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Comparative Sequence Studies of Rat Skin and Tendon Collagen. 
11. The Absence of a Short Sequence at the Amino Terminus of 
the Skin a1 Chain" 

Paul Bornstein 

ABSTRACT: The amino acid sequence of rat tendon 
collagen is very similar but not identical with that of 
rat skin collagen. In addition to minor differences 
related to the hydroxylation of proline, the a 1  chain 
of rat skin collagen lacks the tetrapeptide Glx-Met-Ser- 
Tyr which is present at the NH2 terminus of the a1 
chain of rat tendon collagen. This short sequence may 
be removed from the 'skin protein by a physiologic 
proteolytic mechanism or its existence may reflect the 
presence of different genes coding for tissue-specific 
collagen chains in the two tissues. However, limited 
proteolysis during extraction and purification of rat 

L o l l a g e n  participates in a variety of structural 
complexes in different tissues of the same organism. 
The macromolecular organization of the protein 
varies in these tissues and reflects the particular func- 
tion which collagen is required to fulfill. It is not known 
whether the fibrogenesis of collagen and its integration 
into a structural complex result at least in part from 
tissue-specific differences in the primary structure of 
the protein or whether mechanisms involving other 
macromolecules, such as glycosaminoglycans and 
glycoproteins, are responsible for these processes. 

Relatively minor tissue-specific differences in the 
contents of hydroxyproline and hydroxylysine in 
collagen have been reported (Piez and Likins, 1957; 
Piez et al., 1963; Fujimoto and Adams, 1964; Pine 
and Holland, 1965 ; Bornstein, 1967a,b). However, the 
significance of a variation in the degree of hydroxyla- 
tion of these amino acids is not understood. Since 
proline and lysine are hydroxylated after their incor- 
poration in peptide linkage (Udenfriend, 1966), the 
content of these amino acids in collagen probably re- 
sults from the activity or nature of the tissue enzymes 
responsible for peptidyl hydroxylation of collagen 
rather than from different collagen genes. 

The present study addresses itself to the question 
of whether other chemical differences exist in collagen 
and whether these can contribute to the tissue-specific 
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skin collagen cannot be excluded. If the primary struc- 
ture and conformation at the NH2 terminus of rat skin 
collagen differs in uiuo, this modification could influence 
the aggregative properties and relative rates of cross-link 
formation of rat skin collagen uis-h-uis rat tendon 
collagen and play a role in collagen biogenesis. The 
possibility that several amino acids including glutamine 
(or pyrrolidone-5-carboxylic acid) are removed from 
the N H 2  terminus of a polypeptide chain is also of 
interest in view of the role which pyrrolidone-5-carbox- 
ylic acid may play in the initiation of polypeptide chain 
synthesis in higher organisms. 

properties of the protein. Although the a1 and a2 
chains of rat skin collagen and rat tendon collagen 
are very similar as judged by chromatographic behavior 
and amino acid composition (Piez et al., 1963), their 
large size (95,000 molecular weight) may obscure 
sequence differences between homologous chains. The 
a1 and a2 chains of rat tendon collagen were therefore 
subjected to a structural analysis employing cleavage 
of methionyl bonds with CNBr as performed in previ- 
ous investigations of rat skin collagen (Bornstein and 
Piez, 1966; Kang et al., 1967; Butler et al., 1967). The 
a1 chain of rat tendon collagen and the homologous 
chain of rat skin collagen were found to be extremely 
similar in sequence but differed in the presence of an 
additional four amino acids at the NH2 terminus of the 
rat tendon collagen chain. The possible explanations 
and implications of this finding are the main substance 
of this communication. As a consequence of this work 
additional evidence was found for the chromatographic 
heterogeneity of CNBr-produced peptides derived 
from the a1 chains of both rat skin collagen (Butler 
et al., 1967) and rat tendon collagen. This heterogeneity 
is unrelated to the hydroxylation of proline or to the 
conversion of lysyl residues to lysyl-derived aldehydes 
(Bornstein and Piez, 1966; Piez etnl., 1966). 

Materials and Methods 

Preparation of' Collagen. Rat skin and tail tendons 
were obtained from healthy 100-150-g male Sprague- 
Dawley rats and from rats made lathyritic by mainte- 
nance on a diet of 1.5 g of &aminopropionitrile/kg of 
powdered pellet for 5 weeks. Salt (1.0 M NaCI) and 
0.5 M acetic acid extracted collagens were extracted 63 
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and purified largely as described previously (Bornstein 
and Piez, 1966). Tissues were minced in cold 0.05 M 
Tris buffer (pH 7.5) in a Waring Blendor equipped 
with a Polytron attachment. All procedures employed 
in the preparation of 1 M NaC1-extracted collagen were 
performed at  neutral pH, except for the final dialysis 
of the purified collagen for which 0.25% acetic acid 
was used. This precaution was taken to inhibit possible 
limited in vitro proteolysis of collagen by acid hy- 
drolases which may be released during the initial 
stages of extraction of the protein. 

Chromatography on CM-cellulose and Phosphocellu- 
lose. a1  and a 2  chains and BIZ components of rat skin 
collagen and rat tendon collagen were obtained by 
chromatography on CM-cellulose at  pH 4.8 (Piez 
et al., 1963; Bornstein and Piez, 1966). Chromatography 
of CNBr-produced fragments was performed on phos- 
phocellulose (Bornstein and Piez, 1966) and on CM- 
cellulose at  pH 4.8 (Bornstein and Piez, 1965) and pH 
3.6 (Butler et al., 1967). Under the conditions used for 
phosphocellulose chromatography only the smaller 
fragments, derived largely from the NHz-terminal 
regions of the chain, were eluted. The use of 2.5 X 18 
cm columns of phosphocellulose permitted the chro- 
matography of 200-250 mg of CNBr-produced frag- 
ments at  flow rates of 150-200 ml/hr. It was found 
convenient, at the conclusion of each run, to equilibrate 
the phosphocellulose with 0.3 N sodium formate (pH 
3.8) followed by starting buffer (K. A. Piez, personal 
communication). 

Moleculur Siece Chrutnatography. CY chains, /3 com- 
ponents, and large CNBr-produced fragments were 
separated from buffer salts by chromatography on 
Yephadex G-25, coarse beads (Pharmacia, Inc.) (Piez 
et a/., 1963). Small CNBr-produced fragments were 
desalted by chromatography on Bio-Gel P-2 (100-200 
or 200-400 mesh) (Bio-Rad Laboratories) equilibrated 
with 0.03 M ammonium propionate buffer (pH 4.5). 

Cleaoage with CNBr. CNBr (Eastman Organic 
Chemicals) was used without further purification. The 
technique employed has been described (Bornstein 
and Piez, 1965, 1966). 

Eniyt~ic  Hydrolysis. Digestion with a-chymotrypsin 
(three-times crystallized, Worthington) and trypsin 
(two-times crystallized, Worthington) was performed 
in 0.2 M NHIHCOJ (pH 7.8) containing 1 X M 
CaCl?. The enzymes (1 of the substrate by weight) 
were added as a OSZ solution in 1 X M HCI. 
Digestion was limited to 1-2 hr at  room temperature 
and was terminated by lyophilization. 

Limited Cleucuge cr f  Nutice Collugen. Cleavage of 
native lathyritic rat skin collagen and rat tendon col- 
lagen with trypsin was performed at  20" for 4 hr as 
described previously (Bornstein et ul., 1966). The 
dialysates were lyophilized and chromatographed on 
Bio-Gel P-2 (200-400 mesh). 

Uniun  Degrudution, Dunsylution, and Identijcation 
of Ditiietliyl~iiiiinonnplitlicilene-5-sulfbnyI Amino Acids. 
Amino acid sequences of isolated peptides were deter- 
mined by sequential Edman degradation and identifica- 
tion of the original and successively newly formed 
NH2-terminal amino acids by dansylation (Gray, 1967). 64 

The solution of peptide (5-50 mpmoles) in water was 
divided into the number of aliquots required (one for 
each step of the proposed degradation) and pipetted 
into conical glass-stoppered centrifuge tubes. The 
peptide was dried at  60" for 15 min in a heated vacuum 
desiccator. Coupling was performed under nitrogen at  
45" for 1 hr in 100 p l  of 5% phenyl isothiocyanate 
(distilled) in pyridine (refluxed with ninhydrin and 
distilled) diluted with 200 pl of 50% pyridine. The 
tubes were dried in vacuo at 60" for 30 min and the 
peptide was cleaved under nitrogen at  45" with 200 
pl of trifluoroacetic acid for 30 min. The trifluoroacetic 
acid was removed by vacuum desiccation, 150 pl of 
H,O was added, and extraction of diphenylthiourea 
and other by-products of the reaction was carried out 
three times with 1.5 ml of butyl acetate. The peptide, 
shortened by one residue a t  its NH2-terminal end, was 
then transferred to a 6 X 50 mm test tube with 0.2 M 
NaHCOl and dried in a heated vacuum desiccator 
containing H2S04. NaHC03 (10 ~1 of 0.2 M) and 
dimethylaminonaphthalene-5-sulfopyl chloride (1 0 pl) 
(recrystallized from isooctane, 2.5 mg/ml in acetone) 
were added. The tube was covered with parafilm and 
incubated a t  37" for 1 hr. After drying, the dansylated 
peptide was hydrolyzed under nitrogen at  110" for 16 
hr with 50 pl  of doubly distilled constant-boiling HCI. 
If proline was suspected as NH? terminal, hydrolysis 
was limited to 8 hr. The HCl was removed by vacuum 
distillation and the hydrolysate was dissolved in a small 
quantity of 50x pyridine for application to a thin-layer 
plate. 

Dimethylaminonaphthalene-5-sulfonyl amino acids 
were identified by thin-layer chromatography on 
silica gel plates or polyamide sheets (Woods and Wang, 
1967). Unequivocal identification of each new "2- 

terminal amino acid was achieved by chromatography 
with two or more solvent systems. The following systems 
were wed frequently: (a) methyl acetate-isopropyl 
alcohol-NH, (9 :7 :4) (Seiler and Wiechmann, 1967), 
(b) ethyl acetate-chloroform-methanol-acetic acid 
(1O:lO:l:l) (Crowshaw et al., 1968), (c) HzO-formic 
acid (100: 1.5) (d) benzene-acetic acid (9: 1) (Woods 
and Wang, 1967), and (e) chloroform-benzyl alcohol- 
acetic acid (70:30:3) (Deyl and Rosmus, 1965). Systems 
a and e were used primarily with silica gel plates and 
systems c and d with polyamide sheets. System b proved 
satisfactory with both media. 

Spectrophotometric Detection of' Aldehydeu. Peptides 
were treated with N-methylbenzothiazolone hydrazone 
(Eastman Organic Chemicals) according to the method 
of Paz et al. (1965). Ultraviolet spectra were obtained 
using a Cary Model 14 recording spectrophotometer. 

Peptide Maps. Two-dimensional chromatography and 
high-voltage electrophoresis of the tryptic digests of 
peptides al-CB3 and a2-CB2 were performed as de- 
scribed by Butler et al. (1967). 

Amino acid analyses were performed on a Beckman 
120 C analyzer modified for accelerated single-column 
gradient elution largely according to the specifications 
described by Miller and Piez (1966). Using temperature 
programming and a slightly modified gradient both 
homoserine and homoserine lactone were adequately 
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FIGURE 1 : Elution patterns of peptides. (a) Obtained by CNBr 
cleavage of the a1 chain of acid-extracted rat tendon collagen. 
Chromatography was performed on phosphocellulose at pH 
3.8, 40". The arrow indicates placement of the sample (120 
mg) dissolved in 10 ml of starting buffer, 0.001 M sodium ace- 
tate (pH 3.8). The shoulder on the ascending slope of peptide 
al-CBla represents the peptide (al-CB0)-(al-CB1). (b) 
Phosphocellulose elution pattern of peptides obtained by 
CNBr cleavage of the a1 chain (120 mg) of acid-extracted 
rat skin collagen, The straight line plot indicates the ionic 
strength gradient. Reproduced with permission from Bio- 
chemistry 5,3460 (1966). 

separated from adjacent amino acids. Peptides were 
hydrolyzed under nitrogen in doubly distilled constant- 
boiling HCl at 110" for 24 hr. The following corrections 
were made for hydrolytic losses: threonine, 2.4%; 
serine, 6.2%; and methionine and tyrosine, 5%. A 
correction of 6 . 9 z  was applied for incomplete release 
of valine. 

Results 

The similarity of the a1 and a2  chains of rat skin 
collagen and rat tendon collagen, first suggested by 
their amino acid compositions (Piez et ai., 1963), is 
further supported by the present experiments which 
indicate a marked similarity in the CNBr-produced 
peptides of the two proteins. CM-cellulose chromato- 
grams of CNBr digests of rat tendon collagen a1 and 
a 2  chains at pH 4.8, and of the rat tendon collagen a1 
chain at pH 3.6, were identical, within experimental 
error, with those previously obtained for rat skin 
collagen. However, subtle but significant differences 
were detected in some fragments as a result of their 

EFFLUENT VOLUME .ml  

EFFLUENT VOLUME, ml 

FIGURE 2: Phosphocellulose elution pattern of tryptic digests: 
(a) Of rat tendon collagen al-CBl. Chromatography was 
performed at pH 3.8, 40". The arrow indicates placement of 
the sample (1.2 pmoles) dissolved in 10 ml of starting buffer. 
The double peak of al-CBl-T2 probably results from the 
equilibrium of homoserine with its lactone. (b) Of rat skin 
collagen al-CBl (1.0 pmole). See legend to Figure 2a for 
further details. Reproduced with permission from Biochem- 
isrry 6,788 (1967). 

la. For comparison, a chromatogram of a similar digest 
from rat skin collagen is reproduced in Figure lb. 
Certain differences such as the precise position of 
elution of individual peptides and the size of the initial 
or breakthrough peak are not reproducible and are 
of no apparent significance. The overlapping peptide 
resulting from lack of cleavage of the methionyl residue 
between al-CB1 and al-CB2 which elutes between 
the two peptides in Figure l b  forms the leading shoulder 
of the al-CB1 peak in Figure la.' Two differences 
between Figures la,b were consistent and of significance. 
(1) A leading shoulder on the al-CBla peak in Figure 
l a  is absent in the corresponding location in Figure lb. 
(2) The absorbance at 230 mp of the al-CB1 and al- 
CBla peaks vis-&s al-CB2 is greater in rat tendon 
collagen (Figure la) than in rat skin collagen (Figure 
lb). 

On the basis of position of elution from phospho- 
cellulose and amino acid composition, peptides aI-CBl 
and a1-CBla in rat tendon collagen are clearly homol- 
ogous to the corresponding peptides from rat skin colla- 
gen. However, the amino acid composition of rat tendon 
collagen al-CB1 Vable I) and al-CBla indicated the 
presence of an additional seryl and tyrosyl residue. As 
in the case of rat skin collagen, the amino acid composi- 
tion of rat tendon collagen al-CBla differed from that of 

elution pattern from phosphocellulose. 
Of Ihe Chain* The phospho- 

cellulose chromatogram of the CNBr digest Of the 
a1  chain of rat tendon collagen is illustrated in Figure 

l a l -CBl  and al-CB2 are adjacent peptides on the a1 chain 
(Bornstein and Pia, 1966). The evidence related to the ordering 
of the other CNBr-produced peptides of the a1 chain of rat skin 
collagen has recently been summarized (Pia et nl., 1968). 

The "2 

65 
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CNBr + 
RTC G l x - M e t  -Ser- Tyr-Gly-Tyr-Asp-Glu-Lys -Scr - A l o ~ G l y - V a l - S a r - V a l - (  Pro,Gly, Pro) M e t  - 
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CNBr + 
- - 7 7 7 7  7 7 7 7 7 -  

R SC H - G l y -  Tyr-Asp-Glu-Lys-Ser -Ala- G l y  - Vol- Ser- V a l -  Pro- Gly- Pro- Met - 
FIGURE 3: Proposed amino acid sequence for the NHa terminus of the a1 chain of rat tendon collagen. The sequence of the 
NHI terminus of the a1 chain of rat skin collagen, determined by Kang et al. (1967), is shown for comparison. The vertical 
arrows indicate points of cleavage by CNBr and trypsin (T). The horizontal arrows indicate the sequence determined by Edman 
degradation. Glx indicates that the residue is either glutamic acid, glutamine, or pyrrolidonecarboxylic acid. 

TABLE I :  Amino Acid Composition of NH2-Terminal Peptides from Rat Tendon Collagen and Rat Skin Collagen: 

Rat Tendon Collagen Rat Skin Collagenb 

al-CB1 
(a1 -CBO)- al-CB1 

al-CBO T1 T2 (al-CB1) a2-CB1 T1 T2 a2-CB1 

Aspartic acid 
Serine 
Homoserinec 
Glutamic acid 
Proline 
Glycine 
Alanine 
Valine 
Methionine 
Tyrosine 
Lysine 

(0.1) 1 . 0  1 . 0  1 .1  1 .o  
(0.1) 2 . 9  0 . 9  2 .0 3.0 1 .9  
0.8 1.0 0.9 1.2 1 .o 
1 .1  1 .1  1 . 0  1 .9  1 .o 

1.9  1 .9  2.2 1 . 9  
(0..2) 3.1 1.0 2.1 3.6 3 . 2  
(0.1) 1.0 1.1 1.1 1 .1  
(0.1) 2 .1  2 .0  1 . 8  1 .1  

1 .9  2.1 2.2 0.8 
1 .0  0.9 0 .6  0 . 9  

0.7 

1.0 1 . 0  1 .o  
2.0 2 .0  2.0 
0.9 0 . 9  1 .o 
1.0  1 .0  1 .o 
1.8 1 . 8  1 . 9  
3.2 1.1 2 . 1  3 . 1  
1.1 1 .o 1 .o 
1 . 8  2.1 1 .o  

1.2  0.9 1.1 
1 .0  1 . 0  0 . 9  

Values are given as residues per peptide. A space indicates that the amino acid was either entirely absent or present 
as less than 0.1 residue. Residues in parentheses are fractional residues thought to be impurities. b Obtained from 
Bornstein and Piez (1 966). Includes homoserine lactone. 

al-CBl only in lacking the single lysyl residue. The 
evidence that a1-CBla is derived from an a chain in 
which a lysyl residue has undergone oxidation deamina- 
tion to a lysyl-derived aldehyde has been presented 
(Bornsteid and Piez, 1966; Piez eta/. ,  1966). 

Tryptic cleavage of al-CB1 resulted in two peptides 
which were readily separable either by phosphocellulose 
or by Bio-Gel P-2 chromatography. The phosphocel- 
lulose elution patterns of the tryptic peptides of al-CBl 
from rat tendon collagen and rat skin collagen are 
illustrated in Figure 2a,b. The more basic lysine- 
containing peptides (al-CBl-TI) also contain tyrosine 
(Table I) and have a distinctly higher extinction at 230 
mM. The additional tyrosyl residue in rat tendon collagen 
al-CBI-T1 further increases the extinction of this 
peptide in comparison with al-CBl-T2 and explains 
the higher absorbance of al-CBl and al-CBla from 
rat tendon collagen as compared with the corresponding 
peptides from rat skin collagen (Figure la,b). 

The sequence of the first six amino acids in both 
rat tendon collagen al-CBl-TI and al-CBI-T2 was 
determined by sequential dansylation and Edman 
degradation. These experiments indicated that the 

initial sequence in rat tendon collagen al-CB1 is Ser- 
Tyr (residues 3-4, Figure 3) and confirmed the identity 
of the remainder of the peptide, insofar as determined, 
with rat skin collagen al-CB1. 

The amino acid composition of the peptide eluting 
just before rat tendon collagen al-CBla (Figure la)  
indicated that this peptide ((a-CB0)-(al-CBl), Table I) 
contains an additional two amino acids, glutamic acid 
(or glutamine) and methionine. The presence of a 
methionyl-containing peptide in small amounts is not 
unexpected since only 90-92 of methionyl bonds 
were cleaved with CNBr under the conditions used. 2 

Further evidence for the sequence Glx-Meta in the 

* In some instances modification of methionyl residues to 
homoserine (or a product which yields homoserine after acid 
hydrolysis) occurred without concomitant cleavage of the pep- 
tide chain. The amino acid composition of the peptide eluting 
after a l -CBI in both Figure la  and l b  suggests that it consists 
of a l -CBI linked to a l -CB2 by a homoseryl residue. It is possible 
that the iminolactone formed as an intermediate during CNBr 
cleavage (Gross and Witkop, 1962) is not completely hydrolyzed 
in 0.1 N HCI. 

8 Glx indicates that a distinction has not been made between 
glutamine, glutamic acid. and pyrrolidone-5-carboxylic acid. 
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0 a1 chain of rat tendon collagen was obtained by analysis 
of the peak eluting at the start of the phosphoceUulose 
chromatogram of a CNBr digest of rat tendon collagen 
a1  chain. This material was chromatographed on Bio- 
Gel P-2 (100-200 mesh) and was found to contain a 
small peak, incompletely resolved from buffer salts, 
which yielded largely glutamic acid and homoserine $o'4- 

(lactone) after acid hydrolysis (alCBO, Table I). 4 i n -  

Attempts to  detect a free NHrterminal group on the 
dipeptide (by dansylation) were unsuccessful. 

These data indicate that the NHTterminal sequence 
of the rat tendon collagen a1 chain is Glx-MetSer-Tyr-. 

zo.6- 

Y v 

0 

4 

0.2 

8- a 

- 

- 

under the conditions used for- digestion. -Lathyritic 
collagen is required for this experiment since the oxida- 
tive deamination which n o d y  ~ ~ u r s  at the first 
lysyl residue in the chain prevents tryptic cleavage at 
this position unless this transfomtion is inhibited by 
the administration of lathyrogens. 

the 
elution patterns of the dialyzable peptides obtained 

FIGURE 4: Elution pattern of dialyzable peptides. (a) Ob- 
tained by limited digestion of native lathyritic rat ten- 
don collagen (250 mg). Chromatography was performed on 
Bio-Gel P-2 (200-4aI mesh) equilibrated with 0.03 M ammo- 
nium Propionate buffer (PH 4.5). (b) Obtained by limited 
tryptic digestion of native lathyritic rat skin collagen (250mg). 
Chromatography was performed on Bio-Gel P-2 (200-400 
mesh) equilibrated with 0.03 M ammonium propionate buffer 
( p ~  4.5). 

The chromatograms in Figure 4avb 

(a lCB2) resulting from incomplete cleavage of the - b  
second methionyl residue in the a1  chain of rat tendon 
collagen (residue 19, Figure 3) lacks the additional 
two amino acids. 

To c o n h  the presence of the additional sequence 
at the NH2 terminus of the a1  chain of rat tendon 8 
collagen, native lathyritic rat tendon collagen was - 
subjected to limited cleavage with trypsin and the $o,4- 

resulting dialyzable peptides were chromatographed on H 
Bio-Gel P-2 (200-400 mesh). As shown previously * - 
for rat skin collagen (Bornstein et al., 1966) these 

0.8 - 

0.2 - 

from rat tendon collagen and rat skin collagen. The 
peak eluting at approximately 110-125 ml of d u e n t  
volume in both chromatograms represents a mixture 
of two pentapeptides which, in the case of rat tendon 
collagen, consists of residues 5-9 of the a1  chain and 
the homologous peptide from the a 2  chain. An addi- 
tional peak, eluting at 145-150 ml of effluent volume, 
was present in the preparation obtained from rat tendon 
collagen. Although heterogeneous, this peak contained 
predominantly serine, glutamic acid, methionine, and 
tyrosine in equivalent amounts after acid hydrolysis. 
This composition is consistent with the existence of the 
sequence Glx-Met-Ser-Tyr at the NH2 terminus of the 
a1 chain of rat tendon collagen. The presence of this 
peptide in a tryptic digest is unexpected, but probably 
resulted from chymotrypsin-like activity in the com- 
mercial trypsin preparation. 

1 

4 al-CBI had previously been identified as the NHpterminal 
peptide in the a1 chain of rat skin collagen (Bornstein et al., 
1966). In view of the almost certain homology of the rat tendon 
collagen a1 chain, the nomenclature established for the peptides 
derived from rat skin collagen will be applied to the correspond- 
ing peptides from rat tendon collagen. The additional dipeptide 
in the rat tendon collagen a1 chain is therefore designated al- 
CBO. 

The Presence of AIdehydes at the NH, Terminus of 
Rat Tendon Collagen. The absorption spectra of the 
azine derivatives of a l C B l a  and a2CBla  with N- 
mthylbenzothiazolone hydrazone indicated the pres- 
ence of a saturated aldehyde in these peptides whereas 
the cross-linked peptide, &,CBl, contained largely 
an a,b-unsaturated aldehyde. The data ale analogous 
to those obtained with rat skin collagen (Bornstein and 
P ia ,  1966) and indicate that the mechanism of forma- 
tion of intramolecular cross-links in tendon collagen 
is sinlilar to that in the skin protein. 

The NH, Terniinus of the a2 Chain. The phospho- 
cellulose chromatogram of the CNBr digest of the a 2  
chain of rat tendon collagen was identical, within 
experimental error, with the corresponding chronlato- 
gram from rat skin collagen. The amino acid composi- 
tion of a 2 C B l  from rat tendon collagen was also 
identical with that of the homologous peptide from 
rat skin collagen (Table I). The lysylderived aldehyde- 
containing peptide, aZCBla,  is present in tendon and, 
as in skin, differs from a2-CB1 only in lacking the single 
lysyl residue. 

In view of the suggestion that lysylderived aldehyde 67 
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TABLE 11: Amino Acid Composition of Two Peptides from the Helical Region of Rat Tendon Collagen and Rat Skin 
Collagen: 

- _ _ ~  
Rat Tendon Rat Skin 

Rat Tendon Collagen Rat Skin Collagen Collagen Collagen 
al-CB3 a l C B 3  a2-CB2 a2-CB2 

- --___ 

Residues/ Residues/ Residues/ Residues/ Residues/ Residues/ 
lo00 Peptide loo0 Peptide Peptide Peptide 

3-Hydroxyproline 
4-Hydroxyproline 
Aspartic acid 
Threonine 
Serine 
Homoserine6 
Glutamic acid 
Proline 
Glycine 
Alanine 
Valine 
Leucine 
Phenylalanine 
Hydroxylysine 
Lysine 
Arginine 

103 
44.8 
12.5 
19.2 
5 . 9  

95.6 
107 

330 
137 
28.5 
20.3 
19.8 
1 .1  

32.9 
42.1 

15.4 
6 . 7  
1 . 9  
2 . 9  
0.9 

16.0 
14 .3  
49.3 
20.4 
4 . 3  
3.0 
3 . 0  
0 . 2  
4 . 9  
6 . 3  

102 
47.0 
14.1 
19.8 
6 .  I. 

92.4 
108 

336 
135 
28.0 
20.0 
18.9 
0 . 8  

31.1 
39.9 

15.2 
7 . 0  
2 . 1  
3 . 0  
0 .9  

16.1 
13.8 
50.0 
20.1 
4 . 2  
3 . 0  
2 . 8  
0.1 
4 . 6  
5 . 9  

0 .1  
2 .7  
2 . 9  
1 . o  
1 . o  
0 . 9  
1 . 1  
3 .1  
9 . 8  
2 . 2  
1 . o  
1 . 0  

3 . 0  

2 . 8  
2 . 8  
1 . o  
1 .1  
0 . 9  
1 . 1  
3 .1  
9 . 4  
2 . 1  
1 . o  
1 . o  

3 . 0  

0 A space indicates that the amino acid was either entirely absent or present as less than 0.1 residue. b Includes homo- 
serine lactone. 

formation in the a2 chain of collagen is not inhibited 
by administration of lathyrogens (Rojkind and Juarez, 
1966) the relative quantities of a2-CB1 and a2-CBla 
in CNBr digests of a 2  from lathyritic and normal 
animals were determined. Amino acid analyses of the 
relevant peaks in phosphocellulose chromatograms 
indicated that 7 9 z  of the NH2-terminal peptides in 
preparations of a 2  from lathyritic rat tendon collagen 
was in the lysine (CBI) form. In contrast, preparations 
of a 2  derived from normal rat tendon collagen con- 
tained 8Oz or more of the NH2-terminal peptides in 
the aldehyde (CBla) form. These data indicate that 
(3-aminopropionitrile fumarate inhibits the oxidative 
deamination of susceptible lysyl residues in both the 
a1  and a 2  chains of collagen. 

Peptides from the Helical Regions of the a1 and a2 
Chains. The amino acid composition and sequence of 
aI-CB2 from rat skin collagen and rat tendon collagen 
have been reported (Bornstein, 1967a,b). These studies 
indicated that the sequences are identical with the 
exception of the degree of hydroxylation of proline. 
The amino acid compositions of two additional pep- 
tides are listed in Table I1 and are compared with 
the homologous peptides from rat skin collagen. As 
judged by their amino acid compositions, these pep- 
tides, as well as a1-CB2, are able to assume a triple- 
helical conformation and differ in this respect from 
the “?-terminal regions of the a chains. No  signifi- 
cant differences in composition, apart from the presence 
of 3-hydroxyproline in rat tendon collagen a2-CB2, are 68 

apparent. The identity in the basic amino acid sequences 
of the peptides from the two tissues is further suggested 
by the marked similarity of the peptide maps obtained 
after tryptic hydrolysis. However, the a1  -CB3 fraction 
from both tendon and skin collagen, when chromato- 
graphed on CM-cellulose, was resolved into a number 
of components (Figure 5) .  All four components were 
found to have the same or very similar amino acid 
compositions. Elevation of the pH to 10.7 for several 
minutes prior to chromatography (Butler et al., 1967) 
indicated that al-CB3 and al-CB3’” are different 
chromatographic forms of the same peptide, resulting 
from the equilibrium between homoserine and its 
lactone. A similar relation exists between a1-CB3’ 
and al-CB3”. The reasons for the chromatographic 
separation of al-CB3 and al-CB3’ (or aI-CB3” 
and al-CB3”’) remain unexplained but the existence 
of these chromatographic forms suggests that the 
microheterogeneity of collagen extends to the presence, 
within the same tissue, of minor collagen Components 
differing in basic structure from the predominant 
molecular species. 

Discussion 

Tissue-specific differences in protein structure and 
function have been recognized in the isoenzymes and 
have contributed to an understanding of the mode of 
action of some of these enzymes (Kaplan, 1965; 
Rutter et a/ . ,  1968). The macromolecular structure and 
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the function of collagen vary widely in different tissues 
of the same species. It is not known whether the dis- 
similar properties of collagen in tissues such as tendon 
and skin are a consequence of differences which are 
intrinsic to the proteins synthesized in these tissues or 
whether the manner in which the proteins are organized 
within structural complexes results largely from the 
participation of other mcronmlec~ mechanisms 
(Jackson and Bentley, 1%8). The resolution of this 
question is of importance to an understanding of mor- 
phogenesis and may indicate the extent to which ac- 
quired disorders can be expected to contribute to de- 
ranged structure and function in connective tissues. 

of collagen, it is first necessary to evaluate the hetero- 

0 6  

0 I .  

0 6  

a 
3 { O +  

4 03. 
0 2  

01. 

ll A In order to interpret comparative sequence studies 1 0 0  zm 3w 400 xa 
Elllwd rolunn. 111 

geneity of ke protein and to determine whether the 
nature and degree of this heterogeneity differs from 
tissue to tissue. A known source of heterogeneity in 
both rat skin collagen and rat tendon collagen relates 
to the incomplete hydroxylation of individual prolyl 
residues (Bornstein, 1%7a,b). The degree of hydroxyla- 
tion in skin was found to exceed that in tendon in the 
region of the a1 chain represented by al-CB2. In the 
present studies 0.1 equivlpeptide of 3-hydroxyproline 
was found in rat tendon collagen a2-CB2, whereas this 
imino acid was not detected in the homologous peptide 
from rat skin collagen. Although a role for 4hydroxy- 
proline in the formation of intermolecular hydrogen 
bonds has been suggested (Fujimoto, 1%8) the signifi- 
cance and function of the two imino acids in collagen 
require further investigation. It is likely that the differ- 
ences in hydroxylation at both positions 3 and 4 of 
proline result from variations in the nature or activity 
of the hydroxylating systems in skin and tendon rather 
than from differences in the sequence of the proto- 
collagen synthesized in the two tissues. 

The presence of fractional residues of hydroxylysine 
in al-CB3 from both rat skin collagen and rat tendon 
collagen (Table 11) suggests that incomplete hydroxyla- 
tion of lysine also occurs. Partial hydroxylation of 
lysine in collagen has also been reported by Butler 
(1968). Since disaccharides in collagen are attached by 
0-glycosidic bonds to hydroxylysine (Butler and Cun- 
ningham, 1966; Spiro, 1967) tissue-specific variations in 
the carbohydrate content of collagen chains may be 
found. 

The existence of at least two chromatographic forms 
of al-CB3 noted in this work together with the previ- 
ously observed heterogeneity of other CNBr-produced 
collagen peptides fractionated on CM-cellulose (Born- 
stein and Pi=, 1965; Butler et al., 1967) suggest that 
minor collagen components differing in basic structure 
exist. Such components could provide an additional 
source of heterogeneity in collagen, but this polymor- 
phism appears not to be related to tissue-specific 
differences in the protein. 

The present studies indicate that the a1 chain of rat 
tendon collagen difyers from the homologous chain 
of rat skin collagen in containing an additional four 
amino acids at its NHrterminal end. It is possible that 
the genetic information required for the synthesis of 
the additional tetrapeptide in the tendon protein has 

FIGURE 5: CMcellulose elution pattern of an aI-CB3 frac- 
tion obtained by phosphocellulose chromatography of a 
CNBr digest of rat tendm collagen a1 (see Figure la). The 
arrow indicates placement of the sample (40 mg) dissolved in 
25 ml of starting buffer, 0.02 M sodium acetate (pH 4.8). A 
linear salt gradient from 0 to 0.1 M NaCl over a volume of 800 
ml was employed. 

been deleted in the cistron coding for the skin cokgen. 
However, it seems more likely that the two chains 
are initially the same in this region. In addition to the 
similarity of the remainder of the chains, the presence 
of the same or homologous tetrapeptide in chicken 
skin and bone collagem (Pie et a/., 1968) and in human 
skin collagen (Bornstein, 1%8) argues for its existence 
in rat skin collagen. 

There am at least two other explanations for the 
absence of the tetrapeptide from the N H 2  terminus of 
the a1 chain of rat skin collagen. (1) This sequence 
may be cleaved in oioo by a physiologic proteolytic 
mechanism. (2) Limited degradation of the skin protein 
may occur during extraction and purification. Since 
skin is a more cellular tissue than tendon, limited pro- 
teolysis of collagen by tissue cathepsins may occur more 
readily in homogenates of this tissue. Indirect support 
for such in oitro degradation of collagen derives from 
the observation that on two occasions preparations of 
rat tendon collagen a1 chain lacked the NH&mhal 
tetrapeptide entirely. The CNBr-produced peptides 
from these preparations were identical with those from 
rat skin collagen al. However, attempts to inhibit a 
postulated proteolytic activity during the extraction 
of collagen from skin, and therefore to retain the addi- 
tional tetrapeptide, have not been successful. 

The NHe terminus of the collagen molecule is in- 
volved in intramolecular cross-linking (Bornstein 
et al., 1966; Bornstein and Pia, 1966) and may also 
participate in the formation of intermolecular bonds. 
Although the initial step in cross-link formation, the 
conversion of lysyl residues to lysylderived aldehydes 
(Bornstein and Pie, I%), is undoubtedly catalyzed 
enzymatically (Pinnell et al., 1968; Page and Benditt, 
1%7), subsequent steps may proceed spontaneously as a 
result of the appropriate apposition of reactive groups 
in the local environment created by the aggregation of 
collagen molecules. In this respect the nonhelical region 69 
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of collegen may be coasidaed anal- to the active 
site of an enym. Removal of a & -t of the 
a at the N H S  -US could affect the conforraa- 
tion of this region and could intluence both the allllre- 
@iw propatia of the mdccule as d as the rate of 
farmation of cross-links. Since a tyrosyl residue exists 
in the additional scqueaa present in rat d o n  cdla- 

al, and since the wnhdrcal - regionsincdhpll 
contribute sigdkantly to the irmnunosenicity of the 
protein @dmitt et d., 1%4; D a b  et d., 1%7), 
antigalicdifiaarasbetrrnenJkinandtmdoacdlaeen 
may be found. 
The additiod tetrapeptide in the a1 chain of rat 

tendon couapn is also of intaest because the initial 
d u e  may be ~ 5 u l r b o *  acid. Both the 
fail- of alGBO to rcact with dimcthylaminonapll- 
tbak~+S-sulfanyl chloride and the position of dutim 
from phosphoanulose of the ovalappia8 - p e p t i d e  
(al-<=Bowal~1) ( F i i  la) SyllDeSt that tbese 
peptides lack a fne a-amino group. Hoanva, the case 
with which glutamine and glUtalnic acid cyclize unda 
the conditions of low pH used during the isolation of 
colhgal and CNBS cleavage pmcludes the conclusioa 
that pyr ro l ido l le -~xyl ic  acid repnsents tbe NHr 
tamioal residueof rat tendon cdlagm a1 in o h .  

Tzbe preseace of glutamine or p y r r o I i d o n e ~ -  
ylic acid as the NH~taminaI amino acid in a n e  
of proteins has been discussed (Blmbii& 1967). The 
a2 chain of rat skin collaeen is known to contain a 
Mocked NHr terminus which was identilied as pyrroli- 
d o n e - 5 ~ x y l i c  acid after CNBr degradation (Kang 
et al., 1%7). In view of the amino acid compdion 
(Table I) and chromatographic bebavior of a2-CB1, 
the NHrteminal sequence of the a2 chain of rat tendon 

region of rat skin collagen a2 prdimioary studies of 
the structure of the a1 chainof humanskin collagen 
(Bornstein, 1968) and of the a1 chains of chicken skin 
and bone collagen cpia et d., 1968) also indicate, on 

tamine or its cyclized derivative is the N H r ~  
residue in these chains. 

It has been suggested that cyclization of glutamic acid 
on a tRNA may serve in chain initiation in mamnali ‘an 
proteins in a manner anaiogous to the role of N- 
fomylmethionyl-tRNA in E. coli (Mmv and Harris, 
1967). Metion or cleavage of NHAemhl pyrrolidona 
5-carbxylic acid is likely in the light chains of y- 
globulin synthesized by some mouse plasma cell 
tumors (Appella and perbarn, 1968) and in the light 
chains of some human BemeJones proteins (Putnam 
et d., 1967). Recently Doolittle and Annentrout (1968) 

pyrrolidonyl peptidase, which selectively removes NHr 
terminal pyrroIidone-S-carbxylic acid from polypep 
tide chains in a strain of Psenabmonusjtnommns. In 
rat skin a physioIogic mechanism may exist for the 
selective removal of a short NHrterminal sequence 
from collagen and such a mechanism could play a role 
in the morphogeneSis of the tissue. However, the exis- 
tence of reactions leading to a modification of this 
nature do not exc~ude the participation of other macro- 

collagen appears to be identical with the comsponding 

tbe basis Of hOmology with the rat mtei~~~, that glu- 

have partially purified and chanwtmid anenym,  
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Staphylococcal Enterotoxin C. I. Phenolic Hydroxyl Ionization’ 

Concordia R. Boja  

AIBTRACT: The ionization of the phenolic groups of en- 
terotoxin C produced by Staphylococcus aureus strain 
137 has been studied by spectrophotometric titration 
at 295 in the range between pH 7.5 and 13.0. Of the 
21 tyrosyl residues per mole of protein, 5 residues are de- 
duced to  be “free,” located on the surface of the mol- 
ecule, freely exposed to the solvent and hence easily ac- 
cessible to OH-. The ionization of these five “free” ty- 
rosyl groups is reversible with pKwp = 10.02 and with 
no time dependence. The remaining 16 tyrosyl residues 
are postulated to be embedded in the interior (“buried”) 
and capable of ionizing only after unfolding of the pro- 
tein molecule. The buried tyrosyl groups ionize at pH 
values higher than 11.0 and the ionization process is not 

E nterotoxin C elaborated by Staphylococcus aureus 
strain 137 is a protein with a molecular weight of 34,100 
(Borja and Bergdoll, 1%7), and consists of a single poly- 
peptide chain cross-linked by one disulfide bridge (Hu- 
ang et d., 1%7). Amino acid analysis of enterotoxin C 
revealed 21 tyrosyl residues per molecule (Huang et al., 
1967). 

Since the pioneering work of Crammer and Neuberger 
(1943) on the ionization of the phenolic hydroxyl groups 
of tyrosine, insulin, and egg albumin, many investigators 
have adapted the spectrophotometric method to follow 
the dissociation of hydrogen ions from the phenolic 
groups of both native and modified proteins. Spectro- 
photometric titrations have revealed at least two types 
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Center, Fort &trick. Frederick, Md. 

reversible and is time dependent. Six of the buried ty 
rosy1 residues ionize between pH 11.0 and 12.0 with a 
pK, of 11.5 and ten ionize above pH 12.0. Treatment 
of enterotoxin C with 5 M guanidine hydrochloride re- 
sults in the normalization of all the 21 tyrosyl groups 
with a pK, of 9.9. 

The existence of two types of tyrosyl residues, 
free and buried, has also been demonstrated by 
studying the reaction of enterotoxin C with N-acetyl- 
imidazole, tetranitromethane, and tyrosinase. Five ty- 
rosyl residues per mole of protein react with Nacetyl- 
imidazole at pH 7.5, five to six residues react with tetra- 
nitromethane at pH 8.0, and five groups are oxidized by 
tyrosinase at pH 6.5. 

of tyrosyl residues in many proteins (Beaven and Holi- 
day, 1952; Wetlaufer, 1%2), namely, residues which in- 
stantaneously ionize in a manner similar to the free ty- 
rosine molecule (“free” or “exposed”) and residues 
which are either hydrogen bonded to specific acceptor 
groups or embedded in the protein interior and capable 
of ionizing only slowly or after denaturation (“buried”). 

The states of tyrosyl residues in proteins have been 
the object of many investigations employing spectro- 
photometric titration, iodination, solvent perturbation 
techniques, and use of specific reagents as N-acetylirn- 
idazole (Riordan et al., 1%5), tetranitromethane (Sok- 
olovsky et al., 1966). and cyanuric fluoride (Kurihara 
et al., 1%3). Tyrosinase. has also been used by several 
investigators (Sizer, 1953; Yasunobu et al., 1959; Frie- 
den et al., 1959; Lissitzky et d., 1960; Cory and Frie- 
den, 1%7), to determine the accessibility of the tyrosyl 
groups on the surface of the protein and to gain insight 
as to the relationship of these tyrosyl groups to the ac- 71 
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