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ABSTRACT: The amino acid sequence of 162 residues from 
the NHz-terminal region of bovine a l ( I1 )  is reported. Auto- 
mated sequence analysis of chains from pepsin-treated type 
I 1  collagen indicated the sequence and order of two CNBr  
peptides, a1 (II)-CB2 and al(II)-CB3, a t  the beginning of the 
repetitive triplet sequence of a l ( I1) .  The sequences of a 1  (11)- 
CB6, aI(II)-CB12, and 39 residues of a l ( I I ) - C B l l  werede- 
termined largely by automated Edman degradation. Com- 
parative sequence data a re  reported which indicate that the 
level of homology between al(1)  and a l ( I1 )  chains in the 

T h e  concept of genetic polymorphism for collagen was ini- 
tially established in studies on chick sternal cartilage (Miller 
and Matukas, 1969; Trelstad et al., 1970; Miller, 197 1, 1972). 
These studies showed that the majority of the collagen is 
comprised of three identical a chains, designated al(I1). This 
collagen with the chain composition, [a1 (II)]3, has now been 
shown to be prevalent in a number of cartilaginous tissues (for 
a review, see Miller, 1973) and is designated type I1 collagen. 
The more ubiquitous and previously well-characterized col- 
lagen with the chain composition, [al(I)]2a2, is now com- 
monly referred to as type I collagen. 

A third type of collagen was initially detected in studies on 
the CNBrI peptides released from infant dermis (Miller et al., 
1971). The latter collagen (type 111) is characterized by the 
chain composition [al(III)]3 (Chung and Miller, 1974; Chung 
et al., 1974; Epstein, 1974) and coexists with type I collagen 
in several tissues (Chung and Miller, 1974; Epstein, 1974; 
Trelstad, 1974; Butler et al., 1975). Evidence has also been 
reported that the collagen of basement membranes is com- 
prised of yet additional types of chains, although their number 
and molecular organization have not yet been determined 
(Kefalides, 1971; Daniels and Chu, 1975). 

The chains comprising types I, 11, and I11 collagens have 
molecular weights of approximately 95 000 and exhibit amino 
acid compositions that are unlike other proteins, but similar 
to each other. Indeed, comparative sequence data on relatively 
short segments of a1 (I) vs. a 2  (Piez et al., 1972; Fietzek et al., 
1972) , a1 ( I I )vs . a l ( I )  (Butleret al., 1974a) ,andal ( I I I )vs .  
a1 ( I )  (Fietzek and Rauterberg, 1975) have established that 
these four polypeptides are homologous. 
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I Abbreviations used are: CNBr,  cyanogen bromide; Pth, phenylthio- 
hydantoin; ANS, 2-amino-l,5-naphthalenedisulfonic acid; EDC, N -  
ethyl-N'-(dimethylaminopropy1)carbodiimide; Hse, homoserine; Hsl, 
hydroxylysine; Tris-HCI, tris(hydroxymethy1)aminomethane hydro- 
chloride; CM, carboxymethyl. 

NHrterminal region is about 80%. A similar level of homology 
was reported for the central portions of these chains (Butler, 
W. T., Miller, E. J.,  Finch, J .  E., Jr . ,  and Inagami, T. (1974). 
Biochem. Biophys. Res. Commun. 57,  190). The degree of 
intraspecies variability between chain types is thus greater than 
the interspecies variability for a single chain type. Within the 
sequence reported here, the crl(I1) chain contains glucosyl- 
galactosylhydroxylysine a t  three positions. The corresponding 
sequence of a 1  (I)  contains only one glycosylated hydroxylysine 
with the other two positions occupied by lysyl residues. 

As part of a sustained effort to elucidate the complete co- 
valent structure of the al (11) chain, the present communica- 
tion indicates the amino acid sequence of 162 residues, be- 
ginning with the repetitive triplet sequence a t  the NHz-ter- 
minal portion of the chain from bovine nasal cartilage. The 
reported sequence is represented by the following CNBr pep- 
tides: a l ( I I ) -CB2 (3 residues); a l ( l I ) -CB3  (3  residues): 
a l ( I I ) -CB6 (33 residues); al(II)-CB12 (84 residues); and 39 
residues a t  the NH2 terminus of a l ( I I ) - C B l I  (Miller and 
Lunde, 1973). The linear order of all but two of the CYBr 
peptides (al(II)-CB2 and al(II)-CB3) along the a I ( I 1 )  chain 
was established in previous studies (Miller et al., 1973). The 
locations of al(II)-CB2 and a1 (11)-CB3 have been determined 
in the present study following automated Edman degradation 
performed on a 1  (11) chains from which the nonhelical regions 
were removed by brief exposure of the native type I1 collagen 
to pepsin a t  low temperature. 

Materials and Methods 
Bovine Cartilage Collagen. Nasal septa were obtained from 

approximately 2-year-old cattle. The cartilaginous tissues were 
diced with a scalpel blade into small cubes (1 mm') and sub- 
sequently extracted with 15 volumes of 4.0 M guanidinium 
hydrochloride to remove proteoglycans and other noncol- 
lagenous components (Miller and Lunde, 1973). The tissues 
were then thoroughly rinsed with distilled *ater and lyophi- 
lized, prior to treatment with CNBr  or pepsin. 

Limited Pepsin Digestion of Cartilage Collagen I n  order 
to obtain truncated a1 (11) chains. bovine cartilage collagen 
was solubilized by a brief exposure to pepsin at  4 "C essentially 
as described (Miller, 1972). I n  the present studies the pro- 
teolysis with pepsin was further restricted by reducing the in- 
cubation time from 18 to 4 h. This alteration was introduced 
to obtain a greater degree of uniformity in the molecules sol- 
ubilized by treatment with pepsin, and thereby obtain chains 
more suitable for automated sequence analysis. 

The collagen solubilized by limited pepsin digestion was 
purified as described (Miller, 1972) and redissolved a t  a con- 
centration of 10 mg/ml in 2.0 M guanidinium hydrochloride 
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(pH 7.5, 0.05 M Tris-HCI). The collagen was denatured by 
warming at  45 "C for 30 min, and the chains were recovered 
by chromatography on a standardized column of Bio-Gel A-5m 
(Chung et al., 1974). 

Preparation ofal  (If) CNBr Peptides. The initial separation 
of peptides on CM-cellulose after treatment of bovine nasal 
cartilage with CNBr has been described (Miller and Lunde, 
1973). The protein in appropriate zones from several chro- 
matograms was pooled and desalted. Peptide aI(II)-CB6 was 
subjected to gel filtration on 1.8 X 150 cm column of Sephadex 
G-50, equilibrated with 0.2 M acetic acid, to remove a small 
amount of or1 (11)-CB4 which contaminated the preparation. 
Peptides a l ( I I ) - C B l I  and aI(II)-CB12, which coelute on 
CM-cellulose, were separated by gel chromatography on a 1.5 
X 140 cm column of Bio-Gel A- 1.5m by the procedure of Piez 
(1968). For further purification of aI(I1)-CBI 1, the material 
from agarose was subjected to CM-cellulose chromatography 
in sodium acetate buffer (pH 4.8) as described (Butler et al., 
1967). 

Proteolytic Cleavage of CNBr Peptides. Peptides (1-3 
kmol) were cleaved with trypsin by dissolution in 1 ml of 0.05 
M Tris-HCI buffer (pH 7.4), 0.001 M CaC12, and incubating 
with 5% (w/w) of trypsin (Worthington Biochemical Corp., 
thrice crystallized) at 37 "C for 5 h. In the case of al (II)-CB12 
an additional 5% of tryspin was added and digestion continued 
for 18 h. Cleavage of a1 (11)-CB6 with chymotrypsin was ac- 
complished by incubating 6 mg of the peptide in 1 ml of the 
above buffer with 0.6 mg of chymotrypsin (Worthington, thrice 
crystallized). The method for cleavage with collagenase has 
been described (Butler, 1970). 

Separation of Proteolytic Cleavage Products. Gel filtration 
experiments using Sephadex G-50 were performed as described 
(Butler et al., 1974b). Methods for separation of peptides on 
phosphocellulose were essentially as described (Miller, 1972); 
the columns were eluted with a linear gradient formed from 
200 ml of each of 0.001 M sodium acetate buffer, pH 3.8 
(starting buffer), and of the same buffer containing 0.15 M 
NaCl (limiting buffer). Small peptides resulting from trypsin 
or collagenase cleavage were separated on a 0.9 X 150 cm 
column of Chromobeads, type A resin (Technicon), utilizing 
pyridine acetate buffers (Butler et al., 1974b). The fractions 
(5 ml) were analyzed for ninhydrin-positive material with a 
Technicon auto-analyzer. 

Edman Degradation. Automated Edman degradation was 
performed with a Beckman automatic sequencer (Model 
890C) operated at  55 "C, and utilizing either the Slow Pep- 
tide-DMAA program (No. 071472) or the Slow Protein- 
Quadrol program (No. 042772) described in the Beckman 
Sequencer Manual. In one experiment the 0.1 M Quadrol 
procedure described by Brauer et al. (1975) was used. In 
general, repetitive yields of Pth-amino acids have been 9596%.  
Pth-Amino acids were initially identified by gas-liquid chro- 
matography (Pisano et al., 1972) with 4-ft U-shaped glass 
columns of 10% DC-560. Selected residues were also analyzed 
after trimethylsilylation. The identities of the Pth-amino acids 
were confirmed by thin-layer chromatography on flexible plate 
of silica gel (Inagami and Murakami, 1972). Pth-Arginine was 
identified by the phenanthrenequinone spot test, and Pth- 
histidine with Pauly's diazo reagent, as described in the 
Beckman Sequencer Manual. 

In order to improve the retention of small peptides in  the 
reaction cup of the sequencer, small peptides were modified 
by the attachment of A N S  to the COOH-terminal amino acid, 
in the presence of the water soluble coupling agent EDC as 
described by Foster et al. (1973). 

Subtractive Edman degradation was performed by the 
method of Balian et al. (1971). 

Amino Acid Analysis. Analyses were performed either on 
a Beckman 12OC amino acid analyzer modified for single- 
column analysis (Miller and Piez, 1966) or on a Beckman 119 
automatic amino acid analyzer (Miller, 1972). Prior to anal- 
ysis, samples were hydrolyzed a t  108 OC for 24 h with con- 
stant-boiling 6 N HCI. 

Results 
Sequence Analysis of Pepsin-Solubilized a1 ( I I )  Chains. 

The uncertainty regarding the positions of a1 (11)-CB2 and 
aI(II)-CB3 in a l ( I1 )  led us to perform automated Edman 
degradation experiments on slightly shortened a1 (11) chains 
(obtained after limited pepsin digestion of bovine cartilage 
collagen). Application of the Slow Protein-Quadrol program 
gave the following major sequence: 

Gly-Val-Met-Gly-Pro-Met-Gly-Pro-Y2-Gly-Pro-Hyp 
The results establish that a1 (11)-CB2 (represented by residues 
1 through 3, above) and a l ( I I ) -CB3 (residues 4 through 6, 
above) occur at the beginning of the repetitive triplet structure 
of al (11), immediately NH2-terminal to a l ( I I ) -CB6 (see 
below). 

Smaller amounts of other Pth-amino acids were observed 
at almost every cycle during Edman degradation of the sample 
of truncated a1 (11) chains. The yields of the Pth-amino acids 
obtained in lower amounts were less than 2W0 of that of the 
major ones. The minor levels probably reflect the presence of 
a portion of aI(I1) represented by a l ( I I ) -CB4 which, along 
with a1 (11)-CBI, constitutes the nonhelical NH2 terminus of 
the aI(I1) chain (Miller et al., 1973) and is thus NH2 terminal 
to a l ( I I ) -CB2 and al(II) -CB3.  

The Sequence of aI(ZZ)-CB6. The complete sequence of 
bovine a1 (11)-CB6 was elucidated in the manner summarized 
diagrammatically in Figure I .  

Automated sequence analysis of intact a1 (11)-CB6 was 
performed twice. Initially, 0.75 pmol of peptide was used with 
the Slow Peptide-DMAA program and, in a subsequent ex- 
periment, the 0.1 M Quadrol program was employed with 1.0 
kmol of peptide previously reacted with A N S  in the presence 
of EDC. The sequence determined for the first 24 residues was 
as follows: 

Gly-Pro-Arg-Gly-Pro-Hyp-Gly-Pro-Ala-Gly-Ala-Hyp- 
Gly-Pro-Gln-Gly-Phe-Gln-Gly- Asn-Pro-Gly-Glu-Hyp 

Utilizing the quantities of Pth-proline derived from cycles 5 ,  
8, and 21, the repetitive yields were calculated to be 96 to 97%. 

When cleaved with trypsin, a1 (11)-CB6 yielded two peptides 
in approximately equal amounts, T1 and T2, resolved by gel 
chromatography on Sephadex G-50. These tryptic peptides 
contained 3 and 30 amino acid residues, respectively (Table 
I ) .  The tripeptide, containing arginine, confirmed the presence 
of arginine in the third position of a1 (11)-CB6. 

After incubation of al (11)-CB6 with chymotrypsin, the 
products were separated by ion-exchange chromatography on 
phosphocellulose into two peaks. The sizes of these two peaks 
were essentially identical, indicating that the yields of the two 
peptides were approximately equimolar. These two chymo- 
tryptic peptides contained 17 ((21) and 16 (C2) amino acids, 

* Although this residue was not unequivocally identified at  this point 
in our studies, later analysis of al(II)-CB6 (see below) showed that the 
amino acid at this site was arginine. 
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FIGURE 1: The amino acid sequence of al(I1)-CB6. The tryptic (T), 
chymotryptic (C), and collagenase (CL) peptides are indicated by long 
arrows (*). The short half arrows (-) show the extent of Edman deg- 
radation of each peptide. 

TABLE I: Amino Acid CompositionU of Products Obtained after 
Digestion of a1 (11)-CB6 with Trypsin and Chymotrypsin. 

Peptide 

0.5 

E c 0.4 

ln 
6 0.3 
U C 
0 n 

e 

$ 0.2 
s 

0.1 

100 200 300 
Effluent Volume, ml 

FIGURE 2: Ion-exchange chromatography (on Chromobeads A) of the 
small peptides resulting from treatment of CUI (II)-CB6-C2 with collage- 
nase by the method of Butler et 31. (1974b). 

T A B L E  1 1 :  Compositions" and Subtractive Edman Degradation of 
the Collagenase Peptides of CUI (II)-CB6-C2.h 

Amino Acid TI T2 c 1  c 2  HYP Asp Glu Pro GIY 

4HYP 
ASP 
Ser  - 

Hse - 

Glu - 

Pro 0.9 

Ala - 

Val - 

Phe - 

Arg 1 .o 

- 

GlY 1.1 I 

Total: 3 

3.5 2.0 2.1 
1.1 - 1 .o 
1 .o ~ 0.9 
0.9 - 0.9 
4.0 1 .o 3.3 
5.2 4.3 2.3 

10.3 6.3 5.8 
2.0 2. I 0.1 
1 .o - 1.1 
0.9 0.7 - 
- 1 .o ~ 

30 17 16 

C2-CLI (Residues 18-27 of oI ( I I ) -CB6)  

( N o t  Seauenced) 
2.04 0.72 3.20 0.79 3.06 

GI\. Glu H!P Val Ser 

C2-CL2 (Residues 25-30) 
0 1.94 1.08 0.8 1 0.89 0.95 
1 1.15 I .06 0.90 0.94 0.94 
2 1.14 0.30 0.96 0.93 0.93 
3 1.21 0.37 0.00 0.92 0.92 

- 

Ser  H se Pro Gly Val 

Values expressed as  residues per peptide. Dashes indicate that 
See text for nomen- values were less than 0.1 residue per peptide. 

clature. 

C2-CL3 (Residues 28-33) 

(Not  Sequenced) 
0.89 1 . 1 2 .  0.85 1.98 0.69 

respectively (Table I). The composition of C1 when compared 
with the data given above (e.g., two alanyl residues) showed 
that it was from the NH2 terminus of al(I1)-CB6. This con- 
clusion is also consistent with the specificity of chymotrypsin 
in cleaving peptide bonds involving the carboxyl group of 
phenylalanyl residues (Hill, 1965). Additionally, the homo- 
serine in peptide C2 indicated its derivation from the COOH 
terminus of a1 (11)-CB6. About 1.3 fimol of peptide C2 was 
coupled to A N S  in the presence of EDC and subjected to au- 
tomated Edman degradation, utilizing the Slow Peptide- 
DMAA program. The first six residues a t  the NH2-terminal 
sequence of peptide C2 were established to be Gln-Gly-Asn- 
Pro-Gly-Glu, an  observation consistent with the above con- 
clusions. Only about 1% of the expected quantities of Pth- 
amino acids were recovered in this experiment, presumably 
because most of the peptide contained a blocked NH2-terminal 
residue, resulting from cyclization of the glutaminyl resi- 
due. 

In order to establish the structure of the final nine residues 
of a 1 (II)-CB6, 2 wmol of peptide C2 was digested with colla- 
genase and the products were separated by ion-exchange 
chromatography (Figure 2). Five collagenase peptides were 
obtained with compositions indicating that they represented 

GI4 \ dl Ser  

C2-CL4 (Residues 28-30 
0 1 0 3  0 90 0 97 
I 0 2 4  1 04 0 96 
2 0 3 0  0 20 1 00 

GI) Pro Hse 

C2-CL5 (Residues 30-33) 
0 1 .00 0.95 1.05 
1 0.30 0.92 1.08 

(' Compositions for the various cycles of Edman degradation are  
given in residues per peptide. The number of the Edman cycle is 
indicated to the left of the computed values, and the value for the 
residue removed a t  each cycle is italicized. See the text and Fig- 
ures 1 and 2 for clarification of the nomenclature and source of the 
collagenase peptides 

the complete sequence of C2. Peptides C2-CL2, C2-CL4, and 
C2-CL5 were subjected to subtractive Edman degradation. 
The results of the Edman degradations and the compositions 
of the five peptides are presented in Table 11. The position of 
a1 (11)-CB6 from which each collagenase peptide was derived, 
indicated by parentheses following each name, was deduced 
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5 10 15 
GLY - PRO - ARG - GLY - PRO - &P - GAY - PRO - HAP - OLy - Lys - H Z  - GAY - ASP - ASP - - - - - -  - -  
-11- T2 

20 25 30 
GLY - GLU - ALA - GLY - LYS - HYP - GLY - LYS - SER - GLY - GLU - ARG - GLY - PRO - HYP - 
- - v - - - - w v v - - v - - - r - . . -  

35 40 45 

-T3- - 
GLY - 50 - G Z  - G S  -e - - OLy - PHE - Z P  - - - C P  - GLY -e - H Y P -  

- . - - - . . - - w - - r - -  
-c - 1 4  D 4  T5 - 

50 55 60 
GLY - V A L -  H Y L _ -  - HIS- ARG - GAY - 1 2 -  HYP - GLY -LEU - A S P  - GLY - 4- G -  
v * *  

+ 1 6 4 L 3 4  -TTg-CL4- e-, 
65 70 75 

GLY - GLU - ALA - GLY - ALA - HYP - GLY - VAL - HYL - GLY - GLU - SER - GLY - SER - HYP 
- v - v - -  - - v  1 - -  =s,F -.I v - 

16-CL7- - T 6 C L 6  - 
-164L2- 

80 
GLY - (GLX, ASX, GLY, SER, HYP) - GLY - PRO - HSE --. w 
-T64L1,-> t - 1 6 - C L 5  3 

FIGURE 3: The amino acid sequence of al(II)-CB12. Tryptic peptides (T) and collagenase peptides (CL) are designated by long arrows (-) and Edman 
degradation by short half arrows (+). The hydroxylysyl residues at positions 48,60, and 69 are glycosylated (see Results section) 

TABLE 111: Amino Acid Composition of the Tryptic Peptides of Bovine Nasal Cartilage CII(II)-CBI~.~ 

Amino Acid TI T2 T3 T4 T5 T6 T6a Totalb 01 1(II)-CB12C 

4-HYP 
ASP 
Thr 
Ser 
Hse 
Glu 
Pro 

Ala 
Val 
Leu 
TYr 
Phe 
HYl 
LYS 

Arg 

GlY 

His 

Total: 

1 .o 2.3 3.1 
- - 2.1 
- 1 .o - 
- - 2.8 
- - 0.8 

1 .o - 3.2 
1.8 0.6 1.5 
3.1 5.4 11.1 
1.2 - 3.4 
- 0.9 0.9 

0.2 1 .o 1 .o 
- - 0.8 
- 1 .o - 
- 0.9 1.8 

- 0.9 - 

0.9 1 .o - 

9 15 33 

- - - 

1.4 
1.1 

2.6 
1 .o 
2.4 
1.6 
5.8 

- 

- 

- 

- 

- 

- 

- 

- 
- 

- 

16 

10 
4 
1 
4 
1 
6 
8 

28 
5 
2 
2 
1 
1 
3 
3 
1 
4 

84 

9 
4 
1 
4 
1 
7 
8 

28 
5 
2 
2 
I 
1 
3 
3 
1 
4 

84 

Given as residues per peptide. A dash indicates that the level was less than 0.1 residue per peptide. Summation of the nearest inte- 
grals of the residues of each peptide. The total for the individual amino acids is for the six tryptic peptides TILT6 and does not include the 
composition of T6a. From Miller and Lunde. 1973. 

by the following considerations (diagrammatically shown in 
Figure 1). The composition of C2-CL1 (e.g., one aspartic acid), 
when compared with the sequence data above, showed it to be 
from the NH2 terminus of C2. The fact that it contained the 
three glutamic acids of C2 indicated that C2-CL1 overlapped 
C2-CL2, which contained a single glutamic acid. The valyl and 
seryl residues of C2-CL2 showed that this hexapeptide over- 
lapped C2-CL4. And finally peptide C2-CL3, known to be 
from the COOH terminus because of the homoserine residue, 
overlapped C2-CL4 and C2-CL5. 

The residue at  position 9 of peptide C2, which was removed 
at  the second step of subtractive Edman degradation of peptide 
C2-CL2 (Table 11) was deduced to be glutamic acid residue 
rather than glutamine since amino acid analysis of peptide C2 
showed a content of only slightly over 2 mol of ammonia per 
mol of peptide. Since glutamine and asparagine residues were 

identified at  positions 1 and 3 ,  respectively, of peptide C2, there 
can be no other amide residue in this sequence. 

Amino Acid Sequence of a1 (II)-CB12. The sequence of 79 
of the 84 residues of a1 (11)-CB12 was established by Edman 
degradation of the peptide and by studies on the six tryptic 
peptides derived from it. The results are summarized in Figure 
3. 

Starting with 1.1 pmol of intact al(II)-CB12, and utilizing 
the Slow Protein-Quadrol program of the automated sequen- 
cer, the sequence of 45 residues a t  the NH2 terminus was es- 
tablished (Figure 3). The yield of Pth derivative at  cycle 24 was 
quite low. Therefore, the unambiguous identification of Ser-24 
in the sequence of a1 (11)-CB12 was deduced from the amino 
acid composition of the tryptic peptide T 3  (see below). 

Proteolysis of a1 (11)-CB12 with trypsin yielded principally 
six peptides with compositions listed in Table 111. The large 
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TABLE I V  Compositiono of Peptides Isolated after Cleavage of Peptide T6 with Collagenase 

Amino Acid T6-CL1 T6-C12 T6-CL3 T6-C L4 T6-CL 5 16-CLO r6-CI 7 
~ 

4HYP 1 7  1 0  1 0  ’ I  
ASP 1 0  1 0  
Ser 1 8  0 2  0 2  0 9 
Hse 0 8 - 

Clu 1 1  0 3  1 s  1 1  
Pro 0 4  1 0  

3 0  1 1  1 0  1 3  1 0  2 0  2 9  
Ala - 1 0  2 8  
Val - - 0 8 
Leu I O  

- - 0 8  
- - 0 8  0 8  

TY‘ 
HYl 

Total 9 3 3 3 3 6 9 

Recovery (%) 25 48 37 21 23 18 21 

Position i n  a l ( l I ) -CB12 73-81 64-66 52-54 55-57 82-84 67 72 58-66 

0 Residues per peptide A dash indicates levels below 0 1 residue See Figure 3 

tryptic peptide T 6  was initially separated from smaller peptides 
by gel chromatography on Sephadex G-50 and finally purified 
by phosphocellulose chromatography. Peptides T2, T4, and 
T5, which emerged together on the Sephadex G-50 column, 
were purified by phosphocellulose chromatography, while 
peptides TI and T 3  were purified by ion-exchange chroma- 
tography on the Chromobeads column. The sequence analysis 
of the first 45 residues of al(I1)-CB12 (see above) established 
the alignment of the tryptic peptides T1, T2, T3, T4, and T5  
(Figure 3) and the compositions of these peptides (Table 111) 
supported this sequence analysis. A summation of the com- 
position of the six tryptic peptides agreed very well with the 
composition of uncleaved a 1  (11)-CB12 (Miller and Lunde, 
1973) so these fragments represent the complete sequence of 
the CNBr  peptide. In addition to these peptides, a small 
amount of a seventh tryptic peptide T6a, eluting in the void 
volume of the Chromobeads column, was detected. The anal- 
ysis of this peptide (Table 111) indicated its origin from the 
COOH terminus of a 1  (11)-CB12 since it contained neither 
arginine nor lysine, but a residue of homoserine. Several pos- 
sible reasons for the partial cleavage of the peptide bond joining 
residues 69 and 70 of al(II)-CB12 can be offered. Position 69 
may contain a small amount of lysine or of free (nonglycosq- 
lated) hydroxylysine, either of which could be susceptible to 
trypsin cleavage. A less likely explanation is that the glycosy- 
lated hydroxylysine in this position is slightly susceptible to 
cleavage by trypsin. 

The sequence of peptide T 5  was determined utilizing 1 .O 
ymol of peptide and the Slow-DMAA program of the auto- 
mated sequencer (Figure 3). Arginine was known to be the 
COOH-terminal amino acid from trypsin specificity (Hill, 
1965). 

The hydroxylysine a t  position 48 of a1 (II)-CBI2 (Figure 
3) was not determined by direct identification of the Pth de- 
rivative. The following data showed it to be glycosylated hy- 
droxylysine. First, it has been our experience that, whenever 
such a residue is encountered in automated Edman degrada- 
tion, a “blank” is observed at  that cycle (Butler et al., 1974a). 
Cycle 12 of peptide T 5  gave a “blank”. Second, a residue of 
glucosylgalactosylhydroxylysine was identified after alkaline 
hydrolysis of T 5  and chromatography of the hydrolysate on 
the amino acid analvzer (Spiro, 1969). And finally, the single 

glycosylated hydroxylysine of the a1 ( I )  chain occurs in this 
homologous site (Butler, 1970). 

The partial sequence of T6, the COOH-terminal tryptic 
peptide from a1 (11)-CB12 was determined in the following 
manner. Edman degradation, utilizing 1 .O ymol of peptide and 
employing the Slow Peptide-DMAA program of the automatic 
sequencer indicated the sequence: 

Gly-Tyr-H yp-Gly-Leu- Asp-Gly- Ala-Y-Gly-Glu- Ala- 
Gly- Ala-Hyp-Gly-Val-Y-Gly-Glu-Y -Gly 

for the first 22 amino acids. Utilizing data for the alanines at  
positions 8 and 12, the repetitive yield was calculated to be 
95%. After cleavage of peptide T 6  with collagenase, seven 
peptides were isolated by ion-exchange chromatography on 
the Chromobeads A column. The compositions of these pep- 
tides are listed in Table IV and their derivation and sequences 
are shown in Figure 3. The compositions of peptides T6-CL3, 
T6-CL4, T6-CL7, T6-CL2, and T6-CL6 support the conclu- 
sion concerning the sequence analysis given above. The coni- 
plete sequence of T6-CL6 (residues 67-72 of a 1 ( I  I)-CB 12) 
and the partial sequence of T6-CL1 (residues 73--81) were 
established by subtractive Edman degradation. The probable 
sequence of the latter portion of T6-CLI (shown i n  paren- 
theses) was deduced by comparison to the homologous CY I ( I )  
sequences of bovine and chick collagens (Fietzek and Kuhn, 
1975; Kang et al.. 1975). 

It should be noted that fractional levels of proline were ob- 
served in peptides T5, T6, and T6-CL.1 (Tables I l l  and I V ) .  
These nonintegral amounts of this amino acid undoubtedly 
reflect the incomplete hydroxylation of prolyl residues during 
the biosynthesis of hydroxyproline (Bornstein, 1967). After 
cycle 3 of subtractive Edman degradation of T6-CLI (results 
given above), about 0.3 of a residue of proline and 0.7 residue 
of hydroxyproline were lost, indicating that residue 75 of 
N I  (11)-CBI 2 is 70% hydroxylated. However, no other quan- 
titative data for other partially hydroxylated prolines were 
obtained from the present studies. 

The occurrence of hydroxylysine in the collagenase peptides 
T6-CL7 and T6-CL6 suggested that the “blanks” encountered 
a t  positions 9 and 18, respectively, in the sequence determi- 
nation of peptide T6  (see above) were due to the presence of 
glycosylated hydroxylysines. Indeed, after alkaline hydrolysis 
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20 30 
a l ( l )  GLY - PRO - G L N  - GLY - PHE - G L N  - 
Ol(I1) GLY - PRO - G L N  - GLY - PHE - G L N  - 

- HYP - GLY - GLU - HYP - GLY - GLU - HYP - GLY - 
- PRO - GLY - G L U  - HYP - GLY - GLU - HYP - GLY - 

40 45 
GLY - PRO - M E T  - GLY - PRO - ARG - GLY - PRO - HYP - GLY - PRO - HYP - G L Y  - 
GLY - P R O  - M E T  - GLY - PRO - ARG - GLY - PRO - H I P  - GLY - PRO - H Y P  - G L Y  - 

al(l) 

al(1l)  

55 60 65  70 
GLY - G L U  - A L A  - GLY - L Y S  - P R O  - GLY - 
GLY - G L U  - A L A  - GLY - L Y S  - H Y P  - GLY - 

al(1) 

a l a ] )  

- GLY - G L U  - ARG - GLY - PRO - H Y P  - GLY - P R O  - G L N  - 
- G L Y  - G L U  - ARG - GLY - P R O -  HYP - GLY -PRO - G L N  - 

Qlc - dl 

75 
al(1) GLY - ALA - ARG - GLY - 
al(I1) GLY - A L A  - ARG - GLY - 

95 - GLY - L E U  - ASP - GLY - A L A  - L Y S  - 
- GLY - L E U  - ASP - GLY - A L A  - H Y L  - 

Q I O - Q ~  

125 n I2O n I I O  11.5 
al(l) GLY - GLU - m- GLY - SER - HYP - GLY - GLU - ASN - GLY - ALA - HYP - GLY - GLN - MET - GLY - PRO - ARG - 
al(11) GLY - GLU -/SERI- GLY - SER - HYP - GLY -(GLX, ASX, GLY, w, HYP). GLY -m- MET- GLY - PRO-  ARG .. 

I30 135 
al(1) GLY - LEU - HYP - GLY . GLU - ARG - GLY - ARG - m- GLY - PRO - - ALA - QLY - ALA - A R G  - 

I55 
A L A  - GLY - PRO - HYP - GLY - P R O -  

- A L A  - GLY - P R O  - H Y P  - GLY - PRO - 
- 

FIGURE 4: The comparative amino acid sequences of the NHz-terminal helical portions of al(1) and al(I1)  chains. Positions where sequence differences 
result from a genetic variation are boxed. The numbering begins with the helical portion of the chains (the Gly-X-Y repeating sequence). 

of the two collagenase peptides, glucosylgalactosylhydroxy- 
lysine and smaller amounts of galactosylhydroxylysine were 
detected on the amino acid analyzer. The ratios of the disac- 
charide to the monosaccharide component .were approximately 
4: 1 for T6-CL7 and 5: 1 for T6-CL6. Thus, we conclude that 
residues 60 and 69 of a l ( I I ) -CB12 are principally glucosyl- 
galactosylhydroxylysyls with lesser amounts of galactosylhy- 
droxylysyl residues, occurring a t  these sites (see Figure 4). 

The NH2-Terminal Sequence of a1 (11)-CBll. About 0.4 
wmol of the peptide was subjected to automated sequence 
analysis utilizing the Slow Protein-Quadrol program. The 
analysis for 39 residues was run twice with essentially identical 
results. The following sequence was determined: 
Gly-Pro-Arg-Gly-Leu-Hyp-Gly-Glu-Arg-Gly- 

Arg-Thr-Gly-Pro-Ala-Gly-Ala-Ala-Gly-Ala- 
Arg-Gly-Asn-Asp-Gly-Gln-Hyp-Gly-Pro-Ala-Gly- 

Pro-H yp-Gl y-Pro-Val-Gly-Pro-Ala 
Utilizing the levels of Pth-proline obtained a t  cycles 2 and 4, 
the repetitive yield was calculated to be 98%. When the levels 
of Pth-leucine and Pth-valine (cycles 5 and 36, respectively) 
were used, the repetitive yield was 95%. 

Discussion 
The covalent structure of the NH2-terminal region of the 

a 1  (11) chain, as determined by the studies presented here, is 

depicted in Figure 4 along with a comparison with that of the 
a l (1 )  chain. It should be noted that the sequence data for the 
first 123 residues of a1 (I) presented here are from calf collagen 
(Fietzek and Kiihn, 1975). The remaining 39 residues are for 
rat  collagen (Balian et al., 1971) since this latter sequence 
(al(1)-CB8) from bovine collagen has not yet been re- 
ported. 

The comparative data of Figure 4 indicate that the a l (1)  and 
a l (1 I )  chains are identical in about 80% of the positions. A 
similar level of sequence identity was observed when the central 
portions of bovine a l (1 )  and a l ( I1 )  chains were compared 
(Butler et al., 1974a). The level of variability is significantly 
higher than when interspecies comparisons of a1 (I) chains are 
made (Dixit et al., 1975). For example, when amino acid se- 
quences of the central portion of al(1) chains from chick skin 
collagen are compared with homologous regions from bovine 
and rat collagens, the levels of identity are 91 and 89%, re- 
spectively. Twenty-two of the 30 genetic differences shown in 
Figure 4 (denoted by boxes) involve changes of only one nu- 
cleotide in the triplet of D N A  codons. 

The levels of hydroxylysine and of hydroxylysine-linked 
carbohydrate in the al(I1) chain are relatively high, compared 
with those of a l (1 )  (Miller, 1971). The results reported here 
and elsewhere (Butler et al., 1974a) corroborate the earlier 
compositional data and indicate that every lysyl residue in the 
al(I1) chain which is a potential substrate for lysyl hydroxylase 
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is fully hydroxylated. In contrast, residues 99 and 108 in the 
al(1) chain are not hydroxylated. Furthermore, each of the 
hydroxylysyl residues of the a1 (11) chain is glycosylated, in- 
dicating that the extent of glycosylation in the latter chain is 
dependent largely on the availability of hydroxylysyl residues. 
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