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Abstract

The study of collagen IV has benefited greatly from the seminal work conducted by Arthur Veis

and colleagues over three decades ago. Through a series of electron microscopy studies focused on

lens basement membrane, an appreciation was gained for the distinct network-forming properties

of collagen IV. Veis correctly suggested that network assembly is a phenomenon of the non-

collagenous termini of the molecule. This review seeks to document how the field advanced

following these seminal conclusions, including recent discoveries regarding the molecular

reinforcement of networks that support Veis’ conclusions.
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Introduction

Collagen IV sits at the nexus of biomechanics, protein chemistry, and cell biology, offering

tantalizing promise as a key to unlocking secrets of extracellular matrix biology. Similar to

other matured disciplines, the field of collagen IV research has faced its own share of

inherent technical challenges, including navigating the insolubility and massive size of the

protein of interest. Historically, lens capsule has provided a convenient source of collagen

IV due its relatively thick basement membrane and ease of isolation. As the biochemical

properties of collagen IV has become progressively characterized, lens basement membrane

*Corresponding author: billy.hudson@vanderbilt.edu, (615) 322-7298.

Declaration of Author Interests: None

NIH Public Access
Author Manuscript
Connect Tissue Res. Author manuscript; available in PMC 2014 August 20.

Published in final edited form as:
Connect Tissue Res. 2014 ; 55(1): 8–12. doi:10.3109/03008207.2013.867337.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



(LBM) has repeatedly proved its merit alongside other well-known tissues sources including

placenta and glomerulus.

The influence of collagen IV on cellular function may be inferred by noting the positioning

of basement membranes underneath epithelial layers, and empiric evidence now supports the

role of collagen IV in tissue stabilization [1,2]. Indeed, basement membrane disturbances

due to genetic mutations with collagen IV alleles are the cause of Alport’s Syndrome [3] as

well as some forms of cataracts [4,5] and stroke [6]. Moreover, collagen IV houses the target

epitopes of Goodpasture’s autoimmune disease with immunogenicity being dependent on

the conformation of the expressed protein [3,7]. Recent discoveries are now beginning to

shed light on the molecular basis by which collagen IV supports the structural maintenance

of tissues, namely in the covalent reinforcement of networks via sulfilimine cross-links [2].

It would thus appear that the field of collagen IV might be approaching an inflection point

whereby deep biochemical understanding finds fresh appreciation within the context of

cellular biology. In this regard, the distinctive qualities of LBM continue to place this unique

matrix at a vanguard position within the field. Yet to pause the forward direction, great

perspective is gained by first reflecting on the seminal work contributed by Dr. Arthur Veis

towards understanding the collagenous scaffold of LBM. Through rigorous biochemical

examinations and beautifully conducted electron microscopy, Veis and colleagues identified

the critical structural differentiators of collagen IV networks that remain pillars in the field

today.

Setting a Course: Arthur Veis and Colleagues

The Veis laboratory published a series of works more than three decades ago on the

structural characteristics of lens capsule collagen [8–13]. From these works, one can greatly

appreciate the distinctiveness by which collagen IV networks are structurally differentiated

from D-periodic collagen fibrils. Electron micrographs of pepsin-solubilized lens basement

membrane showed collagen IV as possessing unique cross-striations [8], and subsequent

images revealed “dumbbell-shaped” molecules forming lattice-like networks of collagen [9].

Differences between the superstructure of collagen Types I and IV ultimately pointed Veis

& colleague towards exploring the non-collagenous termini of collagen IV as a potential

mechanistic explanation. Rigorous examination of pepsin-digested LBM led the Veis team

to conclude that the non-collagenous end region of collagen IV is a critical determinant

between the formation of networks and D-periodic fibrils [10]. These thoughts betray

remarkable predictive insight into collagen IV network assembly as recent discoveries now

point to covalent reinforcement of the C-terminal quaternary structure being a critical

feature of collagen IV networks, influencing the overall structural integrity and essential

functionality of basement membranes [2].

Discovering Networks

Since these publications, type IV collagen has been found to be composed of six

homologous α chains (α1–6) that associate into heterotrimeric collagen IV protomers with

each comprising a specific chain combination of α112, α345, or α556 [14]. Though
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differing in composition, all protomers share structural similarities of a lengthy triple-helical

collagenous domain with the triplet peptide sequence of Gly-X-Y [15], and ends in a

globular C-terminal region termed the non-collagenous 1 (NC1) domain (Figure 1). The N-

termini is composed of a helical domain termed the 7S domain, named for its sedimentation

coefficient [16], which is also involved in protomer-protomer interactions. Assembly of the

heterotrimer initiates within the NC1 domains [17,18], then followed by the left-handed

helical winding of the collagenous domain to establish the full-length protomer molecule.

Adjoining NC1 trimers connect via head-to-head interactions to form a hexameric

quaternary structure from the six constituent α chain NC1 domains. Electrostatic

interactions are present internally along the trimer-trimer interface, and it is likely that ionic

bonds between the two trimers are central to the process of hexamer assembly [19]. Analysis

of tissue isolates revealed additional covalent sulfilimine bonding (-S=N-) connecting

methionine-93 and hydroxylysine-211 residues from opposing trimers [20]. Outside the NC1

hexamers, collagen IV networks assemble through extensive protomer-protomer interactions

along the length of the heterotrimer. The N-terminal 7S domains of four independent

protomers are covalently bound together into a dodecamer of α chains, thus allowing the

protomer to be covalently secured at either termini [21]. Noncovalent interactions form

rapidly along the collagenous domains among protomers to complete the mesh-like structure

[22].

The mechanical functions of collagen IV in LBM are perhaps better understood from the

standpoint of the α345 networks of collagen IV. Notably, LBM was a direct participant in

the discovery of the collagen IV α3 chain [23], though the α345 network is expressed at low

levels in this particular matrix. Mutational damage within a single chain of the α345

collagen IV protomer causes a loss of the entire α345 network, resulting in a spectrum of

complications that corresponds to the normal biodistribution of the network and includes

anterior lenticonus of the lens [3]. The α345 network is similar to the more widespread α112

network by containing sulfilimine cross-links [7] yet differs structurally by assuming a more

interconnected and cross-linked superstructure [24], likely conferring enhanced tensile

strength to the basement membrane. The loss of this network is associated with

destabilization of the matrices where the α345 network is typically found, as evidenced by

elevated 3-hydroxyproline in the urine of Alport’s patients suggesting degradation of the

glomerular basement [25] as well as by increased strain in the lenses of Alport’s mice as

measured by increase in lens thickness under osmostic stress [26]. Thus, the structure and

functions of collagen IV networks may be influenced by the composition of the network.

Distinctiveness of LBM

Covalent cross-linking of collagen IV NC1 domains via sulfilmine bonds creates a

dimerized NC1 molecule that can be resolved from the monomeric subunits by SDS-PAGE.

Indeed, densitometric analysis of dimer and monomer banding on SDS-PAGE provides a

means of estimating the relative amount of sulfilimine cross-linked versus uncross-slinked

NC1 domains, following their isolation from matrix via bacterial collagenase treatment.

Notably, the percentage of crosslinked dimers is not constant throughout an organism but is

rather dependent on the particular tissue source. Placental and glomerular basement

Cummings and Hudson Page 3

Connect Tissue Res. Author manuscript; available in PMC 2014 August 20.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



membranes contain high amounts of sulfimine bonding while NC1 hexamers isolated from

lens capsule contain minor amounts of cross-linking (Figure 2).

Collagen IV sulfilimine bonds are revealing themselves to be critical components of

collagen IV networks, holding influence over the stability of nearby tissues. Strikingly,

genetic mutation of either peroxidasin or collagen IV in Caenorhabditis elegans produce

similar phenotypes of embryonic lethality due to basement membrane instability [27,28].

Using the Drosophila model system, a hypomorphic mutation in the enzyme resulted in

strong reduction of collagen IV sulfilimine bonds, disordered extracellular matrices,

disrupted tissue architecture, and embryonic lethality [2]. Interestingly, clinical observations

of mutations within the enzyme catalyst of sulfilimine bond formation, peroxidasin (PXDN),

note the development of congenital cataracts and other forms of anterior segment dysgenesis

[29].

LBM contains noticeably less sulfilimine cross-links than other basement membranes, yet

the cause is unclear. The mechanism of collagen IV sulfilimine bond formation is likely

present in LBM, as seen by PXDN expression in lens and corneal epithelia in post-natal day

60 mice [29]. Embryonic expression of the enzyme is apparently restricted to corneal

epithelia in E18.5 mice [29]. Considering that halides are required for sulfilimine bond

formation [2], the aqueous and vitreous humors contain similar levels of chloride as found in

serum [30,31]. The direct exposure of LBM to these fluids suggests that it has adequate

amounts of halide to support bond formation, despite apparently lower chloride levels within

lens interior [32]. Thus, after delineating the mechanism of sulfilmine bond formations, a

natural next question might address how the occurrence of sulfilimine biochemistry is

controlled in vivo. The significance of this issue is elevated by studies in flies and nematodes

suggesting a critical role for sulfilimine-reinforced collagen IV scaffolding in maintaining

the organization of basement membranes and tissues [2,27]. As in past extracellular

discoveries, LBM is here poised to play a key role in understanding the tissue biology of

collagen IV.

An Interface of Basement Membranes and Cell Biology

Anatomically, LBM encases the cellular components of lens, underlying a polarized layer of

simple cuboidal epithelial cells as well as lens fiber cells. Obvious features required of LBM

are optical transparency as well as flexibility to permit lens focusing via accommodation, yet

the latter must be tempered with a degree of rigidity to control lens shape. The capsule acts

as an encasement to support the lens, and is often utilized during the surgical repair of

cataracts. In the current technique of extracapsular cataract extraction, the internal

components of a cloudy lens are replaced with an artificial intraocular lens, and the capsule

is left largely intact so as to house the synthetic lens. Unfortunately, posterior capsule

opacification (PCO) develops as a complication in approximately 20–40% of patients at 2–5

years post-surgery [33] though this rate varies with age. Also termed “secondary cataracts”,

they result from the proliferation and activity of residual lens epithelial cells along the

posterior capsule in a response that is similar to wound healing [33].
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Collagen IV has been shown to promote adherence of rabbit lens epithelial cells in vitro

[34]. Efforts to identify synthetic materials that reduce the development of PCO revealed

that adhesion of the collagen IV, fibronectin, and laminin to the intraocular lens prevents

cell migration and may reduce the risk of PCO [35]. Of further interest is the role of growth

factors in promoting epithelial cell migration, with particular interest placed on fibroblast

growth factor, transforming growth factor β, epidermal growth factor, hepatocyte growth

factor, insulin-like growth factor, and interleukin 1 and 6 [33,35]. Considering the evidence

from Drosophila that collagen IV networks regulate the activity of growth factors through a

scaffolding-based mechanism [36], it would be interesting to see whether the networks are

involved with directing lens epithelial cell migration post-operatively.

Conclusion

LBM has established itself as a valuable model for investigating collagen IV biochemistry.

The attention drawn by Veis and colleagues to lens collagen IV networks has developed into

a broad understanding of the structure and linkages of these networks. Moving forward, this

knowledge base provides a platform for dissecting the mechanisms by which collagen IV

influences cellular behavior.

On a personal note, Art Veiss has been an inspirational scientist and leader in the collagen

field for over five decades We are all grateful that he continues to maintain this influential

role today, as evidenced through his active participation in the 2013 Gordon Research

Conference on collagen as well as his recent work on the fundamental contributions of water

to biogenic mineralization processes [37]. Grateful acknowledgement is also due for his

inspirational contributions to a review article that he coauthored with the Hudson laboratory

on the mechanism of collagen assembly [38].
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Figure 1. Schematic of collagen IV protomeric structure
(A) Domain structure of collagen IV protomer showing N-terminal 7S domain, triple helical

collagenous domain, and C-terminal NC1 domain. (B) Adjoining protomers form a

hexameric complex from constituent NC1 domains, which is covalently reinforced by

sulfilimine cross-links.
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Figure 2. LBM is distinguished among basement membranes by its low amount of sulfilimine
cross-linking
(A) Schematic depicting the solubilization of NC1 domains from collagen IV matrices via

collagenase treatment. (B) Non-reducing SDS-PAGE analysis of NC1 isolated from placenta

and lens basement membrane. Upper protein bands represent NC1 dimers containing

sulfilimine cross-links, while lower protein bands represent uncrosslinked NC1 domains. (C)

Densitometic analysis of SDS-PAGE gels reveal LBM as being comprised of mostly

monomeric NC1 domains, which contrasts with NC1 isolated from placental and glomerular

basement membranes.
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