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ABSTRACT To understand the nature of the mutation in
type I collagen genes in cells from an infant with the perinatal
lethal form of osteogenesis imperfecta (type II), we cloned and
sequenced almost 2 kilobases of a normal al(I) collagen gene
and the corresponding region of a mutant al(I) gene from cell
strain CRL 1262. The mutant gene had undergone recombina-
tion between two non-homologous introns, which resulted in
the loss of three exons coding for 84 amino acids in the triple-
helical domain. The deletion predicted the loss of amino acid
residues surrounding and including the methionine at the
junction between the CNBr peptides al(I) CB8 and al(I) CB3,
a result confirmed by analysis of the cleavage peptides from
the product of the mutant gene. Although large deletions from
collagen genes are uncommon causes of the osteogenesis im-
perfecta type II phenotype, analysis of the de novo change in
gene structure in this cell strain suggests that similar rear-
rangements may have occurred during the evolution of the
large collagen genes.

Osteogenesis imperfecta (OI) is a genetically and biochemi-
cally heterogeneous group of disorders affecting both miner-
alized and nonmineralized connective tissue (1-3). One form
of this disease, the perinatal lethal form or OI type II (2), is
caused by structural mutations in the proal(I) (4, 5) or
proa2(I) (6) polypeptide chains which form type I procolla-
gen, [proal(I)12proa2(I) (7). To further understand the mo-
lecular pathogenesis of this heterogeneous disorder, we
cloned and sequenced genomic DNA from the abnormal
al(I) gene from a patient with 01 type II, for which evidence
for a deletion of coding sequence has been presented at the
protein and mRNA levels (4, 8-11). The mutant al(I) gene
from the OI type II cells has undergone recombination be-
tween two non-homologous introns, which resulted in a 651-
base-pair (bp) deletion which removes three exons coding
for 84 amino acids in the triple-helical domain. Because this
event changed the size of the collagen gene, we suspect that
similar events may have occurred during the molecular evo-
lution of interstitial collagen genes (12).

MATERIALS AND METHODS
Genomic Cloning Strategy. DNA from 01 cells (CRL 1262,

fetal fibroblasts, frozen at passage 9; American Type Culture
Collection) was digested with BamHI; the 5- to 7-kilobase
(kb) size fraction was then purified by preparative agarose
gel electrophoresis and ligated to BamHI arms of X vector
L47.1 (13). After in vitro packaging, 105 recombinant bacteri-
ophage were obtained from 0.1 jug of human DNA. This li-
brary was screened with the 2.0-kb Bgl II-HindIII probe (in-
dicated in Fig. 1) and one of the six positive clones was

plaque-purified and found to contain a 6.0-kb BamHI frag-
ment. Standard techniques for purification of DNA from fi-
broblasts, for genomic or bacteriophage hybridizations, and
for library construction, screening, and maintenance all have
been described (13, 14).
DNA Sequencing. DNA sequence was determined by the

chain-termination method (15) with M13 templates (16). The
2.8-kb BamHI-Bgl II fragment from the deletion chromo-
some and the 2.0-kb Xho I-Bgl II fragment from a normal
chromosome were each subcloned in M13mpl8 (17). To fa-
cilitate sequence analysis, an in vitro deletion series which
started from the Bgl II site of each clone was generated with
exonuclease III and nuclease S1 (18). Sal I and Sph I were
used to digest the 2.8-kb BamHI-Bgl II subclone and Xma I
plus Sph I was used to digest the 2.0-kb Xho I-Bgl II sub-
clone. The sequence generated from each series of M13
clones was derived from the noncoding strand; data generat-
ed from the abnormal gene series covers coordinates 30-221
and 873-1946; data generated from the normal gene series
covers coordinates 1-1320 and 1630-1720. DNA sequences
were compiled and analyzed with the aid of a VAX 11/780
computer.

Peptide Mapping Studies. CRL 1262 and normal fetal fibro-
blasts were incubated with [3H]proline for 16 hr, the intracel-
lular proteins were digested with pepsin, and two-dimension-
al cyanogen bromide peptide mapping was performed, all as
previously described (4, 5).

RESULTS AND DISCUSSION
To devise a strategy for isolating the abnormal segment of
the al(I) gene from CRL 1262 cells (4, 7-9), we first ana-
lyzed the al(I) genes in a series of genomic blotting experi-
ments. Because the deletion removed a BamHI site (11), di-
gestion with BamHI produced fragments of 2.2 and 4.3 kb
from the normal allele but a single fragment of 6.0 kb from
the abnormal allele (Fig. 1A). We used a genomic hybridiza-
tion probe that mapped 1.0 kb to the right of the deletion to
select a recombinant X clone that contained the abnormal
6.0-kb BamHI fragment. A portion of this fragment was sub-
cloned in the single-stranded bacteriophage M13mpl8 (17),
and the DNA sequence was determined as described in the
legends to Figs. 1 and 2. DNA sequence from the normal
al(I) gene was determined over the region that included the
deletion, using a fragment subcloned from an al(I) cosmid
(Fig. 1; ref. 19).
By comparing the genomic sequences with the al(I)

cDNA sequence (21) and with the consensus sequence for
"Alu" repetitive elements (22), we determined the intron/
exon structure, the location of an Alu middle-repetitive ele-

Abbreviations: 01, osteogenesis imperfecta; bp, base pair(s); kb, ki-
lobase(s).
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FIG. 1. Cloning strategy and exon structure of an a1(I) collagen deletion in a lethal form of osteogenesis imperfecta. (A) The restriction map
summarizes the results from a series of genomic blot-hybridization experiments with normal human placental DNA and DNA purified from
CRL 1262 cells (4, 8, 10). The bar at top represents two BamHI fragments that comprise 6.5 kb from the central portion of the normal al(I) gene,
the unshaded part of the bar represents the deletion (which removes a BamHI site), the hatched bar represents the hybridization probe prepared
from a 4.3-kb Xho I subclone from an a1(I) cosmid (19), the short arrow represents an Alu middle-repetitive element. The region of DNA
sequenced lies between the Xho I site and the Bgl II site. B, Bg, H, and X represent the restriction sites for BamHI, BgI II, HindIlI, and Xho I,

respectively. (B) Exons, introns, and the Alu middle-repetitive element are schematically indicated with open boxes, solid lines, and a zig-zag
line, respectively. The size of each exon (in bp) is indicated within the box; each exon number (20) and the amino acid residues for which it
codes (21) are indicated above. The deletion endpoints are marked with vertical lines.

ment, and the endpoints of the deletion. Over the 1946-nu-
cleotide region sequenced, there are six exons; four are 54
bp long and two are 99 bp long (20). The sequence of these
exons is identical to that determined from an al(I) cDNA for
the region coding for amino acid residues 310-447 (21), and
the inferred intron/exon boundaries adhere to the consensus
sequence for acceptor and donor splicing signals (23). A 280-
bp Alu middle-repetitive element is located between exons
26 and 27 in the same transcriptional orientation as the al(I)
gene. It differs by about 10% from an Alu consensus se-
quence (22), is terminated by an imperfect 36-bp poly(A)
tract, and is flanked by an imperfect 17-bp direct repeat (Fig.
2). Middle-repetitive elements have been described within
the human and chicken a2(I) gene (20, 24) as well as within
the mouse al(I) gene (25), but their relation to collagen gene
expression, if any, is unknown.
The exon/intron structure predicted by our DNA se-

quence is similar to the corresponding region of the chicken
a2(I) gene (26). The number and lengths of exons coding for
amino acid residues 328-429 in the chicken gene have been
determined by DNA sequencing (12, 24, 26) and correspond
exactly to exons 30-26 of the human al(I) gene (Fig. 1B and
Fig. 2). Our data indicate that amino acid residues 430-447
of the human al(I) gene are encoded by a 54-bp exon (num-
ber 25, Fig. 1B), but heteroduplex studies have suggested
that these residues are encoded by part of a 99-bp exon in the
chicken a2(I) gene (24, 26). This apparent discrepancy may
be resolved when more DNA sequence of the latter gene is
available; however, it is also possible that a difference in the
exon/intron structure of al(I) and a2(I) has arisen since their
divergence from a common ancestor more than 600 million
years ago (4, 27, 28).
Both endpoints of the deletion in the abnormal al(I) gene

from CRL 1262 cells occur within introns (Fig. 1B and Fig.
2). The left-hand endpoint is 43 bp upstream of exon 29 and
the right-hand endpoint is 105 bp downstream of exon 27;

thus, exons 29, 28, and 27, which code for amino acids 328-
411, are removed in their entirety. The Alu family member is
intact in the mutant DNA and begins 64 bp downstream from
the right-hand deletion endpoint.

Deletion of exons 29, 28, and 27 leaves the codon reading
frame intact and the Gly-Xaa-Yaa tripeptide structure of the
triple helical domain unaltered (albeit 84 residues shorter)
and should allow normal molecular assembly. Analysis of
type I procollagen produced by the 01 cells (4, 10) has sup-
ported these predictions. Because one of the deleted exons
includes the codon for the methionine residue at position
402, cyanogen bromide digestion of the mutant al(I) chain
should provide a fused peptide. We tested this prediction by
examining the cyanogen bromide peptides (CBs) of the
shortened proal(I) chain produced by the OI cells and found
that al(I) CB8 and al(I) CB3 were missing from the mutant
al(I) chain and were replaced with the fusion peptide al(I)
CB8-3(del) (Fig. 3). These results confirm the location of the
deletion. Assuming that assortment of the normal and mu-
tant proal(I) gene products was random, the al(I) chain car-
rying the deletion would be incorporated into 3/4 of all type I
procollagen molecules synthesized. Because few of those
molecules are secreted (4), the effect of the deletion is to
decrease extracellular accumulation of normal type I colla-
gen to about 1/4 the usual amount, while the secreted abnor-
mal molecules interfere with normal fibrillogenesis (4, 10).
Although large deletions from the genes for type I collagen

are uncommon as the molecular basis of the 01 type II phe-
notype (5-7, 29-31), the findings here provide the conceptu-
al framework for understanding the pathophysiologic mecha-
nism for defective bone formation. In all the cell strains de-
rived from patients with 01 type II studied to date, there is
defective secretion of an abnormal type I collagen molecule
and increased intracellular retention and overmodification of
the abnormal molecules to interfere with normal fibrillogene-
sis and fibril stabilization (31). This occurs regardless of the
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G vProLYsGIvSerProGI vGluAlaCIGvAr ProGlvGluAoGIvLeuProGIvAloLvs
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ProGlyProProGlyAloArgGIVGInAloGIyVolMetGI yPheProGlvProLvsGlyAtoA o
701 CCAGGCCCACCTGGTGCCCGTGGTCAGGCTGGTGTGATGGGATTCCCTGGACCTAAAGGTGCTGCTGTGAGTATTAGAGTGAGGATGCCATGAAGGAGCC

801 GAGGGACAAACGACAGCCTAGACGTGAAGGATCCTGGGCCTCTGGGCTCAGCTGTGTCCGCTGACCTGCGTGTGGCCACTCACTCTCACTTTTCTGGACC

9Q1 TCAGCCTcCCTTATCTGTA^AATGAAAGCACTTCTCggcggggcocggtgctcotgcctgtootcccogcoctttgggoggccoaggcgggcogaccatg

1001 o9gtco9gogtttgogoccogtcg99gccoocotogtgoooccocC9tcctoctoooootocoooogottogctgggtgtggggtgtgcocctgtooccc

1101 cogctogtcoggoggctogggcoggogoottgcotgoocccgggoggtggoggttgcogtgogctgogotcocgccottgcoctccagcctgggcoacog
++++++++ +++41201 tgcogogttccotctcAAAAAAAAAAAAAAAAAAGAAGAAAGAAAGAAAGAAAAAATGAAACACTTCTCCAGGCTCCATGACCACTGCTCTGTCCGTGGA

1301 AATAAGTGTTGTTGTGGCCCTCCACCCCGACACG7GGGCATAGGACAGGCCTTTGATA7GATAGGCACCCCCAGTCTTGGTGGATYCTTTGAGGTCCAAA

1401 AGGAGATAGCAGAGAAGAATGAAACCCTTTrGCATGCAGGCCACACGGCATCTAACAGG^AAAGCAAGGAGCCTGGAA^GGCCATCTTGGGAGGAGTGGGCT

1501 CAGAAAGGGCCCAGCAAGAAGCACCTGCAGGGGCATTCCCCGGGGGCCAAAGCAGGTCTTTTGAAAAGGAAAGGTCCCTTAAAAAGGTCCCACTCAGAGT

GlyGluProGlyLysAlaGlyGiuArgGlyV
1601 CAAATGAGAGGCCCAGAGGCCCTGGCTTCTCACTTCAGCCCCCTCAACCCTAACTCCC7TTCTCCACAGGGAGAGCCCGGCAAGCTGGCAGAGCGAGGTG

o ProGI yProProGIyAIoVoI
1 701 T TCCCGGACCCCCT GGCGC TGT CG AAGT ATCTCCT T TCCAT CCCT ACCT CCT TCCGAT TGCTGCCCCGGCCACT T TCGT CTCCCTGCAGGAGGGGTGCTA^

Gl yProAloGI yLysAspGlyGluAloGlyAloG
1891 GAGGCCACGGT CCTCAGCrGCTCGCCCCC TCCTAACCCTGAGT TCCCCT TTGC TC TC TCCCTGCAGGGT CCTGCTGGCAAAGATGGAGAGGCTGGAGCTC

InGI yProProG yProAlo
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FIG. 2. DNA sequence of the al(I) collagen gene surrounding the osteogenesis imperfecta deletion. The 1946-nucleotide sequence is a
composite of information derived from the deletion chromosome and a normal al(I) collagen gene (19). Exon boundaries were determined by
comparison with the sequences of a1(I) cDNA clones Hf-677 and Hf-404 (21). The deletion removes nucleotides 222-872 and is underlined. The
Alu middle-repetitive element was identified by comparison with a published consensus sequence (23), and its sequence is given in lower-case
letters; the imperfect direct repeat on either side of the Alu element is indicated with plus signs. The deduced amino acid sequences for exons
29, 28, and 27 are given above the exon nucleotide sequences.

underlying mutation (7), and it is the combination of de- ments. We found examples of both types of features (Fig. 4).
creased secretion of normal collagen and secretion of an ab- The most striking directly repeated sequence elements
normal molecule which results in the 01 type II phenotype. present in this portion of the al(I) gene, as revealed by dot-
To determine the mechanism by which al(I) deletion matrix analysis (32), were the exons themselves (Fig. 4A).

could have occurred, we searched the sequence of the entire Examination of the sequences at the deletion points showed
1946-bp region (as well as shorter sequences at the deletion no long (about 20 bp, Fig. 4A) or short (about 5 bp, Fig. 4B)
endpoints) for direct- and inverted-repeat sequence ele- direct repeats that might have facilitated recombination by

Mutant i I I

12 4 5 8-3(del) 7 6
Normal i . .

1245 8 0 3 7 6

alg1() CB8-3(del)
FIG. 3. Comparison of the CNBr-derived peptides from the nor-

al (1) C1B7- d- ll(1) CB7 mal and mutant collagen chain. (Left) CRL 1262 and control cells
al (1) CB8- were incubated with [ H]proline in the presence of ascorbic acid (4,

5, 29) for 16 hr, and the intracellular proteins were harvested and
treated with pepsin. The collagenous proteins were separated by
electrophoresis in NaDodSO4/5% polyacrylamide gels. The chains

(ki (E) CB6 - - C1 (1) CB6 were then digested in the gels with CNBr (29) and the peptides so
generated were separated in a NaDodSO4/12.5% polyacrylamide gel
and visualized by radioautofluorography. All the large peptides from

al (1) CB3 - the control al(I) chain are readily apparent (lane C), whereas the
digest of the mutant chain (lane 01) lacks al(I) CB8 and al(I) CB3
but contains a larger peptide, al(I) CB8-3(del). (Right) A diagram-

C 01 matic representation of the normal and mutant al(I) chains.
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homologous exchange (33, 34) or "slippage" during DNA
replication (33, 35). The deletion endpoints are embedded in
an inverted-repeat element 6 bp long (Fig. 4C). It has been
postulated that similar short inverted repeats could lead to
asymmetric mispairing of single-stranded molecules during
DNA replication (33, 35). Because of the short length of this
repeat (6 bp), the long distance separating its constituents
(651 bases), and the occurrence of several similar features in
the surrounding DNA as well as in a random sequence (Fig.
4D), we think that its presence at the deletion endpoints is
probably coincidental and that it has no mechanistic signifi-
cance. We suspect that this de novo recombination event
probably occurred by simple breakage and reunion, unrelat-
ed to specific sequence elements, in a manner which appears
to be responsible for several deletions in the ,-like globin
gene cluster (35, 36).
Yamada et al. (12) have suggested that serial duplication

of a primordial 54-bp exon led to the highly repetitive struc-
ture of interstitial collagen genes. At least two different
mechanisms could account for such duplication events: ho-
mologous exchange between adjacent exons, mediated by
chromosome pairing, or breakage and reunion in non-ho-
mologous introns. Neither pathway easily explains the ob-
servation that many collagen exons are not multiples of 54 bp
(20, 26). Nonetheless, the al(I) mutant presented here shows
that a change in exon number may result from recombination
between nonhomologous introns.

Note Added in Proof. At the conclusion of the work reported here,
we learned that a similar study was being concluded in the labora-
tory of F. Ramirez; we appreciate having been given the opportunity
to compare results prior to their publication (see ref. 37).
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