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Over 20 kilobase pairs of the human pro a.(I) collagen
gene have been isolated and characterized by restriction
endonuclease mapping, cell-free translation of hybrid-
selected RNA, and DNA sequence analysis. We have
sequenced an exon and determined its length to be 108
base pairs (bp). This is consistent with the organization
of chick and sheep collagen genes in that exons are
multiples of 9 bp in length, frequently being 54 and 108
bp. The sequenced exon was bordered by a GT (guanine-
thymine) at its 3’ end and an AT (adenine-thymine) at
its 5’ end. This pattern has been found at all normal
intron—exon junctions in eukaryotic cells. The amino
acid sequence derived from DNA sequencing of this 108
bp exon revealed 88% homology compared to the amino
acid sequence of bovine pro a.(I). The bases encoded 12
Gly-X-Y triplets characteristic of the helical portion of
collagen. A unique sequence Gly-Gly-Lys-Gly-Glu-Lys
identified this fragment as a2(I) collagen.

Collagen is a major component of connective tissue and at
least 5 genetically distinct types of collagen have been identified
[1]. Type I collagen is the most common of all types of collagen
and comprises more than three-quarters of the collagen content
of the body. Type I procollagen, its precursor, is composed of
two separate polypeptide chains designated pro «;(I) and pro
Cl/'_z(I).

Recently it has been possible to isolate the entire chick [2,
3] and a portion of the sheep [4] and human [5] pro «.(I)
collagen genes. These genes have generated much interest
because of their unique structural organization. First, they are
the longest gene isolated to date, with 5 kilobase pairs (kb) of
coding information distributed over 38 kb of DNA which in-
cludes almost 50 intervening sequences [3]. Secondly, coding
blocks for the helical region range in size from 45 to 108 base
pairs (bp) in multiples of 9 bp with 54 bp being the most
common length. Carboxyterminal exons range in size from 189
to 444 bp [2]. While a ¢cDNA representing the 3’ end of the
human pro a,(I) collagen message has been described [6,7],
little is known about the general structural organization of the
chromosomal gene. A portion of a human gene which may

Manuscript received June 27, 1983; accepted for publication October
24, 1983.

This work was supported by National Institutes of Health Research
Grants AM17128 and AM28304. Dr. Tajima was supported in part by
a Dermatology Foundation Fellowship. Dr. Kaufman was supported in
part by the Searle Scholar Program. This is publication No. 134 from
the Dermatology Research Laboratory at Duke University Medical
Center.

* A portion of this work has been presented: Tajima S et al, Clin Res
30:611A, 1982.

" Present address: Department of Dermatology, Keio University
School of Medicine, Shinjuku, Tokyo 160, Japan.

Abbreviations:

bp: base pair(s)
kb: kilobase(s)
SDS: sodium dodecyl sulfate

represent the human pro «,(I) has recently been cloned into a
cosmid [8]. This fragment has organizational structure similar
to other vertebrate collagen genes.

In this paper we describe the isolation and partial character-
ization of an extensive region of the human pro «»(I) collagen
gene, including the precise location of several coding blocks.

MATERIALS AND METHODS

Materials

Recombinant bacteriophage DNA (SpC3) for sheep pro a»(I) collagen
was kindly provided by Dr. R. Crystal (N.I.H.). Nitrocellulose papers
(BA 85) and DBM filters were from Schleicher and Schuell. Proline-
free rabbit reticulocyte lysate was purchased from Bethesda Research
Laboratories. Clostridial collagenase (form III) was from Advanced
Biofactures. L-[2,3,4,5,°H]proline and nucleotide triphosphates were
from Amersham. The ¢cDNA for chick pro a,(I) (pCgh4) and pro a.(I)
(pCg45) were obtained from Dr. H. Boedtker [9,10]. Restriction endo-
nucleases and modifying enzymes were obtained from Bethesda Re-
search Laboratories and used under conditions recommended by them.

Preparation and Screening of a Human Bacteriophage Library

High-molecular-weight DNA was isolated from human splenic tissue
using the method of Blin and Stafford [11]. DNA was partially digested
with Eco RI and size-fractionated on a 10-40% sucrose gradient.
Fragments from 10 to 20 kb pairs were ligated to purified Eco RI arms
of Charon 4A [12] and packaged into phage heads using in vitro
packaging reagents [13].

The sheep DNA recombinant (SpC3) containing pro a.(I) collagen
gene sequences was digested with Eco RI and each purified Eco RI
fragment was subcloned into plasmid pBR322 [14]. A plasmid recom-
binant containing the sheep 2.3 kb Eco RI collagen gene fragment was
employed as a probe for screening the human bacteriophage library
since it was known to have collagen coding sequences [4], and produced
only 2 bands when hybridized to human genomic Eco RI-digested
DNA. The fragment was labeled by “nick” translation [15,16]. Approx-
imately 3 X 10° human bacteriophage recombinants were screened with
the **P labeled 2.3 kb sheep collagen gene probe using the method of
Benton and Davis [17]. A second screen of the human bacteriophage
library was performed using the 5" most Eco Rl fragment of the first
isolate to provide overlapping cloned regions.

Analysts of the Recombinant Clones

The isolated recombinant clones AHpro «,(I)-1 and AHpro a.(I)-2
were digested with Eco RI, and individual fragments purified by prep-
arative agarose gel electrophoresis and electro-elution. Purified DNA
fragments were subcloned into the plasmid pBR322. Restriction en-
donuclease mapping of each DNA fragment was determined by single
or multiple enzyme digestion.

Coding sequences were identified by filter hybridization techniques
using chick ¢cDNA or sheep genomic DNA probes. Bacteriophage re-
combinant DNA fragments in agarose gels were transferred to nitro-
cellulose filters by a modified Southern technique [18,19], and hybrid-
ization of **P-labeled probe to filters containing DNA was essentially
as described by Jeffreys and Flavell [20].

In order to identify moderately repetitive DNA sequences we hybrid-
ized #*P-labeled human genomic DNA to AHpro ax(I)-1 or A\Hpro ax(I)-
2 which had been digested with various enzymes as described above
and transferred to nitrocellose membranes.

Hybridization Selected mRNA Translation

In order to verify the identity of the human collagen recombinant,
we purified by hybrid selection the mRNA which had strong homology

265



266 TAJIMA ET AL

with AHpro a,(I)-1. Total RNA was isolated from cultured human skin
fibroblasts using 8 M guanidine hydrochloride [21,22]. Two hundred
micrograms of total fibroblast RNA was hybridized with 10 pg of
purified AH Pro a,(I)-1 which had been covalently bound to a DBM
filter. The hybridization reaction was performed in 50% formamide, 1
M NaCl, 0.01 M EDTA, 0.2% sodium dodecyl sulfate (SDS) and 50 ug/
ml tRNA at 37°C for 24 h [23]. After incubation the filter was washed
extensively in the hybridization buffer without RNA and all filter-
bound RNA was eluted with 95% formamide with 3 washes. RNA was
phenol extracted and precipitated with ethanol. The eluted RNA was
used to direct the synthesis of polypeptides in a rabbit reticulocyte
lysate cell-free translation system using [*H]proline as a radioactive
precursor [24].

Cell-free translation products were analyzed by 7.5% SDS poly-
acrylamide gel electrophoresis and subsequent fluorography. Bacterial
collagenase digestion of cell-free translation products was performed
as described previously [25].

DNA Sequence Analysis

The DNA sequence was determined by dideoxy termination of
primed-chain synthesis [26]. Collagen coding sequences were first
mapped to the 650 bp Eco RI-Pst I fragment of the 2.8* kb fragment
by filter hybridization. This fragment was purified by cloning into the
appropriate sites of M13, mp9 [27]. Single-strand M13 recombinant
phage DNA was then used as a template for synthesis of the comple-
mentary strand which was terminated at specific bases by dideoxynu-
cleotide triphosphate incorporation. The sequence was verified by
sequence analysis of the fragment after it was inserted in M-13 in the
opposite direction.

RESULTS
Isolation of the Initial Recombinant

The 2.3 kb Eco RI fragment from the sheep collagen gene
recombinant SPC-3 (R. Crystal, N.I.LH.) was purified by sub-
cloning into pBR322. The insert from this plasmid recombinant
was labeled by nick translation and used as a molecular hybrid-
ization probe to screen a Charon 4A human bacteriophage
library prepared from a patient who had no known collagen
disorders. The initial screen produced a bacteriophage recom-
binant [AHpro a.(I)-1] containing 10.8 kb of insert DNA and
4 Eco RI fragments (4.0 kb, 2.8 kb (doublet), and 1.2 kb]. Their
relative order was determined by partial Eco RI digestion. The
fragments were purified by subcloning into pBR322 and their
detailed restriction endonuclease maps were determined from
these recombinants (Fig 1). Two plasmid recombinants con-
taining 2.8 kb Eco RI inserts were demonstrated to have
markedly different restriction endonuclease maps, confirming
that the 2.8 kb band was a doublet.

After ordering the fragments by partial restriction endonu-
clease mapping, the 2.8* kb fragment was used to rescreen the
library. An additional recombinant [A\Hpro a2(I)-2] was isolated
which extended the cloned DNA an additional 9.9 kb 5’ to the
2.8* kb fragment (Fig 1). The 2.8* kb fragment was shared by
both recombinants. The total cloned DNA was 20.7 kb in
length.

To confirm that the restriction endonuclease map of the
cloned DNA was identical with genomic DNA, we used the
cloned DNA Eco RI fragments as probes against endonuclease-
digested human DNA in Southern blotting experiments. The
restriction endonuclease map of the chromosomal gene corre-
sponded to that derived for the cloned fragments with the
exception of the 2.8" kb probe. In this case only a smear was
seen on the radioautograph, characteristic of patterns seen
when moderately repetitive DNA is used as a probe [28].

To localize the region of the repetitive DNA, we digested the
plasmid recombinant containing the 2.8" kb Eco Rl fragment
with a number of restriction endonucleases and analyzed the
size-fractionated fragments by Southern blotting using total
genomic DNA labeled with P-32 as a probe. By hybridizing this
probe to cloned DNA in 0.45 M NaCl at 68°C, we have previ-
ously demonstrated that only moderately to highly repetitive
DNA fragments will produce a strong signal on the radioauto-
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F1G 1. Restriction endonuclease map of AHpro ax(I)-1 and AHpro
ay(I)-2. The restriction endonuclease sites for the overlapping recom-
binants are presented. Eco RI fragment 2.8* is common to both
recombinants and contains the Eco RI-PsT I fragment which was
sequenced. Fragment 2.8” contains moderately repetitive DNA which
hybridizes to an Alu I sequence probe.

graph after an overnight exposure to radiographic film [29].
This experiment demonstrated strong hybridization to a 600
bp Bgl I1-Hind III fragment. No significant signal was produced
when the same probe was hybridized to the other Eco RI
fragments derived from AHpro a»(I)-1 or AHpro a,(I)-2. We
demonstrated that this repeated sequence belongs to the Alu I
family of repeated DNA sequences. An Alu I sequence probe
derived from a segment of DNA 4 kb 5’ to the human § globin
gene [29] hybridized strongly to the 2.8" kb Eco RI fragment
(data not shown).

Confirmation of the Identity of N\Hpro a,(1)-1

Although the original screen of the human bacteriophage
library was performed under conditions of high stringency, we
could not be certain that the selected recombinant contained
sequences coding for a(I) collagen. Myers et al [6] have re-
cently reported the size of Eco RI fragments of genomic DNA
which hybridize to their pro «,(I) cDNA to include 4.0 kb and
2.8 kb Eco RI fragments. These are identical in size to frag-
ments present in our recombinant AHpro a,(1)-1.

In addition, we hybridized **P-labeled chick pro «,(I) (pCG
54) and pro a,(I) (pCG 45) cloned cDNAs to an Eco RI digest
of AHpro a»(I)-1. Only the pro «:(1) cDNA, which contained
sequences at the 3’ end of the a» mRNA produced a strong
signal, hybridizing to the 4.0 and 2.8 kb fragments; only a faint
signal was produced when the pCG 45 a.(I) probe was hybrid-
ized to the purified 2.8* kb fragment. The sheep 2.3 kb Eco RI
fragment which had been used to screen the library and con-
tained coding sequences from the middle of the sheep collagen
gene hybridized only to the 2.8 and 1.4 kb Eco RI fragments
in AHpro a(I)-2. Thus the 5’ to 3" orientation was determined
and was confirmed by DNA sequence analysis.

To further establish the identity of this recombinant, we
determined its ability to select by hybridization a unique species
of mRNA. Ten micrograms of denatured AHpro «,(I)-1 DNA
was covalently bound to a DBM filter and hybridized to 200 ug
of total fibroblast RNA. RNA remaining after medium strin-
gency washes with 1 X SSC (0.15 NaCl, 0.015 M Na citrate, pH
7.5) at 65°C was eluted with 95% formamide, and used to direct
the synthesis of proteins in a rabbit reticulocyte lysate system
using ['H]proline as the labeled amino acid. Analysis of the
translation products of the hybrid-selected and total fibroblast
RNA on an SDS-polyacrylamide gel demonstrated that the
hybrid-selected RNA directed the synthesis only of a protein
which comigrated with the «,(I) procollagen band produced by
total fibroblast RNA (Fig 2). No pro «;(I) band was seen,
whereas this was readily apparent when total fibroblast RNA
was translated. Furthermore, treatment with collagenase de-
stroyed the translation product representing pro a.(I). Thus
the bacteriophage recombinant AHpro «,(I)-1 has homology
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primarily to an RNA species which directs the synthesis of pro
a»(I) procollagen in the rabbit reticulocyte lysate system.

We attempted to characterize the RNA which was eluted
from the AHpro a,(I) DBM filter. Total fibroblast RNA and
eluted RNA were fractionated on a methyl mercuric hydroxide
agarose gel and transferred to a DBM filter. The 2.8 kb Eco
RI fragment was labeled and hybridized to the filter. The
radioautograph of the filter demonstrated a consistent pattern
of hybridization (Fig 3). A single intense band representing
RNA of 5900 nucleotides was seen in the hybrid-selected RNA
lane, a smear below this band representing degraded RNA. Two
closely migrating bands were observed in the lane containing
total fibroblast RNA while only a single band was seen in the
lane containing poly A+ fibroblast RNA. These bands corre-
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Fic 2. Fluorogram of SDS polyacrylamide gel electrophoresis of
cell-free translation products synthesized by RNA hybridized to recom-
binant DNA clone AHPro «.(I)-1. Lane 1, total RNA before hybridi-
zation; lane 2, RNA after hybridization to the recombinant A\H Pro
ay(1)-1; lane 3, without RNA; lane 4, same as lane 1 except for digesting
with bacterial collagenase (collase) prior to electrophoresis; lane 5,
same as lane 2 except for digesting with bacterial collagenase prior to
electrophoresis.

F1c 3. Analysis of hybrid-selected
RNA. Panel A represents an ethidium
bromide-stained 1.5% methyl mercuric
hydroxide agarose gel containing RNA
samples. Markers include 28s and 18s
rRNA and LT-2 RNA, a 31s (6600 nu-
cleotide) RNA virus mutant of VSV (30).
Lanes 1, 2, and 3 represent total fibro-
blast RNA. Lanes 4, 5, and 6 represent
hybrid selected fibroblast RNA. Lane 6
is contaminated with 18s and 28s rRNA
which serves as internal size markers. A
distinct band of RNA has been selected
in lanes 4, 5, and 6. Panel B is a radioau-
tograph of a filter to which the RNA
from panel A has been transferred and
hybridized with nick translated Eco RI
fragment 2.8, Lanes 1, 2, and 3 demon-
strate hybridization to several bands in-
cluding a 30s band. Single bands corre-
sponding to the purified bands in panel
A, lanes 4, 5, and 6, are seen in the
corresponding lanes of panel B. Intense
signal below these bands represents de-
graded hybrid selected collagen mRNA.
Lane 7 represents a radioautograph of
poly A+ fibroblast RNA hybridized to
the same probe. In many experiments, a
very large RNA species is observed, but
only in RNA derived from fibroblasts.
This likely represents a precursor colla-
gen RNA species.
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spond to similar-sized RNA species identified by Myers et al
[6]. We see an additional high-molecular-weight band in some
preparations of hybrid-selected RNA which may represent a
collagen precursor RNA species.

Sequence Determination of a Coding Block

We attempted to use the sheep 2.3 kb Eco RI fragment as a
probe to identify coding sequences in the 2.8* kb Eco RI
fragment from which we hoped to obtain sequence information.
We identified a 650 bp Eco RI-Pst I fragment at the 5" end of
the 2.8* kb fragment which hybridized strongly to the sheep
collagen probe. This fragment was purified, subcloned into M-
13, mp9, and used as a template for dideoxy sequencing analy-
sis. Eighty-three bases from the 5" Eco RI site we identified a
region with frequent G doublets. A continuous stretch of 108
bp was identified which contained no in-phase termination
codons and encoded glycine at every third codon, including the
first codon to produce the characteristic Gly-X-Y pattern (Fig
4). An unusual feature was the consecutive glycines at the 31st
and 32nd codons in this coding block. No similar collagen-like
sequence was identified immediately on either side of this
coding block. However, consensus splice site signals were iden-
tified at the 5" (AG) and 3’ (GT) ends of the presumed coding
block. The consecutive sequence Gly-Gly-Lys-Gly-Glu-Lys is
unique among known collagen sequences and precisely matches
sequences 562-567 of bovine «.(I) collagen (courtesy of Klaus
Kuhn).

DISCUSSION

We have isolated and characterized a greater than 20 kb pair
region of human DNA which has an organization typical of
collagen genes. This DNA selectively hybridizes to RNA which
directs the synthesis of pro a.(I) collagen in a reticulocyte
lysate translation system. We further demonstrated that this
hybrid-selected RNA is almost 6000 bases in length, a value
which agrees with determinations for pro a.(I) mRNA reported
by Myers et al [6].

Information gained from DNA sequencing strongly supports
the identity of this gene fragment as pro «.(I). The 108 bp exon
is a characteristic of collagen genes and the repeating Gly-X-Y

B
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GTGTTTGACTCAAG GGT ~ GAA  CCT  GGT  GTG  GTT  GGT  GCT  GTG \_“um“
GLY GLU PRO GLY VAL VAL CGLY ALA VAL
; PRO | _povine a,(1)
532 533 534 535 536 537 538 539 540 | 2
oee ACT GCT ooT GeA TCT GGT cCT AGT
GLY THR AlA GLY PRO SER GLY PRO SER
ALA

541 542 543 544 545 546 547 548 549
GGA CTC CCA GGA GAA AGG GGT GCT Ger
GLY LEU PRO GLY GLU ARG GLY ALA  ALA

ILE
550 551 552 553 554 555 556 557 558
GGC  ATA CCT  GGA GGC AAG GGA  GAA  AAG GTACGTGTTGACCCTATTAC
GLY TLE PRO GLY GLY LYS GLY GLU LYS

LEU
559 560 561 562 563 564 565 566 507

Fic 4. DNA sequence of a coding block in fragment 2.8" (see text).
Line 1 is the DNA sequence of a 142 bp segment from the 5’ end of
fragment 2.8*. Line 2 represents the amino acid sequence derived from
the DNA sequence. Line 3 presents those amino acids in bovine ay(I)
collagen which are different from the human sequence. The bovine
amino acids are numbered on the bottom line.

sequence which it encodes is a prerequisite of helical collagen
sequences.

In order to precisely identify the sequence we systematically
computer searched known collagen sequence information (cour-
tesy of Klaus Kuhn). The unique run Gly-Gly-Lys-Gly-Glu-
Lys was found only in an a(I) collagen chain and identified a
region of close homology to the bovine ay(I) collagen chain
between residues 532-567 (see Fig 4). All polar residues were
identical and other substitutions were conservative.

The sequenced fragment is located in the middle of our cloned
DNA segment and likewise encodes a region near the middle
of the procollagen chain. We can assume that much of the
triple helical region is present in the cloned DNA fragments
and that the restriction endonuclease map presented here may
serve as a standard for comparing other normal and defective
pro as(I) collagen genes. Furthermore since only single bands
were seen on the Southern DNA blotting analysis of this
patient’s DNA using the cloned fragments as probes, both
chromosomes are likely identical with regard to the restriction
endonuclease sites reported. While it remains possible that this
region is derived from a region which is a collagen pseudogene,
further characterization and extensive DNA sequence analysis
would be required to completely eliminate this possibility.

Two additional sources of information help establish the
identity and relative location of our recombinant to the entire
a(I) gene. Dalgleish et al have recently reported the isolation
and characterization of a segment of DNA which includes
sequences encoding the 3’ end of the human «,(I) collagen gene
[5]. We have been able to compare AHpro a»(I)-1 and their
recombinant (HpCl). Both recombinants contain 4 kb Eco RI
fragments which cross-hybridize in Southern blotting analysis.
Also, the restriction endonuclease map of our 4.0 kb fragment
is identical to the published map of the 4.0 kb fragment in
HpCl. Thus our recombinants appear to overlap and provide a
restriction endonuclease map covering over 30,000 bp of DNA.

We also have compared our DNA sequence data with the
recently published sequence of a human pro a»(I) cDNA Hf-32
[7]. Our sequence data extends an additional 3 bases beyond
the 5" end of their cDNA (positions —1442 to —1340) and has
the same amino acid designation. We note a single base differ-
ence G—A in the third position of codon 554. This change
would not result in a change in the amino acid at that position
and may represent a polymorphism. Furthermore we have
identified a coding block 3’ to the 108 bp coding block. The
sequence of this block is identical to the cDNA beginning at
their position —1286. These coding blocks bracket a 54 bp
coding block defined by the region from —1339 to —1287. Thus
at least 3 coding blocks are present in the Eco RI fragment
2.8~
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