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ABSTRACT

The nucleotide sequence of a segment of the chick al type III collagen
gene which codes for the C-propeptide was determined and compared with the
corresponding sequence in the al type I and o2 type I collagen genes. As in
the o2 type I gene the coding information for the C-propeptide of the type III
collagen gene is subdivided in four exons. Similarly, the amino proximal exon
contains sequences for both the carboxy terminal end of the a-helical segment
of collagen and for the beginning of the C-propeptide in both genes. There-
fore, this organization of exons must have been established before these two
collagen genes arose by duplication of a common ancestor. In several subseg-
ments the deduced amino acid sequence for the C-propeptide of type III collagen
shows a strong homology with the corresponding amino acid sequence in al and
a2 type I. For one of these homologous amino acid sequences, however, the
nucleotide sequence is much better conserved than for the others. It is pos-
sible that a mechanism of gene conversion has maintained the homogeneity of
this nucleotide sequence among the interstitial collagen genes. Alternatively,

the conserved nucleotide sequence may represent a regulatory signal which could
function either in the DNA or in the RNA.

INTRODUCTION

The collagens are a family of chemically and structurally related proteins
that are found in the connective tissues of many organisms (for reviews, see
1, 2). Because the five or more collagen types that are found in higher ver-
tebrates show a tissue specific distribution pattern, it is likely that their
synthesis is controlled by tissue specific developmental programs. Type III
collagen synthesis occurs simultaneously with type I in many connective tis-
sues but the relative concentrations of these two collagens vary greatly in
different tissues.

The polypeptide chains of the interstitial collagens are synthesized as
precursor molecules, preprocollagens. Beginning at the amino terminal end
they contain a signal peptide, a N-propeptide, the helical portion of the pro-
tein with the repeating Gly-X-Y motif and a C-propeptide. Whereas the signal
peptide is removed within the cell, the amino and carboxy propeptides are
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cleaved off by specific proteases after the molecule has been secreted into
the extracellular matrix. Several functions have been proposed for the propep-
tides. The C-propeptide has been postulated to play a prominent role in the
correct positioning of the chains during formation of the collagen triple helix
(3). The assembly of a correctly paired triple helix probably requires some
anchor point outside the helix to ensure a proper alignment of the polypeptide
chains. The N-propeptide, on the other hand, is thought to play a role in
translational feedback control of collagen biosynthesis (4, 5).

We have recently isolated the entire gene for chick al type III collagen
(6, Y. Yamada, unpublished results) and wish to compare its structure, evolu-
tionary assembly and regulation with that of the a2 type I gene which we, and
others, previously isolated and characterized (7, 8, 9). In this paper we
report the nucleotide sequence of the DNA segment that codes for the C-propep-
tide of al type III collagen and compare it with that of the al and a2 type I
collagen genes. Several segments of the C-propeptide reveal amino acid se-
quence homologies in all three collagens. In these conserved segments the
nucleotide sequence is often altered in the silent third base position. For
one of the homologous amino acid segments the nucleotide sequence is clearly
better conserved than in the others. This conserved nucleotide sequence con-
tains about 50 bp and occurs at the same place in all interstitial collagen
genes including chick type II (Upholt and Sandell, personal communication) and
human «2 type I (10). Possible mechanisms for maintaining the homogeneity of
this nucleotide sequence are discussed.

MATERIALS AND METHODS

The isolation of a genomic clone, A\C3-C1-24, encoding a segment of the
chick al type III collagen gene has been described (6). This clone contains
about 9 kb of the gene. Three segments of the 3' portion of the gene were
subcloned in plasmid pBR322. DNA restriction fragments were isolated from
these plasmids by electrophoresis on agarose and acrylamide gels and were
labeled with [7-32P]ATP by T4 kinase. Nucleotide sequence of the DNA frag-
ments was determined by the method of Maxam and Gilbert (11).

RESULTS
We have isolated a chick genomic DNA clone which specifies the 3' part of

the gene for chick type III collagen (6). The clone was identified by deter-
mining the DNA sequence of a segment coding for the helical part of the protein
and by comparison of the deduced amino acid sequence with the previously de-
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Fig. 2. Sequencing strategy for the chick al type III gene. The top map rep-
resents the 17 kb fragment derived from genomic clone AC3-C1-24 that contains
the 3' portion of the chick al type III collagen gene. (A), (B) and (C) rep-
resent restriction fragments showing the various sites used for the sequence.
The arrows indicate the direction of the sequence. The exons represented by
the solid boxes are numbered from 1 to 4 beginning at the 3' end of the gene.
B, BamHI; H, HindIII; R, ECoRI; X, Xbal.

termined protein sequence of calf and human «l type III collagen (12, 13).

The nucleotide sequence of the segment of the al type III collagen gene that
specifies the C-propeptide is presented in Fig. 1. Fig. 2 shows a map of the
DNA restriction fragments that were used to determine this DNA sequence and
indicates the direction of sequencing for each of these fragments. Fig. 1 also
compares the nucleotide sequence of the al type III collagen gene with the cor-

Fig. 1. Nucleotide sequence of the 3' portion of the chick al type III colla-
gen gene and comparison with the equivalent sequence in the al type I and a2
type I genes. The comparison is made only for exon sequences. Intron sequences
are only given for the type III collagen gene. The nucleotide sequence align-
ment was based on an optimal amino acid alignment of the three collagens.
Nucleotide sequences of al type I and a2 type I which differ from al type III
are shown. Arrows indicate splicing sites of exons. /\, represent deletions;
—-, represent bases that are identical to al type III. The first stop codon

in exon 1 is underlined. The nucleotide sequence of al type I is taken from
ref. 14, that of a2 type I from ref. 15.
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Fig. 3. Exon-intron organization of the al type III and «2 type I collagen
genes for segments coding for their respective C-propeptide. The exon struc-
ture for a2 type I is from ref. 15.

responding nucleotide sequence for al and a2 type I collagen (14). Whereas a
genomic clone for the al type I collagen gene is not yet available, the gene
for the «2 type I collagen has been isolated (7, 9) and the nucleotide sequence
of the exons encoding the C-propeptide of this collagen has been determined
(15). A small number of differences exists between the cDNA sequence and the
sequence of the exons.
Exon organization

As in the a2 type I collagen gene, the coding information for the C-pro-
peptide of al type III collagen is subdivided in four exons, which we will
designate exons 1 to 4, beginning with the exon coding for the carboxy terminal
part of the C-propeptide (see Fig. 3). Exon 4 contains 36 bp less in the a2
type I collagen gene than in the al type III collagen gene. Exon 3 contains 3
bp less in the al type III collagen gene than in the a2 type I collagen gene.
We note also that as in the a2 type I collagen gene, exon 3 contains only the
first two bases of the glycine codon located at its 5' end. The coding se-
quences of exon 2 and exon 1 are identical in length in both genes although
the 3' untranslated segment of the al type III collagen gene is much longer
than in the «2 type I collagen gene (Yamada, unpublished data). The length of
the 3'-untranslated sequence was determined by R-loop analysis (6) and by S1
mapping experiments (data not shown). The size of the introns separating these
exons is, by contrast, very different in the two genes.

The amino acid sequence (Fig. 4) that is deduced from the nucleotide se-
quence of exon 1 reveals several features that are characteristic of type III
collagens. First, two successive cysteine residues are found at the end of

2738



Nucleic Acids Research

the a-helical portion. These two cysteine residues form interchain disul-
fide bonds in type III collagen (12, 13); they are not found in «l or a2 type
I collagens (14, 15) or in «l type II collagen (W. Upholt, personal communi-
cation). Second, five tandem repeats of the Gly-Pro-Pro tripeptide are found
at the carboxy terminal end of the a-helical domain in both al and a2 type I
collagen (14, 15). Such repeats do not occur in the al type III collagen (12,
13). It is of interest to note that both in a2 type I and al type III, the
amino terminal portion of exon 4 contains 6 Gly-X-Y units. These 18 amino
acids are encoded by 54 bp, a length that corresponds to the conserved size of
collagen gene exons. It is likely, therefore, that exon 4 evolved by fusion
between a 54 bp exon and an exon coding for the beginning of the nonhelical
peptide.

The amino acia sequence of the telopeptide and the beginning of the C-
propeptide diverge considerably between type I and type III collagen. It has
been proposed that the recognition site for the procollagen C-protease in al
and a2 type I procollagen includes the sequence Tyr-Tyr-Arg-Ala-Asp-Glu, the
Ala-Asp bond being cleaved by the enzyme (14, 15). The sequence of the cor-
responding site in al type III collagen appears to be Tyr-Glu-Tyr-Arg-Asp-Glu.
It is possible that the C-protease would cleave the bond between Arg and Asp.
A conserved nucleotide sequence in exon 2

There are several stretches of amino acids that are conserved in all three
collagens (see Fig. 4). For instance, residues 75 to 85 are identical in all
three collagens except for one difference in al type III. Residues 94 to 105
are identical in all three genes except for one residue in a2 type I. Residues
108 to 122 and residues 143 to 152 are conserved between al type I and al type
III. The most conserved segment spans residues 184 to 199 in which 16 amino
acids are identical in a2 type I and al type III collagen. In this region, 13
amino acids in «l type I are also found at the same place as in a2 type I and
al type III. Overall in the C-propeptide, 145 of 246 amino acids or 59%, are
conserved between al type I and al type III collagen. Similarly, 150 of 246
amino acids, or 61%, are conserved in al type I and a2 type I. On the other
hand, less homology of amino acid sequence (50%) was found between a2 type I
and al type III.

The overall nucleotide sequence divergence of the coding segment appears
to be consistent with an evolutionary distance of at least 200 x 106 years.
This period corresponds approximately to the time of speciation of the avians.
In places where amino acid residues are unchanged, the nucleotide sequence
often shows a change in the silent position of the codons. As far as can be
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determined from the available but incomplete intron sequences, there is no
detectable homology between the introns of a2 type I and al type III except
for the splicing signals. The nucleotide sequences of the 3' untranslated
regions show much less homology than the coding sequences in the three colla-
gen genes.

In exon 2 the nucleotide sequence which codes for amino acid residues 184
to 199 is, however, hignly conserved in different collagen genes. In this
segment 48 bp are identical in the a2 type I and type III genes. The same
nucleotide sequence is also conserved in the genes for al type I and for type
II (W. Upholt, personal communication). An equivalent segment of the human «2
type I gene also shows an extraordinary nucleotide sequence homology with the
chick a2 type I gene (10). This homology between equivalent segments of the
chicken and numan «2 type I collagen genes extends over an additional 100 bp
towards the 5' ends of these genes.

DISCUSSION

We have determined the nucleotide sequence of a segment of the chick al
type III collagen gene which codes for the C-propeptide of this collagen poly-
peptide. As in the gene for a2 type I collagen, four exons specify the C-pro-
peptide of al type III collagen. The exon boundaries were determined by com-
parison with the known amino acid sequences of al type I and «2 type I colla-
gens. The locations of the boundaries were confirmed by the presence of con-
served splicing signals at each end of these exons (Fig. 1). The length of
the coding region in exon 1 and the length of exon 2 are identical in the gene
for al type III collagen and in the gene for a2 type I collagen. The size of
exon 3 is 3 nucleotides shorter in ol type III than in o2 type I. Exon 4 is
36 bp longer in the type III than in the «2 type I gene. A comparative analy-
sis of the sequences suggests that this could be due to a 33 bp deletion that
includes part of the sequences for the telopeptide of «2 type I plus an addi-
tional 3 bp deletion (see Fig. 4). Notwithstanding these differences, it is
clear that the exon-intron organization of these two genes is very similar.
Additional structural similarities are seen between these two genes. First,

Fig. 4. Amino acid sequence of the carboxy terminal part of «l type III col-
lagen and comparison with al type I and o2 type I. The amino acid sequence
deduced from exon 1 to exon 4 of the al type III collagen gene is shown. Only
amino acid sequences of al type I and a2 type I which differ from al type III
are shown. Symbols used are: [\, deletion; *, cysteine residue of al type
1II; +, splicing sites of exons; A, C-protease cleavage site; +, carbohydrate
attachment site; |» end of the helical part of a«l type III collagen.
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exon 4 contains 54 bp specifying the carboxy proximal portion of the collagen
a-helical segment together with sequences for the telopeptide and the amino
terminal part of the C-propeptide in both genes. It is likely, therefore,
that this exon resulted from the fusion of at least two exons. Second, the 3'
terminal codon in exon 4 is split between exon 4 and exon 3 in both genes. We
conclude that the exon arrangement in the portion of these genes that specify
the C-propeptide was established before these genes were duplicated from a
common ancestor.

Several segments of the C-propeptide show homologies in their amino acid
sequence between al type I, a2 type I, and type III collagens. In these con-
served segments the corresponding nucleotide sequence often shows variations
in the silent third base. However, in one of these homologous amino acid seg-
ments the corresponding nucleotide sequence is more highly conserved than in
the others. One possible explanation for this conserved nucleotide sequence
that is found in exon 2 in four different collagen genes is that it represents
a common controlling element for these genes. This regulatory signal could be
a DNA binding site for a control protein or a site that is critical for RNA
processing, stability or transport. It would, however, be unusual for a regu-
latory sequence to be located in the middle of an exon. Furthermore, there is
no obvious symmetrical element in this sequence as is often found in regulatory
signals in DNA and RNA.

An alternative hypothesis is that the nucleotide sequence was conserved
because the amino acid sequence in this segment plays a critical role in the
biosynthesis or the assembly of the collagen molecule. This amino acid se-
guence contains the unique carbohydrate attachment site of the carboxy propep-
tide (15). It is possible that this conserved sequence is essential for the
correct alignment of the collagen polypeptides during the formation of the
triple helix. The reason why the nucleotide sequence is better conserved in
one segment whereas only the amino acid sequence is conserved in others is not
clear, unless the segment with the conserved nucleotide sequence has a more
critical role.

If the conservation of the amino acid sequence is the reason why the nu-
cleotide sequence is conserved, then its conservation must have occurred by a
different mechanism than in segments where only the amino acid sequence is
conserved. A possible mechanism to maintain nucleotide sequence homogeneity
is gene conversion or double unequal crossing-over. The conservation of this
same segment in four different collagen genes suggests that the mechanism that
was responsible for maintaining the homogeneity of the sequences must have
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occurred with a certain frequency. In yeast, gene conversion is more frequent
than simple unequal crossing-over (16) and it probably occurs also at a high
frequency in mouse cells under the appropriate selective pressure (17).

Gene conversion is implicated in mating-type interconversion in yeast (18, 19)
and has been postulated as a mechanism to maintain sequence identities in fam-
ilies of related genes (20). Such a mechanism could be important to conserve
an ancestral function among the members of a family whereas other parts of the
gene would be allowed to acquire independent functions.

The same nucleotide sequence which is conserved in different chick colla-
gen genes is also maintained in the human a2 type I collagen gene (10). Here
the homology between the human and chick a2 collagen nucleotide sequence ex-
tends approximately another 100 bp towards the 5' end of these genes. This
interspecies homology could have been caused by a horizontal exchange of gene-
tic information between chicken and man and may have been mediated by a retro-
virus type vector.
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