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Folding defects in fibrillar collagens
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Fibrillar collagens have a long triple helix in which glycine is in every third position for more than 1000
amino acids. The three chains of these molecules are assembled with specificity into several different
molecules that have tissue-specific distribution. Mutations that alter folding of either the carboxy-terminal
globular peptides that direct chain association, or of the regions of the triple helix that are important for
nucleation, or of the bulk of the triple helix, all result in identifiable genetic disorders in which the phenotype
reflects the region of expression of the genes and their tissue-specific distribution. Mutations that result in
changed amino-acid sequences in any of these regions have different effects on folding and may have
different phenotypic outcomes. Substitution for glycine residues in the triple helical domains are among the
most common effects of mutations, and the nature of the substituting residue and its location in the chain
contribute to the effect on folding and also on the phenotype. More complex mutations, such as deletions or
insertions of triple helix, also affect folding, probably because of alterations in helical pitch along the triple
helix. These mutations all interfere with the ability of these molecules to form the characteristic fibrillar
array in the extracellular matrix and many result in intracellular retention of abnormal molecules.

Keywords: collagen; procollagen; chain assembly; triple-helix formation; human genetic disorders;
nucleation

do1 10.1098/rsth.2000.0760

1. INTRODUCTION

The collagens are a family of proteins that comprise more
than 30 precursor chains. These chains combine with
exquisite specificity to produce over 20 distinct trimeric
molecules. Collagens have triple helices that vary in
length from a few dozen to over 300 tripeptides (Gly-X-Y,
in which X and Y are any amino acid other than cysteine
and tryptophan in most molecules) in which glycine is in
every third position. The molecules are arrayed in the
extracellular matrix of tissues in which they are specific-
ally expressed and mutations give rise to disorders char-
acterized by structural and functional abnormalities in
the tissues in which these genes are expressed (table 1).

Misfolding of collagens is the major outcome of most
mutations in collagen genes. Mutations have this effect in
one of two ways. They can alter the sequences of collagens
that are important for initial folding of the monomer,
association of chains into trimers, nucleation of the triple
helix, propagation of the triple helix, secretion, processing
of the amino-terminal propeptides, or orderly aggrega-
tion into supramolecular structures, the collagen fibrils.
Alternatively, they alter the expression or stability of
mRNA or protein chains. In some instances, this leads to
homotrimer formation instead of heterotrimer produc-
tion, with alterations in the structure of the mature
protein. In other instances, they alter the relative
amounts of mature molecules in the extracellular matrix
and perturb higher order aggregation of matrix compo-
nents. Although mutations have been identified in many
collagen genes, this discussion will concentrate on the
effects of those in the genes for fibrillar collagens in which
the alterations in folding are best understood.
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2. INITIAL ASSEMBLY OF THE PROCOLLAGEN
MOLECULE

The proa chains of fibrillar collagen are synthesized in
the rough endoplasmic reticulum (ER). Like most
secreted proteins they have amino-terminal leader
sequences that guide the nascent chain and associated
ribosome to the outer edge of the ER and lead to the
vectoral insertion of the sequence into and through the
membrane. Hydroxylation of most prolyl and lysyl resi-
dues in the Y position of the triple helix begins while the
chains are being synthesized and are completed when the
molecule is assembled and the triple helix is stable.
Hydroxylation is thought to lag about 300 residues
behind synthesis. The number of hydroxylases that
occupy a chain is not clear but may be more than one.
Prolyl 4-hydroxylase is a tetramer that consists of two
o-chains and two PB-chains, the latter being protein di-
sulphide isomerase. This complex is anchored to the inner
membrane of the ER through the KDEL (Arg-Asp-Glu-
Leu) sequences of the disulphide isomerase. The PLODI
gene encodes the major lysyl hydroxylase and its product
is bound to the inner membrane of the ER, although the
precise mechanism is unclear. Other lysyl hydroxylases
have been identified and their genes cloned (PLOD2 and
PLOD3) but their specificities have not been determined.
Prolyl hydroxylation is essential to folding of the triple
helix at normal temperatures. In the absence of prolyl
hydroxylation the melting temperature of type I procol-
lagen is ca. 27 °C instead of 43 °C in the fully hydroxy-
lated form. Type I procollagen molecules synthesized
when the enzyme is inhibited by iron chelators are stored
in the ER but can be hydroxylated and secreted if the
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Table 1. Collagen genes and their disorders

chromosomal
collagen type gene location protein disorders
I COLIAI 17q21.31-q22.05 prooal (I) osteogenesis imperfecta
Ehlers—Danlos syndrome type VITA
COL1A2 7q22.1 proa2(I) osteogenesis imperfecta
Ehlers—Danlos syndrome type VIIB
Ehlers—Danlos syndrome type 11
IT COL241 12q13.11-q13.2 proal (IT) Stickler syndrome type I
Wagner syndrome type 11
spondylepiphyseal dysplasia
congenita
Kniest dysplasia
hypochondrogenesis
achondrogenesis type 11
spondylo-metaphyseal-epiphyseal
dysplasia (SMED),
Strudwick type
111 COL341 2q31 proal (I1T) Ehlers—Danlos syndrome type IV
Ehlers—Danlos syndrome type I1T (?)
v COL4A41 13q34 proal (IV)
CO0L442 13q34 proa2(IV)
COL445 2q36-q37 proa3(IV) Alport syndrome, recessive
COL4A44 2q36-q37 pro4(IV) Alport syndrome, recessive
COL445 Xq22 pro5(IV) Alport syndrome, X linked
COL4A6 Xq22 pro6(IV) Alport syndrome, X linked with
leiomyomatosis
\Y% COL5A1 9q34.2-q34.3 proal (V) Ehlers—Danlos syndrome type I
Ehlers—Danlos syndrome type 11
COL542 2q31 proo2 (V) Ehlers—Danlos syndrome type I
COL543 not mapped proa3 (V)
VI COL6AI 21922.3 proal (VI) Bethlem myopathy
COL6A42 21q22.3 proa2(VI) Bethlem myopathy
COL6A3 2q37 proa3(VI) Bethlem myopathy
VII COL7A1 3p21.3 proal (VII) epidermolysis bullosa,
recessive dystrophic
epidermolysis bullosa,
dominant dystrophic
epidermolysis bullosa,
pretibial
VIII COL8A1 3q12-q13.1 proal (VIIT)
COL842 1p34.4-p32.3 proa2(VIII)
IX COLY9AI 6q13 proal (IX) multiple epiphyseal dysplasia
COL942 1p33-p32.2 proa2(IX) multiple epiphyseal dysplasia, type I1
COLI9A3 20q13.3 proa3 (IX) multiple epiphyseal dysplasia, type I11
X COLI10AI 6q21-q22.3 proal (X) metaphyseal chondrodysplasia,
Schmid type
spondylometaphysealdysplasia,
Japanese type
XI COL11AI 1p21 proal (XI) Stickler syndrome type I1T
Marshall syndrome
COL1IA2 6p21.3 proa2(XI) Stickler syndrome type 11
otospondylomegaepiphyseal
dysplasia (OSMED)
Weissenbacher—Zweymuller syndrome
non-syndromic deafness (DFNA13)
XII COLI1241 6 prool (XII)
XIII COLI13A1 10q22 prool (XIII)
X1V COLI4AI 8q23 proal (XIV)
XV COLI15A1 9q21-q22 proal (XV)
XVI COLI6A41 1p34 proal (XVI)
XVII COL17A1 10q24.3 prool (XVII) epidermolysis bullosa,
generalized atrophic benign
XVIII COLI8AI 21q22.3 proal (XVIII)
XIX COL19A1 6q12-ql4 proal (XIX)
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block to hydroxylation is removed, or if the cells are incu-
bated at a lower temperature to permit helix formation.
No naturally occurring mutations in the components of
the prolyl hydroxylase complex are known. Lysyl hydro-
xylation leads to the formation of more stable cross-links
in the mature extracellular molecule and its absence
produces the recessively inherited disorder Ehlers—Danlos
syndrome type VI in which skin, ligament and joint
tensile properties are altered. HSP47 (also known as
colligin), an ER-resident protein anchored by a KDEL
receptor, appears to bind non-hydroxylated chains more
avidly than hydroxylated chains (Asada et al. 1999; Koide
et al. 1999). If correct, this provides one part of the
solution to the problem of maintaining the long proo
chains in a favourable conformation until the carboxy-
terminal propeptide, the locus of chain—chain interaction,
is synthesized and released.

It is only once the chain is synthesized in full that
molecular assembly begins. At this point it is not clear
what relationships exist between the chain and modifying
enzymes or chaperones. It is likely that chains remain
associated with both the hydroxylases, perhaps with
HSP47 and possibly with other modifying enzymes. The
carboxy-terminal propeptide folds to form two internal
disulphide bonds—a process no doubt aided by disulphide
isomerase—to form a major loop and a smaller, internal,
minor loop. The globular domains of the proa chains are
substrates for protein disulphide isomerase, the B-subunit
of prolyl 4-hydroxylase, but the interaction is independent
of association with the o-subunits of the protein (Wilson
et al. 1998). Guided by association domains near the
beginning of the major loop, correct chain association
then occurs. This is no mean feat as a cell may synthesize
as many as six chains (for example, the two chains of
type I procollagen, the chains of type III procollagen,
and the three chains of type V procollagen) at the same
time in the same region of the ER. These association
domains are thought, on the basis of domain swapping
experiments, to be a discontinuous region of about 18
amino acids that permit the unique associations to occur
(Lees et al. 1997). There is flexibility in chain association,
no doubt to provide different functional facets of the
resultant molecules. For example, proal(I) chains can
form homotrimers or, much more often, heterotrimers in
which one proal (I) is replaced by proa2(I). These mole-
cules do not contain any of the other chain types. With
procollagens made in cartilage and the vitreous body
there is more flexibility allowed. For example, the
proal (II) chain of type II collagen also interacts with the
proal (XI) and proo2(XI) to form type XI collagen
(Eyre & Wu 1987). In the vitreous body, the prou2(V)
chain substitutes for the proa2(XI) chain (Mayne et al.
1993).

In type I procollagen, two proal(I) chains or one
proal (I) chain and a single proa2(I) chain associate; the
order of initial association appears to be random but
determines the identity of the third chain brought into the
molecule. Triple-helix formation is nucleated at the
carboxy-terminal end of that domain, probably through
the interaction of sequences very rich in hydroxyproline.
From experimental studies it appears that helix nuclea-
tion requires two or more tripeptides in which hydroxy-
proline is in the Y position. Helix formation is propagated
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toward the N-terminal end of the molecule, probably in a
punctuated fashion. In the triple helical domain the
proline amide bonds are randomly distributed between
the cis and the trans conformation, but in the final triple
helix all are trans (Bachinger et al. 1978). The propagation
of the triple-helical structure requires isomerization to the
trans form, which is accomplished, in part, by the action
of the enzyme peptidyl-prolyl cis—trans-isomerase
(Bachinger 1987). It has been proposed that presence of
cts bonds slows propagation of triple-helix formation. The
triple helix has regions of high density of hydroxyproline
and others of low density. The high-density regions may
represent areas of secondary nucleation that are required
to permit the ordered propagation of the triple helix.
Triple-helix formation removes proot chains from their
interactions with the modifying enzymes and is the signal
for release from the ER. These molecules are stacked in
the Golgi bodies in a laterally aggregated form. The
mechanisms of aggregation are not clear but the struc-
tures are reminiscent of collagen forms that can be
induced by incubation with small charged molecules like
ATP or large charged sulphated glycosaminoglycans.
Whether similar molecules play such a role in the Golgi
bodies is not clear, although it is the site of synthesis of
glycosaminoglycan side-chains of proteoglycans. Release
from the cell leads to further rearrangement and a
different set of aggregate forms in which end-to-end over-
laps generate the familiar collagen fibrils of the extra-
cellular matrix. Some mutations in type I procollagen
genes, which result in aberrant modification and defective
secretion, do not appear to result in abnormal fibrils in
soft tissues but may have dramatic effects on mineral-
ization in bone. One explanation is that the fibrils in soft
tissues are more plastic and do not need to accommodate
the crystalline arrays of matrix mineral that forms bone.

3. MOLECULAR DEFECTS

The organization of the fibrillar collagen genes is one
determinant of the effects of mutations on proteins and,
as a result, on protein folding. The type I collagen genes
have more than 50 exons. In COLIAI they occupy ca.
20kb of genomic DNA and in the COLIAZ gene they are
distributed over ca. 40 kb. The COL3A1 gene is similar to
the COLIAZ2 gene in size. The amino-terminal propeptide
is encoded within the first six exons, the triple helical
domain is encoded within parts of 44 exons (6—49), and
the carboxy-terminal propeptides in the remaining exons.
Each exon of the triple helix starts with a glycine codon
(GGN) and ends with a codon for a Y-position amino
acid so that skipping of a ‘cassette’ leaves the triplet struc-
ture intact, although the placement of charged and
hydrophobic residues is disrupted relative to the normal
sequences (Prockop & Kivirikko 1995).

Although most mutations that lead to osteogenesis
imperfecta fall within the triple helical domain (probably
a reflection both of the density of phenotypically active
sites and its length), the carboxy-terminal extensions of
both chains are functionally important and mutations in
those domains have phenotypic effects (see §§ (a)—(d)).
Mutations that alter sequences in the carboxy-terminal
propeptide have very different effects on molecular beha-
viour than those that affect sequences in the triple helix.
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(a) Substitutions for glycine residues
in the triple helix

Single nucleotide substitutions within glycine codons
are the most common type of mutation. Three character-
istics determine the phenotypic effects of mutations that
result in substitutions for glycine residues within the triple
helical coding region of type I collagen genes: the position
of the substitution; the nature of the substituting amino
acid; and the chain in which the substitution occurs (Byers
1993; Marini et al. 1993; Prockop & Kivirikko 1995).

First position substitutions in glycine codons lead to
substitution of glycine by arginine, serine, cysteine and
tryptophan—in approximately that order of frequency—
due to the number of synonymous codons and the relative
frequency of nucleotides in the third position. Second
position substitutions give rise to alanine, valine, glutamic
acid and aspartic acid codons. The relative frequency of
substitutions by alanine, valine, glutamic acid and
aspartic acid do not correspond to codon frequencies and
the reasons for the disparities are not clear. In the
prool (I) chain, the product of the COLIAI gene, substi-
tutions of valine, glutamic acid, aspartic acid and argi-
nine produce severe, usually lethal, phenotypes from the
carboxy-terminal end to the region of about residue 200
of the triple helix (Byers 1993; Kuivaniemi et al. 1997).
The severity of similar substitutions within the proa2(I)
chain seems somewhat milder, perhaps because there is a
single proa2(I) chain in a molecule and there are two
proal (I) chains (Byers 1993; Kuivaniemi et al. 1997).
Alternatively, the helix may be more tolerant of irregu-
larity in the triple helix in the proa2(I) chain. Trypto-
phan substitutions are extremely rare, probably because
of the rarity of GGG glycine codons in both genes.

In contrast to the effects of the large residue substitu-
tions, substitutions by serine and cysteine for glycine have a
startlingly punctuated effect on phenotype. That is, there
are alternating regions of mild and severe phenotypes with
mutations along the triple helix. These two substitutions
might be anticipated to have different effects within the
molecule. There are no cysteine residues within the triple
helical domain of proal (I) or proa2(I) chains. When the
mutation is heterozygous (as almost all are), then half the
chains synthesized have a cysteine residue in the triple
helix. If it is in prooal (I) chains, then one-quarter of all
trimers will contain two such chains, one-half contain one
chain in which a glycine is substituted, and the remaining
one-quarter are normal. In the molecules that contain two
abnormal chains intramolecular disulphide bonds form.
When these molecules are examined by rotary shadowing,
a ‘kink’ can be observed in the triple helix at the apparent
site of the substitution (Vogel et al. 1988; Lightfoot et al.
1992). Because such kinks are found only in molecules with
substitutions of cysteine for glycine (Lightfoot et al. 1992), it
is likely that the disulphide bonds stabilize an interaction
between chains in some molecules that may not be the
most stable conformation or, in order to stabilize, intro-
duce a bend in the helix. The 50% of molecules that have
a single abnormal chain no doubt have altered thermal
stability but may also expose a free sulphhydryl group for
interactions with nearby molecules in the matrix. Substitu-
tion of cysteine for glycine results in slowing of the folding
of the triple helix, at least as recognized by the appearance
of protease-resistant disulphide-bonded dimers. The extent
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of slowing of triple-helix formation correlated with a
decrease in thermal stability of the molecules that
contained the dimers. No clear relationship between the
position of the mutation and phenotype was observed but
those mutations that lowered thermal stability or slowed
helix propagation most were associated with the worst
phenotypes. Similar studies have not been done with
chains that contain other substitutions for glycine because
no readily visible markers are present that allow assess-
ment of folding of chains that contain altered sequences.
Substitutions by these two residues in the triple helical
domain of the proa2(I) chain also have a discontinuous
effect on phenotype.

Substitutions for glycine residues alter the triple helical
structure (Bella et al. 1994; Baum & Brodsky 1999; Klein
& Huang 1999) and produce delay in triple-helix forma-
tion. The helix appears to propagate normally from the
region of nucleation at the carboxy-terminal end to the
domain of the mutation, where it either ceases or slows at
37°C (Raghunath et al. 1994). The effect on helical struc-
ture has been suggested by both modelling studies and by
analysis of peptides with substitutions (Vogel et al. 1988;
Bella et al. 1994; Baum & Brodsky 1999; Klein & Huang
1999). In one model, using space-filling blocks, a bubble
is formed in the domain of the mutation and chain order
appears to differ. In the others, derived from crystal
structure, NMR studies (Bella et al. 1994; Baum &
Brodsky 1999) and modelling using molecular dynamics
(Klein & Huang 1999), there is a change in the pitch of
the helix in the region of the substitution that propagates
an altered relationship among the chains to their amino-
terminal ends.

These studies appear to provide a ready explanation for
one confusing finding—the overmodification of lysyl resi-
dues by both increased hydroxylation and glycosylation
that occurs in an asymmetrical fashion in molecules that
contain abnormal chains (Bonadio & Byers 1985). Both
the delay in helix formation and the change in the rela-
tionship among residues in the three chains help to
explain why overmodification of lysyl residues occurs
largely amino-terminal to the site of mutations. In the
normal molecule, post-translational modification con-
tinues until the triple helix i1s formed and stable. In the
presence of mutations in the triple helix the disruption of
the helical motif does not allow the chains to come into
proximity. A new site of nucleation must be found amino-
terminal to the disruption and, while the search occurs,
post-translational modification continues. The association
of molecules that contain abnormal chains with the modi-
fying enzymes is also a factor that accounts for the delay
in secretion.

Some abnormal molecules are incorporated into the
matrix, although not into the most highly cross-linked,
stable portion of tissues like bone (Bateman et al. 1987). In
i vitro studies, inclusion of even a small proportion of
molecules that harbour abnormal chains readily leads to
failure of fibril formation or formation of abnormal fibrils
(Torre-Blanco et al. 1992).

(b) Mutations that affect triple-helix nucleation

Triple-helix nucleation requires at least two triplets
that contain hydroxyproline in the Y position (Bulleid
et al. 1997). In type I procollagen mutations in the last
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five tripeptides of the triple helix are not always lethal—
particularly if they occur in the proa2(I) chain—and do
permit nucleation, helix propagation and secretion. In
contrast, mutations between the glycine at positions 994
and 1021 of the triple helix in the proal (III) chain inter-
fere with nucleation to the extent that many molecules
that contain these abnormal chains fail to fold and few
are secreted (U. Schwarze and P. H. Byers, unpublished
data). Although these molecules can achieve triple helix
at lower temperatures, at 37 °C most do not. The unfolded
molecules accumulate in the ER, bound largely to the
hydroxylases.

(c) Splice-site mutations and deletion
or insertion of Gly-X-Y triplets

Splice-site mutations are the second most common
mutation in type I collagen genes that result in the osteo-
genesis imperfecta phenotypes (Kuivaniemi et al. 1997).
These mutations result either in exon-skipping or in the
use of alternative or cryptic sites. The former result in
retention of the canonical triple-helical triplet structure
while the latter may or (more usually) may not. The
effects of the use of cryptic splice sites depend on whether
the spliced product can be resolved by the spliceosome
and if it is in translational reading frame. Those that
change reading frame and lead to a premature termina-
tion codon in the mRNA are generally unstable.

Within the COLIAI gene, exon-skipping mutations are
generally very severe or lethal if they are located 3" to
exon 14 (Byers 1993). For example, mutations in splice
sites that result in skipping of exons 14, 20, 22 (P. H.
Byers, unpublished data), 27 (Pepin et al. 1997), 30 (P. H.
Byers, unpublished), 44 (Byers 1990) and 47 (P. H. Byers,
unpublished data) are associated with the OI type II
phenotype. In the COLIAZ gene, the chain seems more
tolerant of deletions that affect sequences closer to the
carboxy-terminal end of the protein as there are no lethal
exon-skipping mutations 5 of exon 27. In both genes
when exon skipping is found in more 3’ locations, it is
often associated with the simultaneous use of cryptic sites
in the same allele, some of which lead to unstable
mRNAs and thus, presumably, mitigate the severity of
the expected phenotype. Small insertions or deletions
that result in introduction or deletion or Gly-X-Y tripep-
tide units have similar effects and may be mild or lethal
depending on their location.

The effects of these mutations seem, at first glance,
more difficult to explain. Like substitutions for glycine,
alteration from the native sequence, even with retention
of triplet integrity, results in overmodification of chains
amino-terminal to the site of the sequence alteration.
Furthermore, the thermal stability of these molecules is
lower than normal. The best explanation for these effects
probably lies in the non-homogeneity of the triple helix
along its length (Bachinger & Davis 1991; Bachinger et al.
1993). The sequence variations are associated with
regions of slightly different pitch to the helix. Any large-
scale alteration in sequence thus changes the relationships
among chains so that in heterotrimers two chains at most
maintain the correct register. If this is the case, then
folding is impaired and the chains remain accessible
while the molecules fail to be transported from the ER.
Like molecules with substitutions for glycine in the triple
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helix, these stay associated with modifying enzymes, thus
accounting in part for transport delay or failure.

(d) Mutations in the carboxy-terminal propeptide

The carboxy-terminal propeptides correct
chain—chain interactions in the ER where chains of
several different collagen types coexist. The failure to find
interspecies chain association, in the absence of deliberate
mutations, 1s a testament to the specificity of these
binding domains (Lees ef al. 1997). No mutations have
been identified in the chain association domains but
mutations have been identified in other regions that
either eliminate chain assembly completely or alter the
efliciency of chain association.

Mutations in the COLIAI gene that completely abolish
chain recognition result in the mild osteogenesis imper-
fecta type I phenotype (Willing et al. 1990) in the hetero-
zygote because mature molecules must have at least two
proal (I) chains. Without sufficient proal(I) chains,
excess prooi2(I) chains are not incorporated and are
rapidly degraded. The end result is similar to the failure
to synthesize proal (I) chains and the phenotype of osteo-
genesis imperfecta type I results. The abnormal proal (I)
chains may be degraded through the cytoplasmic proteo-
some system (Fitzgerald et al. 1999); the fate of the excess
proo2(I) chains is less clear.

In contrast mutations that do permit chain association
usually have a highly deleterious outcome, perhaps
because they entrap molecules, leading to marked over-
modification of the unfolded portions of the triple helix
that remain associated with the chaperones that assist
chain association. These mutations lead to activation of
the unfolded protein response pathway. In cells that carry
many of these mutations the stress—response proteins BiP
(GRP78) and GRP94 are synthesized at high levels and
appear to interact with the abnormal proteins, perhaps
directing them to sites of degradation as they are often
short lived (Chessler & Byers 1993; Lamande e/ al. 1995).
These abnormal molecules may also be subject to degra-
dation through the proteosome (Fitzgerald et al. 1999).

assure

(e) Effects of mutations on extracellular fibril
Sformation and mineralization

Once abnormal molecules are secreted, their effects on
phenotype are probably modulated through several
factors—the influence of the mutation on ability to
process the molecule, the effect of the processed or un-
processed procollagen on fibril formation, and the effects
of altered fibril structure on mineralization.

Even at considerable distance from the amino-terminal
end of the triple helix, many mutations alter the efficiency
of the N-protease, which cleaves the amino-terminal
propeptide (Vogel et al. 1987; Lightfoot et al. 1992). The
propeptide is normally folded back on the helical portion.
It is clear that deletion of the sequences of exon six of
either the proal (I) or proa2(I) chain, which contain the
N-protease cleavage site, alters the structure of that fold.
There are no equivalent experiments with molecules
known to harbour point mutations but some of these
molecules have slowed cleavage rates. Bulky substitutions
and deletions of sequence within the triple helix are more
apt to alter rates than small residue substitutions. No
doubt this influences fibrillogenesis.
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Studies done with purified molecules indicate that not
only is the rate of fibrillogenesis slowed but also the struc-
ture of the fibrils formed is altered (Kadler e/ al. 1991,
1996; Parkinson et al. 1997). It is not clear how these find-
ings can be reconciled readily with studies of tissues of
infants and adults with osteogenesis imperfecta that
demonstrate normal fibrillar arrangements. Presumably
the complexity of the biological system provides a buffer
that facilitates fibril formation, perhaps even in the
presence of abnormal fibrils.

Even when fibrils appear normal, mineralization is
almost certainly disturbed. Mineral crystal size is often
smaller than normal and it is possible to capture un-
mineralized fibrils from these tissues (Traub et al. 1994;
Culbert et al. 1995). The fragility of bone in the presence
of abnormal fibrils probably reflects the altered crystal
structure as well as the change in the fibrillar matrix.

4. TRANSLATION OF GENOTYPE TO PHENOTYPE

Perhaps the most complex task in the study of disor-
ders that result from mutations in fibrillar collagen is to
understand the relationship between genotype (the
specific mutation in a single host) and the phenotype in
that person. The context of this difficulty is best
perceived if we remember that, for example, the osteo-
genesis imperfecta phenotype is the physiological
response to a mutation in a single collagen allele (most
of the time). This means that the entire genetic back-
ground, the product of millions of years of evolution in
the context of normal collagen alleles, influences the
expression of the single change. It is not surprising that
it is not straightforward to find molecular correlates of
clinical severity. Several points about these attempts are
clear. First, there is not a saturation set of mutations. As
a result domains are unspecified in part because the
data are incomplete. Second, it may require much more
complete analysis of the efficiency of secretion and the
effects of mutations on fibrillogenesis and mineralization
before these mutations are understood at the phenotypic
level. Finally, the role of alterations in several other
genes needs to be understood.

Thus while there is considerable hope that phenotype—
genotype relationships ultimately will be understood,
hope for any near-term comprehension needs to be
tempered by the reality of the number of factors that will
need to be understood.

Original research described here was supported in part by
grants from the National Institutes of Health (AR21557,
AR41223).
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Discussion

J-W. Kelly (Department of Chemistry, Scripps Research Institute,
La jolla, CA, USA). With regard to structure, is the register
precise enough so that you could grow crystals?

P. H. Byers. Do you mean the registration in the carboxy-
propeptide or in the triple helix?

J- W. Kelly. The triple helix.

P. H. Byers. Very short peptides can be crystallized, but if
you try to crystallize much longer ones they usually form
fibres. The structure of the triple helix is relatively well
known. The packing dimensions and the three-dimensional
structure are known of that region. We have no idea about
the structure of the carboxy-propeptide and how that
directs folding or how mutations in this region interfere
with the initial chain aggregation; this is the structure we
need to understand.

A. Helenius (Swiss Federal Institute of Technology (ETH)
Institute of Biochemustry, Qurich, Switzerland). Some of the
mutations result in products that are rapidly degraded,
while others result in products that accumulate in the ER.
Is there any rule that you can see to explain why all these
misfolded proteins are not degraded rapidly?

P. H. Byers. The ones that accumulate in the rough ER
all have mutations in the triple helix. They all seem to
remain associated with the prolyl hydroxylase. So there is
a different association with prolyl hydroxylase once the
chain begins to trimerize. They are all partly folded; the
ones in the nucleation domain at least have a well-folded
carboxy-terminal propeptide. The ones that have muta-
tions in the carboxy-propeptide appear to be the ones
that are degraded, probably through a proteosome
mechanism, but we do not know what the targeting
signals are.

A. Helenius. Does this indicate that the ones that are
stable look like they are folded to the quality control
system?

P. H. Byers. Yes and no. Up to a certain point in the mole-
cule, probably about midway through the triple helix,
something that interferes with folding leads to some secre-
tion of even the poorly folded molecules, but also a lot of
these are retained. The retention is related in part to where
in the chain the mutations occur. Garboxy-terminal muta-
tions tend to be retained more than those that are N-
terminal. It depends on how many prolyl hydroxylase
molecules are bound to the chain that determines how
well it is retained.

Anonymous. Do you know of any mutations that affect
the chain recognition sequence?

P. H. Byers. There are none that we know about.

B. E. P. Swoboda (Department of Biological Sciences, University
of Warwick, UK). Collagen is a very strong signal for
platelet aggregation. Are there any small changes, equiva-
lent to polymorphisms, that cause major effects on
platelet aggregation, such as lead to thrombosis?

P. H. Byers. I know of no firm evidence on this point.
People who have Ehlers—Danlos syndrome type IV and
mutations in type III collagen do not have increased
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thrombogenicity, but do have very fragile blood vessel
walls, and bruise easily. These walls are fragile in part
because they are not built correctly; the thickness of the
vessel wall is less than normal. In some of these patients,
the vessels are translucent, to the extent that blood flow
can be seen through major arterial vessels. It is this fragi-
lity that is the problem, not that the vessels present a
thrombogenic surface.

I. Helenius. How common are such patients?

Phil. Trans. R. Soc. Lond. B (2001)

P. H. Byers. Brittle bone disease, or osteogenesis imperfecta,
occurs in about one in every 10000 people. Some of
the forms of osteoarthritis that are familial are rela-
tively common, and some are due to mutations in type
IT collagen. These mutations do not have anywhere
near the frequency on an individual basis of those that
cause cystic fibrosis, but in aggregate, mutations in
collagen genes probably sum to those found in cystic
fibrosis.



