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Covalent Structure of Collagen: Amino Acid Sequence of

a1-CB3 of Chick Skin Collagent

S. N. Dixit, A. H. Kang,* and J. Gross

ABSTRACT: The amino acid sequence of a1-CB3, a peptide
containing 149 residues obtained from the central portion of
the a1(I) chain of chick skin collagen by cyanogen bromide
cleavage, has been determined. As in the other sequences
from the helical region of collagen chains, the repeating
triplet Gly-X-Y extends throughout the length of the pep-
tide. These data allow a comparison of the sequence to that
of a1-CB3 from calf and rat skin collagens. As compared

Knowledge of the primary structure of collagen is essen-
tial in elucidating the relation of structure to function. In-
formation on the comparative biochemistry of collagens
from different classes of vertebrates may, as has been
shown in other proteins, significantly contribute toward our
understanding of the aspects of primary structure which de-
termine the biologic properties of the protein. In recent
years, several laboratories have been committed to the de-
termination of the complete covalent structure of several
different collagens. Progress with the amino acid sequence
analysis of this very large molecule, ca. 300,000 daltons, has
been greatly facilitated by the application of CNBr cleav-
age (reviewed by Gallop et al.,, 1972; Traub and Piez,
1971).

As a part of our systematic effort to determine the com-
plete amino acid sequence of chick skin collagen, we have
previously reported the covalent structures of al-CB1, al-
CB2, «2-CBl, and «2-CB2 peptides (Kang and Gross,
1970; Highberger et al., 1971). In the present communica-
tion, we describe our data delineating the amino acid se-
quence of al-CB3, which contains 149 amino acids and
which comprises residues 419 through 567 of the intact
a1(I) chain. The covalent structure of the homologous pep-
tides from calf skin (Fietzek et al., 1972a; Wendt et al.,
1972a) and rat skin (Butler et al., 1974a) has recently been
published.
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with calf, the chick peptide contains 14 amino acid differ-
ences, whereas it contains 17 residue differences from the
rat peptide. Thus, the sequence identity level is 91 and 89%,
respectively, in comparison to the calf and rat peptides.
These values are significantly greater than the value of 97%
observed between the peptide of the two mammalian species
and reflect the greater phylogenetic distance of the species
compared.

Materials and Methods

Preparation of al-CB3. The CNBr peptide, al-CB3,
was prepared from the al chains of purified, salt-extracted
skin collagen of lathyritic chicks. The procedural details
and the criteria of purity were previously described (Kang
et al.,, 1969a,b).

Enzymatic Hydrolyses. Digestion with trypsin (TPCK!
treated, Worthington) was performed in 0.2 M Tris (pH
7.6) containing 10~3 M CaCl, at 37° for 2 hr. A 1:50 molar
ratio of enzyme/substrate was used. The digestion was ter-
minated by acidification with 2 M acetic acid and lyophili-
zation. Digestion with chymotrypsin (three times recrystal-
lized, Worthington) was performed in 0.2 M NH,HCO;
(pH 8.0) at room temperature for 2 hr. An enzyme/sub-
strate molar ratio of 1:50 was used. The reaction was termi-
nated by lyophilization or by separating the products by gel
chromatography.

Maleylation and Demaleylation. In some experiments,
the peptides were maleylated prior to trypsin digestion to
confine the tryptic cleavage to the arginyl residues (Butler
et al., 1969). Following tryptic ¢ hydrolysis, the treated pep-
tide was demaleylated by incubation in 0.2 pyridine ace-
tate (pH 3.0) for 6 hr at 60°.

Column Chromatography. The initial fractionation of
tryptic and chymotryptic peptides was carried out by mo-
lecular sieve chromatography on a column (2 X 120 cm) of
Sephadex G-50 S (Pharmacia) equilibrated with 0.04 Af so-
dium acetate (pH 4.8). Samples were applied in 2 ml of the
buffer and the column was eluted with the same buffer at a
flow rate of 18 ml/hr.

The peptides obtained from the molecular sieve chroma-

! Abbreviations used are: CNBr, cyanogen bromide; TPCK, L-1-
tosylamido-2-phenylethyl chloromethyl ketone; SPANCS, 4-sulfophen-
yl isothiocyanate; PTH, phenylisothiohydantion; ANS, 2-amino-1,5-
naphthalenedisulfonic acid; EDC, N-ethyl-N’-(3-dimethylaminopro-
pyl)carbodiimide.
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Table I: Amino Acid Composition of the Tryptic Peptides of «1-CB3.4

-
Tl T2 T3 T4 TS T6 T7 T8 T9 T10 Total CB3b
Hydroxyproline 6.1 (6) 3.0(3) — 1.8(2) 09() 09 1.9(2)y 09D 1.0 (1) — 17 14
Aspartic acid 1.0 (1) 2.1(2) 1.0 (1) — — 2.9 (3) — — — — 7 7
Threonine — — 0.9 (1) — — — — — — — 1 |
Glutamic acid 6.1 (6) 2.2(2) 3.2(3) — 2.1 (2) — 2.1(2) — 0.9 (1) 0.9 17 16
Proline 3.6 (4) 1.1 (1) 3.8(4) 1.4 (1) 3.0(3) — — 1.1 (D) — — 14 14
Glycine 14.7 (15) 6.7(7) 6.3(6) 5435 434 41@) 42 232 23(2) 1.0(1)y 50 46
Alanine 7.8 (8) 3.3(3) 3133 414 — 3.0(3) 2.1(2) - — — 23 22
Valine 1.0 (1) — — 0.9 (1) 1.0 (1) - - — — — 3 3
Leucine 1.0 (1) 1.0 (1) — — — — — — — e 2 2
Phenylalanine 1.0 (1) — — - — — — 0.9 (1) 1.0 (1) — 3 3
Hydroxylysine — — — — — —_ — 0.2 — - 0.2 0.4
Lysine 1.0 (1) — — 1.0 (1) — 1.0 (1) 1.0(1) 0.8(L) — — 4.8 4.4
Arginine 1.0 (1) — 1.0 (1) — 1.0 (1) — 1.0 (1) — 1.0 (1) 1.0 (1) 6 6
Homeoeserine — 1.0 (1) — — — — —_ — — — 1 ]
Total 45 20 19 14 12 12 12 6 6 3 149 140

4 Values are expressed as residues per peptide. A dash indicates the level was less than 0.1 residue per peptide. Numbers in parentheses indi-

cate assumed integral values. ® From Kang et al., 1969b.

tography were desalted on a column (2 X 120 cm) of Bio-
Gel P-2 (200-400 mesh) using 0.1 M acetic acid as the el-
uent and further fractionated on phosphocellulose. A 1 X 6
cm column of phosphocellulose was equilibrated with 0.001
M sodium acetate at 44°, and, after application of samples,
was eluted with a linear gradient of NaCl from 0 to 0.1 M
over a total volume of 500 ml. The effluent was continuous-
ly monitored at 230 nm in a Gilford spectrophotometer.
Amino Acid Analysis. The samples were hydrolyzed in
constant boiling HCI under an atmosphere of nitrogen at
108° for 24 hr. Analyses were performed on an automatic
analyzer (Beckman 121) using a single column method as
described previously (Kang, 1972). No correction factors
were used for losses or incomplete release of amino acids.
Edman Degradation. Automated Edman degradations
(Edman and Begg, 1967) were performed with a Beckman
Sequencer Model 890C employing either the Fast Protein-
Quadrol (072172C) or Slow Peptide-DMAA (071472) Pro-
grams supplied by Beckman Instruments. Small peptides
with COOH-terminal arginine were modified by treatment
with 2-amino-1,5-naphthalenedisulfonic acid (ANS) in the
presence of N-ethyl-N’-(3-dimethylaminopropyl)carbodi-
imide (EDC) prior to the application of the sample to the
reaction cup. The procedure used was identical with that
described by Foster et al. (1973) except that only 1 mol
each of ANS and EDC was used per mol of COOH-group
in the peptide rather than the threefold molar excess used
by Foster et al. (1973). This diminished amount of reactant
apparently spared the 3- or y-carboxyl groups of aspartic or
glutamic acid as we were able to identify these amino acid
residues as their PTH derivatives in good yields. Small pep-
tides with COOH-terminal lysine were treated with
SPhINCS as described by Braunitzer et al. (1970) and Fos-
ter et al. (1973). These modifications improved retention of
the peptides in the reaction cup allowing automatic degra-
dation through the penultimate COOH-terminal residues.
The PTH-amino acids were analyzed by gas chromatogra-
phy both before and after trimethylsilylation using the gen-
eral procedure of Pisano and Bronzert (1969). Under these
conditions, PTH-hydroxyproline, a residue infrequently en-
countered in noncollagenous proteins, is well separated
from other PTH-amino acids and elutes from the column at
15.0 min between PTH-leucine (retention time, 11 min)
1930 BIOCHEMISTRY, VOL. 14, 1975
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and PTH-methionine (retention time, 17 min). In addition,
selected residues were also analyzed by thin-layer chroma-
tography (Inagami and Murakami, 1972) and/or on an
amino acid analyzer after hydrolysis of PTH derivatives to
their parent amino acids using the method of Smithies et al.
(1971). The argininyl residues were also identified by spot
test with phenanthroquinone (Yamada and Itano, 1966).

Results

Isolation of Tryptic Peptides. Ten tryptic peptides were
isolated and purified from the tryptic digest of «1-CB3 by a
combination of molecular sieve chromatography on Sepha-
dex G-50 S and phosphocellulose chromatography.? Amino
acid composition of these peptides is presented in Table I.
The values of the number of residues per peptide calculated
from the observed yield of each amino acid are equal or
close to integers in most instances, and the sum of the num-
ber of residues of each amino acid agrees within experimen-
tal error with the composition reported previously for «l-
CB3 (Kang et al., 1969b).

Since the total content of the basic residues lysine and ar-
ginine in «1-CB3 is 11 (Table I), one might have expected
12 peptides to result from tryptic hydrolysis. However, in
two instances the basic residue was followed by hydroxypro-
line (see Figure 1, residues 15 and 78) and was not cleaved
by trypsin. Similar resistance of Lys(or Arg)-Pro(or Hyp)
bonds to tryptic attack has previously been observed (Butler
and Ponds, 1971; Highberger et al,, 1971).

The Alignment of the Tryptic Peptides. In order to gain
information on the alignment of the tryptic peptides, «l-
CB3 was maleylated prior to trypsin digestion, and the re-
sulting peptides were demaleylated and fractionated on Se-
phadex G-50 S and phosphocellulose.? A total of seven pep-
tides were obtained. Amino acid analyses® indicated that
three of these peptides, T(8-7), T(4-3), and T(6-2), were
overlap peptides and consisted of uncleaved (due to maley-
lation) T8 and T7, T4 and T3, and T6 and T2, respectively
(see Figure 1).

In addition to the characterization of the tryptic peptides
derived from maleylated «1-CB3, several experiments were
performed to determine the alignment of the ten tryptic

2 See paragraph at end of paper regarding supplementary material.
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FIGURE 1: The complete amino acid sequence of «1-CB3. The tryptic peptides are indicated by long arrows («»). Short horizontal arrows (=) in-

dicate the extent of Edman degradation of each peptide degraded.

peptides. First, intact «1-CB3 was subjected to sequential
degradation in automated sequenator, and the NH,-termi-
nal sequence through 30 residues was determined (see Fig-
ure 1). These data together with the amino acid composi-
tions (Table I), further sequence studies on the individual
tryptic peptides (see below), and the results obtained from
maleylation experiments described above show that the
order of the first four peptides is T8-T7-T4-T3.

Additional information was obtained from studies on
peptide fragments derived from chymotryptic hydrolysis of
al-CB3. Two chymotryptic peptides C2 (residues 1-62)
and C1 (residues 63-149) were separated from uncleaved
al-CB3 by Sephadex G-50 S chromatography.? The pep-
tides C1 and C2 account for the total content of amino
acids in the parent peptide.? The peptide C1 contains ho-
moserine; it must be COOH-terminal, and C2 the NH,-ter-
minal peptide. The peptide C2 was modified by maleylation
and digested with trypsin, and the resulting peptides were
demaleylated and fractionated on Sephadex G-50 S; three
major peptide peaks were seen.? Following further purifica-
tion on phosphocellulose, amino acid analysis? indicated
that peaks 1 and 2 consisted of T(4-3) and T(8-7), respec-
tively. Peak 3 (C2-Tla) was a peptide of 11 residues con-
taining a residue of phenylalanine but lacking a basic resi-
due. Edman degradation of this peptide (see Figure 1) in
the automatic sequenator showed that its sequence is identi-
cal with the NHj-terminal sequence of isolated T1. These
data, along with the previously deduced alignment (see
above) of T8-T7-T4-T3, indicated that T1 must follow T3
in the alignment. Further supporting evidence was obtained
by chymotryptic cleavage of isolated T1. Fractionation of a
chymotryptic digest of isolated T1 on Sephadex G-50 S? re-
solved two peptide fragments, Tla (residues 52-62) and

T1b (residues 63-96). Amino acid composition® of Tla is
identical with the tryptic fragment obtained from C2.

The alignment of the remaining tryptic peptides were de-
duced as follows: T2 must be COOH-terminus since it con-
tains a residue of homoserine. T6 must be penultimate since
T(6-2) was isolated from tryptic hydrolysis of maleylated
al-CB3. The relative location of T10, T9, and T5 was de-
termined by sequenator analysis of «l-CB3-Cl, the
COOH-terminal portion of the chymotryptic peptide; deg-
radation through the first 45 residues established their rela-
tive location (see Figure 1).

In summary, the proposed alignment of the tryptic pep-
tides of «1-CB3 is T8-T7-T3-T1-T10-T9-T5-T6-T2. These
data are consistent with the data obtained for a1-CB3 of
calf skin (Wendt et al., 1972a; Fietzek et al., 1972a) and rat
skin (Butler et al., 1974a) collagens, except that in the lat-
ter two, the residue 14 (lysine) was followed by alanine,
rather than hydroxyproline allowing tryptic cleavage at this
site and thus giving rise to one additional tryptic peptide to
total 11 rather than the 10 observed in chick a1-CB3.

Internal Sequences of Tryptic Peptides. Intact «1-CB3
and the individual tryptic peptides and some of the chymo-
tryptic peptides were subjected to automated Edman degra-
dation to determine the complete sequence of al-CB3,
which is depicted in Figure 1. Each peptide was analyzed at
least twice. The relative position of each peptide in the
chain, the number of useful degradation cycles achieved,
the amount of peptide introduced into the sequencer, and
the modifying agents used, if any, are summarized in Table
1I, together with other essential details. The use of blocking
agents such as SPhNCS for lysyl side chains, and ANS in
the presence of EDC for carboxy! groups, was essential to
minimize the loss of sample during extraction. Where pep-
1975 1931
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Table II: Automatic Sequenator Analysis of Tryptic and
Chymotryptic Peptides from Chick Skin «1-CB3.

Resi-

Amount dues

Position Used Program Modi- De-

Peptide in Chain (umol) Usede fication  graded
al-CB3 1-149 1.0 Quadrol None 30
T8 1-6 0.5 DMAA SPhNCS S
T7 7-18 0.5 DMAA ANS 11
T4 19--32 0.5 DMAA SPhNCS 13
T3 33-51 0.5 DMAA ANS 18
T1 52-96 1.0 DMAA ANS 25
Tla 52-62 0.5 DMAA ANS 10
TS 106-117 0.5 DMAA ANS 11
T6 118-129 0.5 DMAA ANS 11
T2 130-149 0.5 DMAA ANS 19
C1 63-149 1.0 DMAA SPhNCS 45

@ Quadrol refers to the Fast Protein-Quadrol Program 072172C,
and DMAA to Slow Peptide-DMAA Program 071472 of Beckman
Instrument.

tides were modified with SPhNCS, the NHs-terminal resi-
dues were identified by manual one-step Edman degrada-
tion on untreated aliquots of the peptides.

Discussion

The complete amino acid sequence of chick skin a1-CB3
as deduced from the present study is presented in Figure 1.
These results, together with the results obtained for «1-CB7
(J. H. Highberger, A. H. Kang, C. Corbett, and J. Gross,
manuscript in preparation), «l-CB4, «l1-CBS5, and «l-
CB6A (S. N. Dixit, A. H. Kang, J. Gross, and C. Corbett,
manuscript in preparation), and the previously published
sequence for the NH»-terminal peptides (Kang and Gross,
1970) extend the knowledge of the a1 chain of chick skin to
693 residues; the remaining sequence unreported is repre-
sented by two CNBr peptides, «1-CB8 (268) and «1-CB6B
(85). Although the homologous regions of these peptides as
well as several of the other CNBr peptides have been se-
quenced for rat skin (Kang et al., 1967; Bornstein, 1969;
Butler, 1970; Butler and Ponds, 1971; Balian et al., 1971,
1972; Butler et al., 1974a) or calf skin collagens (Rauter-
berg et al., 1972a,b; Fietzek et al., 1972a,b, 1973; Wendt et
al., 1972a,b), the complete amino acid sequence for the en-
tire « chain from a single species has not yet been estab-
lished. Such information would be useful in providing a clue
to the evolution of this unusual structural protein and in de-
lineating interactions which contribute to the stability of
the triple helical molecule.

A comparison of the sequence of chick a1-CB3 with that
of calf (Fietzek et al., 1972a) and rat (Butler et al., 1974a)
shows that there are 14 and 17 residue differences, respec-
tively. These substitutions are summarized in Figure 2. All
substitutions between the chick as compared to the calf and
rat peptide involve change of only one nucleotide in the trip-
let of DNA codons except two; these are Ala—Leu at resi-
due 87 and Gln—Ala at residue 114. These substitutions in-
volve a two-base change. Thus, the observed level of se-
quence identity between the chick peptide on the one hand
and the calf and the rat peptides on the other is 91 and 89%,
respectively.

The high degree of sequence identity of al chains dis-
played by phylogenetically widely spread species belonging
to separate classes of vertebrates is in contrast to the rela-
tively greater degree of variability observed in the se-
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8 15 20 29 4 42 45 59 & &

Chick ALA HYP ALA ALA PRO PRO THR ALA ASN ALA

Calf ALA ALA VAL PRO PRO HYP ALA SER ASP LEU

Rat THR ALA VAL PRO ALA HYP ALA SER ASP LEU
93 108 114 119 132 140 141 143 147

Chick ALA GLN GLN ALA ALA ASN GLU PRO GLU

Calf SER GLU ALA ALA ALA SER GLN ALA GIN

Rat SER GLN ALA ASN THR SER GLN ALA GLX

FIGURE 2: Residue differences among a1-CB3 of chick, calf, and rat
skin collagens. Calf data from Fietzek et al. (1972a); rat data from
Butler et al. (1974a).

quences of different o chains within the same species. But-
ler et al. (1974b) have reported a sequence difference of
20% between «a1(I)-CB3 (skin) and «1(II)-CB8 (cartilage)
from the same species. Similarly, relatively greater differ-
ences were noted between the homologous regions of a1(I)
and a2 chains from calf (Fietzek et al., 1972¢) and rat
(Piez et al., 1972).

The level of sequence homology maintained by collagen
al chains from the same tissue between the avian and the
mammalian species is also significantly closer than that of
other proteins from these species. For example, sequence
identity between the chick and bovine species for cyto-
chrome bs is 68%, for hemoglobin « chain, 73%, and for
homoglobin 8 chain, 71% not including the large segment
missing in the chick chain (Dayhoff et al., 1972). These fig-
ures are significantly smaller than that for the «1-CB3 pep-
tide of collagen even when correction is made for the invari-
ant glycine in collagen.
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Covalent Structure of Collagen: Amino Acid Sequence of

a1-CB6A of Chick Skin Collagen®

S. N. Dixit, J. M. Seyer, A. O. Oronsky,! C. Corbett, A. H. Kang,* and J. Gross

ABSTRACT: The amino acid sequence of chick skin collagen
«1-CB6A, a peptide containing 107 residues obtained from
the helical region riear the carboxy-terminus of the a1(I)
chain by cyanogen bromide cleavage, has been determined.
This was accomplished by automated Edman degradation
of the hydroxylamine-produced fragments and of the tryp-

The primary structure of collagens from several species, in
particular rat, calf, and chick, has been the subject of inten-
sive investigation by several laboratories in recent years.
The successful application of CNBr cleavage, and isolation
and characterization of the resulting peptides representing
segments from known regions of this very large molecule,
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tic peptides prepared with and without prior maleylation.
The data show that this portion of the «1(I) chain from
chick skin is identical in 90% of the residues to the corre-
sponding peptide region of calf skin collagen reported pre-
viously.

ca. 300,000 daltons, have greatly facilitated progress on the
problem (reviewed by Gallop et al., 1972; Traub and Piez,
1971).

Our laboratories have been committed to determining the
complete amino acid sequence of chick skin collagen type I.
As a part of this effort, we have previously reported the co-
valent structure of «1-CB1, «1-CB2, a1-CB3, a2-CB1, and
a2-CB2 peptides (Kang and Gross, 1970; Highberger et al.,
1971; Dixit et al., 1975). In the present paper, we present
our data delineating the amino acid sequence of «1-CB6A,
which contains 107 amino acids and which comprises resi-
dues 836-942 of the a1(I) chain. The covalent structure of
a1-CB6 from calf skin, whose NH>-terminal 107 residues is
homologous to chick «l-CB6A, was recently reported
(Mark et al., 1970; Fietzek et al., 1972; Wendt et al., 1972).

Materials and Methods

Preparation of al-CB6A. The CNBr peptide, «1-CBé6a,
was prepared from the al chain of purified, salt-extracted
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