embryonic development.126 Recently, 4-hydroxylation was also identified at one Xaa position 

proline.127  
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Prolyl 4-hydroxylation and 3-hydroxylation are catalyzed by distinct prolyl-4-hydroxylases 

(P4Hs) and prolyl-3-hydroxylases (P3Hs), respectively (Fig. 1-7A). These enzymes are non-heme 

Fe(II), -ketoglutarate-dependent dioxygenases, which require ascorbate as an essential co-

factor. As a result, ascorbate is crucial for maintaining proper collagen biosynthesis, as 

demonstrated by scurvy, which is caused by ascorbate deficiency and results in collagen 

instability.116   

 

 

Figure 1-7: Collagen undergoes many post-translational modifications. 

(A) Proline residues in the Yaa position are 4(R)-hydroxylated. Proline residues in the Xaa position 
can be 3(S)-hydroxylated. In order for the collagen triple helix to fold, cis peptide bonds must be 
isomerized to the trans configuration. (B) Lysine residues in the Yaa position can be hydroxylated. 
The resultant hydroxylysine residues can be further modified with sugars.  
 

Three isoforms of P4H exist, with (I) being the most common. Two P4H molecules 

assemble as the  subunits in an 22 tetramer, where the  subunit is PDI, another major 

collagen interactor previously mentioned.128 Similarly, three isoforms of P3H exist, with P3H1 

being the most well-characterized. P3H1 forms a complex with cartilage-associated protein 

(CRTAP) and cyclophilin B (CypB). While CRTAP is not enzymatically active, its presence is 

required for P3H1 activity. CypB is a well-known peptidyl-prolyl cis-trans isomerase (PPIase).122 

The P3H1-CRTAP-CypB complex has also been shown to have general molecular chaperone 

activity, separate from its P3H and PPIase activity.129 

Lysine residues at Yaa positions and in both the N- and C-telopeptides are hydroxylated 

via a similar mechanism (Fig. 1-7B). Unlike prolyl hydroxylation, however, lysyl hydroxylation is 

much less consistent, with large variations across types and tissues.130, 131 Lysine hydroxylation 

is primarily important for the formation of crosslinks in collagen fibrils.131  
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Lysyl hydroxylases (LHs) belong to the same enzymatic class as the prolyl hydroxylases 

and function as membrane-associated dimers.132 The three LH isoforms have different tissue 

distributions and also appear to have different selectivities.116, 131 LH1 primarily hydroxylates triple-

helical lysines, while LH2 appears to primarily act on telopeptide lysines.133, 134 LH3 appears to 

have selectivity for different types of collagen and is unique in that it also has glycosyltransferase 

activity. 

Some hydroxylysine residues are further modified by the sequential addition of -

galactose and -glucose (Fig. 1-7B). Lysyl glycosylation has been implicated in fibrillogenesis 

and intermolecular crosslinking.135-137 Lysyl glycosylation is catalyzed by hydroxylysyl 

galactosyltransferases (GTs) and galactosylhydroxylysyl glucosyltransferase (GGTs), specifically 

GLT25D1, GLT25D2, and LH3. GLT25D1 and GLT25D2 appear to act as the primary GTs for 

collagens, while LH3 primarily functions as a GGT, with lesser GT activity.138, 139 Interestingly, 

GLT25D1 inactivation led to increased collagen expression and intracellular collagen 

accumulation, suggesting a potential role in quality control or secretion.140  

Zipper-like folding. Once the C-Pro domains are assembled, triple helix folding is initiated 

from the C-terminus. Elegant in vitro refolding studies performed with collagen-III revealed that 

folding takes place in two kinetic phases, with the first phase involving rapid folding of the ~75 

most C-terminal residues, followed by a slow phase that is rate limited by cis-trans 

isomerization.141 A similar mechanism was demonstrated with collagen-I in cellulo, again with cis-

trans isomerization being the rate-limiting step.142   

Cis-trans isomerization is particularly relevant to collagen folding due to the high proline 

content in the triple-helical domain. Proline residues, being imino acids, can form peptide bonds 

that are either cis or trans. All peptide bonds in folded collagen must be in the trans conformation, 

therefore any cis peptide bonds must be isomerized to the trans conformation for folding to 

proceed (Fig. 1-7A). This process is catalyzed by several PPIases, including CypB, as mentioned 

above. The P3H1-CRTAP-CypB complex has been shown to bind both monomeric chains, for its 

P3H activity, and folded collagen. Its binding to triple-helical collagen appears to have a high 

dissociation rate constant, thus the complex has been suggested to function at the unfolded-

folded junction during triple helix folding.  

The primary other PPIase known to interact with collagen is FKBP65, which functions both 

as a PPIase and a molecular chaperone. FKBP65 is able to bind to folded collagen and inhibit 

fibrillogenesis in vitro, though whether this occurs in the ER is not known.143 Other members of 

the FKBP family of PPIases, specifically FKBP13, FKBP19, FKBP22, and FKBP23, have also 

been shown to interact with collagen. The different PPIases show different specificity towards 
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substrates containing hydroxyproline, suggesting that hydroxyproline content may modulate 

PPIase activity and thus folding kinetics.144 

Maintaining proper folding kinetics is important for collagen function in the ECM. Delayed 

folding generally leads to overmodification of collagens, seen as a characteristic smear on SDS-

PAGE gels. This effect primarily results from increased lysyl hydroxylation and hydroxylysyl 

glycosylation.145 Overmodification of collagen helices can lead to defective fibrillogenesis and 

ECM function.146, 147 

The folded triple helix. Once the collagen triple helix is folded, it is bound by Hsp47, a 

collagen-specific chaperone that recognizes Yaa position arginine residues.148-150 Hsp47 is an 

ER-localized heat shock protein that primarily serves as a collagen chaperone, although it has 

also been shown to interact with other ECM proteins.151-154 Unlike the collagen modifying enzymes, 

Hsp47 specifically binds folded, triple-helical collagen and not the individual monomers.155, 156 

Binding of Hsp47 to folded collagen is thought to not only stabilize properly folded helices but also 

prevent aggregation and fibrillogenesis in the ER.157, 158 This binding is pH dependent, such that 

Hsp47 remains bound as folded procollagen is transported to the ER-Golgi intermediate 

compartment (ERGIC), where it is released upon exposure to lower pH and recycled back to the 

ER (Fig. 1-8).159 However, this mechanism has recently been challenged based on live cell 

imaging showing that procollagen carriers that exhibit directional movement do not contain Hsp47. 

Instead, Hsp47 was shown to co-localize with procollagen only in the ER lumen, ERESs, and 

autophagic structures.160  

 

 

Figure 1-8: Hsp47 is involved in collagen secretion. 

Hsp47 binds to folded collagen and is purportedly recognized by TANGO1. TANGO1 helps to 
assemble enlarged COP-II vesicles that are able to transport collagen while Hsp47 is still bound. 
Hsp47 is released by the lower pH in the Golgi and is recycled back to the ER.  
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Hsp47 is also directly implicated in ER-to-Golgi collagen transport. Due to collagen’s 

unusual size, it utilizes a non-canonical pathway for ER-to-Golgi transport. Traditional COPII 

vesicles for ER-to-Golgi transport are <90 nm in diameter, compared to the ~300 nm procollagen 

molecule. The ER cargo receptor, TANGO1, has been shown to assemble enlarged COPII 

vesicles at ER exit sites (ERES) to accommodate collagen and other large proteins.7, 12 The 

mechanics and generality of this process are still under investigation. TANGO1 physically 

interacts with Hsp47, potentially serving as a mechanism for directing properly folded collagen to 

COPII vesicles (Fig. 1-8).10  

The misfolded triple helix. Up to 20–50% of wild-type procollagen has been shown to 

misfold and be degraded basally. When collagen proteostasis is disrupted, as is the case in 

disease, the misfolded or misassembled fraction is often even higher.17-22  

Substitution of collagen glycine residues with any other residue is highly disruptive to 

collagen structure and folding and is the most common cause of collagenopathies, especially OI. 

The phenotype of autosomal dominant, OI-causing glycine substitutions depends on the nature 

of the substitution and its location within the triple-helical domain. Substitutions with charged or 

branched residues tend to be the most severe, as are those found in major ligand binding 

regions.146, 161, 162 In addition, glycine substitutions closer to the C-terminus, where it is most likely 

to disturb triple-helix folding, as well as those located within relatively unstable, proline-poor 

regions tend to result in more severe phenotypes.163, 164  

In the past two decades, a new paradigm has emerged for the collagenopathies, where 

autosomal recessive mutations in collagen-related proteins have been shown to present many of 

the same disease phenotypes as mutations in collagen itself. While 85–90% of OI cases are still 

caused by mutations within COL1A1 or COL1A2, mutations in at least 17 other genes have now 

been associated with OI. These include many of the genes encoding for the collagen chaperones 

and modifying enzymes mentioned in this chapter, such as all members of the P3H1-CRTAP-

CypB complex, Hsp47, and FKBP65, among others.165 Mutations in these proteins lead to many 

of the same biosynthetic defects as traditional OI, such as overmodification, delayed or lowered 

secretion, and increased misfolding and intracellular accumulation. 

Whether in disease or under basal conditions, misfolded or misassembled collagens must 

be targeted towards ER degradation pathways. Collagen has been shown to utilize several 

different pathways for degradation (Fig. 1-9). Major progress in identification of these pathways 

has been made in recent years, but there remain many open questions about how misfolded 

collagens are recognized and targeted towards each.  
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Figure 1-9: Misfolded procollagen is subject to multiple degradation pathways. 

Misfolded monomeric collagen has been shown to undergo two types of degradation: ERAD, 
where the protein is translocated to the cytosol for degradation by the proteasome, and a post-
ER lysosomal degradation pathway. Misfolded trimeric collagen has been shown to undergo 
macro-ER-phagy, guided by calnexin and FAM134B, or a non-canonical microautophagy 
pathway. 
 

The prevailing model for procollagen degradation suggests that misfolded monomers are 

directed to ERAD, while misfolded trimers are degraded by one of several known lysosomal 

pathways, collectively called ERLAD (Fig. 1-9).66, 166 This model arose from experiments 

performed using either pro1(I) with a truncated C-Pro domain that does not trimerize or pro1(I) 

with a glycine-to-arginine substitution that does trimerize. The former was shown to be degraded 

by classic ERAD, where the misfolded collagen strand is translocated out of the ER and degraded 

by the proteasome.167 The latter, as well as misfolded collagen resulting from Hsp47 disruption, 

was instead cleared via LC3-dependent autophagy. That different types of misfolded collagen 

transit distinct degradation pathways is hypothesized to be due to the different structures adopted 

by misfolded collagen monomers and trimers. Misfolded monomers are more likely to exhibit large 
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hydrophobic surfaces, similar to misfolded globular proteins, that engage classic ER chaperones 

and quality control factors. As mentioned previously, collagen is an N-glycoprotein, thus the N-

glycan and lectin chaperones are likely to be involved in recognition, as is BiP and PDI. Misfolded 

trimers, on the other hand, tend to form aggregates that are distinct from misfolded globular 

proteins and may not have hydrophobic surfaces. Thus, a different mechanism is necessary to 

identify and target them for degradation.8 

Interestingly, monomeric pro2(I) that is not complexed with pro1(I) appears to be 

degraded by a separate pathway from misfolding pro1(I) monomers (Fig. 1-9). This pathway has 

not been fully explored, but it appears to be a lysosomal pathway that occurs after pro2(I) leaves 

the ER and enters the Golgi.58 While Golgi quality control has been identified, it is not as well 

understood as ER quality control pathways.168 Why some collagens are subject to Golgi quality 

control rather than ER quality control is unknown. 

Two additional lysosomal degradation pathways for procollagen have been identified in 

recent years. Both fall under the ERLAD umbrella in that they target misfolded procollagens in 

the ER and direct them to lysosomes. The first of these pathways has been termed ERES micro-

autophagy and has been shown to target a trimerizing glycine-to-cysteine variant of pro2(I) fused 

to GFP.8, 9 Accumulation of this variant at ERES leads to the recruitment of both COPII- and 

autophagy-related proteins, followed by engulfment by lysosomes (Fig. 1-9). This pathway differs 

from traditional macroautophagy in that it does not involve formation of a phagophore and is 

insensitive to bafilomycin A1, which inhibits autophagosome-lysosome fusion. 

The second recently discovered collagen degradation pathway has been termed macro-

ER-phagy. This pathway, as described in relation to the collagen C-Pro N-glycan, involves the 

recognition of misfolded procollagen by calnexin, which then acts in conjunction with the ER-

phagy receptor FAM134B to induce autophagosome formation and target misfolded proteins to 

the lysosome (Fig. 1-9).82, 83, 169, 170  

Substantial progress in understanding ER-to-Golgi transport and ER degradation 

pathways has been made in recent years, with many of the findings involving procollagen. Many 

questions remained unanswered, particularly how properly folded and misfolded collagens are 

distinguished and targeted to the appropriate pathways. Forthcoming progress is likely to reveal 

the close coupling of secretion and degradation pathways and elucidate the specific molecular 

mechanisms behind them.   
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THE N-PRO DOMAIN 

The N-Pro domain of collagen is the least well-characterized of the fibrillar collagen 

domains and the most varied amongst the different types. Broadly, the fibrillar collagen N-Pro 

domains fall into four classes: (1) a von Willebrand factor type-C (VWC) domain followed by a 

short triple helix, (2) a thrombospondin N-terminal-like (TSPN) domain followed by a short triple 

helix, (3) a TSPN domain without a short triple helix, and (4) a short triple helix only (Fig. 1-10A).3, 

33, 171 While the structure of a full N-Pro domain has not been solved, both the VWC domain of 

collagen-II (Fig. 1-10B) and the N-terminal domain of thrombospondin-1 (TSP-1) (Fig. 1-10C) 

have known crystal structures.172, 173 

 

 

Figure 1-10: The N-Pro domains of the fibrillar collagens are highly varied. 

(A) There are four broad structural categories for the fibrillar collagen N-Pro domains. (B) The von 
Willebrand factor type-C domain. (PDB ID: 5NIR) (C) The thrombospondin N-terminal domain. 
(PDB ID: 2ERF) 
 

The pro1(IIA) VWC domain can be subdivided into three subdomains, an N-terminal -

hairpin, followed by a three-stranded antiparallel -sheet, and a third unstructured region.172 The 

VWC domain contains ten highly conserved cysteine residues that form five intrachain disulfide 

bonds, consistent with biophysical data showing that the N-Pro domain of collagen-I is monomeric 

(Fig. 1-10B).174, 175 The N-terminal domain of TSP-1, meanwhile, has a -sandwich structure with 

a single intrachain disulfide bond (Fig. 1-10C).173 How either of these domains look in a trimeric 

molecule and how heterotrimeric assemblies with different N-Pro domains interact remain 

unknown.  

Our lab recently discovered an unusual post-translational modification of aspartyl 

hydroxylation within the VWC domain of the N-Pro domain of pro1(I). This modification appears 

to be catalyzed by aspartyl-asparaginyl -hydroxylase (ASPH), which robustly interacts with 

collagen-I.75 The potential function of this modification is unknown, but mutations in ASPH have 

been found to cause Traboulsi syndrome, an ophthalmological disorder with some phenotypic 
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overlap with Marfan syndrome, a well-characterized connective tissue disorder, including facial 

dysmorphism.176, 177 ASPH has also been implicated in osteogenic differentiation and senescence 

of bone marrow mesenchymal stem cells, supporting potential importance of the aspartyl 

hydroxylation site in the collagen-I N-Pro.178 

The function of the collagen N-Pro domain remains unclear. Deletion of either the entire 

N-Pro domain or exon 2, which encodes the VWC domain, from pro1(I) did not affect collagen 

folding or secretion in Mov13 mouse fibroblasts that express pro2(I).171, 179 It did, however, 

reduce secretion from Chinese hamster lung cells.179 Even more surprisingly, deletion of exon 2 

from mice resulted in no significant phenotype.180 The mice appeared to be normal and healthy, 

and dermal fibroblasts isolated from them exhibited normal collagen secretion. The only notable 

differences between the exon 2 deleted mice and wild-type mice were a slight irregularity in fibril 

contour and a lower than expected generation of homozygous mutants. Cleavage of N-Pro1(II) 

and N-Pro1(III) has previously been suggested to regulate fibril formation,181 but evidence is 

limited. Based on these results, the authors proposed that the N-Pro domain of collagen-I may 

have a specific role in embryonic development. They also noted that the amino acid sequence of 

the mouse and rat VWC domains are relatively divergent, perhaps suggesting that these findings 

are not broadly applicable to other species. 

The N-Pro domains of various collagens have been suggested to operate as feedback 

regulators of collagen synthesis.171, 182 Peptides derived from the N-Pro1(I) and N-Pro1(III) 

were shown to inhibit procollagen translation and synthesis in cell free, in vitro systems.183, 184 In 

addition, cytosolic expression of N-Pro1(I) itself or an N-Pro fusion protein exhibited reduced 

collagen production.185, 186 While direct evidence for cellular uptake of collagen N-Pro has not 

been reported, cleavage of the collagen-I N-Pro has been shown to occur intracellularly,187 

perhaps suggesting a mechanism by which the N-Pro can directly function as a translation 

inhibitor. Arguably more compellingly, N-Pro1(IIA) and N-Pro1(III) have been shown to bind 

TGF1 and BMP-2, both of which serve to regulate embryonic development and differentiation.172, 

188, 189 This role is particularly compelling for the N-Pro domain of collagen-II. Collagen-II is known 

to have two isoforms generated from alternative splicing. Collagen-IIA contains all exons, while 

collagen-IIB lacks exon 2, which encodes the VWC region of the N-Pro domain. Collagen-IIA is 

primarily expressed by chondroprogenitor cells, while collagen-IIB is primarily expressed by 

differentiated chondrocytes.190 Thus, a role for the N-Pro1(IIA) in development and 

chondrogenesis merits further consideration.  
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Overall, functions of the fibrillar collagen N-Pro domains may not be generalizable. The N-

Pro domains of different collagen strands are structurally diverse, and existing evidence suggests 

that they function differently in different cell lines. The generally normal phenotype exhibited by 

the collagen-I exon 2-deleted mouse model is certainly a surprising result and suggests that 

further work is needed to understand the function of the collagen N-Pro domains. 

 

ER STRESS AND THE UNFOLDED PROTEIN RESPONSE 

In the past few decades, there has been a new appreciation and understanding of how 

the cell responds to protein misfolding in the ER. The unfolded protein response (UPR) has been 

characterized as a highly conserved pathway that responds to protein misfolding stress in the ER. 

The UPR consists of three transmembrane sensors, IRE1, ATF6, and PERK, which bind to BiP 

under basal conditions. When BiP is titrated away by misfolded proteins, these sensors dimerize 

and generate downstream transcription factors that upregulate chaperones and protein quality 

control factors to mitigate stress. While initial UPR activation is cytoprotective, chronic UPR 

activation leads to apoptosis (Fig. 1-11).23, 24, 70, 71  

 

 

Figure 1-11: The UPR responds to misfolded proteins. 

The UPR consists of three canonical stress sensors: IRE1, PERK, and ATF6. These are inactive 
when BiP is bound but become active when BiP is titrated away. Activation results in the formation 
of transcription factors that enhance ER proteostasis or signal for apoptosis. OASIS and BBF2H7 
are additional stress sensors in the ATF6 family that have been implicated in connective tissue 
development. Hsp47 has been shown to bind IRE1 in its activated form, suggesting a model for 
sensing misfolding of collagen that does not involve BiP. 
 

The interplay between collagen proteostasis and the UPR has been the subject of much 

recent consideration and debate.24 Given that the classical method of UPR activation is the 
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titration of BiP away from the stress sensors and that BiP does not recognize all forms of misfolded 

collagen, particularly not misfolded triple-helical domains,65 it is unclear whether the UPR is 

effectively induced by misfolded collagens.23, 24 Recently, the collagen chaperone Hsp47 was 

shown to interact with IRE1, helping to displace BiP and activate downstream signaling.191 This 

finding suggests an additional model by which free Hsp47 that is not bound to folded procollagen 

might activate the UPR in response to accumulation of misfolded collagens that are not 

recognized by BiP (Fig. 1-11). However, this idea has not been directly examined. In addition, the 

novel ER stress transducers OASIS and BBF2H7 have been shown to be involved in 

osteogenesis and chondrogenesis, respectively (Fig. 1-11).192, 193 Mutations in OASIS also lead 

to OI,194, 195 suggesting interplay between stress sensors and collagen proteostasis.   

Chronic UPR activation has been suggested to contribute to pathology for a variety of 

protein folding disorders, including the collagenopathies. However, evidence for chronic UPR 

activation by misfolding collagen variants is weak overall. At best, there may be mutation-, 

collagen type-, and tissue-specific cases where chronic UPR activation does contribute to 

pathology.24 That said, there is evidence suggesting that modulating ER proteostasis, via 

activating individual pathways within the UPR or through the use of chemical chaperones, may 

help ameliorate the impact of collagen mutations on collagen biosynthesis and function.196-200  

Interestingly, a high-throughput assay for collagen secretion has suggested that the 

cytosolic proteostasis network also has a role in collagen production. Pan-Hsp90 inhibitors were 

shown to selectively reduce collagen secretion from multiple cell lines. This effect was not seen 

with knockdown of the ER’s resident Hsp90 isoform, Grp94, suggesting that cytosolic Hsp90a 

and Hsp90b or mitochondrial TRAP1 are involved in collagen secretion.201 One hypothesis for 

this effect is that the cytosolic Hsp90 isoforms may be required for assembly of collagen-specific 

transport vesicles.  

Cytosolic Hsp90s are targets of the cytosolic stress response, the heat shock response 

(HSR). Collagen-specific chaperone Hsp47 is also an HSR target.154 While there is some 

evidence that certain methods of activating the HSR also increase collagen expression levels,202, 

203 the mechanisms of this effect have not been explored. Tools for stress-independent modulation 

of the HSR may prove useful in determining whether additional aspects of the cytosolic 

proteostasis network are involved in collagen production.70 

 

CONCLUSIONS 

Collagen biosynthesis is an exceedingly complex process and, in many ways, unique from 

the folding of most globular proteins. Decades of research have addressed basic topics of 
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collagen production, from structure to assembly mechanism to posttranslational modification, 

among others. Yet, there remain many unanswered questions about the specifics of the collagen 

biosynthetic process and growing evidence of how complex it can be.  

In this thesis, we discuss newly discovered or newly appreciated contributions of the 

collagen C-Pro domain to collagen assembly and proteostasis. In Chapter 2, we describe the 

discovery that the C-Pro1(I) N-glycan is critical for maintaining proper collagen biosynthesis 

when folding is challenged. These findings are particularly pertinent in the face of newly 

discovered pathways for collagen quality control. In Chapter 3, we explore the mechanism of 

collagen homo- and heterotrimerization, providing new insights that suggest the importance of 

factors outside the C-Pro domain in the chain selection process. Finally, we conclude with 

additional perspectives on the field and discussion of the challenges associated with biochemical 

collagen research.   
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ABSTRACT 

Intracellular collagen folding begins at the protein’s C-terminal propeptide (C-Pro) domain, 

which initiates triple-helix assembly and defines the composition and chain register of fibrillar 

collagen trimers. The C-Pro domain is later proteolytically cleaved and excreted from the body, 

while the mature triple helix is incorporated into the extracellular matrix. The collagen C-Pro 

domain possesses a single N-glycosylation site that is widely conserved in all the fibrillar 

collagens across humans and diverse other species. Given that the C-Pro domain is removed 

once collagen folding is complete, the N-glycan might be presumed to be important for folding. 

Surprisingly, however, there is no difference in the folding and secretion of N-glycosylated versus 

non-N-glycosylated collagen type-I, leaving the function of the N-glycan unclear. We hypothesized 

that the collagen N-glycan might have a context-dependent function, specifically, that it could be 

required to promote collagen folding only when proteostasis is challenged. We show that removal 

of the N-glycan from misfolding-prone C-Pro domain variants does indeed cause serious collagen 

and ER proteostasis defects. The N-glycan promotes folding and secretion of destabilized C-Pro 

variants by providing access to the ER’s lectin-based chaperone machinery. Finally, we show that 

the C-Pro N-glycan is actually critical for the folding and secretion of even wild-type collagen under 

ER stress conditions. Such stress is commonly incurred during development, wound healing, and 

other processes where collagen production plays a key role. Collectively, these results establish 

an essential, context-dependent function for collagen’s previously enigmatic N-glycan, wherein 

the carbohydrate moiety buffers collagen folding against proteostatic challenge. 
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INTRODUCTION 

As the molecular scaffold for animal life, the various types of collagen perform diverse 

structural and biological functions.1 Fibrillar collagens, the most abundant collagen class, consist 

of N- and C-propeptide (N-Pro and C-Pro, respectively) domains sandwiching a lengthy, 

continuous triple-helical domain (Fig. 2-1A).2 Both the N-Pro and C-Pro domains are 

proteolytically cleaved upon fibrillar procollagen secretion, such that only the triple-helical domain 

is deposited in the mature extracellular matrix.3 The function of the N-Pro domain remains largely 

unclear. The C-Pro domain, in contrast, has a well-established role in templating triple helix 

assembly, controlling the composition and stoichiometry of triple helices, and setting the register 

of the triple helix.4-8 

The collagen-I C-Pro domain (~30 kDa in its monomeric form) is globular, cysteine-rich, 

calcium-binding, and N-glycosylated on a single asparagine residue (Fig. 2-1A; N1365 in COL1A1 

or N1267 in COL1A2). N-glycosylation of the C-Pro domain was first observed nearly fifty years 

ago.9, 10 A recent crystal structure of the human collagen-I homotrimer established that the 

assembled C-Pro adopts a structure analogous to a flower.7 Mapping a model N-glycan onto the 

crystal structure of the Col1(I) C-Pro homotrimer suggests that the N-glycan is positioned on the 

outer face of the -sheets that form each “petal” and is likely directed out into the solvent (Fig. 2-

1B). This N-glycosylation site is conserved across nearly all fibrillar collagen types and domains 

of life (Figs. 2-1C and 2-1D). Even in instances where the specific site is not conserved, an N-

glycosylation sequon is still present at least once in the C-Pro domain.  

The energetic cost and high conservation of C-Pro N-glycosylation11 argues for an 

essential biological function. Outside the cell, N-glycans can mediate protein–protein interactions, 

stabilize and/or organize extracellular matrices, and provide protection against proteases and 

other enzymes.12 However, the N-glycan-containing C-Pro domain is cleaved from procollagen 

prior to extracellular matrix assembly, indicating that the N-glycan is unlikely to have a significant 

extracellular function. 

N-Glycans can also have critical functions inside the cell, largely by providing access to 

the extensive lectin-based proteostasis network in the endoplasmic reticulum (ER) and thereby 

extrinsically enhancing protein folding and quality control.13-15 In particular, the lectin chaperones 

calreticulin and calnexin are known to interact with collagen-I.16, 17 Knockdown of calreticulin can 

reduce collagen secretion by mouse embryonic fibroblasts, and calnexin appears to be involved 

in directing misassembled collagen to ER-phagy.18, 19  N-Glycosylation can also intrinsically 

modulate protein folding and stability via specific interactions with local amino acids and/or via 

entropic effects.20-23 
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Figure 2-1: The N-glycosylation motif within the collagen-I C-Pro domain is highly 
conserved.  

(A) Schematic of the Col1(I) sequence showing the N-glycosylation sequon located within the 
C-terminal propeptide (C-Pro) domain. (B) Two views of a representative N-glycan (from PDB ID: 

1S4P) modeled onto the structure of the Col1(I) C-Pro homotrimer (PDB ID: 5K31). (C) 
Alignment of the C-Pro amino acid sequences for all human fibrillar collagens illustrates the strong 

conservation of the N-glycosylation sequon. (D) Alignment of C-Pro1(I) (or equivalent) amino 
acid sequences from diverse species again illustrates the near universal conservation of N-
glycosylation within the C-Pro domain. 

 

Given that (i) the collagen N-glycan is widely conserved within the C-Pro domain, (ii) the 

C-Pro domain is only present in nascent procollagen molecules, not mature fibrillar collagens, 

and (iii) collagen interacts with the lectin chaperones, it seems reasonable to assume that the N-

glycan plays an essential role in folding the C-Pro domain and thereby templating collagen triple-

helix assembly. It was quite surprising, then, when nearly thirty years ago, a non-N-glycosylated 

variant of Col1(I) was shown to fold properly, maintain appropriate hydroxylation, and secrete 

with kinetics similar to the wild-type (WT) N-glycosylated protein.24 
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We are left with a decades-old enigma. N-Glycosylation of fibrillar collagen C-Pro domains 

is nearly universally conserved and therefore almost certainly functional, but cleavage of the C-

Pro prior to deposition of collagen triple helices means that the N-glycan must not function within 

the extracellular matrix. Meanwhile, the N-glycan apparently does not meaningfully contribute to 

intracellular procollagen folding. What, then, is the reason for N-glycosylation of the most 

abundant protein in the human body? 

We hypothesized that the function of the N-glycan might be apparent only in the right 

proteostatic context. In particular, we speculated that N-glycan-mediated access to the ER’s 

lectin-based chaperone network could be essential when collagen folding is challenged, such as 

in the context of misfolding-prone C-Pro domain mutations and/or ER stress. To test this 

hypothesis, we generated non-N-glycosylated collagen variants via genetic substitution of the 

native acceptor asparagine with glutamine. We then expressed either N-glycosylated or non-N-

glycosylated versions of osteogenesis imperfecta (OI)-causing, misfolding-prone Col1(I) 

variants in human cells and assayed the secretion of both the full-length protein and the isolated 

C-Pro domain. We observed that misfolding-prone C-Pro variants were highly sensitive to N-

glycan removal. Non-N-glycosylated variants proved defective in folding, assembling, and 

secreting to the extracellular milieu, instead forming insoluble intracellular aggregates. Chemical 

induction of low levels of ER stress revealed a similarly essential role for the N-glycan in the 

folding and secretion of even WT Col1(I) under conditions of proteostatic challenge. 

Cumulatively, these observations address the N-glycan enigma, unveiling the context-dependent 

essentiality of collagen’s conserved N-glycan to enable proper folding and trafficking of collagen 

in challenging proteostasis environments. 
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RESULTS 

Absence of the Conserved N-Glycan Impairs Secretion of Misfolding-Prone 

Collagen Variants. A number of mutations in the C-Pro domain of collagen-I are known to 

promote misfolding, with many leading to the debilitating disease osteogenesis imperfecta (OI).25-

29 For example, disruption of the disulfide bond network in the C-Pro domain by the C1299W 

amino acid substitution leads to over-modification of triple helices and delayed collagen-I 

secretion, resulting in mild OI.30 We hypothesized that the collagen-I N-glycan could be critical for 

assisting the intracellular folding of such misfolding-prone variants. 

To test this hypothesis, we created replication-incompetent adenoviruses encoding HA-

tagged WT Col1(I) or misfolding-prone C1299W Col1(I), with or without an N1365Q 

substitution to prevent N-glycosylation (Fig. 2-2A). The HA tag, located at the Col1(I) N-terminus, 

allows for selective immunoprecipitation and quantification of the ectopically expressed HA-

Col1(I) separate from endogenously expressed Col1(I). We previously showed that 

introduction of an HA epitope does not disrupt normal collagen-I folding, modification, or 

secretion.16 We used these viruses to transduce primary fibroblasts that also natively express WT 

collagen-I and then performed pulse-chase experiments to quantify secretion of the HA-tagged 

Col1(I) variants in this relevant cellular context. We found that removal of the N-glycosylation 

sequon from WT Col1(I) did not alter its secretion, fully consistent with previous data.24 In 

contrast, removal of the N-glycosylation sequon from the C1299W variant led to a significant and 

substantial secretion defect (Fig. 2-2B and Fig. S2-1A). These results suggest that the N-glycan 

plays a unique role in C1299W Col1(I) folding that is not critical for successful WT Col1(I) 

folding.  

We next sought to ascertain whether the secretion defect observed upon removal of the 

N-glycan from C1299W was generalizable to other misfolding-prone C-Pro variants. Collagen 

genes are large, highly repetitive, GC-rich, and not readily amenable to genetic manipulation.17 

Moreover, mechanistic analyses are challenging in the context of the full-length protein. Hence, 

for further studies, we used a more tractable system in which the C-Pro1(I) domain was 

expressed alone, in the absence of the N-Pro and triple-helical domains. We previously showed 

that expression of the C-Pro domain alone recapitulates the behavior and proteostasis defects 

associated with various C-Pro domain mutations in collagen-I.31 In addition, both we and others 

have shown that the C-Pro1(I) domain folds and assembles correctly in HEK293 cells and is 

robustly secreted into the media.6, 7, 32 We confirmed that WT C-Pro1(I) expressed alone was N-

glycosylated and that the N1365Q substitution eliminated N-glycosylation, based on the 
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equivalent shifts in electrophoretic mobility caused by PNGase F digestion and the N1365Q 

substitution (Fig. S2-1B).  

We generated HA antibody epitope-tagged constructs encoding WT C-Pro1(I), C1299W 

C-Pro1(I), and four additional OI-causing C-Pro1(I) variants: G1272V, W1275R, A1286D, and 

D1277H,26, 27 all with and without the N1365Q substitution. Pulse-chase experiments revealed 

that, consistent with our full-length Col1(I) data (Fig. 2-2B), removal of the N-glycosylation 

sequon from WT C-Pro1(I) had no impact on its secretion (Fig. 2-2C and Fig. S2-1C). In contrast, 

removal of the N-glycosylation sequon from misfolding-prone C1299W C-Pro1(I) resulted in a 

significant and substantial secretion defect. Three of the four additional OI-causing C-Pro1(I) 

variants (G1272V, W1275R, and A1286D) also exhibited a significant and substantial decrease 

in secretion upon removal of the N-glycan (Fig. 2-2C and Fig. S2-1C), consistent with the notion 

that the N-glycan is somehow critical for ensuring the successful folding of misfolding-prone 

collagen variants. 

 

 

Figure 2-2: Collagen’s conserved N-glycan is required for folding, assembly, and 
secretion of misfolding-prone collagen variants.  



57 
 

(A) Substitution of the N-glycan acceptor residue, N1365, with a glutamine prevents Col1(I) from 
being N-glycosylated. (B) Pulse-chase experiments reveal that removal of the N-glycan from WT 

and C1299W Col1(I) significantly and substantially reduces secretion of the latter (p80 min
 < 0.001, 

p160 min = 0.001) but not the former (p80 min
 = 0.593, p160 min = 0.512). Representative 

autoradiographs are shown. (C)  Pulse-chase experiments conducted with C-Pro1(I) expressed 

alone recapitulates the secretion patterns exhibited by full-length Col1(I). Removal of the N-

glycan significantly reduces secretion of C1299W C-Pro1(I) (pC1299W < 0.001) but not WT C-

Pro1(I) (pWT = 0.113). This effect is consistently observed for other misfolding-prone C-Pro1(I) 
variants (pG1272V = 0.003, pW1275R = 0.005, pA1286D = 0.001) but not for the assembly-deficient 

D1277H C-Pro1(I) variant (pD1277H = 0.185). Representative autoradiographs are shown. 
 

Notably, removal of the N-glycan from the OI-causing D1277H C-Pro1(I) variant did not 

significantly alter its secretion (Fig. 2-2C and Fig. S2-1C). Unlike C1299W, G1272V, W1275R, 

and A1286D C-Pro1(I), which are all misfolding-prone but nonetheless capable of forming 

properly assembled trimers, D1277H C-Pro1(I) is known to be assembly-defective. The D1277H 

substitution permanently disrupts the Ca2+-binding site in the C-Pro domain that is critical for 

proper C-Pro assembly.6, 7 Immunoblots of secreted C-Pro1(I) variants confirmed that all the 

variants except for D1277H assembled into the expected disulfide-linked trimers (Fig. S2-1D). 

D1277H C-Pro1(I) largely failed to assemble properly, instead forming a complex mixture of 

monomers, disulfide-linked dimers and trimers, and larger disulfide-linked aggregates (Fig. S2-

1D). Compellingly, these results suggest that, while the presence of the N-glycan substantially 

assists misfolding-prone C-Pro1(I) variants in navigating challenging protein-folding landscapes, 

it does not greatly promote the secretion of irrevocably misassembling structures, such as those 

induced by the D1277H substitution in C-Pro1(I). 

Two additional features of the immunoblots (Figs. S2-1D and S2-1E) are noteworthy. First, 

the secretion defect observed in pulse-chase experiments for the non-N-glycosylated, misfolding-

prone C-Pro1(I) variants was even more striking, with virtually no protein detected in media 

immunoblots (Fig. S2-1D). We speculated that this observation may be attributable to long-term 

ER stress caused by production of non-N-glycosylated misfolding-prone C-Pro1(I) variants 

reducing protein synthesis over time and/or extensive aggregation of those same variants.33 

Consistent with this notion, whereas the non-N-glycosylated, misfolding-prone C-Pro1(I) 

variants were readily observed in pulse-chase experiments, they were barely detectable by 

immunoblotting of the soluble intracellular fraction at steady-state (Fig. S2-1E). 

Non-N-Glycosylated, Misfolding-Prone C-Pro1(I) Variants Induce ER Stress and 

are Retained as Intracellular Aggregates. We hypothesized that decreased secretion upon 

removal of the N-glycan could be attributed to exacerbated misfolding of C-Pro1(I) variants 
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already rendered misfolding-prone by disease-causing mutations. These severely misfolding non-

N-glycosylated variants may cause ER stress, leading to induction of the unfolded protein 

response (UPR). To test this hypothesis, we used qPCR to assess mRNA expression levels of 

UPR target genes.34 We observed that expression of the non-N-glycosylated, misfolding-prone 

C-Pro1(I) variants induced a substantial increase in mRNA levels of ER stress-responsive 

transcripts, including those encoding BiP, HYOU1, and Grp94 (Fig. 2-3A and Fig. S2-2A). Notably, 

none of the misfolding-prone variants induced the UPR when the N-glycan was present. Thus, 

the N-glycan appears to be essential to mitigate ER stress-inducing misfolding caused by these 

mutations within C-Pro1(I). 

To evaluate whether the non-N-glycosylated, misfolding-prone C-Pro1(I) variants were 

being targeted to degradation, we treated cells expressing N-glycosylated or non-N-glycosylated 

WT or C1299W C-Pro1(I) with either MG-132, a proteasome inhibitor, or bafilomycin A1, an 

autophagy inhibitor. Neither inhibitor treatment rescued secreted or intracellular steady-state 

levels of the non-N-glycosylated C1299W C-Pro1(I) (Figs. S2-2B and S2-2C).  

We next performed a more comprehensive pulse-chase experiment to monitor the 

intracellular retention, secretion, and degradation of N-glycosylated versus non-N-glycosylated 

WT and C1299W C-Pro1(I). We found that secretion of the non-N-glycosylated C1299W C-

Pro1(I) plateaued at ~50% after 80 minutes. Even after 160 minutes, ~40% of the non-N-

glycosylated C1299W variant was still retained intracellularly (Fig. 2-3B). These findings were 

recapitulated in a much longer, 8-hour chase: non-N-glycosylated WT C-Pro1(I) was exclusively 

present in the media after 8 hours (Fig. S2-2D), whereas large quantities of non-N-glycosylated 

C1299W C-Pro1(I) were still retained in cells. Treatment with MG-132 in the pulse-chase 

experiment had no substantial effect on secretion and only very modestly increased intracellular 

protein levels (Fig. 2-3B). Together, these results indicate that the reduced secretion of C1299W 

C-Pro1(I) following removal of the N-glycan can largely be attributed to sustained intracellular 

retention rather than degradation.  

We next used confocal microscopy to visualize the status of the intracellularly retained 

protein. We co-stained the HA-tagged C-Pro1(I) variants with antibodies against the ER marker 

protein disulfide isomerase (PDI) or the Golgi marker GM130. We observed diffuse staining of 

WT C-Pro1(I), both with and without the N-glycan, that was primarily localized to the Golgi (Fig. 

2-3C), consistent with previous observations of well-behaved, robustly secreted WT collagen.18, 

31, 35 N-Glycosylated C1299W C-Pro1(I) stained diffusely within both the Golgi and the ER, 

consistent with the longer ER residence time and excessive post-translational modification 
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previously observed with this variant30 and indicative of the protein successfully transiting the 

secretory pathway. In contrast, the non-N-glycosylated C1299W C-Pro1(I) exhibited punctate 

staining, suggestive of the formation of extensive intracellular aggregates. 

 

 

Figure 2-3: Removal of the N-glycan from misfolding-prone but not wild-type C-Pro1(I) 
induces ER stress and intracellular aggregation.  

(A) mRNA expression levels of the unfolded protein response target genes HSPA5, HYOU1, and 
HSP90B1 show the induction of ER stress upon expression of non-N-glycosylated, misfolding-

prone C-Pro1(I) variants (see also Fig. S2-2A). Thapsigargin (Tg) treatment was used as a 
positive control for ER stress induction. (B) Extended pulse-chase experiments demonstrate the 
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sustained secretion defect exhibited for non-N-glycosylated C1299W C-Pro1(I) and 
corresponding intracellular retention. Treatment with the proteasome inhibitor MG-132 did not 
substantively rescue either secreted or intracellular protein levels. Representative 
autoradiographs are shown. (C) Representative confocal microscopy images show the formation 

of intracellular aggregates in cells expressing non-N-glycosylated C1299W C-Pro1(I). 
 

N-Glycosylation Promotes the Interaction of Misfolding-Prone C-Pro1(I) with the 

Lectin Chaperones. Formation of intracellular aggregates, coupled with induction of ER stress, 

strongly suggests that misfolding of these C-Pro1(I) variants is badly exacerbated by the 

absence of the N-glycan. We hypothesized that such misfolding could stem from a failure to 

effectively engage the ER’s lectin-based chaperone machinery – the calnexin/calreticulin cycle 

(Fig. 2-4A). Nascent N-glycoproteins carry a 14-residue precursor oligosaccharide, which is 

processed in the ER by cleavage of the two terminal glucose residues by glucosidases-I and -II. 

Calnexin and calreticulin bind the resultant 12-residue sugar on N-glycoproteins and, together 

with ERp57, ERp29, and CypB, assist client protein folding. Upon release from calnexin or 

calreticulin, the final glucose residue is cleaved by glucosidase-II, and the folded glycoprotein is 

then transported to the Golgi for secretion. Misfolded proteins can either re-engage with calnexin 

and calreticulin after re-addition of the final glucose residue by UDP-glucose:glycoprotein 

glucosyltransferase 1 (UGGT1), or be targeted to quality control.15, 36, 37  

To evaluate whether and how C-Pro1(I) interacts with the lectin-based chaperone 

system, we immunoprecipitated HA-tagged WT and C1299W C-Pro1(I) from cell lysates and 

probed for calnexin, calreticulin, and other related co-chaperones or enzymes (Fig. 2-4B). We 

observed that all of the interactors we probed for interacted strongly with the N-glycosylated, 

misfolding-prone C1299W C-Pro1(I). In contrast, they only minimally or undetectably engaged 

WT C-Pro1(I). Removal of the N-glycan abolished or strongly reduced interactions between 

C1299W C-Pro1(I) and components of the lectin-based chaperone system, suggesting that the 

N-glycan is critical for the engagement of misfolding C-Pro1(I) in this system. 

Chemically Abrogating Access to the Calnexin/Calreticulin Chaperoning System 

Phenocopies Genetic Removal of the N-Glycan. The observations in Fig. 2-4B suggest that (i) 

the lectin chaperones specifically engage misfolding-prone C-Pro1(I) variants and (ii) productive 

interactions between C-Pro1(I) and these chaperones require the presence of the N-glycan. It 

follows that the secretion defect observed for non-N-glycosylated, misfolding-prone C-Pro1(I) 

variants (Fig. 2-2C) could be attributed to an inability of these proteins to fold in the absence of 

assistance from the calnexin-/calreticulin-based chaperone machinery. 
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Figure 2-4: Collagen’s N-glycan addresses proteostasis defects by endowing access to 
the ER’s lectin-based chaperoning system.  

(A) Schematic of the calnexin-calreticulin cycle and related co-chaperones or enzymes. (B) 

Immunoprecipitation (IP) of N-glycosylated and non-N-glycosylated WT and C1299W C-Pro1(I) 

revealed that misfolding-prone C1299W C-Pro1(I) interacted much more extensively with the 

lectin-based chaperone system than WT C-Pro1(I) did. These interactions required the presence 

of an N-glycan on C-Pro1(I). (C) Treating cells with castanospermine (CST), which blocks N-
glycan-mediated access to the lectin chaperones, impaired secretion of N-glycosylated C1299W, 
chemically phenocopying the secretion defect caused by genetic removal of the N-glycan. This 
effect was observed both by immunoblotting of the media (Left) and by pulse-chase (Right, ** 
indicates p < 0.005). Representative autoradiographs are provided in the SI Appendix, Fig. S2-

3A. (D) A non-native N-glycosylation sequon can be introduced at C-Pro1(I) residue 1290 via 

the substitution E1292T. (E) Secretion of the otherwise non-N-glycosylated WT C-Pro1(I) was 
not significantly affected by introduction of the non-native N-glycosylation sequon, while secretion 

of the otherwise non-N-glycosylated C1299W C-Pro1(I) was restored to the level of the natively 
N-glycosylated C1299W variant. This effect was observed both by immunoblotting (Top) and by 
pulse-chase (Bottom, *** indicates p < 0.001). Representative autoradiographs are provided in 
the Fig. S2-3B. 
 

To differentiate the effects of N-glycan-mediated access to the lectin chaperones from any 

intrinsic stabilization afforded by the N-glycan, we treated cells with castanospermine to 

chemically abrogate access to the calnexin/calreticulin cycle. Castanospermine inhibits 



62 
 

glucosidases-I and -II, preventing removal of the terminal glucose residues from the N-glycan and 

thereby ensuring that N-glycosylated proteins cannot access these chaperones via the normal 

sugar–lectin interaction.38-40 We observed that, upon treatment with castanospermine, the 

formerly well-behaved N-glycosylated C1299W C-Pro1(I) variant now exhibited a significant 

secretion defect observable both by pulse-chase experiments and immunoblotting (Fig. 2-4C and 

Fig. S2-3A), chemically phenocopying the same defect we had previously observed for genetically 

non-N-glycosylated C1299W C-Pro1(I) (Fig. 2-2C). Meanwhile, castanospermine treatment did 

not affect the secretion of WT C-Pro1(I). Thus, the N-glycan is essential for the misfolding-prone 

C1299W variant specifically because it allows access to the calnexin/calreticulin cycle. 

Introduction of a Non-Native N-Glycosylation Sequon Elsewhere in C-Pro1(I) 

Restores Secretion of Misfolding-Prone, Non-N-Glycosylated C-Pro1(I). Our data indicate 

that the N-glycan allows misfolding-prone C-Pro1(I) variants to interact with the ER’s lectin-

based chaperone system, thereby promoting proper folding, assembly, and secretion. We next 

asked whether this effect was specific to the N-glycan located at the native sequon, or whether 

an N-glycan elsewhere within C-Pro1(I) could play a similar role in maintaining proper 

proteostasis. Notably, not all collagens have an N-glycosylation sequon at the equivalent of the 

N1365 site in Col1(I). Several instead have a sequon at a different location in the C-Pro domain 

(Figs. 2-1C and 2-1D). 

We introduced a non-native N-glycosylation sequon at residue 1290 in otherwise non-N-

glycosylated WT and C1299W C-Pro1(I). We chose position 1290 because (i) it corresponds to 

the second most common site for N-glycosylation sequons in the fibrillar collagens (Fig. 2-1C, see 

for example N1672 in Col1(V)), (ii) it is already an asparagine in the WT C-Pro1(I) sequence, 

and (iii) it is located in a solvent-exposed loop in the “base” region of the C-Pro domain, where an 

N-glycan likely would not sterically obstruct C-Pro1(I) folding (Fig. 2-4D). We used site-directed 

mutagenesis to introduce an E1292T substitution within the WT Asn-Met-Glu sequence at position 

1290, thereby creating a non-native N-glycosylation sequon of Asn-Met-Thr at position 1290 in 

C-Pro1(I) (Fig. 2-4D).  

Based on electrophoretic mobility and PNGase F digests (Fig. S2-1B), we determined that 

the non-native sequon was successfully N-glycosylated when the E1292T/N1365Q variant was 

expressed in HEK293T cells. Both immunoblotting and pulse-chase experiments (Fig. 2-4E and 

Fig. S2-3B) revealed that WT C-Pro1(I) with the non-native sequon secreted at a similar level 

as both the native N-glycosylated and non-N-glycosylated WT C-Pro1(I) variants. Remarkably, 

introduction of the non-native sequon in otherwise non-N-glycosylated C1299W C-Pro1(I) was 
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sufficient to restore secretion to similar levels as natively N-glycosylated C1299W (Fig. 2-4E). 

This result is consistent with the notion that the key requirement for solving proteostasis defects 

in the C-Pro1(I) domain is access to the calnexin/calreticulin cycle via an N-glycan; the specific 

location of the N-glycan is flexible. 

The N-Glycan is Essential for Maintaining WT Collagen Proteostasis in the Context 

of ER Stress. Collectively, our results demonstrate that collagen N-glycosylation is required to 

preserve proper folding and secretion when misfolding-prone mutations occur in disease. They 

do not, however, establish a functional role for the N-glycan in WT collagen. The demonstrated 

need for the N-glycan when collagen misfolding is exacerbated does, however, suggest a 

hypothesis that we found quite compelling – specifically, the proper folding and secretion of even 

WT collagen might be heavily reliant on the presence of the N-glycan in settings where general 

ER proteostasis is impaired. In this regard, collagen-producing tissues often experience 

physiological ER stress and chronic UPR activation owing to the high secretory output of ECM 

proteins that accompanies development and extracellular matrix remodeling processes.41-50 

To test this hypothesis, we first used immunoblotting to assess secretion of WT Col1(I) 

with or without the N-glycan in either the absence or presence of a low level of ER stress, induced 

by treatment with thapsigargin (Tg), a Ca2+ homeostasis disruptor and well-known ER stress-

causing UPR activator. ER stress induction was confirmed by the Tg-induced increase in the 

protein and mRNA transcript levels for Grp94, BiP, and other UPR-responsive genes (Figs. S2-

4A and S2-4B). We found that secretion of both N-glycosylated and non-N-glycosylated Col1(I) 

was decreased by Tg treatment. However, non-N-glycosylated Col1(I) was much more sensitive 

to ER stress than N-glycosylated Col1(I). Only ~15% of non-N-glycosylated Col1(I) was 

secreted under Tg treatment compared to DMSO treatment, whereas N-glycosylated Col1(I) 

was able to maintain nearly 50% of basal secretion (Fig. 2-5A). This observation was confirmed 

in pulse-chase experiments, in which non-N-glycosylated WT Col1(I) again proved more 

sensitive to induced ER stress (Fig. 2-5B and Fig. S2-4C). Thus, the collagen-I N-glycan protects 

against WT collagen misfolding when proteostasis is challenged by ER stress. 
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Figure 2-5: Collagen’s N-glycan protects WT Col1(I) against misfolding during ER 
stress. 

Primary fibroblasts were transduced with adenoviruses encoding wild-type, full-length Col1(I) 
with or without the N-glycosylation sequon and then treated with thapsigargin (Tg; 750 nM) to 
induce ER stress. (A) Immunoblotting of media indicated that secretion of both N-glycosylated 

and non-N-glycosylated Col1(I) was impaired by Tg treatment, with the non-N-glycosylated 

Col1(I) displaying a much larger defect (Top). Quantification from three biological replicates is 
shown (Bottom), alongside a representative immunoblot. The upregulation of BiP and Grp94 in 
cell lysates confirmed the unfolded protein response induction caused by Tg treatment (Fig. S2-

4B). (B) Pulse-chase analyses of N-glycosylated versus non-N-glycosylated Col1(I) likewise 

confirmed a significant difference in the fraction of Col1(I) secreted during Tg treatment relative 
to DMSO treatment at 80 min (* indicates p < 0.05). 
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DISCUSSION 

The high conservation of the N-glycosylation sequon in the C-Pro domain of the fibrillar 

collagens has been noted for decades,9, 10 yet previous attempts to establish a function for the N-

glycan proved inconclusive. Lamandé and Bateman revealed that genetic removal of the N-glycan 

attachment site does not alter assembly, secretion, propeptide processing, or matrix deposition 

of WT collagen-I in normal, in vitro model systems.24 Separately, the cleaved C-Pro domain has 

been proposed to function as an extracellular signal to regulate collagen synthesis51-54 or to 

promote C-Pro uptake and degradation,55 suggesting that the N-glycan could theoretically have 

a role in C-Pro recognition by a receptor. However, the portion of the C-Pro domain that is 

important for these signaling processes does not include the N-glycan.52, 53 

Here, we demonstrate that the collagen-I N-glycan has an essential intracellular role in 

maintaining collagen folding and secretion under conditions of proteostatic challenge, such as 

those incurred during disease or ER stress. We first confirmed that the N-glycan is dispensable 

for folding and secretion of WT collagen-I, fully consistent with previous results from Lamandé 

and Bateman.24 We then used OI-causing variants of collagen-I, specifically those located within 

the C-Pro domain, as a model for conditions under which collagen folding is challenged. These 

variants exhibit delayed folding but are ultimately able to trimerize and pass cellular quality control 

checkpoints required for secretion.26, 30 We discovered that removal of the N-glycan from these 

misfolding-prone Col1(I) variants leads to dramatically decreased secretion of both the full-

length protein and the C-Pro domain when expressed alone. In contrast, secretion of the 

irrevocably assembly-defective D1277H variant does not benefit as significantly from the 

presence of the N-glycan. Notably, we observed activation of ER stress pathways and formation 

of intracellular aggregates upon expression of non-N-glycosylated, misfolding-prone C-Pro1(I) 

variants. 

We hypothesized that the secretion defect observed for the non-N-glycosylated, 

misfolding-prone C-Pro1(I) variants could be attributed to either intrinsic destabilization upon 

loss of the N-glycan or exacerbated misfolding due to the inability of non-N-glycosylated variants 

to access lectin-based chaperones in the ER. Immunoprecipitation experiments revealed that 

misfolding-prone C1299W C-Pro1(I), but not WT, associated extensively with the ER’s lectin-

based chaperone machinery in an N-glycan dependent manner. Chemical inhibition of lectin 

chaperone association using castanospermine fully phenocopied the secretion defect we 

observed for non-N-glycosylated C1299W C-Pro1(I). Taken together, these data indicate that 

misfolding-prone C-Pro1(I) variants depend heavily on N-glycan-mediated access to the lectin 

chaperones in order to fold, assemble, and pass quality control checkpoints required for secretion. 
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We further found that the specific location of the N-glycan is not critical for this assistance, merely 

its presence. 

The intracellular C-Pro1(I) aggregates we observed in the absence of the N-glycan were 

not readily cleared by either ER-associated degradation or autophagy, even though both 

pathways are reported to have roles in collagen-I quality control.19, 56-58 Calnexin has notably been 

found to interact with FAM134B, an ER-phagy receptor, thereby targeting misfolding procollagen 

to an autophagic fate that can be inhibited by bafilomycin A1.19 Such clearance would likely be 

slowed or eliminated by removal of the N-glycan, which reduces binding to calnexin. Separately, 

another recent report of autophagic collagen clearance that is bafilomycin A1-insensitive suggests 

that non-canonical mechanisms may be involved.56 Regardless, clearance by any of these or 

other pathways is very slow for the variants studied here, requiring >8 hours after synthesis of 

non-N-glycosylated, misfolding-prone C-Pro1(I).  

Misfolding-prone collagen-I variants are found only in a very small fraction of the human 

population, suggesting that the highly conserved N-glycan is unlikely to function only in this 

context. Indeed, we find that the N-glycan is also critical for proper folding and secretion of WT 

collagen-I under conditions of mild ER stress. ER stress and UPR activation occur in various 

commonly encountered physiological contexts, including differentiation of collagen-producing 

cells such as osteoblasts, chondrocytes, and fibroblasts.42-45 Chronic activation of the UPR has 

also been observed in connection with processes that require synthesis of large amounts of matrix 

proteins, such as development41 and wound healing.46, 47, 50 The N-glycan thus appears to be 

crucial for maintaining WT collagen proteostasis and secretion during these critical, yet 

commonplace, circumstances. 

Our data point to the N-glycan as a key structural motif responsible for enabling collagen 

folding under challenging proteostasis conditions, adding to the repertoire of critical functions for 

collagen’s C-Pro domain. Under normal conditions, the highly conserved N-glycan on collagen-I 

is dispensable because the protein can fold and secrete efficiently without relying on lectin 

chaperones. However, when protein folding is challenged, whether by disease-associated 

mutations or ER stress, the N-glycan becomes essential for preventing collagen misfolding by 

providing access to the lectin chaperone network in the ER (Fig. 2-6).  

Absence of the N-glycan not only exacerbates folding defects but also disrupts collagen 

quality control, leading to extensive intracellular aggregation. These observations highlight the 

remarkable efficacy of collagen proteostasis, wherein multiple systems cooperate to safeguard 

the production of a critical protein under changing conditions. Moreover, they suggest the potential 

of modulating the levels and/or activities of the ER’s lectin chaperone network as a strategy to 
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resolve dysregulated collagen proteostasis in the collagenopathies.29 In conclusion, our results 

reveal a fundamental, context-dependent role for collagen’s highly conserved N-glycan; its 

implications for cellular signaling, development, and collagen misfolding diseases provide ample 

subject for future work. 

 

 
Figure 2-6: Model for the context-dependent essentiality of collagen’s conserved N-
glycan. 

Under normal conditions, collagen folds and secretes properly without significant aid from N-
glycan-mediated access to the lectin chaperones. When folding is challenged, whether by 
misfolding-prone mutations or physiological ER stress, the N-glycan is essential to allow collagen 
to associate with lectin chaperones in the ER to promote proper folding, assembly, and secretion. 
The inability to access lectin chaperones leads to aggregation and impaired secretion. 
 
  



68 
 

MATERIALS AND METHODS 

Cell Lines and Reagents. HEK293T cells (ATCC) were cultured in complete DMEM 

media (Corning) supplemented with 10% fetal bovine serum (FBS), 100 IU penicillin, 100 g/mL 

streptomycin, and 2 mM L-glutamine (Corning). Healthy dermal fibroblasts (GM05294; Coriell Cell 

Repositories) were cultured in complete MEM (Corning) supplemented with 15% FBS, 100 IU 

penicillin, 100 g/mL streptomycin, and 2 mM L-glutamine. Procollagen-I expression and 

hydroxylation was induced in primary fibroblasts using 200 M sodium ascorbate (Amresco) 

during expression of triple-helical domain-containing procollagen constructs. Immunoblots were 

probed with the following primary antibodies, as indicated: anti-HA (Santa Cruz Biotechnology, 

1:200; ThermoFisher 26183, 1:10000),  anti--actin (Sigma A1978, 1:2000),  anti-GFP (GeneTex 

GTX-113617, 1:1000), anti-LC3B (Abcam ab192890, 1:1000), anti-calnexin (Enzo ADI-SPA-860, 

1:1000), anti-calreticulin (ThermoFisher PA3-9000, 1:1000), anti-ERp57 (Cell Signaling 

Technology 2881, 1:1000), anti-UGGT1 (Abcam ab124879, 1:10000), anti-ERp29 (Cell Signaling 

Technology, 1:1000), anti-c-Myc (Sigma M4439, 1:5000), and anti-KDEL (Enzo, 1:1000). 

Sequence Alignments. Procollagen amino acid sequences were aligned using the 

default settings of ClustalOmega (https://www.ebi.ac.uk/Tools/msa/clustalo/). For the indicated 

organisms, the sequences of pro1(I) or the closest available analogue were aligned. The 

accession numbers used are listed in Table S2-1.  

Vector Construction. Site-directed mutagenesis was performed on previously described 

PPT.HA.pro1(I).pENTR1A16 and blasticidin-resistant versions of PPT.HA.C-Pro1(I).pcDNA3.16 

plasmids using the QuikChange II XL Site-Directed Mutagenesis Kit (Agilent). As required, 

procollagen pENTR1a vectors were recombined into pAd.CMV.V5.DEST Gateway destination 

vectors using LR Clonase II (Invitrogen). c-Myc-tagged versions of full-length N1365Q constructs 

were generated by insertion of appropriate procollagen genes into a PPT.c-Myc.pENTR1a vector, 

generated by ligating the c-Myc epitope tag into pENTR1a using the NotI and XbaI (New England 

Biolabs) sites for restriction cloning. The DHFR.YFP.HA.pLenti.CMV.PuroDEST vector was 

cloned from previously described DHFR.YFP.pENTR1A34 using LR Clonase II recombination. 

Full-Length Pro1(I) Adenovirus Production. Adenoviral destination vectors encoding 

HA.pro1(I), HA.pro1(I)C1299W, HA.pro1(I)N1365Q, HA.pro1(I)C1299W/N1365Q, c-

Myc.pro1(I)N1365Q, or c-Myc.pro1(I)C1299W/N1365Q were used to produce adenovirus 

according to the manufacturer’s instructions (Life Technologies ViraPower Adenoviral Expression 

System). Viruses were subsequently amplified in HEK293A cells (Thermo Fisher) and titrated 

using GM05294 primary fibroblasts to identify an appropriate volume to use for experiments, 
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defined as the minimum viral volume that provided consistent signal for all constructs at both the 

protein and transcript level. 

C-Pro1(I) Experiments. HEK293T cells were plated at a density of 7.5 × 105 cells/well 

in 6-well plates the day before transfection. Cells were transfected with the appropriate vectors 

using Lipofectamine 3000 (Thermo Fisher Scientific), according to the manufacturer’s instructions. 

Media was changed to fresh DMEM the following day, after which media and lysates were 

harvested for analysis two days post-transfection. For N-glycan analyses, media was digested 

with PNGase F (New England Biolabs) according to the manufacturer’s instructions. 

For small molecule treatment, transfected cells were split into 6-well plates at a density of 

1.5 × 106 cells/well one day post-transfection. The following day, media was changed to fresh 

DMEM containing DMSO or the appropriate small molecule. Cells were treated with 10 M MG-

132 (Enzo Life Sciences) for 16 h, 100 nM bafilomycin A1 (Alfa Aesar) for 16 h, or 1 M 

castanospermine (Sigma) for 6 h. Media and lysates were then harvested for analysis.  

Immunoblotting. To obtain cell lysates, cells were trypsinized, washed with phosphate-

buffered saline (PBS), and lysed in Triton-X lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM sodium 

chloride, 1 mM EDTA, 1.5 mM magnesium chloride, 1% Triton X-100, 1.5 mM 

phenylmethylsulfonyl fluoride (PMSF; Sigma), and protease inhibitor (Pierce)). Lysates were 

cleared by centrifugation at 21,100 × g and 4 °C for 15 min. Total protein in the supernatant was 

quantified using the bicinchoninic acid assay (Pierce) or Bradford assay (Bio-Rad), and equal 

amounts of total protein were analyzed for each sample. For analyses under reducing conditions, 

cell lysates or media were denatured by boiling in 6× Laemmli buffer (300 mM Tris, pH 6.8, 15% 

glycerol, 6% SDS, and 10% (w/v) bromophenol blue) supplemented with 167 mM 1,4-

dithiothreitol (DTT), separated on homemade 4/8% or 4/12% Tris SDS−PAGE gels, and 

transferred to nitrocellulose membranes. For analyses under non-reducing conditions, media 

samples were boiled in Laemmli buffer without DTT prior to SDS-PAGE gel separation. Owing to 

cross-reactivity between antibodies, samples of medium from primary fibroblasts for full-length 

procollagen-I blots were run on duplicate gels, transferred, and then probed separately for either 

mouse anti-HA or mouse anti-c-Myc. Blots were imaged after incubation with appropriate primary 

and 800CW or 680LT secondary antibodies (LI-COR) by scanning on an Odyssey infrared imager 

(LI-COR), followed by quantification as required using ImageJ. Each experiment was performed 

in biological triplicate, with representative blots shown.  

Full-Length Pro1(I) Pulse-Chase Experiments. GM05294 primary human fibroblasts 

were plated at a density of 5.6 × 106 cells/plate in 150-mm dishes the day before transduction. 

After allowing cells to adhere overnight, cells received fresh media and were transduced with 
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HA.pro1(I) variant-encoding adenoviruses or untransduced as a control. The next day, cells 

received fresh media. Two days post-transduction, cells were trypsinized and plated on poly-D-

lysine (PDL; Sigma)-coated 6-well plates at a density of 2.5 × 105 cells/well. For experiments 

involving Tg treatment, cells were allowed to adhere for approximately 8 h, then the media was 

spiked with DMSO or Tg to a final concentration of 750 nM. After incubating overnight, cells were 

serum starved for 30 min in DMEM without Met- and Cys- (Corning, Gibco), then pulsed with 100 

Ci/mL of 35S-labeled Met- and Cys-containing media (Perkin Elmer) for 30 min. DMSO or Tg 

were included during the starve and pulse steps as appropriate. Cells were then washed three 

times with complete MEM to remove excess radiolabel prior to incubating for the indicated chase 

times. Media was harvested directly, while cells were lysed in RIPA buffer (25 mM Tris at pH 7.5, 

150 mM NaCl, 1 mM EDTA, 1% Triton, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 

1.5 mM PMSF, and protease inhibitor tablets) and then spun at 21.1 × 103 × g at 4 °C for 15 min 

to pellet cell debris. Samples were then immunoprecipitated using 30 L of HA-antibody agarose 

beads (Sigma) overnight, mixing end-over-end at 4 °C. The following day, beads were washed 

three times with RIPA buffer for 10 min end-over-end at 4 °C, washed once with PBS for 10 min 

end-over-end at 4 °C, and then dried with a 30.5-gauge needle. Samples were eluted by boiling 

in 6× Laemmli buffer containing 167 mM DTT for 10 min, spun at 21.1 × 103 g at 4 °C for 5 min, 

and then separated on 4/8% Tris-Gly SDS-PAGE gels. Gels were dried on a gel slab dryer at 

60 °C for 120 min, developed with a GE Healthcare PhosphoScreen, and imaged on a Typhoon 

FLA 7000. All experiments were performed in biological triplicate, and gels were quantified using 

ImageQuant TL. Statistical analyses were performed using unpaired Student t-tests. 

C-Pro1(I) Pulse-Chase Experiments. HEK293T cells were plated at a density of 5.0 × 

106 cells/dish in 100-mm dishes the day before transfection. Cells received fresh media and were 

then transfected with C-Pro1(I)-encoding plasmids or an RFP-encoding plasmid as a control 

using Lipofectamine 3000, according to the manufacturer’s instructions. The next day, cells were 

trypsinized and plated on PDL (Sigma)-coated 6-well plates at a density of 1.7 × 106 cells/well. 

For experiments involving castanospermine treatment, cells received fresh media containing 

either 1 M castanospermine or vehicle the following day, 4 h prior to serum starvation. Cells 

were serum-starved for 15 min in DMEM without Met- and Cys- (Corning, Gibco), then pulsed 

with 100 Ci/mL of 35S-labeled Met- and Cys-containing media (Perkin Elmer) for 15 min. 

Castanospermine was included during the starve and pulse steps as appropriate. Cells were then 

washed three times with complete DMEM to remove excess radiolabel prior to incubating for the 

indicated chase times. Where indicated, 15 M of the proteasome inhibitor MG-132 was added 
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at the start of the chase. Media was harvested directly, while lysates were harvested in RIPA 

buffer and then spun at 21.1 × 103 g at 4 °C for 15 min to pellet cell debris. Samples were then 

immunoprecipitated using 30 L of HA-antibody agarose beads (Sigma) overnight, mixing end-

over-end at 4 °C. The following day, beads were washed three times with RIPA buffer for 10 min 

end-over-end at 4 °C, washed once with PBS for 10 min end-over-end at 4 °C, and then dried 

with a 30.5-gauge needle. Samples were then eluted by boiling in 6× Laemmli buffer containing 

167 mM DTT for 10 min, spun at 21.1 × 103 g and 4 °C for 5 min, and then separated on 4/12% 

Tris-Gly SDS-PAGE gels. Gels were dried on a gel slab dryer at 60 °C for 120 min, developed 

with a GE Healthcare PhosphoScreen, and imaged on a Typhoon FLA 7000. All experiments 

were performed in biological triplicate, and gels were quantified using ImageQuant TL. Statistical 

analyses were performed using unpaired Student t-tests. 

RNA Purification and qPCR. HEK293T cells were harvested by trypsinization and 

washed with PBS. Primary patient fibroblasts were rinsed with PBS, then harvested in the plate. 

RNA was isolated using the E.Z.N.A. Total RNA Kit I (Omega Bio-Tek), according to the 

manufacturer’s instructions. RNA concentrations were normalized to 1 g total RNA prior to cDNA 

synthesis using a High Capacity cDNA Reverse Transcription Kit (Applied Biosciences). cDNA 

was amplified in a Light Cycler 480 II Real Time PCR Instrument in the MIT BioMicro Center using 

the KAPA SYBR FAST qPCR Master Mix (Kapa Biosystems) and appropriate primers. Transcript 

levels were normalized to the housekeeping gene RPLP2, and fold-change was calculated 

relative to the RFP transfected or untransduced control. All measurements were performed in 

biological and technical triplicate.  

Immunofluorescence and confocal microscopy. HEK293T cells were transfected as 

described above. The following day, 1.0 × 105 cells were transferred to PDL-coated cover slips 

housed in 24-well plates. After incubating for at least 24 h, culture media was removed and the 

cover slips were washed with PBS. The cells were then fixed in 3.7% formaldehyde (Mallinckrodt) 

overnight at 4 °C. After removing the formaldehyde, the cover slips were washed with PBS and 

then incubated with 0.1% Triton X-100 for 30 min to permeabilize the cells. Cover slips were then 

incubated overnight in a blocking solution of 5% bovine serum albumin in TBS with 0.01% sodium 

azide. Cells were labelled overnight with the anti-HA antibody (Abcam ab9110; 1:100) in 5% BSA 

at 4 °C, followed by either the anti-PDI (Abcam ab2792; 1:100) or anti-GM130 antibody (Sigma 

G7295; 1:500). Between antibodies, the cover slips were washed three times with TBS. Both 

secondary antibodies, Alexa Fluor 568-conjugated anti-mouse and Alexa Fluor 488-conjugated 

anti-rabbit (Invitrogen; 1:1000), were applied simultaneously in the 5% BSA solution for 2 h at 

room temperature. The cover slips were then washed five times with TBS and labelled with DAPI 
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(Invitrogen) for 15 min at room temperature, followed by one wash with TBS and two with water. 

Cover slips were mounted on microscope slides using ProLong Gold Antifade Mountant 

(Invitrogen). Images were acquired at the W. M. Keck Microscopy Facility at the Whitehead 

Institute on a Zeiss AxioVert200M microscope with a 100× oil immersion objective with a 

Yokogawa CSU-22 spinning disk confocal head with a Borealis modification (Spectral Applied 

Research/Andor) and a Hamamatsu ORCA-ER CCD camera. The MetaMorph software package 

(Molecular Devices) was used for image acquisition. The excitation lasers used to capture the 

images were 405 nm, 488 nm, and 561 nm. Image processing was performed using ImageJ. 

Immunoprecipitations. HEK293T cells expressing C-Pro1(I) variants were trypsinized 

from 100-mm dishes, washed with PBS, then resuspended in 10 mL of PBS. Cells were 

crosslinked with 150 M dithiobis(succinimidyl propionate) by mixing end-over-end for 30 min at 

room temperature. Crosslinking was quenched by addition of Tris at pH 8.0 to a final concentration 

of 100 mM for 10 min end-over-end. Cell lysates were prepared as described above using RIPA 

buffer, and 1 mg of total protein was immunoprecipitated using 60 L of HA-antibody agarose 

beads overnight, mixing end-over-end at 4 °C.  The following day, samples were centrifuged for 

5 min at 200 × g and 4 °C. The supernatant was removed, and then the beads were washed with 

RIPA buffer three times followed by PBS once. After the third wash, samples were eluted in 40 

L of 300 mM Tris at pH 6.8 and 6% SDS (w/v) by boiling for 10 min, followed by separation on 

homemade 4/12% Tris SDS−PAGE gels and immunoblotting as described above.  

Full-Length Pro1(I) Immunoblotting Experiment. GM05294 primary human 

fibroblasts were plated at a density of 3.5 × 105 cells/plate in 60-mm dishes the day before 

transduction. After allowing cells to adhere overnight, cells received fresh media and were 

transduced with adenoviruses encoding HA.pro1(I) and c-Myc.pro1(I)N1365Q. The next day, 

cells received fresh media. Two days post-transduction, cells were split 1:4 into 12-well plates. 

Endogenous procollagen-I expression was induced by treatment with 200 M sodium ascorbate 

the following day, and cells were treated with DMSO or 750 nM thapsigargin (Tg). After 24 h, 

media and cells were collected for analysis. 

  



73 
 

SUPPORTING FIGURES 

 
Figure S2-1: Analyses of Pro1(I) and C-Pro1(I) expression.  

(A) Quantification of the lysate fraction corresponding to the representative autoradiographs 

shown in Fig. 2-2B. (B) Digestion of WT and N1365Q/E1294T C-Pro1(I) with PNGase F resulted 
in a shift in electrophoretic mobility that corresponds to N-glycan removal and matched the 
electrophoretic mobility of the N1365Q variant. (C) Quantification of the lysate fraction 
corresponding to the representative autoradiographs shown in Fig. 2-2C. (D) Immunoblots of 

secreted C-Pro1(I) variants with and without the N-glycan under non-reducing (Left) and 
reducing conditions (Right) demonstrate: (i) assembly of all N-glycosylated variants into disulfide-
linked trimers, with the exception of D1277H and (ii) the secretion defect resulting from removal 

of the N-glycan from misfolding-prone, C-Pro1(I) variants, which is even more striking when 
analyzed at steady state (note the high exposure media immunoblot under reducing conditions, 
in which some low level of secretion can be observed). (E) Steady-state immunoblots of the 

intracellular fraction for C-Pro1(I) variants with and without the N-glycan reveal very low levels 
of soluble intracellular protein detectable by immunoblotting at steady state. 
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Figure S2-2: Analyses of non-N-glycosylated, misfolding-prone C-Pro1(I) variants. 

(A) mRNA expression levels of the unfolded protein response-induced transcripts DNAJB10 and 
DDIT3 further highlight induction of ER stress when non-N-glycosylated, misfolding-prone C-

Pro1(I) variants are expressed. Thapsigargin (Tg) treatment was used as a positive control for 

ER stress induction. (B) Treatment of cells expressing WT or C1299W C-Pro1(I) with or without 
the N-glycan with MG-132, a proteasome inhibitor, suggests that none of the variants were 
extensively degraded by the proteasome. DHFR.YFP represents a destabilizing domain variant 
of Escherichia coli dihydrofolate reductase fused to YFP. It serves as a positive control, because 
successful proteasome inhibition is known to increase intracellular levels of DHFR.YFP.59 (C) 

Treatment of cells expressing WT or C1299W C-Pro1(I) with or without the N-glycan with 
bafilomycin A1, an autophagy inhibitor, suggests that the secretion defect exhibited by the non-

N-glycosylated C1299W C-Pro(I) cannot be fully accounted for by autophagic degradation. 
Inhibition of autophagy using bafilomycin A1 decreases LC3B lipidation, resulting in the 
appearance of lower molecular weight bands in Western blots.60 (D) Representative 35S gel 
images from an 8 h pulse-chase indicate sustained intracellular retention of non-N-glycosylated 

C1299W C-Pro1(I). 
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SUPPORTING TABLES 

Table S2-1. Accession numbers for procollagen amino acid sequences of the indicated species. 

Species Accession number 

Human P02452 

Macaque H9Z595 

Dog F1Q3I5 

Cow P02453 

Mouse P11087 

Chicken P02457 

Frog Q802B5 

Coelecanth XP_005992246.1 

Shark XP_007908904.1 

Zebrafish UPI00038359B8 

Lamprey B3Y964 

Lancelet Q53UC0 

Tunicate Q53UC1 

Sea urchin Q26052 

Abalone O97405 

Red fire ant XP_011176175.1 

Honeybee UPI000252BA34 

Mollusk UPI00084B9720 

Annelid P90679 

Hydra T2MHG7 

Tapeworm A0A0X3PV25 

Sponge P18856 
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ABSTRACT 

The fibrillar collagens are large, complex, multi-domain, oligomeric proteins. Although they 

make up the majority of the protein in the human body, the molecular features that govern their 

folding and assembly are not well-understood. We previously proposed a model of collagen 

assembly using data obtained from expression and purification of collagen-I C-Pro domains in the 

absence of other domains. This model suggested two key features of C-Pro assembly: First, we 

showed that Ca2+ mediates the non-covalent assembly of collagen-I C-Pro domains in all possible 

stoichiometries. Second, data collected using C-Pro domains in isolation suggested that the 

presence or absence of interchain disulfide-forming cysteine residues is likely key to template 

stable triple helix formation. Here, we explore the applicability of this model to full-length collagen, 

as all prior work was conducted with either C-Pro domains in isolation or with engineered mini-

collagen constructs. We find that the ability of a collagen strand to stably homotrimerize is not 

solely reliant on the cysteine code and is unexpectedly influenced by factors outside the C-Pro 

domain. We also confirm that the absence of an interchain disulfide-forming cysteine in non-

homotrimerizing collagen strands is critical to prevent formation of covalently-linked, unstable 

trimers and to maintain availability of the monomer for heterotrimer formation. Collectively, these 

results advance our understanding of collagen assembly while raising additional questions 

regarding how Nature engineers the correct assembly of such a complex protein. 
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INTRODUCTION 

The fibrillar collagens are the most abundant class of proteins in the human body, 

providing the structural scaffold of our connective tissues.1 They are characterized by a single 

triple-helical domain bookended at the N- and C-termini by short telopeptides (N-telo and C-telo) 

and globular propeptide domains (N-Pro and C-Pro) (Fig. 3-1A).2 The propeptide domains are 

proteolytically cleaved prior to supramolecular assembly of individual triple helices into fibrils, 

while the telopeptides form covalent, inter-helix crosslinks to stabilize the fibrils.3  

 

 

Figure 3-1: Fibrillar collagens form homo- or heterotrimers guided by the C-Pro domain.  

(A) Collagen folding begins at the globular C-terminal propeptide (C-Pro) domain, followed by 

zipper-like folding of the triple-helical domain. Collagen-I preferentially forms 2:1 pro1(I):pro2(I) 

heterotrimers. Pro1(I) homotrimers are a minor product, while pro2(I) homotrimers have never 

been observed. (B) A crystal structure of the C-Pro1(I) homotrimer shows that Ca2+ binds at the 
interface between monomers and that C2 and C3 form interchain disulfide bonds. The schematic 

below shows the disulfide bonding pattern of the eight cysteines in the C-Pro1(I) homotrimer. 
(C) Our previously proposed model for collagen assembly describes transient, Ca2+-mediated, 
non-covalent association of all stoichiometries of C-Pro domains, followed by covalent 
immortalization of the species that are able to form disulfide bonds between all three subunits. 
 

There are seven types of fibrillar collagens, three of which form heterotrimers, resulting in 

a total of eleven different human fibrillar collagen strands.2 One of the most remarkable features 

of collagen biosynthesis is the formation of trimeric molecules that are the correct type and correct 
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stoichiometry, particularly when multiple fibrillar collagens are expressed in a single cell. For 

example, collagen-I is almost always found as a 2:1 1(I):2(I) heterotrimer, despite the ability of 

the 1(I) strand to form highly stable homotrimers.  

This process of chain selection is generally attributed to the C-Pro domain, as the fibrillar 

collagens begin folding at their C-termini.4 The C-Pro domains are thought to assemble into a 

disulfide-linked trimer first, after which zipper-like folding of the triple helix takes place (Fig 3-1A).5 

The question of how the ~30 kDa (as a monomer) globular C-Pro domain governs assembly of 

the much larger and highly repetitive ~100 kDa triple-helical region into the desired trimeric 

products has intrigued researchers since its discovery, and various primary structural features 

have been implicated in the process of chain selection.6, 7  

Our previous work identified roles for two features of the fibrillar collagen C-Pro domains 

in governing trimeric assembly patterns.8 First, we showed that Ca2 binding between C-Pro 

monomers is critical for templating non-covalent assembly. Second, we found that the highly 

conserved network of cysteine residues within the C-Pro domain predicts what stoichiometric 

forms of collagen homo- and heterotrimers exist biologically – a so-called cysteine code.  

The ability of the collagen C-Pro domain to bind Ca2+ was unappreciated until the 

publication of crystal structures of C-Pro1(III) and C-Pro1(I) homotrimers.7, 9 Both of these 

structures revealed a highly conserved Ca2+-binding site located between C-Pro monomers 

involving five residues from one strand and one residue from its neighbor (Fig. 3-1B). Our work 

demonstrated, unexpectedly and significantly, that the presence of Ca2+ promotes non-covalent, 

trimeric association of both C-Pro1(I) and C-Pro2(I) into all possible stoichiometries, even in 

the absence of interchain disulfide bonds. When Ca2+ is removed, the non-covalent assemblies 

dissociate into monomers.8  

We additionally showed that the presence or absence of interchain disulfide-forming 

cysteine residues predicts the formation of stable, disulfide-linked homo- and heterotrimers for all 

fibrillar collagen C-Pro domains. Collagen strands that are known to homotrimerize have eight 

cysteines within their C-Pro domain, whereas those that are only found in heterotrimers have 

seven, with the second or third cysteine (C2 or C3) missing.8 Crystal structures of C-Pro1(III)9 

(a naturally occurring homotrimer) and homotrimeric C-Pro1(I)7 show that C2 and C3 form 

interchain disulfide bonds between the C-Pro monomers (Fig. 3-1B), suggesting that 2(I) and 

other collagen strands with seven cysteines cannot form homotrimers due to their inability to form 

interchain disulfide bonds. 
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Early work using mini collagens and a cell-free expression system suggested that simply 

substituting the serine in position two of pro2(I) with a cysteine was insufficient to generate 

disulfide-linked homotrimers.10 However, our work demonstrated that the serine to cysteine 

substitution is actually sufficient to drive the formation of disulfide-linked C-Pro2(I) homotrimers, 

at least in the absence of the other collagen domains. This pattern held true for the other 

heterotrimer-forming collagen C-Pro domains. Inversely, substitution of C2 or C3 for serine in 

homotrimerizing C-Pro domains abolished their ability to form disulfide-linked homotrimers.8  

Collectively, these data suggested a model by which chain-selective collagen assembly 

could occur. In Ca2+-rich environments, such as the ER, Ca2+ templates non-covalent trimeric 

assembly of all stoichiometric configurations of collagen-I C-Pro domains. Subsequently, disulfide 

bonds form between adjacent subunits, providing a thermodynamic sink that stabilizes the trimers 

for triple helix formation (Fig. 3-1C).8 This model would explain why 2:1 1(I):2(I) heterotrimers 

and 1(I) homotrimers are the only forms of collagen-I observed—they have sufficient cysteines 

to form disulfide bonds linking all three monomers, while 1:2 2(I):2(I) heterotrimers and 2(I) 

homotrimers do not.8  

This model also helps explain the discrepancy between our data and the data obtained 

from the mini collagen system regarding the introduction of C2 in 2(I). The mini collagens were 

expressed in an in vitro translation system that required pre-translation treatment with Ca2+ 

chelators.6, 10, 11 Thus, the absence of Ca2+ likely prevented non-covalent C-Pro association that 

precedes disulfide bond formation. Nevertheless, there remains the possibility that the N-Pro, 

telopeptides, or the truncated triple-helical domain present in the mini collagen system impact 

assembly.  

A key implication of our model, although not yet experimentally tested, is that covalent 

linkage of three collagen strands ultimately governs the formation of triple helices. Notably, 

previous work in the mini-collagen system suggested that interchain disulfide bond formation is 

not universally required for collagen assembly, at least in the mini-collagens.10 Moreover, a model 

based solely on disulfide bond formation begs the question of why the heterotrimer is the preferred 

form of collagen-I. The C-Pro1(I) homotrimer has an additional disulfide bond compared to the 

heterotrimer, implying that it is a more stable configuration. In addition, the 1(I) homotrimer triple 

helix was previously shown to be more thermally stable than the 2:1 heterotrimer.12 Hence, the 

cysteine code on its own is not sufficient to fully explain patterns of collagen assembly beyond 

the ability of a given C-Pro domain to form a disulfide-linked trimer. Ca2+-mediated dynamic 

assembly may play an even more important, not yet fully appreciated role.  
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In this chapter, we explore the applicability of our model in Figure 3-1C to full-length 

procollagen, where all domains are present. We found that, while substitution of the serine in 

position 2 of pro2(I) with cysteine does indeed lead to disulfide-linked trimer formation, this 

substitution does not yield stable, pepsin-resistant collagen triple helices. Further, substitution of 

the cysteine in position 2 of pro1(I) with serine abrogated disulfide-linked trimer formation, yet 

the resultant collagen assemblies were pepsin-resistant and therefore likely triple-helical. These 

results suggest that Ca2+-mediated non-covalent assembly is critical for triple helix formation and 

that regions outside the C-Pro domain play unanticipated roles in governing collagen assembly 

patterns. 
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RESULTS 

Covalent linkage of C-Pro2(I) is insufficient to drive formation of pepsin-resistant 

pro2(I) triple helices. Our previous work revealed that introduction of a cysteine at the C2 

position of C-Pro2(I) drives formation of a covalently linked C-Pro2(I) homotrimer.8 To 

determine whether this result is consistent in the context of the full-length pro2(I) protein, we 

expressed HA-tagged wild-type (WT) pro2(I) and S2C pro2(I) in HEK293T cells and assessed 

the secreted collagen using reducing and non-reducing immunoblots. We found that WT pro2(I) 

does not form disulfide-linked assemblies, as expected. Consistent with the C-Pro domain 

expressed in isolation, S2C pro2(I) forms disulfide-linked trimers (Fig. 3-2A).  

We next assessed whether the pro2(I) variants form stable triple helices. Properly folded 

collagen triple helices are generally resistant to protease digestion, whereas misfolded or 

unfolded collagen strands are sensitive to protease digestion. This behavior is well-established 

using pepsin (Fig. 3-2B).13 We precipitated collagen from the media of pro2(I) and S2C pro2(I)-

expressing cells and subjected it to pepsin digestion at 4 °C overnight. We found that, in contrast 

to the properly folded collagen synthsized by primary fibroblasts, neither pro2(I) nor S2C pro2(I) 

formed substantive amounts of pepsin-resistant triple helices (Fig. 3-2C). This result indicates 

that covalent linkage of the C-Pro domain of pro2(I) is insufficient to produce stable, 

homotrimeric pro2(I) triple helices.  

 

Figure 3-2: S2C 2(I) forms disulfide-linked trimers but does not effectively form pepsin-
resistant helices.  

(A) WT pro2(I) is expressed as a monomer, while S2C pro2(I) forms disulfide-linked trimers. 
(B) Properly folded collagen molecules are resistant to pepsin digestion, whereas misfolded 

collagen molecules will be digested by pepsin. (C) Both 2(I) and S2C 2(I) form little to no 
pepsin-resistant homotrimers compared to WT collagen secreted from primary fibroblasts. (D) 

Even at 30 °C, neither 2(I) nor S2C 2(I) form pepsin-resistant homotrimers.  
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Previous work suggests that 2(I) homotrimers formed by in vitro thermal renaturation 

have a melting temperature of only ~20  °C.14 Hence, even if disulfide-linked S2C pro2(I) is able 

to template triple helix formation, the triple helix itself may not be able to fold at physiological 

temperatures. To assess this possibility, we cultured cells expressing WT pro2(I) and S2C 

pro2(I) at 30 °C. [Unfortunately, culturing cells at 25 °C or lower temperatures inhibited growth 

and substantially diminished collagen-I secretion (Fig. S3-1).] We subjected the secreted collagen 

produced at 30 °C to pepsin digestion overnight at 4 °C and found that both pro2(I) and S2C 

pro2(I) were still unable to form stable, pepsin-resistant homotrimers (Fig. 3-2D).  

Covalent linkage of C-Pro1(I) is not required for formation of pepsin-resistant 

pro1(I) homotrimers. We next asked whether the reverse was true—would the absence of 

covalent linkage in pro1(I) prevent stable triple helix formation? We expressed WT pro1(I) and 

C2S pro1(I) and examined the secreted collagen. Pro1(I) formed the expected disulfide-linked 

trimers. However, we were quite surprised to find that C2S pro1(I) formed an apparent disulfide-

linked dimer (Fig. 3-3A).  

 

 

Figure 3-3: C2S 1(I) does not form disulfide-linked trimers yet is able to form pepsin-
resistant triple helices.  

(A) WT pro1(I) is expressed as disulfide-linked trimers, as expected. C2S pro1(I) forms an 

unexpected disulfide-linked dimer. (B) Both 1(I) and C2S 1(I) efficiently form pepsin-resistant 
homotrimers.  
 

Removal of C2 from pro1(I) leaves C3 unpaired. However, given the location of C3 in a 

properly folded C-Pro1(I) monomer, it seems unlikely that C3–C3 disulfide bonds would be able 

to form in a properly folded trimer. The only other cysteines within the pro1(I) chain are located 

in the N-Pro domain. However, the crystal structure of the collagen-IIA N-Pro domain, which has 

61% sequence identity with N-Pro1(I), including conservation of all ten cysteines, suggests that 

all ten N-Pro cysteines form intrachain disulfide bonds.15 We did not observe disulfide-linked dimer 

formation of C2S C-Pro1(I) without the other domains, suggesting that the presence of other 

domains may help drive formation of an incorrect disulfide linkage within C-Pro or N-Pro domain. 
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Alternatively, N-Pro1(I) may have a different disulfide linkage pattern than N-Pro1(IIA). Further 

investigation is required to determine the origins of this disulfide-linked dimer.  

Bearing in mind this unexpected observation, we precipitated WT pro1(I) and C2S 

pro1(I) from media and digested the proteins with pepsin. We found that both WT pro1(I) and 

C2S pro1(I) formed pepsin-resistant triple helices (Fig. 3-3B). This finding suggests that covalent 

linkage via the C2–C3 disulfide bonds in the C-Pro domain is not essential for homotrimeric 1(I) 

assembly. Likely, the triple-helical domain of 1(I) is able to self-assemble when the three strands 

are brought into close proximity, as has been observed during in vitro renaturation.14, 16 This 

finding is consistent with what was previously observed with mini-pro1(III) in the mini collagen 

system.11 Ca2+-guided, non-covalent trimerization of the C-Pro domain is likely still essential to 

expedite this process and ensure correct register of the triple helix. Another possible explanation 

for this result is that the unexplained disulfide-linked dimer formed by C2S pro1(I) is somehow 

able to drive triple helix formation, despite misassembly. 

Swapping C-Pro domains does not alter assembly behavior of triple-helical 

domains. We next evaluated whether the assembly behavior of pro1(I), pro2(I), and their 

cysteine variants is dependent upon elements of the C-Pro domain other than the interstrand 

disulfide-forming cysteine residues. To do so, we created chimeric procollagen constructs in 

which the C-Pro domains of pro1(I) and pro2(I) are swapped: 1(I).C-Pro2(I) consists of the 

1(I) protein from N-terminus to the C-Pro cleavage site followed by C-Pro2(I) and vice versa 

for 2(I).C-Pro1(I) (Fig. 3-4A).  

 

Figure 3-4: Chimeric collagens behave consistently with their N-Pro and triple-helical 
domains, rather than their C-Pro domains.  

(A) We constructed chimeric collagens in which the C-Pro domains were swapped between 

pro1(I) and pro2(I). (B) Expression of 1(I).C-Pro2(I) and 2(I).C-Pro1(I) resulted in 

disulfide-linked dimers and trimers, respectively, following the patterns seen with C2S 1(I) and 

S2C 2(I). (C) 1(I).C-Pro2(I) formed pepsin-resistant triple helices, while 2(I).C-Pro1(I) did 

not, again consistent with C2S 1(I) and S2C 2(I).  
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We expressed HA-tagged 1(I).C-Pro2(I) and 2(I).C-Pro1(I) in HEK293T cells and 

examined the secreted collagen. As expected, 2(I).C-Pro1(I) formed disulfide-linked trimers. 

1(I).C-Pro2(I) formed disulfide-linked dimers similar to C2S 1(I) but unlike WT pro2(I) (Fig. 

3-4B). This result further suggests that some feature of the pro1(I) strand outside of the C-Pro 

domain can drive incorrect disulfide bond formation in either the N-Pro or C-Pro domains.  

Pepsin digestion of the precipitated chimeras demonstrated once again that the 1(I) 

triple-helical domain can form pepsin-resistant helices without correct C2–C3 covalent linkage of 

the C-Pro domain, while the 2(I) triple-helical domain cannot (Fig. 3-4C). Other sequence 

elements within the two different C-Pro domains do not alter triple helix assembly patterns. This 

result is consistent with previous data obtained from 2(I).C-Pro1(I) chimeras expressed in 

insect cells.17 
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DISCUSSION 

Our previous model for Ca2+-guided and disulfide-mediated C-Pro assembly provided an 

explanation for the two species of collagen-I observed but did not comprehensively address all 

questions concerning collagen assembly patterns.8 In particular, we hypothesized that interchain 

disulfide bond formation may be necessary to template triple helix assembly, which would explain 

why pro2(I) homotrimers and 1:2 pro1(I):pro2(I) heterotrimers are not observed despite their 

ability to non-covalently assemble. 

Here, we directly investigate this hypothesis by expressing cysteine variants of full-length 

pro1(I) and pro2(I). We observed that interchain disulfide bond formation is not, in fact, 

essential for triple helix assembly. The C2S variant of pro1(I) and the 1(I).C-Pro2(I) chimera 

are both able to form pepsin-resistant helices, despite not being able to form the correct interchain 

disulfide bonds. Non-covalent association of pro1(I) appears to be sustained long enough to 

nucleate triple-helix folding and lead to the formation of pepsin-resistant helices.  

One possible explanation for the ability of pro1(I) to form pepsin-resistant helices without 

covalent linkage is that non-covalent C-Pro association is sustained long enough to nucleate triple 

helix folding. Proline residues are critical for stabilizing collagen’s triple helical structure, and those 

found in the Yaa position of the collagen Gly-Xaa-Yaa triplet are typically hydroxylated, which 

further stabilizes the triple helix.3 The 1(I) chain has 236 proline residues, 49.6% of which are in 

the Yaa position, compared to 2(I), which has 203 proline residues, 46.3% of which are in the 

Yaa position. The higher proline and hydroxyproline content in proa1(I) may preorganize the 

pro1(I) strand such that it has higher innate trimerization potential and can more readily initiate 

triple helix assembly even during transient C-Pro association. Notably, the most C-terminal 75 

amino acids of the 1(I) triple-helical domain, which has been shown to fold rapidly in vitro for 

1(III), has five more Yaa position prolines than the same region of 2(I).4  

The disulfide-linked dimer observed in C2S pro1(I) and 1(I).C-Pro2(I) raises questions 

about how pro1(I) is still able to form properly folded and aligned helices despite almost certainly 

containing an incorrect interchain disulfide bond. Whether the dimer itself drives triple helix folding 

or whether triple helix folding somehow induces dimer formation is thus far unknown. Proper 

alignment of the triple helix of C2S pro1(I) and 1(I).C-Pro2(I), exhibited by the pepsin-resistant 

fragment of the correct size, suggests that the C-Pro domains are still folded in a way that allows 

for nucleation and zipper-like folding. While formation of interchain disulfide bonds between two 

free C3 residues within the C-Pro domain is an obvious explanation, doing so would disrupt the 

existing interface between monomers, including the Ca2+ binding site, likely resulting in an entirely 
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different assembly. Alternatively, interchain disulfide formation or shuffling could occur after triple 

helix formation is initiated in either the C-Pro or N-Pro domains. This explanation appears more 

likely, given that WT pro2(I) does not form a disulfide-linked dimer but 1(I).C-Pro2(I) does. 

Pro1(III) has two additional cysteine residues in its N-Pro domain, which are not present in N-

Pro1(I) or N-Pro1(IIA), that form interchain disulfide bonds after triple-helical folding is 

complete.18 There remains the possibility that the N-Pro1(I) domain either forms different 

disulfide linkages than N-Pro1(IIA)15 or can form an incorrect interchain disulfide bond after 

assembly. 

Meanwhile, covalent linkage of pro2(I) into homotrimers via a S2C substitution or the C-

Pro1(I) domain was insufficient to induce formation of a pepsin-resistant triple helix at 

physiological temperatures. Proline and hydroxyproline content likely also provide an explanation 

for this observation. The 2(I) chain may be unable to form a stable triple helix at physiological 

temperatures simply due to its primary structure, regardless of C-Pro domain stabilization. 2(I) 

homotrimers renatured in vitro have a melting temperature >10 °C lower than that of renatured 

1(I) homotrimers.14 In addition, 2:1 1(I):2(I) heterotrimers generally exhibit lower thermal 

stability and are faster to denature than 1(I) homotrimers.12, 16, 19-21 A proline-rich region at the N-

terminus of C-Pro2(I) has also been proposed to prevent 2(I) homotrimer formation,22 though 

computational modeling suggests a similarly proline-rich sequence in the 1(I) C-telo domain 

would impact 1(I) homotrimerization.23  

Alternatively, hydroxyproline-poor regions have been associated with local microunfolding 

sites that are more sensitive to protease cleavage, and these sites differ between the 1(I) 

homotrimer and 2:1 heterotrimer.12 The 2(I) homotrimer may have additional and overall more 

microunfolding sites that render it susceptible to pepsin digestion even when properly folded into 

a triple helix. Orthogonal methods of measuring triple-helical structure may be more revealing of 

the true structure of S2C 2(I).  

We note that the challenges associated with expressing collagen recombinantly required 

that our experiments be performed in HEK293T cells, which are not known to express collagen-I 

endogenously.24 Our data demonstrate that we are able to form pepsin-resistant triple-helical 

pro1(I) homotrimers, suggesting these cells are able to appropriately modify and fold collagen-

I. However, there remains the possibility that HEK293T cells do not have all of the biosynthetic 

machinery required for proper collagen folding and assembly. 

With these caveats in mind, our results suggest that the ability of a given collagen strand 

to homotrimerize is not based entirely on the cysteine code, as previously suggested, but also on 
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regions outside the C-Pro domain. This finding indicates that further investigation of why the 

cysteine code is so well-conserved amongst the human fibrillar collagens and apparently 

evolutionarily tied to the appearance of collagen heterotrimers is necessary.8  

One possible explanation for the loss of the C2 or C3 in heterotrimerizing collagens is that 

the absence of C2 or C3 may allow cells to maintain availability of the heterotrimerizing monomer. 

Our data show that S2C pro2(I) forms disulfide-linked trimers, which would trap pro2(I) strands 

in covalent complexes and make them unavailable for heterotrimer incorporation. Our initial work 

with isolated C-Pro domains showed that, even in the presence of excess C-Pro1(I), S2C C-

Pro2(I) still forms disulfide-linked trimers.8 Provided this result carries over with full-length 

pro2(I), the absence of C2 or C3 may be critical to ensure efficacious heterotrimer formation. 

This explanation is not fully satisfying in that it does not explain why only some strands 

lack a cysteine while others don’t, particularly if the cysteines are not required to template triple 

helix folding. Specifically, why loss of a cysteine is coupled with the less thermally stable collagen 

strand is unclear, as it leaves the 1(I) strand capable of forming highly irreversible, covalently-

linked homotrimers with stable triple helices. The advantages of the pro1(I) being able to form 

such stable structures is particularly confounding, when the heterotrimer is the dominant and 

desired form. In fact, formation of pro1(I) homotrimers appears to be largely undesirable, as the 

absence of 2(I) in collagen tissues contribute to disease phenotypes.25-28  

The mechanisms governing Nature’s preference for the 2:1 1(I):2(I) heterotrimer 

despite the greater simplicity and stability (of both the covalently linked C-Pro domain and the 

triple-helical domain) of the 1(I) homotrimer have remained enigmatic through the decades of 

collagen research. Our results provide further insight into this fascinating molecular puzzle but 

emphasize the additional unknowns.  

Heterotrimeric chain selection has generally been attributed to the C-Pro domain, but the 

specific interactions that are involved are only speculatively understood.6, 7 As for the triple-helical 

domain, mixed results have been obtained in vitro as to whether 1(I):2(I) heterotrimers or 1(I) 

homotrimer are preferentially formed.12, 14 One study co-expressed a C3S variant of pro2(I), 

which lacks both interchain disulfide-forming cysteines, with WT pro1(I) and found that this 

variant was able to incorporate into heterotrimers.29 This finding suggests that covalent linkage of 

C-Pro2(I) to C-Pro1(I) is also not essential for heterotrimeric triple helix formation. A natural 

follow-up using the constructs described in this chapter would be co-expression of the pro1(I) 

and pro2(I) variants to determine whether preference for the heterotrimer is driven primarily by 
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the C-Pro domain or other domains. Similarly, co-expression experiments could be used to 

examine whether a 1:2 1(I):2(I) heterotrimer is stable. 

Ultimately, the data described here provide key refinements to the model we previously 

proposed for collagen assembly based on the C-Pro domain alone. Unlike previously suggested,8 

the ability of a given collagen strand to stably homo- or heterotrimerize is not based on the 

presence or absence of a single cysteine, but instead on other properties within collagen 

sequence. However, conservation of the cysteine code suggests that the cysteine residues must 

still be critical for assembly, potentially by preventing formation of unstable disulfide-linked trimers. 

Moreover, these data strengthen the importance of non-covalent C-Pro assembly, which we 

previously showed was guided by Ca2+ binding, and here is shown to be sufficient to template 

triple helix assembly of certain collagens. These explanations do not satisfactorily explain all 

aspects of collagen assembly, particularly the observed preference for the formation of 2:1 

1(I):2(I) heterotrimers over more stable 1(I) heterotrimers. Thus, our work sets the stage for 

an abundance of follow-up studies with the ultimate goal of understanding and predicting collagen 

assembly at the molecular level.    
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MATERIALS AND METHODS 

Cell Culture. HEK293T cells (ATCC) were cultured in complete DMEM media (Corning) 

supplemented with 10% fetal bovine serum (FBS), 100 IU penicillin, 100 g/mL streptomycin, and 

2 mM L-glutamine (Corning). Primary fibroblasts (GM05294, Coriell) were cultured in complete 

MEM media (Corning) supplemented with 15% fetal bovine serum (FBS), 100 IU penicillin, 100 

g/mL streptomycin, and 2 mM L-glutamine (Corning). 

Vector Construction. Site-directed mutagenesis was performed on previously described 

PPT.HA.pro1(I).pENTR1A plasmids using the QuikChange II XL Site-Directed Mutagenesis Kit 

(Agilent). Gibson assembly using NEBuilder HiFi DNA Assembly Master Mix (New England 

Biolabs) was used to convert the FLAG tag from previously described 

PPT.FLAG.pro2(I).pENTR1A plasmids to an HA tag for consistency.30 Domain swap chimeras 

were also created with Gibson assembly. Restriction sites within the native collagen gene were 

used to generate fragments when possible, to avoid PCR amplification of the highly repetitive, 

GC-rich triple-helical region. pENTR1A vectors were recombined into pcDNA-DEST40 vectors for 

expression in HEK293T cells. 

Collagen construct expression. HEK293T cells were plated at a density of 7.5 × 105 

cells/well in 6-well plates or 1.875 × 106 cells/60-mm dish the day before transfection. Cells were 

transfected using Lipofectamine 3000 (Thermo Fisher Scientific) according to the manufacturer’s 

instructions. The following day, media was changed to fresh DMEM with 50 M sodium ascorbate 

to induce procollagen expression and hydroxylation. Media was harvested for immunoblotting or 

precipitation approximately 24 h after ascorbate addition. For primary fibroblasts controls, cells 

were provided with fresh MEM with 200 M sodium ascorbate 24 h prior to harvesting.  

Immunoblotting. For non-reducing blots, media was treated with 100 mM iodoacetamide 

(VWR) for 30 min in the dark to prevent disulfide shuffling. Samples were then treated with 6× gel 

loading buffer (300 mM Tris, pH 6.8, 15% glycerol, 6% SDS, and 10% (w/v) bromophenol blue) 

and boiled for 10 min. For reducing blots, samples were directed treated with 6× gel loading 

buffer was supplemented with 167 mM DTT and boiled for 10 min. All samples were run on 

homemade 4/8% polyacrylamide gels. Immunoblots were probed with anti-HA primary antibody 

(ThermoFisher 26183, 1:10000) followed by 800CW or 680LT secondary antibodies (LI-COR). 

Images were obtained using an Odyssey infrared imager (LI-COR). 

Pepsin digestions. Media from transfected 60-mm dishes was split into two equal 

aliquots and precipitated with 176 mg/mL ammonium sulfate or 25% (v/v) saturated ammonium 

sulfate overnight at 4 °C, rotating end-over-end. Samples were centrifuged at max speed for 30 

min to pellet the protein, and supernatant was removed. The pellets were resuspended in 100 L 
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of 0.5 M acetic acid either with or without 0.1 mg/mL pepsin (Amresco). Samples were digested 

overnight at 4 °C. Pepsin digestion was terminated by lyophilization. Lyophilized samples were 

then resuspended and run on homemade 8% SDS-PAGE gels, followed by staining with 

Coomassie Brilliant Blue R-250 (Ameresco).  
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SUPPORTING FIGURES 

 

 

Figure S3-1: Pro2(I) and S2C pro2(I) secrete poorly at 25 °C. 
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Decades of research have gone into elucidating the mechanisms of collagen folding and 

assembly. Yet the work in this thesis illustrates that we are a long way from understanding how 

cells are able to maintain proper biosynthesis of this complex protein and that this process of 

understanding is often two steps forward, one step back. The work described in Chapter 2 

provides an answer to a major question that was addressed inconclusively 30 years ago and 

ignored ever since—what is the purpose of the highly-conserved collagen N-glycan? A new 

consideration for collagen proteostasis has allowed us and others to demonstrate that the formerly 

enigmatic collagen-I N-glycan is actually a key player in maintaining collagen proteostasis and 

biosynthesis. Progress in this area has opened up many new exciting avenues for further research. 

The work described in Chapter 3 builds upon recent work from us and others that has brought 

substantial clarity to an even more fundamental question of collagen biosynthesis—how is the 

type-I collagen heterotrimer preferentially formed? Our latest findings raise just as many questions 

as they answer and inspires appreciation for the complexity of Nature’s molecular designs.  

Recent advances in collagen research have unfolded alongside increased appreciation 

for proteostasis as a whole. The complexity of the ER proteostasis network and its influence on 

protein folding and quality control have become more and more evident for all proteins, collagen 

included. These developments have led to new paradigms in the collagenopathies,1-3 including 

strategies for treating disease,4 the discovery of new ER stress transducers involved in connective 

tissue development,5-7 the discovery of new degradation pathways for collagens and non-

collagenous proteins,8-13 and more.  

As described in earlier chapters, the collagen N-glycan is emerging as a key nexus in 

collagen proteostasis. Chapter 2 showed that the collagen-I N-glycan is critical for interacting with 

lectin chaperones to maintain collagen proteostasis when protein folding is challenged.14 

Separately, N-glycan processing has been shown to be key for directing misfolded or 

misassembled collagens to ERAD or macro-ER-phagy via calnexin-FAM134B, respectively.9, 10 

Emerging evidence that many of the key players involved in ERLAD processes also may be 

involved in ER-to-Golgi transport presents an appealing, but never before tested, hypothesis that 

the collagen N-glycan may be involved in making the key determination of whether a collagen 

molecule is folded and should be secreted or misfolded and should be degraded. Alternatively, 

Hsp47 also appears to be involved in many of these same processes, via interaction with ER 

cargo receptor TANGO1 and ER stress sensor IRE1.15, 16 Future work examining how proteins 

are recognized as folded or misfolded and targeted to the correct fates are likely to reveal more 

about the involvement of these two elements of collagen proteostasis. 
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Thanks to new structural and biochemical work,17-19 the mechanism of collagen assembly, 

particularly chain selection, has received renewed attention in recent years. Our earlier work 

discovering the importance of Ca2+-mediated C-Pro assembly and addressing the role of the 

cysteine code has helped transform perspectives on this problem. However, the model derived 

from these data left key questions unanswered. Efforts towards clarifying these questions using 

full-length collagens add further intrigue, as discussed in Chapter 3. Our data show that certain 

collagens can form pepsin-resistant trimers even in the absence of covalent linkage in the C-Pro 

domain, suggesting that triple helix folding may not be as C-Pro-driven as previously thought. 

While the C-Pro domain is likely still involved in aligning three polypeptide strands for folding, the 

other domains appear to have some degree of innate trimerization that influence the assembly 

process. In addition, the formation of an unexpected disulfide-linked dimer by some 1(I) variants 

suggests these other domains may also impact C-Pro assembly. However, more work is required 

to clarify which domains contribute to assembly and how. 

Critically, the most fundamental question about collagen type-specific assembly remains 

unanswered—how is the 2:1 1:2(I) heterotrimer favored over the 1(I) homotrimer? While the 

1(I) homotrimer is more thermally stable and simpler on a molecular level,20 it is rarely found in 

healthy tissue.21 One possible mechanism for this bias in assembly is specific salt bridges or non-

covalent interactions that form between the C-Pro domains of two different chains.19 While 

modeling of the heterotrimeric C-Pro identified some putative interactions that impact assembly, 

the impact of these interactions on assembly have not been robustly tested. Another possibility is 

differences in the Ca2+-binding interface. While the residues that directly coordinate Ca2+ are 

conserved between pro1(I) and pro2(I), the local environment may alter Ca2+-binding affinities 

such that an 1(I):2(I) interface is preferred. However, until the crystal structure of the 

heterotrimeric collagen-I C-Pro is solved, such a structural explanation will likely remain elusive. 

Moreover, the data presented in Chapter 3 suggest that the triple-helical domains might contribute 

to chain selection, particularly the thermodynamically instable 2(I) triple helix. Finally, another 

hypothesis to explain preferential heterotrimer formation may be a kinetic effect. Collagen 

assembly is generally presumed to proceed through a dimeric intermediate. The dimer may be 

either an 1(I):1(I) homodimer or an 1(I):2(I) heterodimer. If the former forms much more 

slowly than the latter, it may have a profound impact on assembly patterns. Our preliminary data 

examining this hypothesis are presented in Appendix A. 

The experiments required to answer fundamental questions of collagen assembly are 

challenged by the complexity of manipulating and analyzing collagen and collagen expression 

systems. Collagen genes are highly repetitive and GC-rich, making them relatively unamenable 
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to standard molecular biology techniques, including high-profile CRISPR technologies that have 

transformed our ability to answer many other biological questions. The protein itself is also highly 

repetitive, difficult or impossible to synthesize recombinantly, fairly unstable at physiological 

temperatures, and tricky to characterize. Collagen does not have any enzymatic activity, thereby 

necessitating biophysical or tissue-level assays to characterize folding and function. In addition, 

heterogeneity in propeptide cleavage results in multiple species of collagen produced in 

experimental systems, including procollagen, pN-collagen (C-Pro cleaved), pC-collagen (N-Pro 

cleaved), and collagen without propeptides. These varied species can make characterization of 

a single species or total collagen difficult, requiring thoughtful insertion of epitope tags, antibodies 

that recognize different domains, and careful interpretation of data collected from a mixed 

collagen population.  

The complexity of the collagen biosynthetic pathway necessitates more biologically 

relevant systems, such as primary cells or tissues, which can be challenging to work with and 

lead to large variations in results. Our lab and others have circumvented many of these issues in 

our C-Pro studies by expressing the C-Pro domain alone,14, 17, 19, 22 while others have used mini 

collagen systems with a truncated triple-helical domain.23 Work on the triple-helical domain often 

involves in vitro or acellular systems,24 short model peptides prepared by chemical synthesis,25 or 

other dramatic simplifications. While these systems are representative for some studies (Chapter 

2), they often produce conflicting data and are not always consistent with data collected from 

more representative systems (Chapter 3).  

Finally, collagen behavior can vary greatly between organisms, tissues, and types. 

Therefore, careful consideration is required when choosing experimental systems and interpreting 

data from collagen studies. Advances in gene editing, cell line engineering, stem cell technology, 

and organoid models26-31 provide hope that fundamental studies of collagen biosynthesis will 

become more straightforward in the future.  
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INTRODUCTION 

One of the most compelling open questions concerning procollagen-I assembly is how 

cells preferentially form 2:1 1(I):2(I) heterotrimers rather than homotrimers. Pro1(I) 

homotrimers are likely more stable within the C-Pro domain, due to the third disulfide bond rather 

than the free cysteine in the heterotrimer,1 and within the triple-helical domain.2 Moreover, the C-

Pro1(I) homotrimer crystal structure did not reveal any obviously unfavorable interactions in the 

homotrimer or suggest any favorable interactions for the heterotrimer.3 The preference for the 

heterotrimer appears to be maintained in C-Pro expression systems,1, 4 despite the data in 

Chapter 3 suggesting that triple-helical domains may be more involved in chain selection than 

previously thought. 

One compelling hypothesis for preferential heterotrimer formation is a kinetic mechanism. 

Specifically, assembly of the procollagen is thought to occur through a dimer intermediate. 

Preferential heterotrimer formation could be explained by more rapid formation of an 1(I):2(I) 

dimer compared to an 1(I):1(I) dimer. Even in the absence of a dimer intermediate, 

heterotrimeric formation may be kinetically favorable.  

In order to test this hypothesis, we first attempted to follow C-Pro assembly via in vitro 

refolding. Unfortunately, we found that the collagen-I C-Pro domain could not efficaciously refold 

in vitro. We next proposed examining C-Pro assembly in cellulo using a combination of pulse-

chase and diagonal SDS-PAGE. This work is in progress and shows promise in its ability to help 

unveil the stepwise assembly of the C-Pro trimer. 
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RESULTS AND DISCUSSION 

In vitro refolding. In vitro refolding can be a powerful methodology to study protein folding 

by simplifying the environment in which folding takes place and allowing for direct monitoring of 

the target protein.5, 6 It has been used to determine the folding pathway for many proteins, 

including key experiments that demonstrate the mechanism of collagen triple helix folding.7 

However, in vitro refolding can be challenging for large, multimeric proteins such as the C-Pro 

domain, due to the complexity of the folding process and the many empirical conditions that must 

be optimized for each protein.  

The cysteines in the C-Pro domain allow for monitoring of the assembly process. By 

quenching thiols at various points during refolding, disulfide-linked intermediates can be trapped 

and characterized.8 While this method does not allow for monitoring the actual folding process, it 

may be sufficient to monitor the kinetics of subunit assembly.  

We began optimizing in vitro refolding conditions using homotrimeric C-Pro1(I) purified 

from mammalian cells, as it provides a simpler system than the heterotrimer. Following a 

previously published protocol for refolding of the C-Pro,9 we denatured and reduced the purified 

protein, then dialyzed it against a redox-active buffer while maintaining denaturant to initiate 

disulfide shuffling. We then removed the denaturant by dialysis against redox-active buffer and 

took samples at various time points. These samples were immediately quenched with 

iodoacetamide, and assembly was monitored by non-reducing SDS-PAGE (Fig. A-1A). 

We observed successful trimer reformation through a dimer intermediate between 4 to 6 

h after removal of denaturant (Fig. A-1B). However, the overall yield of reassembled trimer was 

relatively low, and the vast majority of the protein remained in a monomeric state, before 

assembling into higher order oligomers and aggregates by 10 h. While many of the oligomers 

were disulfide-linked and collapsed into monomers upon reduction, a significant portion of the 

protein remained trapped in insoluble aggregates, indicating that both off-target disulfide 

formation and misfolding significantly affect trimer yield.  
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Figure A-1: In vitro refolding of the C-Pro domain shows disulfide-dependent reassembly.  

Refolding began by denaturing purified Col1(I) C-Pro homotrimer by dialysis into 6 M urea (a), 
then reducing with 40 mM DTT (b). Denaturant was removed by dialysis against redox active 
buffer (c). Refolding was initiated by dialysis into redox buffer with no denaturant (d–h). Samples 
were removed at each of the points specified and quenched with 100 mM iodoacetamide before 
being run on an SDS-PAGE gel.  

 

Confusingly, the reducing samples on SDS-PAGE revealed an unknown band that runs 

at approximately 25 kDa (Fig. A-1B). We confirmed that this band is derived from C-Pro1(I) by 

both Western blotting and mass spectrometry but could not identify its origins. An intriguing result 

of this species being present in the refolding is that it appears to be able to incorporate into a 

disulfide-linked species, as seen by the band that runs slightly lower than the trimer.  

We tested a number of conditions to improve folding yield and reduce oligomer formation, 

guided by existing literature on in vitro refolding. Conditions tested included altering pH, redox 

buffer composition, denaturant, protein concentration, among others.10 We found that while basic, 

slightly reducing environments were best suited for disulfide-linked trimer formation, they also 

enhanced disulfide-linked oligomer formation. 

While many other conditions could still be tested, the difficulty we encountered improving 

yield suggests that the C-Pro domain cannot fold unassisted in vitro and in fact requires the ER 
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proteostatic environment for in vivo folding. Addition of purified chaperones, such as BiP or PDI, 

has been shown to increase in vitro refolding yield for many proteins, including antibody fragments 

that share many features with the C-Pro (e.g., N-glycosylation, disulfide bonds, and oligomeric 

assembly).11-14 In fact, PDI has been shown to accelerate disulfide bond formation for reduced 

collagen strands in vitro.15, 16  

One key challenge to testing additional in vitro refolding conditions is that the use of SDS-

PAGE to assess refolding is low-throughput and does not report on correct structure formation, 

merely the presence or absence of a disulfide-linked species. Due to the C-Pro domain’s lack of 

substrate binding or enzymatic activity, traditional methods of monitoring refolding by assessing 

activity or affinity to a substrate cannot be used. Biophysical methods, such as SEC or CD, would 

provide structural information, but data obtained from these methods can be difficult to 

deconvolute.  

In vivo assembly monitoring. It is not clear whether the in vitro refolding patterns we 

observed are to any extent reflective of the correct C-Pro assembly pattern. Thus, we also sought 

to examine the C-Pro assembly mechanism and the kinetics of trimer formation in vivo. We 

previously generated C-Pro expression constructs that allow for clear separation of C-Pro1(I) 

and C-Pro2(I) using SDS-PAGE by addition of an XTEN linker to C-Pro1(I).4 We co-expressed 

the two constructs in HEK293T cells and examined the intracellular fraction by non-reducing SDS-

PAGE. We then excised the relevant band and reduced the protein in-gel, before running the 

sample on a second SDS-PAGE gel. This method, known as diagonal SDS-PAGE, allows for the 

determination of the composition of disulfide-linked species.17, 18 In our preliminary work, we have 

observed that this assay works well for the C-Pro domain. We are able to separate the 

heterotrimer into C-Pro1(I) and C-Pro2(I) (Fig. A-2). Unfortunately, due to apparent loss of 

signal after the second SDS-PAGE, we have thus far been unable to separate the dimer in the 

reducing dimension. 
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Figure A-2: Diagonal SDS-PAGE allows for separation of the components of hetero-
oligomers.  

Non-reducing lysate from cells expressing XTEN-C-Pro1(I) and C-Pro2(I) was run on an SDS-
PAGE gel. The band shown above was excised, reduced, then rotated 90°, and run on a second 

gel. The two gels in combination show that we are clearly able to separate C-Pro1(I) and C-

Pro2(I) from heterooligomers.  
 

The steady-state gel in Figure A-2 suggests that we produce both homo- and heterotrimer, 

potentially a result of expressing more C-Pro1(I) than C-Pro2(I). Based on prior work,1 

optimizing the ratio of the two constructs will allow us to produce mostly heterotrimer. We also 

observe two distinct dimer species, apparently both homodimeric C-Pro1(I) and C-Pro2(I). 

Homodimeric C-Pro2(I) in particular is clearly an off-target product, indicating that assembly can 

involve disulfide shuffling. In the future, we plan to apply a pulse-chase protocol to monitor 

assembly with higher resolution and in a more quantitative manner to determine a kinetic 

mechanism for C-Pro assembly.  
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METHODS AND MATERIALS 

Cell Culture. HEK293T cells (ATCC) were cultured in complete DMEM media (Corning) 

supplemented with 10% fetal bovine serum (FBS), 100 IU penicillin, 100 g/mL streptomycin, and 

2 mM L-glutamine (Corning). Freestyle 293F cells (Gibco) were cultured in 293 Freestyle 

expression media (Gibco).  

Vector Construction. C-Pro expression vectors for both C-Pro purification and transient 

expression have been previously described. The vectors used include PPT.HA.His.HRV-3C 

cleavage site.C-Pro1A1.pcDNA3.1,1, 4 PPT.FLAG.XTEN.C-Pro1A1.pcDNA3.1, and PPT.HA.C-

Pro1A2.pcDNA3.1.4  

C-Pro expression and purification. Expression and purification of the C-Pro domain 

from Freestyle 293F cells has been previously described.1 In brief, 6×His-tagged C-Pro1(I) was 

transfected using 293Fectin according to manufacturer’s instructions. Media was harvested 6 

days after transfection and purified via Ni-NTA chromatography. The eluted protein was cleaved 

with His-tagged HRV-3C protease (Pierce) to remove the tags, then subject to a second Ni-NTA 

column. The cleaved protein was dialyzed into 20 mM bis-Tris propane (BTP), 150 mM NaCl, and 

2 mM CaCl2 and further purified by size exclusion chromatography on a Bio-Rad SEC 650 column.  

In vitro refolding. Purified C-Pro1(I) was denatured by dialysis against 6 M urea, 20 mM 

BTP, pH 8.3, 150 mM NaCl, and 2 mM CaCl2 for 2 h at room temperature. The protein was then 

reduced with 40 mM dithiothreitol for 2 h at 37 °C. The reduced protein was dialyzed overnight 

against the above buffer with addition of 1 mM reduced glutathione (GSH) and 0.1 mM oxidized 

glutathione (GSSG). The following day, the dialysis buffer was changed to 20 mM BTP, pH 7.0, 

150 mM NaCl, and 2 mM CaCl2 with no urea and fresh GSH and GSSG at the same 

concentrations. Dialysis proceeded at room temperature, and samples were removed at the 

indicated time points. The samples were immediately quenched with addition of iodoacetamide 

(IAM) to a final concentration of 100 mM.  

Diagonal SDS-PAGE experiments. HEK293T cells were transfected with a 2:1 ratio of 

PPT.FLAG.XTEN.C-Pro1A1.pcDNA3.1 and PPT.HA.C-Pro1A2.pcDNA3.1 using Lipofectamine 

3000, according to the manufacturer’s instructions. Media was changed 1 day after transfection, 

and cells were harvested 2 days after transfection. Cells were collected by trypsinization, washed 

with PBS, and then lysed in Triton-X lysis buffer (50 mM Tris, pH 7.5, 200 mM NaCl, 1% Triton-

X, 1 mM EDTA, 1 mM EGTA, 1.5 mM phenylmethylsulfonyl fluoride (PMSF; Sigma), and protease 

inhibitor (Pierce)) for 20 min on ice. Lysates were clarified by centrifugation, then subjected to 100 

mM iodoacetamide treatment for 30 min in the dark. 
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After running the non-reduced lysates on SDS-PAGE, the relevant lane was excised. The 

gel slide was then incubated in 125 mM Tris, pH 6.8, 0.1% SDS, and 30 mM DTT for ~2 h at room 

temperature. The gel slide was washed with water, then laid on top of a second 12% SDS-PAGE 

gel and sealed in place with 4% polyacrylamide.  

Immunoblotting. Samples were boiled in 6× gel loading buffer (300 mM Tris, pH 6.8, 15% 

glycerol, 6% SDS, and 10% (w/v) bromophenol blue) for 10 min. Samples were then run on 

homemade 4/12% polyacrylamide gels and transferred to nitrocellulose for antibody probing. 

Western blots were probed with the following primary antibodies: anti-C-Proa1(I) (Sigma 

HPA008405, 1:1000), anti-HA (ThermoFisher 26183, 1:10000), or anti-FLAG (Agilent 200474, 

1:1000), followed by 800CW or 680LT secondary antibodies (LI-COR). Images were obtained 

using an Odyssey infrared imager (LI-COR). 
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INTRODUCTION 

The collagen-I C-Pro domain is disulfide-rich, with eight cysteines on each of the two 1(I) 

chains and seven cysteines on the single 2(I) chain. The second cysteine in 2(I) is replaced 

with a serine.1 Early analyses of the disulfide bonding pattern in the collagen-I C-Pro were 

performed using cyanogen bromide (CNBr), which cleaves C-terminal to methionine residues. 

This work concluded that intrachain disulfide bonds were formed between C5–C8 and C6–C7, 

while interchain disulfide bonds were formed between the first four cysteine residues.2, 3 However, 

experimental data later suggested that C1 and C4 in fact form an intrachain disulfide bond that is 

critical for folding and secretion.4 While the structure of the native C-Pro heterotrimer is unknown, 

the crystal structure of homotrimeric C-Pro1(I) confirms that C1 and C4 in C-Pro1(I) form an 

intrachain disulfide bond, leaving C2 and C3 to form interchain disulfide bonds covalently linking 

all three chains of the C-Pro domain (Fig. B-1A).5 Although the disulfide network in the 

heterotrimeric C-Pro domain is not definitively established, it seems likely to follow the same 

overall structure, with C2–C3 interchain disulfide bonds connecting all three strands and a free 

C3 in one of the C-Pro1(I) strands (Fig. B-1C).  

The ability to detect disulfide bond linkages is a potentially useful methodology for 

examining the folding and assembly pathway of the C-Pro domain by determining the order of 

disulfide formation and for determining how the disulfide bond network is affected in disease-

causing C-Pro variants, particularly those that involve substitution of one of the cysteines. 

Advances in mass spectrometry methods have made it possible to detect and characterize 

disulfide-linked peptides.6 Here, we describe early-stage efforts to map the disulfide bond network 

in wild-type C-Pro assemblies and in various disease-causing mutants.  
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RESULTS AND DISCUSSION 

Confirmation of the disulfide bond map of C-Pro1(I). The crystal structure of 

homotrimeric C-Pro1(I) shows that C1–C4, C5–C8, and C6–C7 form intrachain disulfide bonds, 

while C2–C3 form interchain disulfide bonds.5 Therefore, the homotrimer presented an ideal 

model for optimization and proof of concept. To prepare samples for mass spectrometry, we first 

treated the purified protein with iodoacetamide to block any free cysteines. We found that it was 

necessary to remove the N-glycan using PNGase to allow for detection of the peptide containing 

C6, as the relevant amino acids are only five residues apart. For the C-Pro1(I) homotrimer, 

digestion with a combination of endoproteinase GluC, which cleaves C-terminal to glutamate 

residues, and LysC, which cleaves C-terminal to lysine residues, was sufficient to generate 

peptides that contained only one cysteine. Samples were run on LC-MS, and the data were 

manually searched for peptide masses corresponding to the theoretical mass of the expected 

disulfide-linked peptides. We were able to detect all four disulfide linkages in the C-Pro1(I) 

homotrimer using this method (Fig. B-1A). 

 

 

Figure B-1: Hypothesized disulfide linkages detected in all homo- and heterotrimeric 
species.  

(A) The C-Pro1(I) disulfide map was confirmed by detection of all four known disulfide linkages. 

(B) The S2C C-Pro2(I) disulfide map was shown to resemble the C-Pro1(I) map. (C) The wild-
type heterotrimer disulfide map contains the same linkages as the homotrimers with exception of 

the free C3 in one C-Pro1(I) strand. (D) The mutant heterotrimer formed by C2S C-Pro1(I) and 

S2C C-Pro2(I) exhibits the same linkages as wild-type heterotrimer. 
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Mapping the S2C C-Pro2(I) homotrimer. Wild-type C-Pro2(I) lacks a single cysteine 

at the second position when compared to C-Pro1(I). We previously demonstrated that 

substitution of a cysteine for the serine at that position allowed S2C C-Pro2(I) to form disulfide-

linked homotrimers, which is not possible for wild-type C-Pro2(I).1 This homotrimer would 

presumably form the same disulfide linkages as C-Pro1(I). We sought to confirm this hypothesis 

using the method developed for C-Pro1(I). However, the different primary sequence of S2C C-

Pro2(I), specifically the absence of either a glutamate or lysine between C1 and C2, necessitated 

the use of a different set of proteases to produce detectable peptides. GluC digestion in phosphate 

buffer was used to cleave at both glutamate and aspartate residues, the latter of which is present 

between C1 and C2. Under these conditions, all linkages other than C6–C7 were detected. The 

C6–C7 peptide was likely not detected owing to its relatively large size. However, an independent 

trypsin digest permitted detection of the C6–C7 linkage (Fig. B-1B). Detection of the C2–C3 

linkage in S2C C-Pro1(I) supports our model that both C2 and C3 are required for the formation 

of stable C-Pro homotrimers by allowing for disulfide linkage of all three strands.1  

Mapping the heterotrimers. While the disulfide bond network within the 2:1 C-

Pro1(I):C-Pro2(I) heterotrimer is not definitively known, it is presumed to resemble that of the 

C-Pro1(I) homotrimer based on overall sequence homology and experimental data. We applied 

our methodology to purified heterotrimeric C-Pro, using the optimized protease conditions. Our 

results confirmed that C1–C4 form intrachain disulfide bonds on both C-Pro1(I) and C-Pro2(I) 

(Fig. B-1C), resolving the previous discrepancy regarding the linkage of these two cysteines. 

Detection of the free C3 on C-Pro1(I) also confirmed this linkage pattern. Notably, none of the 

interchain disulfide bonds proposed by the initial CNBr mapping were detected.2  

We were also curious about the disulfide-linkage pattern in the mutant heterotrimer 

observed upon co-expression of S2C C-Pro2(I) and C2S C-Pro1(I). These two variants have 

swapped cysteine patterns and form a heterotrimer when co-expressed.1 Thus, we expect that 

the overall disulfide linkage patterns would be conserved. We indeed found this pattern to be the 

case, with detection of all proposed linkages and the free cysteine at position 3 of C-Pro1(I) (Fig. 

B-1D).  

Determining disulfide bond formation in disease variants. A variety of mutations 

within the collagen-I C-Pro domain can lead to osteogenesis imperfecta (OI).7 Many of these 

variants exhibit impaired folding and secretion, leading to disease phenotypes. We were curious 

whether the impaired folding of these variants would lead to disruptions in the disulfide bond 
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network. Therefore, we expressed four OI-causing C-Pro1(I) variants alongside wild-type C-

Pro1(I) and performed disulfide mapping on the homotrimer variants. We were particularly 

interested in the D1277H variant, as it exhibits defective assembly, forming primarily dimers and 

oligomers.1, 8  

 

Variant C1 + C4 C5 + C8 C6 + C7 C2 + C3 C2 + C2 C3 + C3 % Correct 

WT ✓ ✓ ✓ ✓  ✓ 88.7% 

G1272V ✓ ✓ ✓ ✓  ✓ 89.4% 

W1275R ✓ ✓ ✓ ✓   100% 

A1286D ✓ ✓ ✓ ✓  ✓ 64.4% 

D1277H ✓ ✓ ✓ ✓  ✓ 0.99% 

 

Figure B-2: OI variants within C-Proa1(I) are able to disrupt disulfide bonding. 

While correct disulfide bonds were detected in all variants, incorrect interchain disulfide bonds 
between C3–C3 were detected in three of four variants along with wild-type C-Proa1(I). The 
percentage of correct C2–C3 bonds relative to all interchain disulfides may suggest the extent of 
misfolding by each of these variants. 

  

Using the protocol optimized for wild-type C-Pro1(I), we detected all four correct disulfide 

linkages in all variants (Fig. B-2). We then searched the data for incorrect disulfide linkages. In 

particular, we looked at potentially incorrect pairings of the interchain disulfide bonds that may 

result in the disulfide-linked dimers and oligomers observed for D1277H. In three of four variants 

as well as wild-type, we found C3–C3 linkages. We calculated the abundance of each peptide 

detected for the correct and incorrect linkages and calculated the percentage of the correct C2–

C3 linkage relative to all interchain linkages detected (C2–C3 + C3–C3). Of the five variants, wild-

type, G1272V, and W1275R maintained high relative levels of the correct C2–C2 linkage. The 

D1277H variant exhibited almost exclusively incorrect C3–C3 linkages, supporting its observed 

misassembly. The A1286D variant surprisingly exhibited the correct linkage just over half of the 

time, despite forming almost exclusively disulfide-linked trimer (see Chapter 2, Fig. S2-1D).  

Limitations of the method. The presence of incorrect C3–C3 linkages in wild-type C-

Pro1(I) led us to search all of our data sets for other off-target disulfide linkages. We found 

various off-target disulfide linkages in all data sets. These incorrect linkages were all detected at 

approximately an order of magnitude lower abundance than the correct ones. However, owing to 

differences in ionization potential among the different peptides, we viewed the current 

experimental setup as not quantitative enough to make definitive claims about which disulfides 

are the most abundant in a single sample.  
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One strategy to account for ionization differences between peptides is to use peptide 

standards to quantify the absolute abundance of a given peptide in a sample.9, 10 However, owing 

to the number of unique disulfide-bound peptides that can be formed (99 for the heterotrimer 

alone), compounded by the number of digestion conditions and disease variants used, 

synthesizing peptide standards for each possibility would be prohibitively complex. Another 

relatively feasible approach would be to use HPLC coupled with UV or fluorescence detection to 

determine relative abundance of individual peptides within a sample.6  

In addition, our current workflow requires calculating theoretical masses for each disulfide-

linked peptide and searching the data manually. More sophisticated mass spectrometry strategies 

are becoming increasingly available for identifying disulfide-linked peptides and offer many 

options for generating more high throughput and accurate methods of determining the disulfide 

bond patterns in the collagen C-Pro domain.6 These studies should be followed-up in future work. 
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METHODS AND MATERIALS 

Cell Culture. Freestyle 293F cells (Gibco) were cultured in 293 Freestyle expression 

media (Gibco).  

Vector Construction. C-Pro expression vectors for both C-Pro purification have been 

previously described.1 The vectors used include: PPT.HA.His.HRV-3C site.C-Pro1A1.pcDNA3.1, 

PPT.FLAG.His.HRV-3C site.S2C C-Pro1A2.pcDNA3.1, PPT.HA.HRV-3C site.C-

Pro1A1.pcDNA3.1, PPT.HA.His.HRV-3C site.C-Pro1A2.pcDNA3.1, PPT.HA.His.HRV-3C 

site.C2S C-Pro1A1.pcDNA3.1, and PPT.HA.HRV-3C site.S2C C-Pro1A2.pcDNA3.1. Expression 

vectors for OI variants were generated using the QuikChange XL II site-directed mutagenesis kit 

(Agilent). 

C-Pro expression and purification. Expression and purification of the C-Pro domain 

from Freestyle 293F cells has been previously described.1 In brief, the relevant constructs were 

transfected using 293Fectin according to manufacturer’s instructions: For production of 

homotrimeric C-Pro1(I), PPT.HA.His.HRV-3C site.C-Pro1A1.pcDNA3.1. For production of 

homotrimeric S2C C-Pro2(I), PPT.FLAG.His.HRV-3C site.S2C C-Pro1A2.pcDNA3.1. For 

production of wild-type heterotrimer: PPT.HA.HRV-3C site.C-Pro1A1.pcDNA3.1 + 

PPT.HA.His.HRV-3C site.C-Pro1A2.pcDNA3.1. For production of mutant heterotrimer: 

PPT.HA.His.HRV-3C site.C2S C-Pro1A1.pcDNA3.1 + PPT.HA.HRV-3C site.S2C C-

Pro1A2.pcDNA3.1. Media was harvested 6 days after transfection and purified via Ni-NTA 

chromatography. The eluted protein was cleaved with HRV-3C protease to remove the tags, then 

subject to a second Ni-NTA column. The cleaved protein was dialyzed into 20 mM bis-Tris 

propane (BTP), 150 mM NaCl, and 2 mM CaCl2 and further purified by size exclusion 

chromatography on a Bio-Rad SEC 650 column.  

Disulfide mapping by mass spectrometry. Purified C-Pro was treated with 55 mM 

iodoacetamide for 1 h in the dark. The N-glycan was removed using PNGase F following 

manufacturer’s instructions (NEB), followed by removal of the enzyme by centrifugation over a 50 

kDa MWCO filter. The protein was precipitated with trichloroacetic acid, and the resultant pellet 

was washed with acetone. The pellet was resuspended in 8 M urea, then diluted to 0.38 M urea 

in the appropriate buffer. The protein was digested with the indicated protease overnight at 37 °C. 

Proteolyzed samples were quenched by addition of formic acid to a final concentration of 5% and 

applied to Protea C18 SpinTips. The eluent from the SpinTips was evaporated completely by 

speed vacuum centrifugation. For double digestions, the peptides were resuspended in the 

second buffer then subject to protease digestion and desalting using Protea C18 SpinTips again. 

The final sample was resuspended in 0.1% formic acid. Samples were injected onto an EASY-
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nLC 1000 with MS data acquired on a Thermo QExactiv mass spectrometer. MS spectra were 

manually searched for the predicted masses of each set of disulfide-linked peptides. 

The protease conditions used were as follows: Trypsin digestions were performed at a 

1:40 substrate:enzyme ratio in 100 mM ammonium bicarbonate, pH 6.4. Endoproteinase GluC 

(Pierce) was used at a 1:20 substrate:enzyme ratio in either 100 mM ammonium acetate, pH 4.0 

(glutamate only) or PBS, pH 6.8 (glutamate and aspartate). rLys-C (Promega) was used at a ratio 

of 1:27 in 25 mM Tris, pH 7.0, 1 mM EDTA. Asp-N (Promega) was used as a ratio of 1:27 in 50 

mM Tris, pH 7.0, 0.5 mM ZnCl2. 
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