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ABSTRACT We have characterized a mutation in a
proal(I) procollagen gene (COLIAI) that results in lethal (type
II) osteogenesis imperfecta. The mutation is a single base
change that results in a cysteine-for-glycine substitution at
position 988 of the triple-helical portion of half of the al(I)
chains of type I collagen. The mutation thus disrupts the
(Gly-Xaa-Yaa). pattern necessary for triple-helix formation,
where Xaa and Yaa are other amino acids. These experiments
establish the minimal mutation in a type I collagen gene capable
of producing lethal disease, and the lethality demonstrates a
selective mechanism for the stringent maintenance of the
collagen gene structure.

Osteogenesis imperfecta (01) is a heterogeneous group of
connective tissue disorders characterized by abnormal bone
formation (1-3). The most severe form of OI is the perinatal
lethal form (type II), which has been shown to result from
defects in type I collagen structure. The types of mutations
that can result in the lethal phenotype include large deletions
from genes encoding al(I) or a2(I) chains (COLIAJ or
COLIA2) (4-6) and an insertion in COLIAJ (unpublished
data), but in the majority of patients there are subtle changes
in the primary structure oftype I collagen. The type I collagen
primary translation products of cells from infants in the latter
group are of uniform size. However, after post-translational
processing, two populations can be resolved. One population
is normal, while the other is excessively modified (increased
hydroxylation and glycosylation) following translation, is
poorly secreted, and has decreased thermal stability (7-10).
To better understand the specific nature of the mutations in
such infants, we have isolated and determined nucleotide
sequences from the relevant portions of the normal and
mutant proal(I) procollagen alleles from one affected indi-
vidual.

MATERIALS AND METHODS
Cloning of Genomic DNA. Thirty micrograms of fibroblast

DNA from the affected individual was digested with BamHI
and separated by agarose gel electrophoresis. The region of
the gel carrying the desired size class of molecules was
resected, and 1.6 ,ug of DNA was purified. The DNA was
ligated into BamHI arms of the bacteriophage X vector L47;
300,000 recombinants were screened by plaque-hybridization
(11) with a proal(I) genomic probe (12), and five positive
clones were isolated.
DNA Sequencing. The 2.4-kilobase (kb) BamHI-Xho I

fragments from three clones were purified and subcloned into
phage M13 mpl8 (13). Complete digestion of replicative form
DNA from these clones with EcoRI (in the M13 polylinker)
and Apa I followed by repair, ligation, and transfection

generated the clones used as substrates for DNA sequence
analysis. DNA sequence determination was by the dideoxy
chain-termination method (14).

RESULTS AND DISCUSSION
We chose cells from an infant in which we knew there had
been a de novo appearance of a cysteine within al(I)CB6 (the
carboxyl-terminal cyanogen bromide-cleavage fragment of
the triple-helical domain, containing 190 residues) in one
al(I) allelic product (8). The father was normal, while the
mother had the Marfan syndrome. Because the coding
sequences for the region containing the new cysteine residue
are dispersed over -2 kb of genomic DNA, we first attempt-
ed to sequence the al(I) mRNA directly by primer extension
in the presence of dideoxynucleoside triphosphates (unpub-
lished data). These experiments suggested that, in about half
of the codons encoding triple-helical position 988, there had
been a first-position base change resulting in a cysteine-for-
glycine substitution that was not present in the parental cells
(data not shown). However, because of the amount of
nonspecific termination and because of heterozygosity, the
results were equivocal. Therefore, we isolated a portion of
each proal(I) allele by molecular cloning and, using the RNA
sequence information as a guide, determined their sequences
separately.
The 2.0-kb region of interest is completely contained within

an 11.5-kbBamHI fragment (Fig. 1). Five recombinant clones
carrying the fragment were identified in a bacteriophage X
library of DNA from the affected individual. We subcloned
and determined sequences from three clones; two contained
the normal sequence and one contained the mutant sequence
(Fig. 2). The sequence data confirmed that the mutation was
a single base change (G-+T) in which a cysteine at triple-
helical position 988 replaced a glycine (Fig. 2). The mutation
disrupts the (Gly-Xaa-Yaa)" triplet necessary for triple-helix
formation and substitutes a residue normally excluded from
the triple helix of type I collagen.
Type I collagen is a heterotrimer that contains two al(I)

chains and one a2(I) chain. Thus, a mutation in one proal(I)
allele, such as we have described here, would result in 75%
of all type I collagen molecules being abnormal by virtue of
carrying at least one altered al(I) chain. Substitution of
cysteine for glycine in the triple helix would be expected to
affect the way in which the propagation of triple-helix
formation proceeds from the carboxyl end of the molecule
beyond the substituted residue (15). Indeed, Steinmann et al.
(8) have shown that abnormal molecules from this cell strain
are overmodified for the full length of the triple helix, are
secreted inefficiently, have a lower melting temperature than
normal, and are unstable within the cell. As a result, a
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FIG. 1. Cloning and sequencing strategy used to identify the
mutation. (A) The 11.5-kb genomic fragment containing the region of
interest. The region encoding the cyanogen bromide fragment at the
carboxyl terminus of the triple helix (CB6) is indicated. (B) The
direction and extent of sequence derived from each clone is indicated
by the arrow.

reduced amount of procollagen is secreted, and a significant
proportion of the secreted procollagen is overmodified. The
presence of overmodified molecules within the matrix pos-
sibly interferes with bone formation (24). Since about half of
the assembled molecules have a reactive sulfhydryl group
(because they contain only one mutant chain), these mole-
cules could interact with other molecules within cells or in the
extracellular matrix to alter bone formation. Because the
presence of cysteine in the al(I)CB6 domain in molecules
that are not overmodified results in the mild OI type I
phenotype (16, 17), cysteine alone is not sufficient to be
lethal.
We think that the lethal phenotype results from two

factors: secretion of a markedly reduced amount of type I
procollagen and secretion of a significant amount of unstable
and overmodified type I procollagen. We cannot assess the
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possible contribution of the Marfan allele to the observed
phenotype because we do not know if the infant inherited the
allele from his mother. However, cells from the mother do
not show the observed effects on the molecular behavior of
type I collagen seen in cells from the infant (8), and her cells
do not contain the mutant allele (RNA sequence, data not
shown). Although we cannot exclude the possibility that a
single base change results in lethality only if it occurs on a
permissive genetic background, substitution for a glycine
would be predicted to disrupt triple-helix formation and
propagation (15, 18) and, thus, can account for all of the
observed biochemical changes seen in the structure and
handling of type I procollagen by cells from the affected
infant. Finally, we predict that, in other infants with 01 type
II in which no large alterations of the type I collagen genes
can be found (7, 9, 10), the effects on type I collagen structure
and function will usually result from heterozygosity for single
amino acid substitutions for glycine within the triple-helical
domain of proal(I) or from other subtle mutations that
similarly disrupt the Gly-Xaa-Yaa sequence.
Although it has been suggested that OI type II is an

autosomal recessive disorder (1, 19), our results and the
accumulated biochemical and genetic data (4-6, 8-10, 20-22)
indicate that the phenotype often results from new dominant
mutations. Recently Bonadio and Byers (10) proposed that
most infants with OI type II synthesize type I collagen
molecules that have disruptions in the triple-helical structure
within the carboxyl-terminal half of the triple-helical domain.
In conjunction with our findings in the infant described here,
it appears that the proal(I) gene of type I collagen (COLIAI)
may present a large target for phenotypically observable
mutations because any change in the first two positions ofthe
repeated GGN-NNN-NNN nucleotide sequence that en-
codes the triple-helical tripeptide Gly-Xaa-Yaa is likely to be
lethal if it occurs within the portion of the gene encoding the
carboxyl-terminal half ofthe triple helix. Similar mutations in
other regions of the proal(I) gene or in the proa2(I) gene
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FIG. 2. DNA sequence derived from the normal and mutant alleles of the affected individual. Arrows mark the site of the lesion. The DNA
sequences are summarized below. The last nucleotide of the EcoRI site marks the first nucleotide of collagen sequence.
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(COLIA2) may have milder but recognizable phenotypic
effects (3). The relatively high number of potentially lethal
mutation sites in the proal(I) gene could explain the inci-
dence ofthe OI type II phenotype [at least 1/60,000 births and
perhaps higher (1, 21) if, as we think, most instances are due
to new dominant mutations (3, 10, 20)]. The lethal effect of
this mutation provides a partial explanation for the stringency
with which the coding sequences of this large gene have been
maintained through evolution (23).
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