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A single amino acid substitution (D1441Y) in the
carboxyl-terminal propeptide of the proα1(I) chain of
type I collagen results in a lethal variant of osteogenesis
imperfecta with features of dense bone diseases
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Abstract
Osteogenesis imperfecta (OI) is characterised by brittle bones and caused by mutations in the type I
collagen genes, COL1A1 and COL1A2. We identified a mutation in the carboxyl-terminal propeptide
coding region of one COL1A1 allele in an infant who died with an OI phenotype that differed from the
usual lethal form and had regions of increased bone density. The newborn female had dysmorphic
facial features, including loss of mandibular angle. Bilateral upper and lower limb contractures were
present with multiple fractures in the long bones and ribs. The long bones were not compressed and
their ends were radiographically dense. She died after a few hours and histopathological studies iden-
tified extramedullary haematopoiesis in the liver, little lamellar bone formation, decreased osteoclasts,
abnormally thickened bony trabeculae with retained cartilage in long bones, and diminished marrow
spaces similar to those seen in dense bone diseases such as osteopetrosis and pycnodysostosis. The
child was heterozygous for a COL1A1 4321G→T transversion in exon 52 that changed a conserved
aspartic acid to tyrosine (D1441Y). Abnormal proα1(I) chains were slow to assemble into dimers and
trimers, and abnormal molecules were retained intracellularly for an extended period. The secreted
type I procollagen molecules synthesised by cultured dermal fibroblasts were overmodified along the
full length but had normal thermal stability. These findings suggest that the unusual phenotype reflected
both a diminished amount of secreted type I procollagen and the presence of a population of stable
and overmodified molecules that might support increased mineralisation or interfere with degradation
of bone.

Type I collagen is the principle protein of bone, skin,
ligaments, tendon, and most other connective tissues. It is
synthesised as a soluble precursor, procollagen, which

consists of two proα1(I) chains and one proα2(I) chain. Each
proα chain contains a central obligatory Gly-Xaa-Yaa repeat
sequence (the triple helical domain) of more than 1000
residues (in which Xaa and Yaa are any residue other than
cysteine or tryptophan), and propeptides at the amino- and
carboxyl-termini. The carboxyl-terminal propeptide (C-
propeptide) domains direct chain-chain recognition and
alignment of proα chains into correct registration. Assembled
procollagen trimers are translocated from the RER to the Golgi
apparatus, further modified, packaged, and secreted into the
extracellular spaces where they are converted to collagen by
proteolytic cleavage of the N- and C-propeptides. Outside the
cell, collagen trimers assemble into fibrils, which serve as the
main source of mechanical strength in connective tissue and
the template for matrix deposition and mineralisation in the
bone.

Mutations in the COL1A1 and COL1A2 type I collagen genes
perturb normal collagen assembly in the cell, secretion from the
cell, and fibril assembly in the extracellular spaces, which,
collectively, result in the osteogenesis imperfecta (OI)
phenotypes.1 2 The spectrum of severity of OI ranges from
lethality in the perinatal period to mild increase in the propen-
sity for adult onset fractures. The varied clinical characteristics
reflect different classes of mutations in different regions of the
type I collagen genes. More than 250 different mutations (Data-
base of Human Type I and Type III Collagen Mutations: http://
www.le.ac.uk/genetics/collagen/)3 4 have been characterised, but
how these lead to such phenotypic diversity is not well

understood. The most common mutations are single base sub-

stitutions in the triple helical domain that change a codon for

a glycine to a codon for another amino acid with a bulkier side

chain.5 Less commonly, mutations in conserved RNA splice

consensus sequences lead to partial or complete exon

exclusion or intron inclusion with variations in phenotype and

in the effect on both the mRNA and resultant protein. Less

prevalent still have been in frame deletion or duplication

mutations that involve fewer than 18 amino acids.6–11

Mutations in the C-propeptide coding region12–19 have been

identified less often than other types of mutation, but show

similar heterogeneity in clinical outcome. Often the latter

mutations interfere with molecular assembly and slow

passage of trimers through the secretory pathway and into the

extracellular environment.

Proper mineral deposition is a prerequisite of strong bone

and relies upon the interaction between the organic matrix,

which is composed primarily of type I collagen, and calcium

and phosphate in the form of hydroxyapatite. Perturbations of

this interaction often lead to weak and brittle bone, such as

that seen in OI when the organic matrix is abnormal20–23 or in

a variety of other conditions characterised by brittle bone

when the mineral component is disturbed.24 25 Bone is

dynamic and remodelled during development and throughout

life. When bone formation surpasses resorption, an increase in

bone density can be the result, as seen in diseases such as
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osteopetrosis26–28 and pycnodysostosis.29 Osteopetrosis is char-

acterised by hypermineralisation, narrowing of the medullary

spaces, extramedullary haematopoiesis, and marked defi-

ciency in osteoclastic activity. The known genetic causes of

human osteopetrosis (which do not account for all cases of

osteopetrosis) include mutations in the genes encoding

carbonic anhydrase II (associated with renal tubular

acidosis)26 and the a327 and TCIRG128 subunits of the vacuolar

proton pump, all of which are expressed in osteoclasts and are

necessary for either dissolving inorganic bone material or

degrading the organic bone matrix. Pycnodysostosis results

from deficiency of the lysosomal protease, cathepsin K. Like

osteopetrosis, this disorder is characterised, in part, by marked

increase in bone density and diminished size of the medullary

canals.

We identified a point mutation in the C-propeptide coding

region of COL1A1 that resulted in impaired assembly of type I

procollagen molecules and led to an unusual phenotype with

features of both OI and dense bone disorders. Although the

type I procollagen molecules made by cells from this child

were overmodified along the triple helical domain, they had

normal or slightly increased thermal stability which could

have interfered with normal turnover of bone. This suggests

that rare infants with features of dense bone diseases have

mutations in the C-propeptide coding regions of type I

collagen genes.

METHODS
Cell culture and metabolic labelling of proteins
Dermal fibroblast cultures were established and maintained as

described previously.5 18 The control fibroblast cell line (A8)

was from a newborn with normal type I collagen biosynthesis

who died of hyaline membrane disease.

Characterisation of procollagens and collagens
Collagenous molecules were labelled overnight, pepsin di-

gested, separated by SDS-PAGE, and analysed by two dimen-

Figure 1 X rays of the proband. The baby sustained multiple fractures of the long bones and ribs. The cranial vault was poorly mineralised,
but the base of the skull, the ends of the long bones, ribs, and spine were radiographically dense. Sternal ossification centres are prematurely
visible.

Figure 2 Histological analysis of diaphyseal bone. Decalcified
bone (femur) samples from an age matched normal control, the
proband, and two subjects with OI type II (gestational ages flank that
of the patient) were paraffin embedded, sectioned, and stained with
haematoxylin and eosin. The proband’s bone differed from both
normal and OI bone, in that the bony trabeculae were poorly
modelled, abnormally thick, hypercellular, and had retained
cartilage cores. The patient’s bone also had reduced marrow spaces
and decreased osteoclasts.
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sional mapping of cyanogen bromide fragments as previously

described.5 The thermal stability of collagens was determined

as described previously.30 Kinetics of molecular assembly and

secretion of collagenous molecules were assayed as described

previously.18

Mutation detection and characterisation
Total RNA was extracted from cultured dermal fibroblasts

using the RNeasy Mini Kit™ (Qiagen). Complementary DNA

was synthesised by priming with random hexamers in the

presence of Superscript II™ RNase H- reverse transcriptase

(GibcoBRL). Exons 42-52 from COL1A1 were sequenced using

the ABI PRISM™ BigDye Terminator Cycle Sequencing Reac-

tion Kit according to the manufacturer’s recommendations

(Perkin-Elmer Applied Biosystems). Parental DNA from

peripheral blood was screened for the mutation by PCR

amplification (sense and antisense primers were 5′-
GGGCTTTTTGGCCAGGCCATAGTGCC-3′ and 5′-TTTTGGT

TTTTGGTCATGTTCGGT-3′ respectively) and restriction analy-

sis with TaqαI according to the manufacturer’s recommenda-

tions (New England Biolabs).

RESULTS
Clinical summary
The newborn female was born to healthy, non-

consanguineous parents who had one healthy child. There was

no history of maternal infection, high blood pressure, diabetes

mellitus, or exposure to teratogens. Fetal ultrasound at 28

weeks’ gestation showed polyhydramnios and bowed long

bones of both upper and lower limbs with healing fractures.

Delivery was by caesarean section at 28 weeks’ gestation

Figure 3 Analysis of procollagen and collagen. (A) Compared to control (C) cells, procollagen secretion by patient (P) cells was reduced,
and proα1(I) and proα2(I) chains were retained intracellularly. Normal chains were present, along with a population of molecules with
decreased mobility. (B) Some of the collagen chains, created by partial proteolysis with pepsin, had slowed electrophoretic mobility consistent
with increased post-translational modification, suggesting that the helical domains were overmodified. (C) Cyanogen bromide peptides of α1(I)
chains were overmodified along the full extent of the molecule. The diagram below the figure represents the α1(I) chain with the position of
methionyl residues in the chain designated by vertical marks. The symbols above the chain designate the relative mobilities of the peptides
derived from the normal chain (open circle) and the overmodified chain (filled circle).
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because of maternal bleeding following amniocentesis for

polyhydramnios. The infant died after a few hours. She

weighed 1300 g (90th centile) and was 36 cm (<50th centile)

long. At delivery she was bradycardic and had dysmorphic

facial features including loss of the mandibular angle, low set

ears, soft skull, and large anterior and posterior fontanelles.

X rays (fig 1) showed multiple fractures in the long bones and

ribs, and an underossified cranial vault. The skull had

wormian bones and the teeth were hypoplastic. The bones of

the arms and of the legs were near the normal length for

gestational age and did not have the typical appearance of

bones from infants with OI type II. The base of the skull, the

vertebral bodies, and ends of the long bones were radiographi-

cally dense. Histologically, there was little lamellar bone

formation in the skull, consistent with the radiological

picture. The bony trabeculae in the shafts of the long bones

were abnormally thick, hypercellular, and had retained

cartilage cores, inconsistent with a typical OI type II

phenotype where the trabeculae are thin (fig 2). The bone had

a markedly thick periosteum, reduced marrow spaces, and

decreased osteoclasts. Polarisation of the collagen in the

trabeculae was decreased compared to normal polarisation in

the periosteal collagen, as seen in forms of OI. The growth

plate appeared normal. Additional significant findings at

necropsy included hepatosplenomegaly and extramedullary

haematopoiesis in the liver.

Overmodification and intracellular retention of type I
procollagen molecules
Cultured dermal fibroblasts from the patient synthesised and

secreted normal molecules (although less than in control

strains) and a population of abnormal molecules with delayed

Figure 4 Mutation detection and characterisation. (A)
Heterozygosity for a 4321G→T transversion was detected in exon
52 of COL1A1. (B) Genomic DNA from the patient and her parents
were amplified by PCR. The mutation deleted a TaqαI restriction site
in genomic DNA and there was no evidence of the mutation in DNA
from either parent indicating that the mutation occurred de novo in
the affected infant.

Figure 5 Predicted amino acid change. (A) The mutation predicts the substitution of a tyrosine residue for an aspartic acid which is conserved
among all human fibrillar procollagens and several other species in which fibrillar collagens have been isolated and sequenced. (B) In the
C-propeptide domains of proα1(I) and proα2(I), single amino acid substitutions, deletions, and frameshifts (shaded areas represent new
sequence) have been previously reported, which resulted in classical variants of OI (types I, II, and III). The presently described defect (*) is the
only one to lead to a combined OI and dense bone phenotype.
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electrophoretic mobility (fig 3A, B). The OI cells retained more

proα1(I) and proα2(I) chains than control cells, most of which

had delayed mobility. Following removal of the N- and

C-propeptides with pepsin (fig 3B), the α1(I) chains migrated

as a broad band, consistent with increased post-translational

lysyl hydroxylation and hydroxylysyl glycosylation in triple

helical domains. Post-translational overmodification extended

the full length of the triple helical domain (fig 3C), consistent

with a mutation in the C-terminal region of the triple helix or

in the C-propeptide coding regions of either chain.

De novo mutation in the C-propeptide coding region of
COL1A1
Reverse transcribed PCR fragments of the cDNA from regions

that encoded the last 160 amino acids of the triple helical

domain and all of the C-propeptide of COL1A1 (exons 42-52)

were sequenced, and heterozygosity for a transversion

(4321G→T) was detected (fig 4A). The mutation changed the

aspartic acid at position 1441 of the proα1(I) chain to tyrosine

(D1441Y) 24 residues from the carboxyl-terminus of the

chain. The mutation deleted a TaqαI restriction site. There was

no evidence of the mutation in parental DNA, indicating that

the mutation occurred de novo (fig 4B). The C-propeptide

domain is similar in all fibrillar collagens and D1441 is one of

a few residues absolutely conserved in all C-propeptide

sequences analysed (fig 5A). Previously reported defects in the

C-propeptide domain of proα1(I) and proα2(I) led to mild

(type I)17–19, lethal (type II),12–14 and progressively deforming

(type III)15 16 OI, but only the presently described abnormality

resulted in a combined phenotype of OI with regions of dense

bone (fig 5B).

Slowed assembly and secretions of type I procollagen
Since the C-propeptide directs procollagen assembly, we exam-

ined the rate at which proα1(I) chains assembled into dimers

and trimers. In control cells, by 20 minutes, labelled proα1(I)

and proα2(I) chains were assembled into dimers (proα1(I)2 and

proα1(I)-proα2(I)) and trimers; the amount of trimer peaked at

40 minutes (fig 6A). In the patient’s cells, collagenous proteins

were slowly synthesised, and assembly of dimer and trimer spe-

cies was delayed with levels detectable only after 30 minutes of

labelling. To determine how long the abnormal proα chains

remained unincorporated into complexes, proteins were la-

belled for 80 minutes and were then chased for up to 80 minutes

with excess non-labelled proline (fig 6B). Normal proα1(I)

chain monomers in both control and patient cells disappeared

within 20-40 minutes. In contrast, defective chains with delayed

electrophoretic mobility persisted as monomers for over 80

minutes and were not rapidly degraded.

Thermal stability of defective type I collagen
Although abnormal proα chains were slow to assemble into

molecules and became post-translationally overmodified,

Figure 6 Kinetics of molecular assembly. (A) Cells were pulse labelled for 10, 20, 30, 40, or 50 minutes and the cell layer proteins were
harvested and then separated under non-reducing conditions by SDS-polyacrylamide gel electrophoresis. In the patient’s cells, assembly of
dimers and trimers was delayed. (B) Monomers were chased to higher molecular weight components and out of the cell. Normal proα1(I)
chains from both control and patient cells assembled into dimers and trimers within 20-40 minutes. Defective proα1(I) chains (→) remained
intracellularly for over 80 minutes and were slow to assemble. Excess proα2(I) was also detected.
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some formed pepsin resistant trimers that were secreted. The

secreted overmodified molecules had a melting temperature

(Tm) similar to those of the normal molecules made by the

same cells and of the normal molecules made by control cells

(fig 7). Thus, although the C-propeptide defect reduced both

the rate and efficiency of trimer formation and led to increased

hydroxylation and glycosylation of the proα chains, neither

the mutation nor overmodification altered the structure of the

triple helix as judged by helix stability.

DISCUSSION
Osteogenesis imperfecta is a heterogeneous disorder with

clinical characteristics that include bone fragility and deform-

ity, alterations in scleral hue, dentinogenesis imperfecta, hear-

ing loss, soft tissue dysplasia, diminished stature, and

decreased bone mineralisation.31–33 These clinical features,

along with radiological and genetic criteria, were used to

separate four major clinical types of OI (types I, II, III, and

IV).31 Although the infant described here died in the perinatal

period following delivery at 28 weeks’ gestation, the radio-

graphic features are distinct from those that characterise the

perinatal lethal form of OI, OI type II.25 31 34 She did have

markedly diminished calvarial mineralisation with Wormian

bones as seen in OI type II. However, her long bones were

straight, non-compressed, and about the length expected for

gestational age, the ribs had near normal shape, but were

beaded, and the vertebral body morphology was normal rather

than flat. While the radiographic features resembled those of

OI type III, the near normal chest size and the straight bones

distinguish the presentation. Radiographically, the infant had

dense ribs, vertebral bodies, and increased bone density at the

base of the skull and ends of the long bones. She also had nar-

row medullary cavities, hepatosplenomegaly owing to ex-

tramedullary haematopoiesis, and decreased numbers of

osteoclasts, all of which can be features of osteopetrosis and

pycnodysostosis, and further distinguish this infant from the

usual forms of OI.

Only a few mutations in the C-propeptide coding regions of

type I collagen genes have been identified.12–19 Some of these

mutations result in premature termination codons and the

mRNA is unstable or, if stable, the peptide chain is either

unstable and rapidly degraded or fails to associate in

trimers.12 17 19 In these cases, the phenotype reflects the size of

the pool from which normal molecules can be assembled.

Other C-propeptide mutations,13–15 18 including the one de-

scribed here, effect procollagen assembly, structure, and secre-

tion. In general, trimer assembly is delayed, secretion

diminished, and the total amount of procollagen produced

may be reduced. The aspartic acid at position 1441 is

conserved among all fibrillar propeptides and lies outside the

putative chain selection region,35 suggesting that the deleteri-

ous effect of the presently described defect is on intrachain

folding rather than chain selectivity. Delayed assembly and

increased modifications did not prevent synthesis of thermally

stable molecules, indicating a normal relationship between

neighbouring chains in the trimer, in contrast to the effects of

mutations in the triple helical domain.36 In all these instances,

it is not clear what alterations occur in the triple helical mol-

ecule, once procollagen is completely folded.

Our findings suggest that the combined phenotype of OI

and dense bone disease in this infant reflect both a diminished

amount of secreted type I procollagen and the presence of a

population of stable and overmodified molecules that might

support increased mineralisation or interfere with degrada-

tion of bone during remodelling. However, this alone is not

adequate to explain the observed phenotype in light of the fact

that other C-propeptide defects lead to similar biochemical

findings, but very different phenotypes. In these other cases,

cells synthesised and secreted stable and overmodified

molecules, just as we observed here. Yet these mutations led to

mild OI type I,17 18 lethal OI type II,13 and severe OI type III,15

and none of these cases had increased bone thickness and

density. This suggests the existence of novel mechanisms,

other than excess modification and diminished levels of

normal procollagen, contributing to the pathogenesis of OI in

these cases, leading to the varied phenotypes.

We hypothesise that the C-propeptide of type I procollagen,

in addition to its function as mediator of collagen assembly in

the secretory pathway, acts as a signalling molecule in the

extracellular matrix, and that structural defects hamper this

activity and contribute to the pathogenesis of OI. In support of

this hypothesis, studies have shown that C-propeptide

suppresses collagen synthesis in fibroblasts,37 initiates growth

arrest and differentiation of cultured Schwann cells,38 and

suppresses collagen synthesis of osteoblastic cells at the early

differentiated stage.39 40 Thus, the unique phenotype of the

patient described here and the variance in phenotypic traits

between patients with other C-propeptide mutations may

reflect structural differences of the C-propeptides and their

altered abilities to communicate with cells in the extracellular

matrix. It might therefore be prudent to consider the effects

that defects in the C-propeptide may have on signalling roles

of this domain when describing the molecular pathogenesis of

some types of OI.
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