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Summary. Although the major types of  vertebrate 
Collagen have a number of  structural properties in 
COmmon, significant DNA sequence homologies 
have not been detected between different portions 
of the helical coding domains within the same gene 
or between different genes. However, under non- 
stringent hybridization conditions we found consid- 
erable cross-homology within and between a 1 (I) and 
~2(I) chick cDNAs in the coding regions for helical 
Sequences. Detailed analyses at the DNA sequence 
level have led us to propose that the gene for chick 
pro a2(I) collagen arose from a 9-bp primordial se- 
quence. A consensus sequence for the 9-bp repeat 
Was derived: GGTCCTCCT, which codes for a Gly-  
Pro-Pro triplet. The primordial ancestor of  this 
9-bp unit, GGTCCTXCT, apparently underwent 
duplication and divergence. Each resulting 9-bp se- 
quence was triplicated to form a 27-bp domain, and 
a condensation event produced a 54-bp domain. 
This genetic unit then underwent multiple rounds 
of amplification to form the ancestral gene for the 
full-length helical section of  a2(I). A different 9-bp 
Consensus sequence (GGTCCCCCC) seems to have 
been the basis of  the chick pro al(I)  gene. 

Key words: Collagen -- Ancestral genetic domain 
"- Simple sequence amplification -- Consensus se- 
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Introduction 

The collagens are a family of proteins that constitute 
the major component of  the extracellular matrix in 
most animal tissue. In higher vertebrates there are 
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three major interstitial collagens, with four genes 
required to code for their various constituent chains, 
which are synthesized as procollagen precursors 
(Bornstein and Sage 1980). These collagens share 
several structural properties, including a glycine res- 
idue at every third position in the helical domains 
of  the polypeptide chains, a high proline and hy- 
droxyproline content, and three polypeptide chains 
that interact to form a helical molecule (Bornstein 
and Sage 1980; Eyre 1980). The procollagen pre- 
cursors have extensions at both the amino and car- 
boxyl terminals. The former contains one short col- 
lagenous helical section, while the latter contains 
none (Bornstein and Sage 1980). 

Overall, the sequence of  the helical region has 
remained highly conserved both within the collagen 
gene family and from species to species (Hofmann 
et al. 1980). Several investigators have examined 
the amino acid sequences within helical regions 
looking for repeat patterns (Piez and Torchia 1975; 
McLachlan 1976; Trus and Piez 1976; Hofmann et 
al. 1978, 1980). The distribution of  charged and 
hydrophobic residues shows a periodicity of  234 
residues (Piez and Torchia 1975; McLachlan 1976), 
the same as the length of  the D-stagger of  collagen 
fibrils. On the basis of  the D repeat structure, 
McLachlan (1976) suggested that collagen sequences 
evolved from a primordial gene oflength D by gene 
duplication. When Hofmann et al. (1980) extended 
the comparison of  internal sequences to include in- 
teractive and noninteractive residues, repeat units 
78, 39, 21, and 18 amino acids in length were ob- 
served. They proposed that the 78-residue repeats, 
which are defined mainly by noninteractive resi- 
dues, may better reflect the original genetic unit, 
since such residues have not been exposed to selec- 
tive pressure directed toward improved aggregation 
of  the molecules into fibrils. Therefore, they con- 
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e luded  tha t  the  78- res idue  uni t  was  the  p r imord i a l  
genetic  unit .  H o w e v e r ,  they  d id  no t  p rec lude  the 
possibi l i ty  tha t  this sequence  arose by  dup l i ca t ion  
o f  a 39- res idue  un i t  tha t  in tu rn  cons is ted  o f  an  18- 
and  a 2 l - r e s idue  unit .  

The  avai labi l i ty  o f  D N A  sequence  da ta  affords 
us a be t te r  o p p o r t u n i t y  for  e x a m i n i n g  the ques t ion  
o f  col lagen gene evo lu t ion .  Ful ler  a nd  Boed tke r  
(19 81) and  M o n s o n  a nd  M c C a r t h y  (1981) h a v e  pub-  
l ished the partial  sequences o f a  1 (I) and  a2(I)  c D N A s  
f r o m  chick  and  mouse .  The i r  results  suppor t  the 
obse rva t ion ,  m a d e  by  di rec t  a m i n o  acid  analysis  
( H o f m a n n  et al. 1980), tha t  the  helical d o m a i n  is 
qui te  c o n s e r v e d  across  species lines. I n  add i t ion ,  
Tare  et al. (1983) a nd  Be rna rd  et al. (1983)  h a v e  
f o u n d  a shor t  region in the  ca rboxy l - t e rmina l  p ro -  
pept ide  tha t  is h ighly  conse rved  in a m i n o  acid a n d  
D N A  sequence  a m o n g  the va r ious  col lagen genes 
and  a m o n g  species. C o d o n  usage analyses  have  
shown  a preference  for  U a nd  C in the  th i rd  pos i t ions  
o f  glycine,  prol ine,  a nd  a lanine  c o d o n s  (Fuller  a n d  
Boed tke r  1981; Bernard  et al. 1983). H o w e v e r ,  al- 
t h o u g h  the  t r ipept ide  repea t  s t ruc ture  has  been  rec-  
ognized  as e lementa l  to the hel ical  na tu re  o f  colla- 
gen, there  has  been  no  analysis  o f  D N A  sequences  
tha t  wou ld  suppor t  the hypo thes i s  tha t  a n ine -nu-  
c leot ide  sequence  served  as the p r imord i a l  gene se- 
quence.  

Ins tead ,  two hypo theses  conce rn ing  the  evo lu t i on  
o f  the col lagen gene have  emerged,  based  on  the 
p r e s u m e d  exis tence o f  an  ances t ra l  gene 54 b p  long  
tha t  codes  for  a pep t ide  18 a m i n o  acids long. The  
d e v e l o p m e n t  o f  these hypo theses  rests on  the  ob-  
serva t ions  tha t  (1) the  ve r tebra te  col lagen genes 
s tudied so far are  m a n y  t imes  longer  t han  their  cor-  
r e spond ing  m R N A s  because  o f  the presence  o f  ap-  
p rox ima te ly  50 in t rons  o f  va ry ing  lengths,  and  (2) 
while  all the exons  are mul t ip les  o f  9 bp,  m a n y  are 
mul t ip les  o f  54 b p  CYamada et al. 1980; M o n s o n  
and  M c C a r t h y  1981; W o z n e y  et al. 1981). 

T h e  first hypo thes i s  suggests tha t  the  ful l- length 
collagen gene arose  by  mul t ip le  dup l ica t ions  o f  a 
single genetic uni t  conta in ing  54 bp  and  the adjacent 
sequences required for splicing ( Y a m a d a  et al. 1980). 
The  second  hypo thes i s  suggests tha t  the p r imord i a l  
col lagen gene arose  by a series o f  h o m o l o g o u s  re- 
c o m b i n a t i o n a l  even ts  within cod ing  sequences  and  
tha t  the in te rven ing  sequences  were inser ted  at a 
later t ime  ( M o n s o n  a nd  M c C a r t h y  1981; W o z n e y  
et al. 1981). Suppo r t  for  this hypo thes i s  is taken 
f r o m  the  large n u m b e r  o f  exons  tha t  are no t  54 bp  
or  mul t ip les  t h e r e o f  a nd  the  h o m o l o g y  seen be tween  
exon  sequences  in s taggered a l ignment .  I n  con t ras t  
to  p r ev ious  studies,  ou r  analys is  specifically e x a m -  
ines the  avai lable  D N A  sequences  for  chick  a l(I)  
and  a2(I )  col lagen gene cod ing  regions in search o f  
a p r imord i a l  sequence  w i t hou t  any  bias  based  on  

exon  size. In  the  case o f  the  a2(I )  gene, the  results 
s t rongly  suggest the  existence o f  a n ine-nuc leo t ide  
p r i m o r d i a l  gene ( G G T C C T X C T )  tha t  unde rwen t  
dup l i ca t ion  and  divergence .  Each  resul t ing 9 -bp  se- 
quence  was  then  t r ip l icated to  f o r m  a 27 -bp  doma in .  
A c o n d e n s a t i o n  even t  p r o d u c e d  a 54-bp  doma in ,  
and  this genetic un i t  then  unde rwen t  mul t iple  rounds  
o f  ampl i f icat ion to  f o r m  the ancestral  gene tha t  codes 
for  the  ful l- length helical sect ion o fa2 ( I ) .  A different 
9 -bp  consensus  sequence  ( G G T C C C C C C )  seems to 
h a v e  been  the basis  o f  the chick  p ro  a 1 (I) gene. 

Materials and Methods 

Computer-Assisted Searches. Computer programs were written 
in TRS-80 BASIC for searching the DNA sequences for direct 
repeats of preset lengths. The available DNA sequences for chick 
al(I) and t~2(1) gene coding regions (Yamada et al. 1980; Fuller 
and Boedtker 1981; Wozney et al. 1981; Tare et al. 1983) were 
entered into the programs. Where both eDNA and genomic se- 
quences are known, no differences have been observed. Where 
available, the genomic sequences were used; otherwise eDNA 
sequences were entered into the program. The data for the a2(I) 
chain represent 18 of the 40 exons that contain sequences for the 
major triple-helical domain. These exons are spread throughout 
the gene, together representing 44% of the coding sequence for 
the helix. 

Determination of the DNA Consensus Sequence. The se- 
quence for each chain was listed in groups of nucleotides of the 
desired length (9, 18, 27, and 54). For 9-, 18-, and 27-bp lengths 
all available sequences were analyzed as if they were contiguous, 
without regard to location within the helical coding domain or 
exon organization. Position 1 was assigned to the first base of 
the first glycine eodon. For the 54-bp lengths we used only se- 
quences to which positions in an exon had been assigned. For 
exons shorter than 54 bp, the sequence was started in position 1 
and spaces were placed at the end of the exon; for exons longer 
than 54 bp, the sequence was divided into sections a and b and 
if the exon was shorter than 108 bp, spaces were placed at the 
end of section b. The numbers of times the bases appeared in 
each position were tabulated, and the most frequently appearing 
base in each position defined the consensus sequence. 

Hybridizations and Melting Curves. Restriction digests of the 
inserts from pCg54 or pCg45 (Fuller and Boedtker 1981) were 
run on 2.5% agarose gels as previously described (Peterson et al. 
1980) and transferred to nitrocellulose filters by the method of 
Southern (1975). Clones containing the plasmids were generously 
provided by H. Boedtker. Probes were 32 P-labeled uniformly bY 
nick translation or at 5' termini by T4 polynueleotide kinase 
(Peterson et al. 1980). Filter hybridizations and subsequent wash- 
es were done according to our previously described methods 
(Doering et al. 1982), except that hybridizations were done at 
50"C without formamide, and filters were washed for 2 h at 50"C 
in eight changes of hybridization solution, followed by four 15- 
rain washes at room temperature in melt buffer (50 mM NaCI; 
10 mM Tris-HC1, pH 7.5; 1 mM ethylenediaminetetraacetate)- 
Areas of a filter containing fragments to which a probe had hy- 
bridized were cut out and incubated for 10 min in melt buffer at 
temperatures increased by 5"C intervals. The radioactivity re- 
maining bound to the filter at each temperature was measured, 
permitting the construction of melting curves. The Tm for a filter- 
bound probe homoduplex was compared with those for hybrids 



of the probe with heterologous fragments. Such filter hybridiza- 
tions give a qualitative indication of which fragments share se- 
quence similarity, but cannot be used to quantitate accurately 
the extent of that similarity. 

Statistical Methods. Our statistical analyses are based on var- 
ious chi-square techniques. In the analysis of the number of mis- 
matches, each consecutive 9-bp portion ofa DNA sequence was 
COmpared with its appropriate consensus sequence and the num- 
ber of mismatches determined. The respective numbers of 9-bp 
Sequences with zero to nine mismatches were tallied. We then 
Used a chi-square goodness-of-fit test to compare this distribution 
With that expected assuming that the replicated consensus se- 
quence had undergone random mutation by a binomial model. 
A statistically significantly large chi-square value is indicative of 
Uonhinomiai mutation. 

Our other analyses are based on log-linear analysis (Fienberg 
1977). This is a method for analyzing tables of counts where the 
dimension of the table is greater than two. Log-linear analysis 
can be viewed as a generalization of the usual chi-square tech- 
niques that are used for two-dimensional tables. 

In our analyses of patterns of number of mismatches we looked 
at how the distribution of number of mismatches varied with 
number of mismatches in the previous 9-bp unit. This was a 
two-way analysis for el(I), where only the DNA sequence from 
the region corresponding to amino acids 814-1014 was used; for 
~2(/) we also included the four sequence areas arbitrarily assigned 
as the four regions of known DNA sequence (amino acids 37- 
72, 175-360, 379--429, and 814-1014) as a factor. 

For our analysis of a potential 54-bp consensus sequence in 
~2(I) we looked at how the distribution of bases varied with 
location within the 9-bp unit and across replicate 9-bp units. 
Only the seven variable locations in the 9-bp unit (positions 3- 
9) were used in these analyses (see Table 1). We then divided the 
9-bp sequences into two groups of three sequences each com- 
Prising the first 27 and the last 27 positions of the 54-bp sequence. 
These analyses were done for the seven variable locations (3-9) 
and then separately for the four C positions (4, 5, 7, and 8) and 
two T positions (6 and 9) of the 9-bp consensus sequence (see 
Table 1). The results from these three analyses were the same; 
we report the results using all seven variable locations. Similar 
analyses were done for potential 9-, 18-, and 27-bp consensus 
Sequences. 

Results 

We d e t e r m i n e d  the  ex tent  o f  c ros s -hybr id i za t ion  be-  
tween ch ick  ~1(I)  a nd  a2(I )  c D N A s  (Fig. 1) in the 
Course o f  deve lop ing  cond i t i ons  u n d e r  wh ich  they  
Could be used as specific p robes  in o the r  species for  
Only their  i so logous  genes. Low-s t r i ngency  hybr id -  
izat ion (see Mater ia ls  a n d  M e t h o d s )  r ep roduc ib ly  
detected significant hyb r id i za t i on  be tween  these two 
Sequences. L a m b d a  phage  D N A  did  no t  hybr id ize  
to e i ther  e D N A  u n d e r  these condi t ions .  Thus ,  n o n -  
Specific a d s o r p t i o n  o f  the p robe  cou ld  no t  a c c o u n t  
for these results.  T h e  regions  o f  c r o s s - h o m o l o g y  be- 
tween the two sequences  were local ized using var -  
ious res t r ic t ion f ragments  (Fig. 1). A t  a qua l i ta t ive  
level there  is no  significant sequence  h o m o l o g y  be-  
tween ~ 1 (I) and  ~2(I) in the  c a r b o x y - t e r m i n a l  pro-  
peptide cod ing  regions  o r  be tween  the tr iple-helical  
r eg ion  a n d  c a r b o x y - t e r m i n a l  p r o p e p t i d e  r eg ion  
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Fig. 1. Localization of the regions of cross-similarity in the 
al(I) and a2(I) chick collagen cDNAs. Hybridizations involving 
the indicated restriction fragments were performed as described 
in Materials and Methods. Fragment sizes are given in base pairs 
(bp). The Tm reductions were determined as described in Ma- 
terials and Methods 

within a c D N A .  The  a l ( I )  c D N A  clone used  here  
does  n o t  ex tend  in to  the  shor t  region o f  sequence  
s imilar i ty  be tween  a 1 (I) and  a2(I )  c a rboxy  p ropep -  
t ide cod ing  regions  (Bernard  et al. 1983; Ta te  et al. 
1983). H o w e v e r ,  clearly there  is significant s imilar-  
i ty be tween  a l ( I )  and  a2(I )  sequences  in the triple- 
helical cod ing  regions tha t  has  no t  been  p rev ious ly  
noted.  M o r e o v e r ,  there  is a g o o d  degree o f  s imi la r i ty  
be tween  the  two f ragments  wi th in  the tr iple-helical  
coding region o f  the a2(I )  e D N A  (B x A). This  
f inding was  no t  p red ic ted  f r o m  pr io r  analyses  o f  the  
a2(I )  eDNA sequences  (Fuller a n d  Boed tke r  1981) 
and  suggests the presence  o f  a p rev ious ly  unde -  
scr ibed t a n d e m l y  repea ted  sequence.  

Compu te r - a s s i s t ed  searches o f  the ct 1 (I) o r  ~2(I)  
col lagen cod ing  sequences  showed  no  direct  repeats  
longer  t han  17 bp  and  ve ry  few longer  t han  12 bp.  
T a k e n  together  wi th  the t r ipept ide  repeat ing  a m i n o  
acid  pa t te rn  seen in the  helical region o f  collagen,  
these da ta  suggested a n ine -nuc leo t ide  sequence  as 
the m o s t  likely basis for  any  t a n d e m  repeat .  

W h e n  the pub l i shed  nucleic  ac id  sequence  for  the  
tr iple-helical  region o f  chick  a2(I )  col lagen was  wri t -  
ten as 9-bp  uni ts  and  the  f requencies  o f  the bases  
in each  pos i t ion  were  tall ied (see Mater ia ls  a n d  
Methods) ,  a consensus  sequence  was  ident i f ied (Ta-  
ble 1). The  f requencies  o f  1.0 in the first two  posi -  
t ions  are to be  expec ted  because  o f  the r e q u i r e m e n t  
for  glycine as every  th i rd  a m i n o  acid  o f  the  helix 
and  because  the c o d o n s  for  glycine are  o f  the f o r m  
G G X .  These  then  are  the  invar iab le  pos i t ions ,  



212 

Table 1. Primordial consensus sequences for chick a I (I) and a2(I) collagen genes 

Posi t ion 

Base 1 2 3 4 5 6 7 8 9 

Chick a l ( I )  D N A  sequence  

G 67 67 1 23 3 5 19 9 8 
C - -  - -  24 39 43 35 32 40 38 
A --  - -  4 3 15 9 13 13 6 
T --  - -  38 2 6 18 3 5 15 

Consensus :  G G T C C C C C C 
1.00 1.00 0.57 0.58 0.64 0.52 0.48 0.60 0.57 

Chick a2(1) D N A  sequence  

G 158 158 4 43 9 17 40 25 16 
C - -  - -  33 80 78 35 69 77 6 
A --  - -  22 24 45 31 44 37 22 
T - -  - -  99 11 26 75 5 19 114 

Consensus :  G G T C C T C C T 
1.00 1.00 0.63 0.51 0.49 0.47 0.44 0.49 0.72 

The  available D N A  sequences  for the  helical d o m a i n s  o f  these collagen chains  ( Y a m a d a  et al. 1980; Fuller and  Boedtker  1981; WozneY 
et al. 1981) were entered  into a TRS-80  BASIC program.  The  sequence  for each chain  was listed in consecut ive  groups  o f  nine 
nucleot ides  and  the  consensus  sequences  were der ived as described in Mater ia ls  and  Methods .  At  the  b o t t o m  o f  each section, the  base 
tha t  appears  m o s t  often in each posi t ion o f  the  9-bp sequence is indicated a long with its f requency 

Table  2. Frequency  dis t r ibut ions  o f  n u m b e r s  o f  m i s m a t c h e s  for 
9 -bp  sequences  compared  with the  appropr ia te  consensus  se- 
quence  

No.  o f  Gene  

m i s m a t c h e s  a 1 (I) a2(1) 

0 1 (1.5%) 4 (2.5%) 
1 13 (19.4%) 24 (15.2%) 
2 16 (23.9%) 33 (20.9%) 
3 12 (17.9%) 29 (18.4%) 
4 10 (14.9%) 28 (17.7%) 
5 9 (13.4%) 22 0 3 . 9 % )  
6 4 (6.0%) 15 (9.5%) 
7 2 (3.0%) 3 (1.0%) 
8 0 0 
9 0 0 

Each consecut ive  9-bp por t ion  o f  D N A  sequence  was compared  
with its appropr ia te  consensus  sequence  and  the  n u m b e r  o f  mis -  
ma tches  de termined .  Nine-base-pa i r  sequences  wi th  zero to n ine  
mismatches are tallied here. The numbers in parentheses rep- 
resent the distributions expressed as percentages 

whereas the remaining seven positions o f  the 9-bp 
unit  are potential ly variable. The  frequent appear- 
ance o f  specific nucleotides at each potential ly vari- 
able position has led us to conclude that the se- 
quence G G T C C T C C T  is a consensus sequence for 
the chick a2(I) gene. This  sequence codes for a G l y -  
P ro -P ro  tripeptide. 

Each 9-bp unit  o f  the a2(I) D N A  sequence then 
was compared  with the consensus sequence and the 
number  o f  mismatches  was determined.  Nine-base-  
pair  units with zero to seven mismatches  were tal- 
lied and the distr ibution was calculated on a per- 

centage basis (Table 2). A chi-square goodness-of" 
fit test compared  this distr ibution with that  expected 
assuming that the replicated consensus sequence had 
undergone r andom muta t ion  by a binomial  model.  
A large chi-square value is indicative o f n o n r a n d o m  
substitution. The  mismatch  distr ibution is signifi- 
cantly skewed toward low numbers  o f  mismatches 
and indicates that  the a2(I) sequence has not  under- 
gone binomial  muta t ion  (chi-square = 42.12 on 6 
degrees o f  f reedom, P < 0.001). This  argues that the 
consensus is good and that there has been evolu- 
t ionary pressure to mainta in  this sequence. 

The  a2(I) sequences analyzed come from a num" 
ber o f  regions spread throughout  the gene, together 
totalling 44% of  the coding sequence for the helix. 
A histogram of  the number  o f  mismatches  between 
each nine-nucleotide sequence and the consensus 
sequence for a2(I) (Fig. 2) reveals no large regions 
o f  high conservat ion or divergence from the con- 
sensus sequence. Rather,  9-bp units with two or less 
mismatches,  that is, those with more  than 700/0 
matches in the variable bases, occur uniformly 
throughout  the sequence (Fig. 2); no statistically sig- 
nificant association with the n u m b er  o f  mismatches 
in the preceding 9-bp unit  was detected (P = 0.873; 
see Materials and Methods).  This all tends to in- 
dicate that the 9-bp consensus sequence we have 
de termined  is the pr imary  structural unit  for the 
entire a2(I) gene's helical coding domain.  

The  9-bp repeat exhibits an unusual polari ty ila 
the conservat ion o f  nucleotides at each position. 
Bases are more  conserved at the first and last vari- 
able positions than in the middle  (Table 1). The 
strong conservat ion in these posit ions is especially 
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big. 2. Histogram of the deviation from the consensus sequence of every 9-bp unit within chick a 1 (I) and a2(I). The DNA sequences 
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mismatches was plotted as a function of position in the helix. The amino acid positions of the 9-bp units are indicated on the abscissa. 
The gaps in the a2(I) histogram are regions where DNA sequence is not available 

striking considering that variations in these posi- 
tions would evoke a silent mutation in the wobble 
Position of  the Gly and Pro codons. In contrast, the 
first position in a codon, 7, has the lowest degree of 
Conservation, with both G and A occurring nearly 
as frequently as C. Subsequent analysis (see below) 
showed that this may well be the result of the process 
that led to the evolution of a full collagen gene. 

Attempts were next made to determine whether 
a repeating sequence larger than 9 bp could have 
Served as the primordial element in the collagen 
gene's formation. One of the most logical sizes to 
Consider is 54 bp, since many exons are this size or 
a multiple thereof. On the basis of these observa- 
tions, Yamada et al. (1980) suggested that the 54- 
bp exons represent a primordial sequence. In the 
CUrrent case, we analyzed only sequences for which 
Position in an exon had been assigned. This limited 
the analysis to a2(I), but excluded only a small per- 
centage (72 of 1422 bp) of  the data used in our 
Previous analyses. Table 3 shows the consensus se- 
quences and the frequencies of the bases if repeating 
Units of  9, 18, 27, or 54 bases are assumed. The 
average frequency for the variable bases remains 
quite constant independent of the size of the re- 
Peating unit. The 18- and 27-bp consensus se- 
quences give no strong evidence of being anything 
Other than multiple tandem copies of the funda- 

mental 9-bp unit. However, the 54-bp consensus 
sequence is n o t  composed of six identical copies of  
the 9-bp unit. The percentage of matches of  each 
54-bp unit with the consensus sequence, in the vari- 
able positions only, is shown in Table 4. More than 
75% of the repeats have more than 50% matches 
with the consensus sequence, the greatest similarity 
being 71%, for exon 4. The one repeat with less than 
40% matches is the first 54 bp of exon 7, which 
contains 33% matches. This is of special interest, 
since this is a sequence that codes for a cross-linking 
region (lysine in position 937 of the helix) (Bornstein 
and Sage 1980), and thus may have different con- 
straints than the rest of the helical coding region. 
These results argue that the 54-bp consensus se- 
quence is a good one that is significantly different 
from just a tandem array of homogeneous 9-bp units. 
The simplest assumption is that the 9-bp unit was 
the primordial sequence from which the gene arose, 
and that a 54-bp unit was also a discrete step in the 
gene's evolution. 

We thus wanted to examine the various consen- 
sus sequences in Table 3 to see whether there was 
any statistical evidence for the 9-bp unit having been 
amplified to form some larger unit that in turn served 
as an intermediate in collagen gene construction. To 
do this we used log-linear analysis, assessing the 
goodness of fit of various models by likelihood ratio 
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Table 3. Consensus sequences derived with various repeating lengths 

Consensus sequence 

9-Mer 
G 

18-Mer 
G 

27-Mer 
G 

54-Mer 
G 

G 

G T C C T C C T 
0.63 0.51 0.49 0.47 0.44 0.49 0.72 

G T C C T C C T G G T C C T C C T 
0.71 0 .50 0.49 0.42 0.49 0.58 0.78 0.51 0.53 0.50 0.51 0.39 0.40 0.69 

0.57 0.50 

G T C C T C C T G G T C C T C/G C T 
0.56 0.50 0.48 0.42 0.50 0.44 0.73 0.54 0.54 0.54 0.54 0.38 0.52 0.77 

0.52 0.55 

G T C A T C C T G G C C C T C C T 
0.62 0.50 0.46 0.38 0.69 0.62 0.85 0.42 0.54 0.54 0.62 0.50 0.54 0.92 

0.59 0.58 

G T C C T A A T G G T C C T G C T 
0.50 0.50 0.58 0.46 0.42 0.31 0.62 0.69 0.54 0.54 0.46 0.42 0.50 0.62 

0.48 0.54 

The available coding sequence for the chick a2(l) gene (Yamada et al. 1980; Fuller and Boedtker 1981; Wozney et at. 1981; Tate et 
al. 1983) was listed in groups of 9, 18, 27, or 54 bp. The number of times the bases appeared in each position was tabulated and 
consensus sequences were determined as described in Materials and Methods. Where the base repeat is larger than nine bp the average 
frequency for each 9-bp subunit is shown in the line below the individual base frequencies. The overall average frequency for the full- 
length repeat is shown on the fight 

tests. This method  takes the overall ( " c o m m o n " )  
distribution o f  bases at each of  the seven variable 
locations and asks whether each subregion is statis- 
tically consistent with this distribution, and if  not, 
where the differences occur. This analysis does not  
assume a r andom base pair distribution and thus is 
particularly helpful in analyzing n o n r a n d o m  coding 
sequences like collagen. 

The consensus sequence for the hypothetical 18- 
bp unit (Table 3) gives no indication o f  being any- 
thing other than two tandem 9-bp units. This ob- 
servation was substantiated by the log-linear anal- 
ysis, which found no significant difference in the 
base pair distributions of  the two 9-bp units (P = 
0.471); that is, the base distributions at each of  the 
seven variable locations o f  the two 9-bp units were 
consistent. 

I f  we instead assume a 27-bp consensus sequence, 
the three 9-bp units do not differ significantly (P = 
0.095). This result is closer to indicating a statisti- 
cally significant difference than that for the 18-bp 
consensus sequence, reflecting the nonhomogenei ty  
o f  the three 9-bp units within the consensus se- 
quence; in location 7, C is a fairly strong consensus 
for the first and third 9-bp unit, while in the middle 
9-bp unit G is only a weak consensus (20 Gs and 

19 Cs). We also divided the 27-bp sequence into a 
9-bp unit and an 18-bp unit  consisting o f  two ho- 
mogeneous 9-bp subunits. When we take the 9-bP 
unit as the start o f  the 27-bp sequence, we find that 
the 18-bp unit and 9-bp unit  are homogeneous 
(P = 0.235). However,  when we take the 9-bp unit 
as the end of  the 27-bp sequence, we find marginal 
heterogeneity (P = 0.040). Together,  the 27-bp con- 
sensus sequence results hint at some underyling het- 
erogeneity, but  are not  conclusive. 

We analyzed the 54-bp consensus sequence as 
two 27-bp units, as three 18-bp units, and as six 
9-bp units. Beginning with the 27-bp unit analyses, 
we first noted heterogeneity between the two halves 
o f  the 54-bp sequence (Table 3); there is disagree" 
ment  in the consensus base at 6 o f  the 27 locationS, 
three o f  which (7, 16, and 25) correspond to the 
same relative location within a 9-bp subunit. The 
difference between the two 27-bp subsequences was 
most  notable when positions 7, 8, and 9 were cona- 
pared with 34, 35, and 36. For  example, at positior~ 
7, there are 45 Cs and 14 As among  the 78 bases ir~ 
the first 27-bp sequence; in the analogous position 
o f  the second 27-bp sequence, position 34, there are 
21 Cs and 28 As among the 72 bases. This is the 
basis for the low degree o f  sequence conservation at 



Table 3. Extended 

Aver- 
age 
fre- 
cluen- 
cy 

0.53 

G G 

G G 

G G 

0.53 

T C C T C C T 
0.76 0.50 0.46 0:43 0.46 0.52 0.65 

0.54 0.54 

T C C T C C T 
0.81 0.46 0.54 0.42 0.54 0.62 0.77 

0.59 

T C C/T T A C T 
0.70 0.55 0.35 0.45 0.45 0.40 0.50 

0.49 0.55 

Position 7 seen when the sequence is analyzed as a 
single 9-bp repeat (Table 1, and see above). For the 
log-linear analyses, we considered each 27-bp unit 
as consisting of three 9-bp subunits so that we could 
look for heterogeneity both between and within the 
27-bp units. We found that the base pair distribution 
differed significantly between the two 27-bp units 
(P = 0.004), but that there was no significant het- 
erogeneity within each of  the 27-bp units (P = 0.373). 
The 9-bp consensus is GGTCCTCCT for the first 
27-bp unit and GGTCCTACT for the second 27- 
bp unit. These observations strongly suggest that a 
27-bp domain was an intermediate between the 
9-bp and a 54-bp stage in the gene's evolution. 

In the three 18-bp unit analysis, the three 18-bp 
units just miss being statistically significantly het- 
erogeneous at the 5% level (P = 0.051). Again there 
is no evidence for within-unit heterogeneity (P = 
0.186), but the lower P-value compared with that 
in the 27-bp unit analysis (0.186 compared with 
0.373) indicates that two homogeneous 27-bp units 
give a better fit to the data than three homogeneous 
18-bp units. The 9-bp consensus for the third of  the 
three 18-bp units is the same as for the second 27- 
bp unit. The better fit of  the two 27-bp unit model 
SUggests that the fourth 9-bp subunit belongs with 
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the last two subunits, not with the first three as in 
the three 18-bp unit analysis. 

When the 54-bp consensus sequence was ana- 
lyzed as six 9-bp units, the base pair distribution 
was found to differ significantly between units (P = 
0.032). Thus, there is no evidence for the 54-bp 
sequence being composed of  six homogeneous 9-bp 
units. 

Altogether, our log-linear analyses suggest that 
the gene did not evolve directly by multiple rounds 
of  amplification of  the 9-bp unit, but that subse- 
quences of  27 and 54 bp served as intermediates in 
the gene's construction. The data also indicate that 
the first 27 bases of  the 54-bp domain were derived 
from one 9-bp unit, GGTCCTCCT, and the second 
27 bases were derived from another 9-bp unit, 
GGTCCTACT. These sequences were determined 
from the consensuses of  the three 9-bp units in the 
first and second 27-bp domains, respectively (Table 
3). A model for the evolution of  collagen gene struc- 
ture that incorporates all these elements is presented 
in the Discussion. 

Some of  the analyses described above were also 
done on the chick al(I)  DNA sequence (Table 1). 
As with the a2(I) sequences, a consensus sequence 
became apparent: GGTCCCCCC. While this se- 
quence still codes for a Gly-Pro-Pro  triplet, it is 
distinct from that derived for the a2(I) chain. There 
is a lower consensus frequency at positions 3 and 9 
and a higher consensus frequency at positions 4, 5, 
6, 7, and 8 than in a2(I). Thus, there is a shift to 
lower mismatch frequencies in a l(I) (Table 2). A 
goodness-of-fit test indicates that mutation away 
from the consensus has produced fewer changes than 
would be predicted by random binomial mutations 
(chi-square = 15.31 on 6 degrees of  freedom, P = 
0.018). Thus, as for a2(I), a 1 (I) has a good consensus 
sequence that seems under some pressure to be 
maintained. 

When the pattern of  mismatches in al(I)  was 
analyzed by the log-linear analysis it was found to 
be nonrandom in the sense that the number of mis- 
matches in a 9-bp unit was related to the number 
of  mismatches in the previous unit (P = 0.053); 9-bp 
units in good agreement with the consensus are in 
clusters and those in poor agreement are in other 
clusters (Fig. 2). Further analysis o f a  1 (I) was limited 
by the amount of  sequence data available. 

Discussion 

The high degree of  similarity detected between the 
two fragments within the triple-helical coding region 
of  the a2(I) cDNA was not predicted from prior 
analyses of  the a2(I) cDNA sequences (Yamada et 
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Table 4. Homology between chick a2(I) DNA sequences and 54-bp consensus sequence 

Consensus: 
Exon G G T C A T C C T G G C C C T C C T G G T C C T C C T G G T C C T A A T G G T C C T G C T G G T C C T A C T  % Matches 

41 CC AA T G C CCA 
40 C A A A  AAGA GAG GG 
34a G AATC A G AA GAA C C 
34b AG GAT A T T CAG GT 
33 CA C T G  AA T GG A 
32a T TGT G G TGCC 
32b C G AAG G GG 
31 G A A G G CAAG AGAA G 
30a GC G C C A G 
30b CAGCAA TGAA CT G CCC 
29 CG G AT G TC AG G 
28a A C G TAAC G G AG A GT 
28b G G G GAA T T G 
26a TTC AG A G A  AGGGT G A TC 
26b G A A A C A T  ATTC A A A 
25 G G AAA G A A A A A  CAA GTC 
10 CA AAA GA A C G G 
9a G G G TG AAC A C G 
9b C A AAGT T AAAGCC 
8 C GT T GT G G T T 
7a C CA AA T A G GAGAAA GAACC 
7b TG T G A A G  A ACAA A T T G C  G 
6 C A A TGA AA AAC C 
5a C T T AAGG 
5b A CCAT G GTA G AT C 
4 C C C C CCC 

A A A G  GAAGA 55 
GT CAA 57 

A GA 60 
C C C 54 

G A 63 
G CCG AT C 60 
A T T 69 

A A C A A G  GAGC 43 
GAG AA C A A G  GA 57 

C TA GA 50 
CAGA GTC TG 50 

G AAG A 55 
AAGA 63 
A C AA GA 43 
CA 54 

T C ACGG 45 
G C C T T C  AG 55 
G T T G  G C 60 

A A A C C G  GA C 48 
C AAGA T G 60 

GA AAG A A GA 33 
T C T G 48 

C A GG 62 
G C A A  TCC 67 

A G C C A A  C G 50 
CAA 71 

The DNA sequences of chick a2(I) that have been assigned an exon position (Yamada et al. 1980; Fuller and Boedtker 1981; Wozney 
et al. 1981; Tare et al. 1983) were listed by exon in lengths of 54 bp. The consensus sequence was derived as described in Materials 
and Methods. Sites that differ from the consensus sequence are shown; dashes indicate positions missing in exons shorter than 54 
or 108 bp. On the left margin each sequence is identified by its exon number (Tate et al. 1983) and on the right margin the percentage 
of matches with the consensus, in the variable positions only, is listed 

al. 1980; F u l l e r  a n d  B o e d t k e r  1981) a n d  suggests  
the  p re sence  o f  a p r e v i o u s l y  u n d e s c r i b e d ,  t a n d e m l y  
r e p e a t e d  sequence .  T h e  r e p e a t i n g  s t ruc tu re  o f  col-  
lagen,  in  w h i c h  g lyc ine  occur s  as  e v e r y  t h i r d  a m i n o  
acid ,  sugges ted  tha t  a n i n e - n u c l e o t i d e  sequence  m i g h t  
wel l  be  the  bas i s  for  a n y  t a n d e m  repea t .  C o n s e n s u s  
s equences  o f  n i n e  n u c l e o t i d e s  were  i den t i f i ed  for  
the  a l ( I )  a n d  the  ot2(I) c h a i n s  ( G G T C C C C C C  a n d  
G G T C C T C C T ,  respec t ive ly ) .  B o t h  these  s equences  
c o d e  for  a G l y - P r o - P r o  p e p t i d e .  A t r i p e p t i d e  w i th  
j u s t  such  a s equence  is a l i ke ly  c a n d i d a t e  for  t he  
b a s i c  b u i l d i n g  un i t  o f  co l lagen ,  s ince  a f te r  g lycine ,  
p r o l i n e  (p ro l ine  p lus  h y d r o x y p r o l i n e )  is  the  s e c o n d  
m o s t  a b u n d a n t  a m i n o  ac id  in  co l lagen .  N i n e - b a s e -  
p a i r  un i t s  w i th  m o r e  t h a n  70% m a t c h e s  w i th  t he  
a p p r o p r i a t e  c o n s e n s u s  s equence  a p p e a r  t h r o u g h o u t  
the  a l ( I )  a n d  a2( I )  sequences ,  o f ten  in  t a n d e m .  
The re fo re ,  i t  is m o s t  l ike ly  t ha t  the  c o n s e n s u s  se- 
q u e n c e  r ep re sen t s  a p r i m o r d i a l  s e q u e n c e  t ha t  was  
a m p l i f i e d  m a n y  t i m e s  to  p r o d u c e  the  gene t i c  d o -  
m a i n  c o d i n g  for  t he  he l i ca l  r eg ion  o f  the  ances t r a l  
co l lagen  gene.  

P r e v i o u s  s tud ies  ( Y a m a d a  et  al. 1980; W o z n e y  
et  al.  1981) e m p h a s i z e d  tha t  m a n y  exons  in  t he  ch i ck  

a2( I )  gene a re  54 b p  o r  d i r e c t  m u l t i p l e s  t h e r e o f  long,  
t hus  p r o m p t i n g  the  sugges t ion  t ha t  a 5 4 - b p  sequence  
s e r v e d  as  the  p r i m o r d i a l  gene.  O u r  c l ea r  d e m o n -  
s t r a t i ons  o f  a 9 - b p  c o n s e n s u s  s equence  t h r o u g h o u t  
the  gene ' s  c o d i n g  reg ions  a n d  the  ex i s t ence  o f  d is -  
c re te  2 7 - b p  d o m a i n s  i n d i c a t e  t h a t  t h e r e  were  a t  leas t  
two  s tages  in  the  e v o l u t i o n  o f  t he  gene p r i o r  to  the  
a p p e a r a n c e  o f  the  5 4 - b p  d o m a i n .  

O u r  a n a l y s e s  h a v e  sugges ted  a d e t a i l e d  m o d e l  for  
the  e v o l u t i o n  o f  the  c h i c k  a2( I )  gene,  s h o w n  in  Fig.  
3. T h e  p r i m o r d i a l  9 - b p  sequence ,  G G T C C T X C T ,  
d u p l i c a t e d  a n d  the  two  c o p i e s  d i v e r g e d  f r o m  each  
o t h e r  to  f o r m  t h e  c l o s e l y  r e l a t e d  s e q u e n c e s  
G G T C C T C C T  a n d  G G T C C T A C T .  S e p a r a t e d  f r o m  
each  o ther ,  each  o f  these  s equences  was  t h e n  t r ip l i -  
c a t e d  to  f o r m  the  t w o  2 7 - b p  d o m a i n s .  R e m o v a l  o f  
the  s equences  b e t w e e n  these  two  d o m a i n s  ( c o n d e n -  
sa t ion)  r e su l t ed  in  t he  a p p e a r a n c e  o f  t he  ances t r a l  
5 4 - b p  d o m a i n .  T h i s  s equence  t hen  m u t a t e d  to f o r m  
the  5 4 - b p  c o n c e n s u s  s equence ,  w h i c h  in  t u r n  u n d e r -  
w e n t  m u l t i p l e  r o u n d s  o f  a m p l i f i c a t i o n  to  f o r m  the  
fu l l - l eng th  he l i ca l  c o d i n g  reg ion .  

T h e r e  a re  seve ra l  m e c h a n i s m s  b y  w h i c h  the  54-  
b p  a m p l i f i c a t i o n  c o u l d  h a v e  occu r r ed .  O n e  p r e v i -  
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Fig. 3. A scheme for the evolutionary devel- 
opment of vertebrate collagen genes. The data 
presented in this article suggest that a primor- 
dial nine-nucleotide sequence underwent tan- 
dem duplication to form two independent ge- 
netic domains. These diverged and then 
triplicated to form two 27-bp domains. A 
condensation event joined these two domains 
to form a 54-bp domain. The 54-bp sequence 
underwent a number of tandem duplications 
to form the full.length triple-helical domain of 
collagen. Propeptide coding regions were then 
added, followed by the insertion of interven- 
ing sequences (introns) to form a complete 
collagen gene transcription unit. The various 
collagen genes could then have evolved from 
this original transcription unit aRer it had du- 
plicated several times. See the text for further 
justification of this scheme 

OUsly suggested possibility is that  a unit consisting 
of the 54 bp plus adjacent sequences required for 
RNA splicing gave rise to the full-length gene by 
multiple duplications involving recombinat ion  be- 
tween introns (Yamada et al. 1980). Alternatively, 
naultiple r o u n d s  o f  h o m o l o g o u s  r e c o m b i n a t i o n  
Within the 54-bp unit  could have resulted in a full- 
length helical coding region, with intervening se- 
quences being inserted at a later t ime (Monson and 
McCarthy 1981; Wozney et al. 1981). 

We favor a model  in which the introns were in- 
serted after the 54-bp unit  had been amplified to 
form the complete  helical coding region (Fig. 3). The  
highly repetit ious nature o f  the 54-bp unit, with its 
9-bp and 27-bp subunits, makes it very likely that 
the gene expanded in size by a mechanism such as 
oUt-of-register homologous  recombinat ion  (Smith 
1976), which does not  require introns as a part  of  
the amplification event.  The  presence, near  the 5' 
and 3' ends o f  the gene, o f " j u n c t i o n "  exons, which 
contain both helical and propept ide coding regions 
(Tare et al. 1983), could also argue that  introns were 
added late, after helical and propept ide regions had 
been assembled to form a full gene. Our  prel iminary 
analysis o f  the collagen amino acid sequence has 
Identified a 30-amino-acid  repeating unit  that, at 
the gene level, is in terrupted by introns, which fur- 
ther suggests that introns were inserted relatively 
late in the gene's evolution.  Finally, nonfibrous col- 
lagen genes in insects (Monson et al. 1982) and 

nematodes  (Kramer  et al. 1982) have very few in- 
trons, again implying that the numerous  introns in 
vertebrate fibrous collagen genes (Tare et al. 1983) 
arose in a more  recent evolut ionary event. 

The l imited number  o f  exon sizes in the a2(I) 
gene (Tare et al. 1983) would imply that intron in- 
sertion was not  a r andom event. While previous 
studies stressed the numerous  54-bp exons, in fact 
the majori ty  o f  the helical region coding informat ion  
is in exons o f  other  sizes (Tate et al. 1983). Thus,  
introns would not  have to have been inserted at 
intervals as precisely as was earlier supposed. Re- 
cent studies indicate that only a small number  o f  
discrete exon sizes are found in all higher eucaryotic 
genes (Naora and Deacon 1982), so the l imited vari-  
ation in a2(I) exon size is less surprising than it 
seemed. There  may  also have been some selective 
pressure to place introns at particuilar sites in col- 
lagen genes to meet  the requirements  for processing 
such a long (>38  kb), internally repetit ious gene 
transcript. 

Intron insertion would likely have reduced the 
extent o f  recombinat ion  within the repeti t ious gene 
sequence. Thus,  there could have been a selective 
advantage to adding the large number  o f  introns, as 
it would have stabilized the size and structure o f  the 
collagen molecule. Indeed, genes with internally rep- 
etitious structures but  few introns show a good deal 
o f  instability in their  structures (Manning and Gage 
1980). 
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Tha t  introns are located at analogous posi t ions  
in all ver tebra te  fibrous collagen genes so far ex- 
amined  (Tale et al. 1983; Chu et al. 1984; Y a m a d a  
et al. 1984) suggests that  in t rons  were inserted into 
an ancestral  collagen gene pr ior  to dupl icat ion o f  
the entire gene. Presumably ,  mul t ip le  rounds  o f  such 
dupl icat ion followed by  sequence divergence led to 
the evolu ton  o f  the var ious  types  o f  interstitial col- 
lagen genes. We have  been able to assign sequences 
to each o f  the apparen t  subuni t  stages in a2(I)  gene 
construct ion,  and  so for clarity our  mode l  (Fig. 3) 
is presented with a2(I)  as the ancestral  comple te  
gene. The  lack o f  sufficient D N A  sequence data for 
other  collagen genes at this t ime  prevents  a deter-  
mina t ion  o f  the actual  ancestral  gene sequence. 
Nevertheless ,  wha tever  its sequence, our  work  in- 
dicates that  the ancestral  gene was fo rm ed  by  steps 
analogous to those we have  p roposed  in Fig. 3. 

The  internally highly repeti t ious nature  o f  col- 
lagen genes would permi t  a muta t ion  to be spread 
rapidly to every repeat ing unit  th roughout  the gene's  
length. The  presence o f  introns would not  serve as 
an i m p e d i m e n t  to gene convers ion  events  (Slightom 
et al. I980; Bal t imore  1981), which are bel ieved to 
occur  m u c h  more  frequently than  homologous  re- 
combina t ion  (Bal t imore 1981). Thus,  once mul t ip le  
copies o f  the comple te  collagen gene existed, each 
copy could undergo its own intragenic convers ion  
events  (rectification) comple te ly  independent ly  o f  
other  m e m b e r s  in the collagen gene family.  This  
could account  for the difference in the 9 -bp  unit  
consensus sequences we observed  for the a 1 (I) and  
a2(I)  genes. Tha t  the 54-bp consensus sequence is 
marginally better  than consensus sequences o f  other 
lengths in the a2(I)  gene (Table 3) could also be due 
to relatively recent  convers ion  events  between exons 
in the gene. Intragenic  rectification might  also ex- 
plain the dramat ica l ly  different codon usages in the 
different collagen genes (Fuller and  Boedtker  1981; 
Bernard et al. 1983; Ta le  et al. 1983). Independen t  
rectification within each gene could likewise account  
for the surprisingly long divergence t ime  found be- 
tween the a l(I) and  a2(I)  genes when  the es t imate  
assumes a un i fo rm rate o f  muta t ion  (Bernard et al. 
1983). Intragenic r ecombina t ion  m a y  be the cause 
o f  the deletions that  occasionally occur  in collagen 
genes (Chu et al. 1983). 

Within  the last few years, several  new collagenous 
molecules  have  been repor ted  that  have  a ma jo r  
helical doma in  that  is ei ther  shorter  or  longer than 
that  present  in the interstitial collagens (Schmid and  
Conrad  1982; Bentz et al. 1983). I f  they are p r i ma ry  
gene products ,  the shor t -chain  collagens m a y  have  
emerged pr ior  to the evolut ion o f  the full-length 
interstitial collagen gene. Alternatively,  they m a y  be 
due to extensive deletions in a copy o f  the full-length 

ancestral  gene as a result  o f  intragenic recombina-  
t ion events.  Should the shor t -chain  collagens be syn- 
thesized initially as procollagens with amino  pro- 
pept ides  homologous  to those in the interstitial 
collagens, the latter explanat ion  would be preferred. 
Long-chain  collagen m a y  have  diverged f rom other  
m e m b e r s  o f  the collagen gene fami ly  by cont inued 
sequence amplif icat ion within the p r imord ia l  gene 
after  the full-length ancestral  gene had  been gener- 
ated. Long-chain collagen m a y  also have  been formed 
later, by  an unequal  c rossover  event.  

I t  is interesting that  the a - f e t o p r o t e i n / a l b u m i n  

genes appear  to have  been assembled  f rom 27-bp 
and  54-bp repeat ing units (Alexander  et al. 1984), 
and  that  a sal ivary gland prote in  gene in Chirono-  

m u s  is c o m p o s e d  o f  9-bp repeating units (Case et 
al. 1983). Perhaps  these genes have  organizat ions 
s imilar  to that  o f  the collagen gene because there are 
some structural  constraints  in eucaryotes  on the size 
o f  repeats that  can be amplified.  
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