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On cooling a solution of the peptides from a CNBr digest 
of insoluble steer-corium collagen a precipitate was formed which 
represented about 20% of the total protein. No such precipitate 
formed when reconstituted soluble collagen was similarly treated. 
Amino acid analysis of the washed precipitate showed that there 
was an approximate equivalence between the content of 3-hydroxy- 
proline and homoserine, indicating a mixture of (rl-CB6 and other 
peptides. Three fractions were isolated from the precipitate. 
One was analyzed to be two crl-CB6 peptides linked to one al-CB(O,l) ', 
another was one Cal-CB6 plus one ol-CB(O,l). The third was a com- 
bination of (rl-CB6 with a small CNBr peptide containing homoser- 
ine. 

Collagen is an extended molecule measuring 2900 x 14 A and is com- 

posed of three parallel protein chains. In the case of the most cormnon 

mammalian collagen, two of the chains are the same (al chains) and one 

is distinct (cr2 chain). In the fiber the molecules are aligned with the 

N-terminal end of one molecule overlapping the C-terminus of another by 

about 9% of its length. The linear aggregates are staggered at quarter 

intervals to create the 640 A repeat spacing. Considering that the mole- 

cules are packed in a three dimensional structure, it can be shown that 

any area along the molecule comes in contact with three to four different 

regions on adjacent molecules. Therefore, if intermolecular crosslinks 

form they are likely to occur between different portions of the collagen 

molecule. The identification of various regions along the collagen mole- 
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cule has been made easier by the separation, identification ana ordering 

of the peptides obtained by the CNBr cleavage of both cul and (r2 chains 

(1) . The isolation and identification of two covalently bound peptides 

which are not sequential in their order in a chain, constitutes proof of 

an intermolecular crosslink. 

To our knowledge, only two crosslinked peptides have been reported. 

Miller (2) reported the presence of a crosslink between peptides 4 ana 

9 of cartilage collagen, a collagen with three identical chains. Analyses 

indicated that the crosslink is derived from two hydroxylysine residues 

in either an al&nine or ala01 condensation product. Kang (3) found a 

crosslink between an cd-G31 and cd-CB6. In both of these cases the cross- 

link must have been intermolecular since they connected different portions 

of identical chains. 

This paper describes the isolation of three peptides which appear 

to be involved in intermolecular crosslinks with the (rl-CB6 peptide. 

MATERIALS AND METHODS 

Steer corium collagen, purified according to Veis et al. (4), was -- 

cut into fine shavings with a razor blade. The collagen (5 g) was suspended 

in 100 ml of water and buffered by titrating with 2 M Tris to pH 8.5. The 

suspension was cooled in an ice bath and 150-200 mg of NaBH4 was added 

and the mixture was stirred 4 h in the ice bath. The unreacted hydride 

was destroyed by adjusting the pH to 2.5 with N HCl. The collagen was 

washed thoroughly with water and dried in vacua. -- CNBr cleavage of the 

collagen was accomplished in a solution of 5 g of CNBr in 500 ml of 70% 

formic acid at 37O for 8 h (5,6). The mixture was then diluted with an 

equal volume of water, taken to dryness in vacua and then twice redissolved -- 

in 500 ml of water aa dried in vacua. -- 

The collagen peptides were dissolved in 600 ml of cold water, centri- 

fuged at 90,000 x p for 30 minutes, diluted to 1,000 ml, adjusted to PH 

8.1 with 2 M Tris and stored at 4" overnight. The turbid mixture centri- 
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Figure 1. Fractionation of precipitated CNBr peptides. (a) The elution 

diagram of the dissolved precipitate chromatographed on a 1.9 x 140 cm column 

of BioGel A 1.5 at room temperature. Molar CaC12 in 0.05 M Tris buffer, 

pH 7.5, was used to dissolve the precipitate, equilibrate the column and 

to elute the fractions. Elution was carried out at a flow rate of 15 ml/hr. 

(b) Column chromatography of fraction A on a 2.5 x 10 cm column of CM-cellu- 

lose, maintained at 42O. The elution was carried out with a linear gra- 

dinet O-O.14 M NaCl in 0.01 M acetate buffer, pH 3.8. (c) The elution dia- 

gram of fraction B. The conditions were the same as for (b). In all cases 

the collections pooled are indicated. 

fuged at 4O for 60 minutes at 90,000 x p. The pellet was dissolved in 

600 ml of water at room temperature , the pH was adjusted to pH 8.1 with 

2 M Tris and the solution was stored overnight at 4'. The mixture was 
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centrifuged and the precipitate was dissolved and reprecipitated as before. 

The initial fractionation of the precipitated material dissolved in 

M CaCl2 in 0.05 M Tris buffer, pH 7.5 , was performed as indicated in Fig. 

la. Collections were made for lo-minute intervals. The elution pattern 

is given in Fig. la. Fractions A and B were collected, dried in vacua, 

dissolved in 2-4 ml of water and dialyzed against water. 

Fractions A and B (Fig. la) were subjected to CM-cellulose chroma- 

tography using the technique of Piez et al. (7). -- A single fraction was 

collected from the eluate of fraction A (Fig. lb) whereas four fractions 

were collected from the eluate of fraction B (Fig. lc). The volumes indi- 

cated were collected, dried, dissolved in a small amount of water and dia- 

lyzed against water. 

Gel electrophoresis was performed on the fractions A-l, H-l, B-2, 

B-3 and B-4 in the presence of sodium dodecylsulfate (SDS) as described 

by Furthmayr and Timpl (8). CNBr peptides from isolated crl chains, and 

al chains isolated according to Bornstein and Piez (5) were used as stan- 

dards. Since each fraction was found to contain one major component by 

SDS electrophoresis, this technique was used on a larger scale for the 

final purification of the major components. The bands were located by 

short-term staining, the area containing the major component was removed 

by cutting the gel and was hydrolyzed in 6 N HCl at llO" for 18 h under 

nitrogen. Amino acid analyses were performed on a BioCal 200 instrument. 

Control studies on (~1 chains subjected to SDS gel electrophoresis showed 

that there was no abnormal destruction of any amino acid, except methio- 

nine, by this treatment. 

RESULTS AND DISCUSSION 

It is very important that we establish the fact that the precipitate 

obtained by cooling the CNBr digest of insoluble collagen is a phenomenon 

associated with the insolubility of the corium collagen. A similar preci- 

pitate was not obtained from reconstituted fibers of salt-soluble or acid- 
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soluble collagen; the solutions remained perfectly clear on cooling. On 

the other hand, the yield of precipitate from insoluble collagen represented 

19-23% of the original material. Further, the amino acid composition of 

the total precipitate contained 29-32% glycine and about 9.5% hydroxypro- 

line, thereby indicating that we are dealing with portions of collagen 

rather than impurities. 

As an example of our calculations we can use the data obtained for 

peptide A-l. SDS-gel electrophoresis indicated that this fraction contained 

an average of 465 residues (Fig. 2). The amino acid analysis data was 

calculated to give the number of moles of each amino acid/465 moles total. 

It was found that there were about two moles of 3-hydroxyproline and one 

mole of homoserine. Since there is only one residue of 3-hydroxyproline 

per cul chain, located in the C-terminal peptide cl-CB6, it is apparent 

4 6 8 IO 12 
MIGRATION ( cm ) 

Figure 2. The SDS-gel electrophoretic migrations of fractions A-l, B-2 

and B-3 compared with those of crl chains and the CNBr peptides from (~1 chains. 

that two (rl-CB6 peptides are in this fraction. In addition, crl-CB~ has 

200 residues, making a 400-residue contribution to fraction A-l. As a 

C-terminal peptide, (rl-CB6 contains no homoserine, indicating that a small 

peptide must be contributing the single residue of homoserine. Since Volpin 

and Veis report no tyrosine in (rl-CB6 (61, the extra peptide could be the 

N-terminal 14-residue peptide ol-CB(O,l) ', which contains tyrosine. A 

total number of residues was assumed to be approximately 420 for A-l in 

keeping with our deduction that it is composed of two chains of rul-CB6 
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and one chain of crlCB(O,l). The amino acid composition was then adjusted 

accordingly. The results are presented in Table I together with the values 

calculated from the data of Volpin and Veis. The fit appears reasonable. 

Bauterberg and Kuhn have also published data for the CNBr peptides 

of the ol chain of bovine skin collagen (9). We have used the data of 

Volpin and Veis since the collagen used in these studies was a generous 

gift from their laboratory and since Bauterburg and Kuhn did not include 

data for the peptides of the (r2 chain. 

In a similar way, we have identified fraction B-3 as one crl-CB6 and 

one (rl-CB(O,l) as shown in Table I. This is the same combination of pep- 

tides that Kang (3) demonstrated to be crosslinked by dehydrolysinonorleu- 

tine. The assignment of a combination of CNBr peptides for fraction B- 

2 was not as well defined. As indicated in Table I, this fraction could 

be made up of cul-CB6 linked to cyl-CB4 but not to al-CB(O,l) as indicated 

by the small amount of tyrosine. As indicated in the footnote of Table 

I, the smaller peptide could also be (rl-CB2, (rl-CB5 or o2-CB2. Fractions 

B-l and B-4 were mixtures and could not be sufficiently resolved for analy- 

sis. 

Of particular interest is the fact that the total precipitate con- 

tained a somewhat greater content of 3-hydroxyproline than homoserine. 

Evidently the precipitate is composed of several fractions, most of which 

are peptides of ol-CB6 crosslinked with peptides from other areas of the 

molecule. In addition, these crosslinks must be intermolecular since the 

homoserine-containing peptides must come from regions other than the C- 

terminal region occupied by al-cB6. These results are consistent with 

the findings of Volpin and Veis that there was a marked decrease in the 

amount of ol-CB6 in the chromatograms of the CNBr peptides from insoluble 

bovine collagen (10). 

Reduction of the precipitated fraction with NaB3B4, followed by hydrol- 

ysis and chromatography failed to demonstrate any reducible crosslinks. 
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We suggest that the crosslinks are already reduced in vivo. It is inter- -- 

esting to note that there are 3 less lysyl residues in fraction A-l than 

is found in the sum of the proposed three constituent peptides, while the 

hydroxylysine content is about the same. These data would be consistent 

with a crosslink made up of three lysyl residues such as merodesmosine. 

Periodate treatment of A-l did not result in an alteration in its migration 

in SDS-gel electrophoresis. This would be expected if a crosslink such 

as merodesmosine were present. Although there is not direct evidence as 

to which crosslinks are involved, the data for the total residue weight 

and the amino acid content of the fractions combine to show that fractions 

A-l, B-2 and B-3 must contain crosslinked peptides rather than being the 

result of the fortuitous summation of free CNBr peptides. 
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