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ABSTRACT Forty-two kilobase pairs of cloned chicken DNA
containing 80% of the pro a2 (type I) collagen gene and 8 kilobase
pairs of 3' flanking sequences have been isolated. Detailed anal-
ysis of these clones indicates that this collagen gene spans ap-
proximately 40 kilobase pairs of DNA and contains on te order
of 50 introns. The fine structure of 40% of the pro a2 gene, in-
cluding its 3' end, was determined by Southern blot restriction
endonuclease mapping using a 2.6-kilobase pair procollagen cDNA
clone, pCg45, as a probe, and by DNA sequence determination
of more than 2 kilobase pairs of this part of the genome. Exons
in the triple-helical coding region are all multiples of the 9 base
pairs coding for the Gly-X-Y triplet and vary in size from 45 to 108
base pairs. The sequences of all six exons in a 3.8-kilobase pair
EcoRI fragment were determined. One of these, a 249-base pair
exon, joins the collagen domains; it codes for the last 15 amino acids
of the triple-helica coding region, the telopeptide, and the first
53 amino acids of the carboxy-terminal propeptide.

Collagen is the major structural protein in vertebrates, being
found in small amounts in almost all tissues and constituting as
much as 60% of the protein in such connective tissues as bones
and cartilage. There are at least five different types of collagen
encoded by at least seven different genes; the structure and
function of these collagens have been reviewed recently (1-3).
The tightly controlled spatial and temporal expression ofeach of
these genes is regulated by mechanisms that have yet to be elu-
cidated (4, 5). Collagen also has a long evolutionary history,
being found in such primitive invertebrates as fresh water
sponges (1). Establishing the fine structure of the collagen
genes and the regulatory signals in their flanking sequences is
a prerequisite to eventually understanding their role in devel-
opment and evolution.
The development ofrecombinant DNA technology has made

it possible to study unique eukaryotic genes coding for specific
proteins and has already produced some remarkable revela-
tions. The coding sequences in many genes in higher verte-
brates have been found to be interrupted by noncoding inter-
vening sequences (6), sometimes with a very high frequency.
For example, the chicken ovalbumin gene has 7 intervening se-
quences (7, 8); the conalbumin gene has 16 intervening se-
quences (9); and the 6-kilobase-pair (kb) vitellogenin gene has a
startling 33 intervening sequences (10).

Two-thirds ofthe procollagen chain consists of338 amino acid
triplets of Gly-X-Y in which X and Y are often proline, hydrox-
yproline, or alanine. Because these amino acids are encoded by
G+C-rich codons and account for 70% of the amino acids in col-
lagen, one might expect collagen gene fragments, like the
G+C-rich silk fibroin gene fragments, to be shifted from the
major DNA species on actinomycin D/CsCl gradients (11). We
found, however, that chicken pro a2 collagen gene fragments
banded with total chicken DNA on such gradients (12). This
immediately suggested that the G+C-rich coding sequences

were embedded in multiple intervening sequences so that the
composition and buoyant density were the same as those of total
chicken DNA. Recent reports on the structure of part of the
chicken pro a2 gene (13) and part of the sheep pro a2 gene (14,
15) have confirmed this prediction: electron microscope studies
of collagen gene clones hybridized to procollagen mRNA pres-
ent a striking picture of multiple coding regions separated by
many, often very large, intervening sequences.
A similar picture of the structure of the collagen gene can be

derived by Southern blot restriction endonuclease mapping of
collagen gene clones and by limited DNA sequence determi-
nation. We have taken advantage of having the DNA sequence
and detailed restriction map of more than half of the coding se-
quence ofthe pro a2 gene in two collagen cDNA clones, pCgl3
and pCg45 (16, 17) to locate coding sequences in collagen gene
clones by Southern blot analysis. In addition, to establish im-
portant fine structural details of this gene, we have determined
the sequences of seven exons in the triple-helical-coding re-
gions and four exons in the COGH-terminal propeptide.

MATERIALS AND METHODS

Library Screening. The A Charon 4A recombinant library
containing chicken DNA fragments (constructed by J. Sligh-
tom, M. Sung, and 0. Smithies) was screened as described (18,
19) with minor modifications. Phage were plated at 2-3 x 104
per 15-cm petri dish, using Escherichia coli DP5OSupF or 803-
8 as the bacterial host. Phage DNA was adsorbed to nitrocellu-
lose filters (Millipore), denatured, and neutralized in situ, and
then baked onto the filters at 80'C for 2 hr in a vacuum oven.
The filters were incubated at 68°C in 4x SET (SET is 0.15 M
NaCl/2 mM Na2EDTA/30 mM Tris HCl, pH 8) and 5x Den-
hardt's solution (20) for 3-4 hr. Hybridizations were carried out
at 68°C for 15 hr in 3x SET, lx Denhardt's solution, 0.1%
NaDodSO4, 10 ug of denaturated salmon sperm DNA per ml,
and 4 x 106 to 107 cpm per filter of 32P-labeled probe. To pre-
pare probes, specific restriction endonuclease fragments of the
pro a2 collagen cDNA clone, pCg45, were eluted from a poly-
acrylamide gel. These were then labeled with 32P by nick trans-
lation to a specific activity of 1-5 x 10' cpm/,g. After hybrid-
ization, the filters were washed at 68°C for 3 hr with three
changes of2x SET/0. 1% NaDodSO4. In some cases, they were
subsequently washed at room temperature for 1/2 hr with two
changes of3 mM Tris base.

Restriction enzymes [purchased from Bethesda Research
Laboratories (Rockville, MD) or New England BioLabs] were
used under the conditions specified by the suppliers. Restric-
tion enzyme analysis and Southern (21) transfer analyses were

Abbreviations: kb, kilobase pair(s); bp, base pair(s); SET, 150mM NaCl/
2mM Na2EDTA/30 mM Tris-HCI, pH 8.
* To whom requests for details of DNA sequence analysis should be ad-
dressed.

t To whom reprint requests should be addressed.
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accomplished by using standard techniques.
DNA Sequence Analysis. In order to facilitate the production

oflarge quantities ofcollagen gene fragments for sequence anal-
ysis, portions ofthe DNA from recombinant A clones were sub-
cloned in plasmid pBR322 DNA that had been extensively di-
gested with EcoRI restriction endonuclease and treated with
phosphatase. This ligation mix was used to transform E. coli
DH1 (recAl, nalA, rk, mk, endAl, thi-1). Recombinant plas-
mids were detected by colony hybridization, direct restriction
analysis, or both. The nucleotide sequences of the DNA frag-
ments from these recombinant plasmids were determined by
the method of Maxam and Gilbert (22).

Electron Microscopy. R-loops were formed by a procedure
based on that ofThomas et al. (23) as modified by Kaback et al.
(24). DNA (50 Ag/ml) was irradiated with long-wave ultraviolet
light in trioxsalen at 1 ug/ml to obtain 0.2 crosslink per kb. The
crosslinked DNA was incubated for 12 hr at 570C with total
chicken calvaria RNA at 200,kg/ml in 80% (vol/vol) formamide/
0.3 M NaCI/2 mM Na2EDTA/10 mM piperazine-N,N'-bis(2-
ethanesulfonic acid) (pH 6.5). The sample was diluted 1:100 in
a solution containing 0.1 M TrisHCl at pH 8.3, 20 mM
Na2EDTA, 50% (vol/vol) formamide, and cytochrome c at 40
,ug/ml, and spread on distilled water.- Plasmid pBR322 and
phage 4qX174 DNA were included as double- and single-
stranded DNA standards. Samples of the film produced were
picked up on parlodion-coated slides, stained with uranyl ace-
tate in 90% (vol/vol) ethanol, and rotary shadowed with plati-
num/paladium. Molecules were visualized and photographed
with a Philips 300 electron microscope.

RESULTS
Restriction Map ofthe Pro a2(I) Collagen Gene. The 2.6-kb

cDNA clone, pCg45, was previously shown to contain coding
sequences for the 3' halfofthe pro a2(I) collagen gene (16). This
clone was used to identify and isolate 35 gene clones containing
nine different chicken DNA fragments in a Charon 4A library
obtained from J. Slightom, University of Wisconsin. This li-
brary was constructed by a partial EcoRI digestion ofDNA iso-

lated from Leghorn chicken reticulocytes and selecting frag-
ments in the 8- to 20-kb size range for ligation into Charon 4A.
EcoRI fragments containing collagen gene sequences were
identified by their hybridization to pCg45, and to its fragments,
by Southern gel blotting.

Initially, three groups of nonoverlapping clones were identi-
fied: group I clones contained coding sequences located within
10 kb of the 3' end of the pro a2 collagen gene; group II clones
contained coding sequences in the middle ofthe gene; group III
clones contained coding sequences 5' to pCg45 sequences.
None of the three groups had any EcoRI fragments in common
with each other.

In order to obtain clones containing EcoRI restriction frag-
ments that would provide links between the three groups ofcol-
lagen gene clones, the library was rescreened and three new
clones, a2CG 651, a2CG 653, and a2CG 657, were identified.
Each contained a 0.23-kb EcoRI fragment that links group I and
group II clones. One of the clones, a2CG 653, also contained a
5.4-kb EcoRI fragment that is 5' to the group II clones previ-
ously identified but does not overlap the group III clones. The
arrangement of the EcoRI fragments in 10 of the 12 collagen
gene clones we have analyzed is shown in Fig. 1.
a2CG 657 best demonstrates the overlap because it contains

both the 4.0-kb and 1.5-kb EcoRI fragments ofgroup II as well
as the 1.8-kb fragment of group I clones linked by the 0.23-kb
EcoRI fragment located at the 3' end of a2CG 653 and the 5'
end ofa2CG 651. It is worth noting that a2CG 657 also has two
EcoRI fragments at the 3' end that do not hybridize to pCg45
and must have originated from another part of the genome.
Cloning artifacts of this type, which were seen in 5 of the 12
clones we studied, may have resulted from the ligation of two
smaller fragments in the relatively broad size distribution (8-20
kb) offragments used in cloning. Charon 4A has a clear prefer-
ence for accepting 11- to 15-kb fragments.
The group I clones, labeled A and B in Fig. 1, must be alleles

because they have identical EcoRI fragments, as well as HindIII
and BamHI fragments, except that a2CG 291 (IB) has a single
extra EcoRI site 0.3 kb from the 5' end of the 3.8-kb EcoRI
fragment in a2CG 241 and is missing a HindIII site near the
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3' end of the 3.7-kb EcoRI fragment (data not shown). a2CG
291 contains sequences in common with the a2Z collagen gene
clone described by Vogeli et aL (13), but it extends 3 kb further
in the 5' direction and is missing 2.5 kb of 3' flanking sequence.

None of the clones shown in Fig. 1 hybridized- to the pro al
cDNA clones, pCgl and pCg54 (25), and we could clearly distin-
guish clones that hybridized to different small restriction frag-
ments ofpCg45 on Southern blots. We are therefore confident
that our hybridization conditions were sufficiently stringent to
rule out the possibility that any group I or II clones contained
collagen gene sequences other than pro a2 collagen gene se-
quences. The actual placement of the group III clones within
the pro a2 collagen gene was accomplished only after direct
DNA sequence analysis, as described below.
The restriction map of 28 kb of contiguous gene sequences

(including 8 kb of 3' flanking gene sequences) and of 12.4 kb of
collagen gene sequences 5' to these sequences is shown in Fig.
1. The pro a2 collagen gene is seen to span at least 33 kb. It has
12 EcoRI sites, 4 BamHI sites, 11 HindIII sites, and at least 5
Pst I sites. Hybridization of ordered restriction fractions of
pCg45, shown at the bottom of Fig. 1, allowed the location of all
2.6 kb of coding sequences in pCg45. These extend from the 3'
end of gene located at the 5' end of the 3.7-kb EcoRI fragment
of a2CG 241 (and other group I gene clones), into the 5.4-kb
EcoRI fragment of a2CG 653. Therefore the 3' half of the a2
collagen gene has 2.6 kb of coding sequences distributed over
more than 15kb of genomic DNA.

The nonoverlapping clone a2CG 71, (left of Fig. 1), was as-
signed a location 5' to the group I and II clones because it hy-
bridized only weakly to pCg45 but strongly to procollagen
mRNA. To definitively identify this gene clone, and to establish
its 5'-3' orientation, the sequences of three regions of the clone
were determined, indicated by arrows under the restriction
map. No coding sequences were found at the end of ca2CG 71;
three small exons, 99 base pairs (bp), 45 bp, and 99bp, separated
by short introns, 84 bp and 127 bp long, were located in the 1.7-
kb Hpa II-HindIII fragment at the other end ofca2CG 71. These
three exons code for amino acids 175-207, 208-222, and
223-255, measured from the NH2-terminus of the triple-helical
region. The 1.4-kb HindIII fragment located near the middle of
the 6.8-kb EcoRI fragment contains an exon 54 bp long that
codes for residues 55-72 ofthe a2 collagen chain. This exon and
hence the 1.4-kb HindIII fragment must be 5' to the 1.7-kb Hpa
II-HindIII fragment of a2CG 71, thereby establishing its 5'-3'
orientation. The four exons whose sequences were determined
are all multiples of9 bp, and each begins with the codon for gly-
cine and ends with that for Y in the Gly-X-Y repeating unit of
collagen. There are 5.7 kb of genomic DNA between the two
regions of a2CG 71 in which exons were located. This region
must code for residues 73-174 and hence contains a total of306
bp of coding sequences, or 54 bp of exons per 1000 bp of geno-
mic DNA. We expect to find other exons 5' to the 1.4-kb
HindIII fragment because this region hybridizes to procollagen
mRNA. On the basis of the exon density in this part of the col-
lagen gene, an additional 162 bp of coding sequences might be
located here. This would suffice to code for the remaining 54
residues in the triple-helical region but not for the telopeptide,
NH2-terminal propeptide, or 5' noncoding region of the
mRNA.

Fine Structure Mapping of a2CG 241. a2CG 241 contains
gene sequences coding for the triple-helical region, the telo-
peptide, the COOH-terminal propeptide, and noncoding se-
quences in the pro a2 collagen mRNA. It was therefore ofinter-
est to obtain a detailed analysis ofthe structure of this part ofthe
gene. It was also the region of the gene most readily analyzed
because. it contains the coding sequences in the cDNA clones,

pCg45 and pCgl3, whose DNA sequences have been deter-
mined (17).

Southern blots of EcoRI and EcoRI-HindIII fragments of
clone a2CG 241 were hybridized to fragments of pCg45, la-
beled a to g in the map shown at the bottom of Fig. 1. This en-
abled us to determine the approximate location of coding se-
quences in the gene clone, and by comparing distances
between restriction sites in the gene clone with those in pCg45
we could determine the size and location of intervening se-
quences.
We first located the 3' end of the gene. Because the EcoRI-

HindIII fragment at the 3' end ofpCg45 hybridizes only to the
3.7-kb EcoRI fragment, as shown in Fig. 1, the 3' end of the
gene must be in this fragment. There are 335 bp between the
EcoRI site in pCgl3 and the poly(A) end ofthe cDNA clone (17);
this suggests that the EcoRI site between the 3.8-kb and 3.7-kb
gene fragments is likely to be the same as that in the cDNA
clone. This was confirmed by sequence analysis from this EcoRI
site and finding that this sequence was the same as the one ob-
tained for the cDNA clone.
The EcoRI-BamHI fragment is 183 bp long in the cDNA

clone, whereas the distance between the EcoRl site and the
nearest 5' BamHI site is 700 bp in the gene. This gene fragment
also contains a HindIII site not found in the coding sequence.
This immediately suggests an intron about 500 bp long. Simi-
larly, there must be one or more introns between the BamHI
site and the Pst I site 5' to it, because these sites are separated
by 322 bp in pCg45 and by 1.7 kb in the gene. This suggests a
total intron size of 1.4 kb.
To obtain a precise location ofexons and introns in the 3.8-kb

fragment, it was digested with restriction endonucleases with
Sau3A, Alu I, and Hpa II. The sequences of numerous frag-
ments were determined as indicated by arrows in the upper part
of Fig. 2. By this means five exons were located in the 3.8-kb
fragment as well as the 3'-most exon. The two exons near the
5' end are 54 and 108 bp long and code for the amino acid res-
idues 946-963 and 964-999, both of which lie in the helical
region of- the pro a2 collagen chain. Two other exons, toward
the 3' end, are 189 and 243 bp long and code for the COOH-
terminal propeptide of the pro a2 collagen chain. Exon 4 (d in
Fig. 3) lies between these two sets of exons and, interestingly
enough, its 249 bp code for the last 15 residues in the helical
region, the 15 residues of the telopeptide, and the first 53 res-
idues of the COOH-terminal propeptide. Its DNA sequence
is identical to that in pCg45 (17).
The Ava I site in pCg45 is 679 bp from the end of the triple-

helical coding region and is located 0.3 kb from the 5' end of
the 3.2-kb EcoRI gene fragment. We have located theAva I site
between residues 788 and 789 of the chicken a2 chain (17), and
this places an exon containing these residues at this position in
the gene clone.

The hybridization results, summarized in Fig. 1, suggest that
the 1.8-kb EcoRI fragment at the 5' end of a2CG 241 does not
contain some 680 bp at the 5' end of pCg45 that code for res-
idues 478-705. The exact coding content of this clone was es-
tablished by determining the sequence of the entire 0.23-kb
EcoRI fragment linking group I and group II gene clones. It
contains a single 54-bp exon coding for residues 676-693.
Therefore the exon nearest the 5' end of a2CG 241 begins with
the nucleotides coding for residue 694.

The exons and introns in a2CG 241 can be seen directly by
electron microscopy of this clone R-looped to procollagen
mRNA. Fig. 3 is a representative photograph, showing 9 introns
separating 10 exons, labeled a-j in the schematic sketch in the
Inset. There also appears to be a small intron in the fifth exon
(labeled e), and this was confirmed by determining the se-
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FIG. 2. Fine structure map of the 3.8-kb EcoRI fragment of a2CG 241. Distances are bp. Arrows identify regions whose sequences were deter-
mined. Symbols forEcoRl, BamHI, HindIll, andPst I restriction sites are the same as in Fig. 1; others are Sau3A (S), Hpa 11 (H), andAlu I (Al). Exon
and small intron sizes are based on DNA sequence determination; intron sizes larger than 300 bp were determined by restriction mapping. The
absence of introns- in the exon at the end ofthe gene was determined by electron microscope analysis shown in Fig. 3.

quence of the region of the clone discussed above and shown
schematically in Fig. 2.
We have located the exons and introns of a2CG 241 above

the restriction map in Fig. 1. The EcoRI, BamHI and Pst I sites,
near the 3' end of pCg45, are located in exons 1, 2, and 3, re-

spectively; these exons are 400 bp, 250 bp, and 200 bp long,
in excellent agreement with sizes determined by DNA se-

quence analysis shown in Fig. 2. By way of contrast, our elec-
tron microscopic measurements of exons 4 and 5/6 yielded
lengths of only 200 bp, compared with 249 and 295 (54 + 133
+ 108) bp from sequence determination, suggesting that sub-
stantial inaccuracies can attend electron microscopic measure-

ments in this range.

Overall, the distribution of exons and introns in the 3.8-kp
EcoRI fragment ofa2CG 241 are very similar to those reported
for AgCOL 204 (15),.but they differ for the next exon located in
the 1.5-kb HindIII fragment. In this case we find a single 250-
bp exon by electron microscopy (exon f in Fig. 3), whereas Vo-
geli et al. (13) report three exons based on small "nubs" in the
electron micrograph.
The remaining four exons are all about 100 bp in size. The

3/

FIG. 3. Electron microscope photograph of the collagen gene clone
a2CG 241 hybridized to pro a2 collagen mRNA prepared from calvaria
of 16-day-old embryonic chickens as described (26). (Inset) Interpre-
tative drawing. Ten exons, labeled a toj goingfrom 3' to 5', correspond
to exons 1-11 in Fig. 1. Exon e corresponds to.exon 5 and 6 in Fig. 1
because this exon is interrupted by a 133-bp intron determined byDNA
sequencing and shown in Fig. 2.

Ava I site is located in exon 9. In all, the 11 exons contain 1.9
kb of pro a2 mRNA sequences, on the basis of electron micro-
scope measurements. This is in excellent agreement with the
2.05 kb of coding sequence placed in this clone by DNA se-

quence determination. The 735 bp coding for the COOH-ter-
minal propeptide are located in about 3.2 kb of genomic DNA,
including three introns totaling 2.5 kb. The 960 bp coding for
the triple-helical region of collagen occupy almost 6 kb of ge-
nomic DNA, including six introns containing more than 5 kb
of DNA. The density of coding sequence is somewhat lower in
the triple-helical coding region than in the COOH-terminal
propeptide coding region.

DISCUSSION
The detailed analysis of 33 kb of genomic DNA containing 4 kb
of pro a2 collagen gene sequences from chicken indicates that
the structure of this gene is striking with respect to the size of
the gene and the number and arrangement of exons. It is cer-

tainly one of the largest genes identified thus far. The density
of exons in the 80% of the collagen gene characterized to date
is about 1 kb of exon per 8 kb of gene, predicting a size of ap-

proximately 40 kb for the collagen gene. This is about twice the
size of the 21-kb Xenopus laevis vitellogenin gene (10) and is
on the order of the 42-kb size postulated for the mouse dihy-
drofolate reductase gene (27).

Another remarkable aspect of the pro a2 collagen gene is its
very large number of exons, and their correspondingly small
size. The sequences of seven exons coding for the triple-helical
region have been determined; all are multiples of nine base
pairs coding for the collagen repeating unit, Gly-X-Y. Each exon

begins with the codon for glycine and ends with the codon for
the Y residue. The small size of the exons, 45-108 bp, is similar
to the 60- to 116-bp exons found in the conalbumin gene (9).
From the average size of these seven exons coding for the triple-
helical region, we estimate 40-45 exons are required to code
for this part of the gene. An additional 4 account for the COOH-
terminal propeptide and the 3' untranslated region of the
mRNA, and possibly another 3-4 account for the NH2-terminal
propeptide (the size of which has not been unambiguously de-
termined) and the 5' untranslated region. This predicts a total
of 47-53 exons. Thus 5 kb of coding information is imbedded
in 40 kb of DNA through the presence of about 50 introns. Each
40-kb primary transcript of the collagen gene must therefore
undergo about 50 precise splicing reactions.to generate a correct
mRNA, a tribute to the accuracy and efficiency of the RNA
splicing mechanism.
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Electron microscopy of R-loops, while confirming the overall
structure of this gene, appears to be inadequate to reveal ac-

curate and detailed information on the arrangement and size
of the coding regions. This is particularly applicable to the part
of the gene coding for the triple-helical region, which contains
multiple small exons not infrequently separated by small in-
trons. Three of the seven triple-helical coding exons whose se-

quences were determined were 54 bp, four were not. It has
been suggested (28) that the ancestral collagen gene was 54 bp
and that during evolution this gene was duplicated [presumably
by recombination between introns (6)] to give rise to the present
structure. Our finding that all triple-helical coding exons are

not 54 bp would indicate that if the ancestral collagen gene were
54 bp (or some other multiple of 9 bp), then duplication was

accomplished in large part by some type of recombination (such
as unequal crossing over) between exons rather than between
introns. Alternatively, it is possible that the introns were in-
serted after creation of the gene for stabilization of the repet-
itive sequences or for other structural or functional reasons.

Examination of the structure of a collagen gene in a primitive
invertebrate such as a fresh water sponge should answer this
question in part.
The detailed structural analysis of 40% of the pro a2 collagen

gene provided another interesting result with respect to in-
tron-exon placements. Rather than finding introns between the
most apparent domains of procollagen, we identified a single
exon that codes for the last 15 residues of the helical region, the
15 residues of the telopeptide, and the first 53 residues of the
COOH-terminal propeptide. This is not in obvious agreement
with a commonly held proposal that introns separate regions
that code for functionally and structurally distinct parts of the
protein. However, it could be argued that these structural do-
mains constitute a single functional domain. The COOH-ter-
minal propeptide is essential for the formation of the triple helix
but must be cleaved prior to fibrinogenesis. The gene segment
coding for the COOH-terminal propeptide cleavage site may
be fused to the gene segment coding for the end of the triple
helical region because this structure is obligatory for collagen
expression and thus is a functional domain.
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