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Abstract. Type IV collagen, the major component of basement membranes (BM), is
a family of six very similar chains. This allows for many kinds (isoforms) of triple
helical protomers. The protomers self-assemble into network-like supramolecular
structures by dimerization through C-terminal (NC1) domains (resulting in six chains
forming an NC1 hexamer), and tetramerization through the protomer N-terminal
domain. Studies on the networks of seminiferous tubule BM (STBM) involved
affinity chromatography to fractionate NC1 hexamers excised by coUagenase
digestion. Three major hexamer populations were obtained that contained a 1(IV) and
a2(IV) chains, a 1(IV)--a6(IV) chains, and a3(IV)--a6(IV) chains, respectively, which
indicated three major separate type IV collagen networks in STBM. To study
glomerular BM, we used selective proteolysis to separate large fragments of type IV
collagen. These contained type IV collagen chains cross-linked between NC1
domains, and al(IV) through a5(IV) chains cross-linked between NC1 domains as
well between triple helices. The latter set of fragments contained a subset of disulfidelinked a3(IV), a4(IV) and a5(IV) chains. The existence of networks containing
a3(IV), a4(IV) and a5(IV) chains suggests a molecular basis for mutations in
the gene encoding the a5(IV) chain causing defective assembly of not only
a5(IV) chains, but also a3(IV) and a4(IV) chains in the GBM of patients with
Alport syndrome. A significant result of these studies is that GBM contains three
major type IV collagen networks: al(IV) .a2(IV), al(IV)--a5(IV) and
a3(IV) • a4(IV) • a5(IV), similar to those of STBM, which also contains a6(IV)
chains in the latter two networks.
Keywords. Type IV collagen; basement membrane; Alport syndrome; glomerulus,
seminiferous tubule.
1. Introduction
Type IV collagen is a family of six genetically distinct chains, designated al(IV) to
a6(IV) t-8. The entire coding sequences for all six human a(IV) chains and certain a(IV)
chains from other species have now been determined 2-25. Their primary structures are
similar, except that the a3(IV) and a4(IV) chains have more cysteine residues in the
collagenous domain than the other four chains (figure 1). The six a(IV) chains can be
partitioned into two groups on the basis of their sequence similarity: al(IV), a3(IV),
a5(IV); and a2(IV), a4(IV) and a6(IV). Each a(IV) chain is characterized by an - 25
residue noncollagenous sequence at the amino terminus, an - 230 residue noncollagenous
(NC1) sequence at the carboxyl terminus, and, between these sequences, a long
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Figure 1. Schematic diagram of collagen 1V chains. In each chain, the hatched
region indicates a putative" signal peptide; the filled regions are noncollagenous
domains, with the larger one representing the NC1 domain, and the intervening region
is the major collagenous domain. The interruptions of the Gly-Xaa-Yaa repeating
sequence of the major collagenous domain are indicated by vertical lines. The
approximate location of cysteine residues is indicated by the letter C, with Cs in
interruptions placed above the chain and those in triple helices placed below the
chain. The al(IV), a2(IV), a3(IV), a4(IV), a5(IV) and a6(IV) chains have 1669,
1712, 1670, 1690, 1685 and 1691 residues, respectively. The approximate positions
of some pseudolysin cleavage points in GBM are indicated by arrows.
collagenous domain of - 1400 residues of Gly-Xaa-Yaa repeats that, together with two
other a(IV) chains, forms the triple helix. The first - 130 residues of the collagenous
domain is called the 7-S domain and is involved in tetramerization of triple helical
protomers, whereas the NC1 domain is involved in their dimerization (figure 2). The
collagenous domain is interrupted by more than 20 short non-triple helical regions which
are thought to increase flexibility of this collagenous region. The existence of six a(IV)
chains allows for as many as 56 different kinds (isoforms) of triple helical molecules
(protomers), which differ in type and stoichiometry of chains. Evidence has been obtained
for heterotrimers that have chain composition of [al(IV)]2. a2(IV) and [a3(IV)]2
a4(IV) 26,27. Whether the a5(IV) and a6(IV) chains occur in some combination with the
other four a(IV) chains or in separate molecules remains unknown.
The six a(IV) chains differ considerably with respect to tissue distribution (table 1). At
the protein level, immunochemical studies have shown that the a l ( I V ) and a2(IV) chains
have a ubiquitous distribution whereas the a3(IV), a4(IV) and a5(IV) chains have a
restricted distribution in both human and rodent tissues 28-31. At the mRNA level, the
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Figure 2. Structure of type IV collagen. The protomer contains three a(IV) chains
and is triple helical over most of its length. There are six genetically distinct a(IV)
chains. The number of protomers that can be made in vivo is not known. Each chain
contains a carboxyl-terminal noncollagenous NC1 and an amino-terminal 7-S domain;
the latter contains a large Asn-linked oligosaccharide (Y-shaped structure). Protomers
associate through NC1 domains and 7-S domains to form suprastructures. Digestion
of basement membranes with pseudolysin yields truncated protomers that contain the
NC1 domains and part of the triple helix.

relative expression of the a3(IV), a4(IV), a5(IV) and a6(IV) chains varies greatly among
a variety of human tissues, including a variation in the ratio of expression of the a3(IV)
and a4(IV) chains 16,17 T h u s , the chain composition of a BM may be tissue specific.
Likewise, the kinds of triple helical isoforms and their supramolecular organization in BM
may be tissue-specific.

162

Milton E Noelken and Billy G Hudson

Table 1. Subunit composition of NC1 hexamers from several basement membranes u
Chain identity of NC1 subunits
al(IV) +ct2(IV)

a5(IV)

a3(IV)

a4(IV)

38
16
5
3
1
0

17
11
11
3
1
0

Relative abundance (%)

Basement membrane
Seminiferous tubule BM
Glomerular BM
Alveolar BM
Lens BM
Placenta BM
EHS matrix

a3(IV) +a4(IV)

41
70
84
94
98
100

55
27
16
6
2
0

4
3
NDb
ND
ND
ND

°From Kahsai et a136
bNot determined
The ct3(IV), a4(IV), a5(IV) and a6(IV) chains have all been implicated in the
pathogenesis of human diseases 1,7,32-35.In Goodpasture syndrome, the a3(IV) chain is the
target for the pathogenic autoantibodies. In Alport syndrome, the COL4A5 gene encoding
the ct5(IV) chain is mutated in the common X-linked form of the disease, and the
COL4A3 and COL4A4 genes are mutated in the autosomal recessive form 1'35. In
leiomyomatosis, the COL4A5 and COL4A6 genes are deleted in some patients. These
mutations together with the restricted tissue expression of chains indicate specific
biological functions of the a3(IV), a4(IV), a5(IV) and a6(IV) chains, including a vital
role in the molecular sieve function of the glomerular BM and in differentiation of smooth
muscle cells.
Knowledge of the tissue-specific composition and organization of a(IV) chains of
several distinct BMs is of fundamental importance for elucidating the structure/function
relationships of these chains and their role in mechanisms underlying diseases. Recently,
our laboratory has investigated type IV collagen networks in two BMs, from the
seminiferous tubule (STBM) and glomerulus (GBM), respectively, that have high
percentages of a3(IV), a4(IV) and a5(IV) chains 36,37 The results of these studies and
studies from other laboratories indicate that there are at least three major type IV collagen
networks. In STBM, one network contains a l ( I V ) and a2(IV) chains, a second contains
a3(IV), a4(IV), a5(IV) and a6(IV), and a third contains all six chains. GBM lacks the
a6(IV) chain, but otherwise has three networks of the same chain composition as those in
STBM.

2. Identification of type IV collagen networks in STBM and GBM
Our approach to identifying type (IV) collagen networks involved excising NC1containing fragments from BMs by selective proteolysis, fractionation of fragments and
using HPLC analysis, two-dimensional electrophoresis and immunoblotting of their NC1
domains to determine which chains the fragments contained. [mmunoblotting for chain
identification was possible because antibodies were available that were directed
specifically against the NC1 domains of the six a(IV) chains. The NC1 domain occurs in
the BM suprastructure as a hexamer composed of subunits that correspond to the NC1
domain of the six a(IV) chains comprising two adjoining isoforms (triple helical
molecules). The stoichiometry of subunits in a hexamer depends on the chain composition
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of the isoforms associated through NC1-NC1 interactions (1). The chain composition of a
fragment can be determined by the analysis of NC1 domains derived from it by
collagenase digestion and reflects the chain composition of the network from which it was
derived.

2.1 Networks in STBM
The characterization of networks in STBM began with digestion of the membrane with
pseudolysin (EC 3.4.24.26) at 4°C. This resulted in selective excision of truncated
protomers that were dimerized through their NC1 domains (figure 3A). The NC1 domains

(A)

(B)

Figure 3. Electron microscopy of pseudolysin-soluble STBM and 25°C-protomers
excised from GBM by pseudolysin. Panel A. Most of the truncated protomers of type
IV collagen exist as dimers (NC1-NC1) with a triple helical length of 280-330 nm
and NC 1 diameter of 15-17 nm. Immunoblotting of the NC 1 domains showed that the
fragments contained al(IV) and a2(IV) chains The bar length = 100 nm. Panel B.
The protomers were prepared by a 25°C pseudolysin digestion of the part of GBM
that was resistant to digestion at 4°C, and gel filtration through Sephacryl S-1000.
The bar represents 100 nm.
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of these fragments were produced by collagenase digestion. HPLC analysis, two-dimensional electrophoresis and immunoblotting of the NC 1 domains revealed that the truncated protomers contained al(IV), a2(IV), a3(IV) and a4(IV) chains. The pseudolysininsoluble STBM was then digested with bacterial collagenase at 37°C, yielding a mixture
of NC1 hexamers, each of which had to be derived from a dimer of protomers (figure 2).
This fraction contained NC1 domains from all six a(IV) chains. The two sets of NC1
domain hexamers were each fractionated by affinity chromatography on anti-a 1(IV)-NC 1
and anti-a3(IV)-NC1 antibody columns to yield four populations of hexamers that had
different chain compositions and represented different percentages of the total
STBM type IV collagen; these were: (A) al(IV), a2(IV), a3(IV), a4(IV), 2% of total
STBM; (B) al(IV), a2(IV), 14%; (C) al(IV), a2(IV), a3(IV), a4(IV), a5(IV), a6(IV),
35%; (D) a3(IV), a4(IV), a5(IV), a6(IV), 49%. The simplest interpretation of these
results is that each population of hexamer reflects a different network of type IV collagen.
The chain stoichiometry of the isoforms in each network is not known. Although 56
isoforms are possible if the chains assemble randomly, the total would be 18 if the chains
assemble analogously to the [al(IV)]2a2 isoform from the mouse Engelbreth-HolmSwarm tumor 26 wherein an a3(IV) or a5(IV) chain can replace an al(IV) chain and an
a3(IV) or a5(IV) chain can replace an al(IV) chain. Clearly, population B is consistent
with the [al(IV)]za2 isoform as a protomer that self-assembles to form a network.
Population D was shown to contain 66% a3(IV), 23% a4(IV) and 7% a5(IV) chain,
which indicates that the major component is [a3(IV)]2a4 isoform. A set of hypothetical
isoforms, consistent with our results, cross-linked through their NC1 domains, and a set of
octamers representing the three major networks, B, C and D, are shown in figure 4.
2.2 Networks in GBM
The study of the type IV collagen networks in GBM was accomplished by using
pseudolysin (EC 3.4.24.26) digestion to excise truncated triple helical protomers for
structural studies. Two distinct sets of truncated protomers were solubilized, one at 4°C
and the other at 25°C and their chain composition was determined by immunoblotting
with use of monoclonal antibodies. The 4°C-protomers were comprised of the a 1(IV) and
a2(IV) chains, like those obtained from STBM. On the other hand, the 25°C-protomers
were comprised mainly of a3(IV), a4(IV) and a5(IV) chains, along with some al(IV)
and a2(IV) chains. The structure of the 25°C-protomers was examined by electron
microscopy under both reducing and non-reducing (figure 3B) conditions and was found
to be different from the a l ( I V ) . a 2 ( I V ) protomers in that they formed a network
containing loops and super-coiled triple helices stabilized by disulfide cross-links between
a3(IV), a4(IV) and a5(IV) chains. Structural features that are in common with the
al(IV) • a2(IV)-protomers are a long triple helical domain, a globular NC1 domain and
NC1-NC1 interactions causing end-to-end association of protomers. At the chain level,
the a3(IV), a4(IV) and a5(IV) chains of the complex are covalently linked by disulfide
bonds, exclusive of al(IV) and a2(IV) chains. Evidence for disulfide bonds is that the
high molecular weight complex does not dissociate in 6 M guanidine-HC1 or 1% SDS in
the absence of a disulfide reducing agent, but in the presence of a reducing agent it
dissociates into its constituent a3(IV), a4(IV) and a5(IV) chains. Fragments of the
al(IV) and a2(IV) chains could be separated from the a3(IV), a4(IV) • a5(IV) complex
by exposure to 6 M guanidine-HCl, indicating that they were not linked in the complex by
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Figure 4. Hypothetical STBM collagen IV NCl-linked isolbrms and their
association products. Panel A: Evidence consistent with an NCl-linked dimer of the
[al(IV)]za2(IV) isoform (O..... /, unfilled) was obtained by electron microscopy
(figure 3) of the collagen IV truncated isoform excised by pseudolysin at 4°C, and
analysis of the NC1 hexamers derived from it. Evidence consistent with an
[a3(IV)]2a4(IV) isoform (O..... /, black filling) and an a3(IV) a5(IV)[a4(IV) or
a6(IV)] isoform (O..... /, black and white striped filling) was obtained by analysis of
NC1 hexamer populations C and D. Evidence consistent with the lower three NC1linked isoforms in panel A was obtained by analysis of NC1 hexamer populations C
and D. In panels B, C and D are hypothetical collagen IV octamers whose structures
are consistent with the analysis of NCI hexamer populations B, C and D,
respectively. The octamers could occur either in separate networks or as part of a
single nel~work. It should be noted that the chain composition of the isoforms, and
thus the isoform composition of the octamers, is not completely established.
disulfide bonds. The 25°C-protomers, therefore, reflect the existence of a novel
supramolecular network in GBM that comprises the a3(IV), a4(IV) and a5(IV) chains
and which is cross-linked by disulfide bonds between triple helices. Such a network is
also supported by the finding that NC1 hexamers, composed of a3(IV) and a4(IV) NC1
domains, can be isolated from GBM 27, although the cited study did not address the
presence of the a5(IV) and a6(IV) chains. Moreover, an a3(IV), a4(IV), a5(IV)
network is consistent with immunocytochemical results showing that the a3(IV), a4(IV)
and a5(IV) chains, but not the a6(IV) chain, are present in GBM 28.38. A similar network
that also contains the a6(IV) chain is present in STBM 36.
A third network comprising al(IV)-a5(IV) chains may also exist. The 25°C protomers contain some al(IV) and a2(IV) fragments that could be noncovalently
associated with the a3(IV), a4(IV) and a5(IV) chains. Such a network is supported by the
observation that NC1 hexamers can also be isolated from GBM that contain the NC1
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domains of a l ( I V ) and a2(IV) chains as well as those of a3(IV) and a4(IV) chains 27
Moreover, the residual insoluble GBM from 25°C pseudolysin digestion contains
a I(IV)--a5(IV) chains, which could comprise an al(IV)--a5(IV) network. Such a network
that also contains the a6(IV) chain exists in STBM a6. All three networks,
a l ( I V ) , a2(IV), a3(IV), a4(IV), aS(IV) and al(IV)--a5(IV) could be connected into
one supracomplex through association of 7-S domains, i.e. the well-known
tetramerization of the amino-terminal domain 39, thus forming a single network. In this
case they would represent regions of that network within GBM.
The presence of disulfide cross-links between the triple helices of the
a3(IV) • a4(IV) • a5(IV) truncated protomers is a distinguishing feature not found in the
al(IV) • a2(IV) truncated protomers. This can be rationalized by the presence of several
cysteine residues in the collagenous domain of the chain fragments of the
a3(IV), a4(IV), a5(IV) truncated protomers that are not found in the a l ( I V ) , a2(IV)
truncated protomers. Sodium dodecylsulfate-polyacrylamide gel electrophoresis under
reducing conditions and immunoblotting showed the presence of the following NC1containing fragments: a3(IV), 1400 residues; a3(IV), 1300 residues; a4(IV), 850
residues; a4(IV), 500 residues; a5(IV), 1350 residues; a5(IV), 500 residues (figure 1).
Comparison of the amino acid sequences of the six a(IV) chains 7-13'16'17'19-21'23-25'40
reveals that: First, there are eighteen conserved cysteine residues among all six human
a(IV) chains, four in the 7-S domain, twelve in the NC1 domain, and two in triple helical
interruption IX (figure 1). Second, the a3(IV) chain contains four cysteine residues and
the a4(IV) chain contains nine cysteine residues within the collagenous domain that are
not found in the other four a(IV) chains (figure 1). Third, the truncated NCl-containing
a3(IV) and a4(IV) chains that are constituents of the a3(IV) • a4(IV) • a5(IV) complex
(figure 3B) have a sufficient length (>1300) residues to contain these additional cysteine
residues, indicating their participation in the inter-protomer disulfide cross-links that
stabilize the a 3 ( I V ) - a 4 ( I V ) , a5(IV) complex. Fourth, an NCl-containing truncated
a5(IV) chain of the a3(IV), a4(IV), a5(IV) complex has a length of -1350 residues.
This length is sufficient to contain a cysteine residue in helical interruption VIII that could
participate in a disulfide cross-link with an a3(IV) or a4(IV) chain, either within a
protomer or between protomers. The a5(IV) chain must also be linked to the a3(IV) or
a4(IV) chain through disulfide bonds between NC1 domains because a second NCIcontaining truncated a5(IV) chain has a length of 1100 residues, which is not long enough
to contain a cysteine residue within the collagenous domain. Presumably, the disulfide
cross-links within the collagenous domain stabilize the looping and supercoiling of the
triple helices to confer a specialized function to the a3(IV) - a4(IV) • a5(IV) network.
The a 3 ( I V ) - a 4 ( I V ) , a5(IV) supramolecular structure (figure 3B) is similar to
structures found in vitro and in situ by Yurchenco and co-workers 23.z4,40-4zin membranes
known to contain al(IV) and a2(IV) chains but which were studied before it was possible
to detect a3(IV), a4(IV) and a5(IV)." In one of these studies 23, it was shown that mouse
type IV collagen protomers from the Englebreth-Holm-Swarm tumor, containing only
al(IV) and a2(IV) chains, could be induced to form a polygonal network 23. The
a3(IV), a4(IV), a5(IV) supramolecular structure that we observed is stabilized by
disulfide cross-links between the constituent a(IV) chains. Conceivably, the
a l ( I V ) , a2(IV) dimeric truncated protomers we observed may have had a similar
suprastructure in vivo but the suprastructure was not preserved because of the absence of
disulfide bonds to stabilize it for viewing by electron microscopy. In addition, our
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electron microscopy studies were done at much lower concentrations than those needed to
form polygonal networks in vitro 23.
3. Discussion

The finding of an a l ( I V ) , a2(IV) network and an a3(IV), a4(IV), a5(IV) network
provides a conceptual framework to explain several features of the GBM abnormality in
the Alport syndrome. First, recent studies reveal that normal glomerular development
involves a developmental switch in which the early expression of the al(IV) and a2(IV)
chains is replaced by the expression of the a3(IV), a4(IV) and a5(IV) chains to form a
mature GBM 29"43. In X-linked Alport syndrome the switch is arrested, causing the
persistence of the al(IV) and a2(IV) chains and the absence of the a3(IV), a4(IV) and
a5(IV) chains 43. On the basis of the present results, the switch can now be defined at the
supramolecular level in which the a l ( I V ) . a 2 ( I V ) network is replaced by the
a3(IV), a4(IV), a5(IV) network in normal glomerular development, but in Alport
syndrome the switch is arrested. Second, it is well-established that mutations in the
a5(IV) chain cause defective assembly of not only the a5(IV) chain, but the a3(IV) and
a4(IV) chains as well 28.31,43-45. This conundrum indicates that the developmental switch
contains a mechanism which links the assembly of all three a(IV) chains. The finding of
an a3(IV) • a4(IV) • a5(IV) network, in which all three chains are covalently linked by
disulfide cross-links, provides a possible linkage mechanism, wherein the a5(IV) chain is
required for the assembly of the a3(IV) and a4(IV) chains. The dependence of one chain
on the assembly of another chain is a well-established mechanism for type I collagen in
patients with Osteogenesis imperfecta in which mutations in the al(I) chain cause
defective assembly of the a2(I) chain 46. The a5(IV) chain requirement could be at: (a)
The protomer level in which an a5(IV) chain together with an a3(IV) and a4(IV) chain
forms a triple helical protomer or (b) the supramolecular level in which an a5(IV)containing protomer is required for the incorporation of an a3(IV) or a4(IV) containing
protomer. The linkage mechanism may also involve the transcriptional/translational level
because the mRNA expression of the a3(IV), a4(IV) and a5(IV) chains appears to be
coordinated 47. The protein assembly and the transcriptional/translational mechanism need
not be mutually exclusive because the incorporation of an a5(IV) chain into extracellular
matrix could be required to modulate the transcription of the a3(IV) and a4(IV) chains.
The a3(IV), a4(IV), a5(IV) network also provides an explanation for the GBM
abnormality in a mouse model of autosomal Alport syndrome. In the collagen COL4A3
knockout mouse, the a3(IV), a4(IV) and a5(IV) chains are absent in the GBM 48,49. Thus,
the a3(IV) chain is crucial for the assembly of the a4(IV) and a5(IV) into an
a3(IV)-a4(IV), a5(IV) network. Potentially, mutations in the human COL4A3 and
COIAA4 genes in recessive Alport syndrome 35,50and mutations in the COL4A4 gene in
benign familial hematuria 51 also cause loss of the a3(IV), a4(IV), a5(IV) network.
The fundamental importance of the a3(IV), a4(IV), a5(IV) network for normal
glomerular ultrafiltration function is evident from the gene mutations that cause renal
failure in Alport syndrome and from the a3(IV) knockout mouse models 51"52. The
importance of the a3(IV), a4(IV), a5(IV) network is underscored by the restricted
distribution of this network to peripheral GBM within the nephron. Conceivably, the
looping and supercoiling of the triple helices and the disulfide cross-linking of the
network (figure 3B) confer long term stability to the GBM by protecting against
proteolytic degradation 43. An increased susceptibility of the al(IV) • a2(IV) network to
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the action of proteases is supported by two observations: (a) the level of 3hydroxyproline, a constituent of type IV collagen, is elevated in the urine of 20 Alport
patients in comparison to that of the other renal disorders53; and (b) Alport renal
basement membranes appear more susceptible to proteolysis than normal GBM 43.
Moreover, the a l ( I V ) • a2(IV) network is more easily excised from GBM by pseudolysin
digestion than the a3(IV), a4(IV) • a5(IV) network, as described herein, which further
supports the hypothesis that the a3(IV), a4(IV), a5(IV) network may protect against
proteolysis.
The present findings also establish the supramolecular structure of the target molecules
in GBM that bind the pathogenic anti-GBM antibodies in patients with Goodpasture
syndrome and in patients with Alport syndrome who develop post-transplant nephritis.
Previous work has established that Goodpasture autoantibodies are also targeted to the
NC1 domain of the a3(IV) chain 1. The Alport alloantibodies, produced in some patients
in response to a renal transplant, are targeted to the NC1 domain of the a3(IV) chain in
certain patients 54.55 and the a5(IV) chain in others 45'56'57. We showed 37 that both GP
autoantibodies 58 and Alport alloantibodies 54 bind to the a 3 ( I V ) . a 4 ( I V ) . a 5 ( I V )
complex excised from GBM. Thus, the a3(IV) • a4(IV) • a5(IV) network (figure 3B) is
the target for both kinds of antibodies that cause anti-GBM nephritis.
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