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Nereis Cuticle Collagen: Isolation and Characterization of Two 
Distinct Subunits? 

Shigeru Kimural and Marvin L. Tanzer* 

ABSTRACT: The soluble cuticle collagens of the Polychaetes, 
Nereis japonica and Nereis virens, have been isolated from 
aqueous acetic acid extracts of cuticle fibers which had been 
previously treated with enzyme inhibitors. Sodium dodecyl 
sulfate gel electrophoresis and CM-cellulose chromatography 
of the denatured cuticle collagens showed that two distinct 
subunits, A chain and B chain, were present in a molar ratio 
of about 1:2, respectively. Each subunit had a molecular weight 
of approximately 470 000, as shown by agarose gel filtration. 
These subunit chains were separated by CM-cellulose chro- 
matography and then analyzed to determine their chemical 
compositions. B chain was isolated as a single species, whereas 
A chain was always accompanied by two minor components. 

T h e  major cuticle protein of polychaetes is a collagen having 
several unusual properties, not only in chemical composition, 
but also in molecular structure (Kimura, 1971, 1973). In many 
respects, it resembles the cuticle collagen of the oligochaete, 
earthworms (Josse and Harrington, 1964; Lee and Lang, 
1968). The cuticle collagens of both classes are extremely rich 
in hydroxyproline, but poor in proline and lacking in hydrox- 
ylysine. In  addition, they mainly contain galactose as the 
carbohydrate moiety, probably linked to threonine and serine 
residues (Lee and Lang, 1968; Kimura, 1973). Another feature 
is that these native cuticle collagens have the highest particle 
molecular weight, about 1 700 000 to -1 900 000, when var- 
ious collagens in the animal kingdom are compared (Josse and 
Harrington, 1964; Kimura, 1971; Utiyama et al., 1973). 
Sedimentation velocity analysis of these denatured cuticle 
collagens suggests that they contain very large subunit chains 
whose molecular weights are several times higher than the 
95 000 daltons of the a chains from most collagens. Structural 
studies on the subunit chains of cuticle collagens are needed 
to clarify the complex structure of this unusual collagen in 
order to provide a suitable model of molecular architecture. 

In  the present paper, we describe the properties and frac- 
tionation of denatured cuticle collagen obtained from poly- 
chaetes. Two distinct subunit chains have been isolated by 
CM-cellulose’ chromatography and their molecular weights 
and chemical composition have been determined. 

Materials and Methods 
Preparation of Nereis Cuticle Collagen. Living worms, 
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Both chains differed significantly from each other in their 
content of several amino acids, but both were unusual due to 
their very high content of hydroxyproline. Neither contained 
hydroxylysine, while both contained galactose as the major 
carbohydrate moiety. The B chain of N .  virens cuticle collagen 
was cleaved by CNBr into two fragments, one of molecular 
weight approximately 70 000 and the other about 400 000. The 
amino acid compositions of these polypeptides were similar to 
each other. The small fragment arose from the COOH ter- 
minus of the original B chain. The composite studies indicate 
that polychaete cuticle collagens are unique with regard to their 
subunit mass and chemical compositions, compared with other 
collagenous proteins. 

Nereis japonica2 and Nereis virens, were purchased from local 
bait dealers at Tokyo and Connecticut, respectively, and pre- 
served in the frozen state at -20 OC until use. After thawing 
in  tap water, the cuticles were isolated by scraping off the ad- 
herent tissues with forceps and washed with successive changes 
of distilled water (Kimura, 1971). The cuticles of both worms 
were treated with 1 M NaCI-0.05 M Tris (pH 7.5) containing 
the enzyme inhibitors, 0.025 M ethylenediaminetetraacetic 
acid, 0.010 M N-ethylmaleimide, and 0.001 M phenylmeth- 
ane-sulfonyl fluoride. After 48 h of constant stirring at 4 OC, 
the cuticles were washed exhaustively with distilled water and 
then extracted with 0.1 M acetic acid for 48 h at 4 OC. The acid 
extracts were centrifuged at 40 OOOg for 1 h and the acid sol- 
uble cuticle collagens were precipitated by the addition of 20% 
NaCl to a final concentration of 2.5%. The precipitates were 
redissolved in 0.1 M acetic acid, centrifuged, and precipitated 
with 2.5% NaCl as described above. The procedure of disso- 
lution and precipitation was repeated twice more. The final 
precipitates were redissolved in 0.1 M acetic acid, dialyzed 
against the solvent, and lyophilized. In separate experiments, 
the cuticle of N .  japonica was partly dissolved in 1 M NaCI- 
0.05 M Tris (pH 7.5)  in the absence of enzyme inhibitors. The 
resultant solution was centrifuged at 40 OOOg for 1 h and the 
neutral salt soluble collagen was precipitated by dialyzing the 
supernatant against successive changes of 0.02 M Na2HP04. 
The precipitate was redissolved in 0.1 M acetic acid and pu- 
rified in the same manner as the acid soluble cuticle collagen. 
All of the isolation procedures were performed in a cold room 
at approximately 3-5 OC. 

Pepsin Digestion. Cuticle collagen was dissolved in 0.1 M 
acetic acid and incubated with pepsin (enzyme:substrate = 
3:100) at 5 OC for 48 h with stirring. The reaction mixture was 
then dialyzed against successive changes of 0.02 M Na2HP04 

Per the suggestion of Dr. L. C. Oglesby of Pomona College, the sci- 
entific name of th6s worm is corrected to “Nereis japonica” instead of 
“Neanthes dicersicolor”, which was used in  previous papers (Kumura, 
1971, 1973). 
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to inactivate the pepsin and to precipitate the pepsin-treated 
cuticle collagen, The precipitate was collected by low-speed 
centrifugation and redissolved in 0.1 M acetic acid. After 
reprecipitation with 0.02 M NazHP04, the pepsin-treated 
collagen was redissolved in 0.1 M acetic acid, dialyzed against 
the solvent, and lyophilized. 

Cleavage with CNBr. The samples were dissolved in 70% 
formic acid (Steers et al., 1965) at a concentration of 5 mg/ 
mL. The sample solution was flushed with nitrogen and crys- 
talline CNBr, equivalent to 1.5 times the weight of the dry 
material, was added. The mixture was incubated for 6 h at 
room temperature, diluted tenfold with water and lyophilized, 
following which it was dissolved in water and relyophilized. 

Molecular Sieve Chromatography. Chromatography was 
performed on a 1.5 X 180 cm column of 6% agarose gel (Bio- 
Gel A-5m, 200-400 mesh) at room temperature. Samples were 
dissolved in 1 mL of 1.2 M CaC12-0.05 M Tris (pH 7.5) and 
0.1 mL of tritiated water containing about 2 X lo5 dpm was 
added. The mixture was warmed to 40 OC for 5 min to ensure 
that denaturation was complete and then applied to the column 
equilibrated with the same buffer. Elution was achieved by the 
buffer at a flow rate of 6.5 mL/h. Fractions of 2.7 mL were 
collected and the absorbance was monitored at 220 nm. 

CM-Cellulose Chromatography. Denatured cuticle colla- 
gens were fractionated upon a 2.5 X 20 cm column of CM- 
cellulose (Whatman CM-52) at 40 OC, essentially according 
to Piez et al. (1963). Samples were dissolved at a concentration 
of 10 mg/mL in 0.04 M sodium acetate, pH 4.8 (starting 
buffer), and warmed to 40 OC for 10 min. After centrifuging, 
the sample solution was applied to the column which had been 
equilibrated with the starting buffer. Elution was achieved with 
a linear gradient from 0 to 0.1 M NaCl over a total volume of 
1300 mL at a flow rate of 120 mL/h. The effluent was moni- 
tored continuously at 230 nm by a Gilson recording UV column 
monitor and fractions of 8 mL were collected. Appropriate 
fractions were pooled, desalted by Sephadex G-25, and ly- 
ophilized. In a similar way, peptides liberated by CNBr 
cleavage were fractionated upon a 0.9 X 7.0 cm column of 
CM-cellulose. Samples were dissolved in 0.02 M sodium ace- 
tate, pH 4.8 (starting buffer), and applied to the column. 
Elution was achieved with a linear gradient from 0 to 0.1 M 
NaCl over a total volume of 200 mL at a flow rate of 40 mL/h. 
Fractions of 1.3 mL were collected. 

Sodium Dodecyl Sulfate Gel Electrophoresis. Electro- 
phoresis was carried out on 4% precast polyacrylamide gels 
(Bio-Rad Laboratory), using an electrophoresis buffer of 0.205 
M Tris-0.205 M acetic acid-0.1% sodium dodecyl sulfate, pH 
6.6. A current of 8 mA per tube was applied for 3 h at room 
temperature. Following electrophoresis, the gels were stained 
with Coomassie blue, destained, and then scanned at 600 nm 
in a Gilson spectrophotometer. 

Viscosity. The viscosity of cuticle collagen in the denatured 
state was measured by a Cannon-Ubbelohde dilution vis- 
cometer at 35 OC, since thedenaturation temperatures of both 
Nereis cuticle collagens were found to be below 30 OC (un- 
published data). Samples were dissolved in 0.15 M potassium 
acetate, pH 4.8 (Lewis and Piez, 1964), and warmed to 40 OC 
for 10 min. After centrifugation at 40 OOOg for 30 min, the 
samples were dialyzed against the same buffer. 

Chemical Analyses. Protein concentrations of collagen so- 
lutions were measured by a microhydroxyproline determina- 
tion (Bergman and Loxley, 1963) and the collagen content was 
calculated on the basis of hydroxyproline contents of 23.9 and 
20.8% for the cuticle collagens of N. japonica and N. uirens, 
respectively. Amino acid analyses were done by a single column 

TABLE I :  Amino Acid Composition of Nereis Cuticle Collagens." 

N .  japonica N .  virens 
NSCCb ASCCc ASCC 

3HYP 
4HYP 
ASP 
Thr 
Ser 
Glu 
Pro 
GIY 
Ala 
Cystine 
Val 
Met 
Ile 
Leu 

Phe 

His 

TYr 

HYI 

L Y S  
A% 

6.5 
172 
12 
43 
61 

124 
30 

344 
93 
0 
8.4 
1 . 1  
7.3 

0.7 
2.9 
0 
0.2 
0.7 

19 

75 

5.9 
170 

10 
42 
59 

127 
23 

352 
95 
0 
7.7 
0.8 
8.9 

0.6 
2.3 
0 
0.2 
0.5 

19 

76 

3.9 
147 
10 
43 
69 

133 
51 

347 
88 
0 
7.0 
0.8 
5.0 

0.4 
2.2 
0 
0.3 
0.6 

18 

74 

a Values are given in residues per 1000 total amino acid residues. 
Neutral salt soluble cuticle collagen. Acid soluble cuticle colla- 

gen. 

system on a Beckman Model 116 amino acid analyzer. I n  the 
case of CNBr peptides, homoserine lactone was determined 
as homoserine by heating the samples in 0.1 M pyridine-acetic 
acid, pH 6.5, for 1 h at 110 OC (Ambler and Brown, 1967). 
Neutral sugars were analyzed as the trimethylsilyl derivatives 
by a Hewlett-Packard gas chromatograph (Laine et al., 
1972). 

Results 
Properties of Cuticle Collagen Preparations. When the 

cuticle of N.  japonica was placed in 1 M NaCl-0.05 M Tris 
(pH7.5) in the absence of enzyme inhibitors, about 40% of the 
collagen dissolved. This neutral salt soluble collagen was pu- 
rified by precipitation with 0.02 M Na2HP04. In  contrast, 
when the cuticle was placed in 1 M NaCI-0.05 M Tris, pH 7.5, 
in the presence of enzyme inhibitors, it was insoluble and no 
collagen could be detected in the neutral salt solution. When 
the cuticle was placed directly into 0.1 M acetic acid, it almost 
completely dissolved, whether or not enzyme inhibitors were 
present in the solvent. However, all studies were done on acid 
soluble collagen which had been initially dissolved in the 
presence of enzyme inhibitors. This acid soluble collagen was 
purified by precipitation with 2.5% NaCl. As shown in Table 
I, the amino acid compositions of both salt and acid soluble N. 
japonica cuticle collagens were similar, within experimental 
error. These data exhibited the characteristic compositional 
features of polychaete cuticle collagen: the high contents of 
hydroxyproline, glutamic acid, and arginine, the low contents 
of aspartic acid and proline, and the absence of hydroxylysine 
and cystine (Kimura, 1971). The cuticle collagen preparations 
were then examined with respect to their subunit size. An ali- 
quot of each preparation was denatured and chromatographed 
on 6% agarose gel column. The acid soluble collagen eluted as 
a single component (Figure 1 B), whereas the neutral salt sol- 
uble collagen separated into several relatively low molecular 
weight components (Figure 1 A), each of which had amino acid 
compositions similar to the unfractionated samples (data not 
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FIGURE I :  Elution patterns of approximately 2 to -4 mg of denatured 
cuticle collagens on a column of 6% agarose gel (1.5 X 180 cm). Chro- 
matography was performed as described in the text. Arrows designate the 
elution positions of tritiated water (THO) and the a,  6, and y components 
of calf skin collagen. (A) Neutral salt soluble collagen of N. japonica. (B) 
Acid soluble collagen of N .  japonica. (C) Acid soluble collagen of N .  
cirens. 

shown), This agarose gel column had been previously cali- 
brated with the a ,  P ,  and y components of calf skin collagen. 
A linear relationship of log M and V E /  V T H O  was observed, 
where M is the molecular weight of each component and V E /  
VTHO is the ratio of the elution volume of the component to 
that of tritiated water. Thus, the acid soluble collagen in the 
denatured state was determined to have a molecular weight 
of approximately 470 000 on the basis of its elution position. 
On the other hand, 4% sodium dodecyl sulfate gel electro- 
phoresis indicated that the neutral salt soluble collagen was 
separated into four major and several minor components as 
shown in Figure 2. As will be shown, this finding is in contrast 
with the acid soluble collagen, where only two major compo- 
nents were present. The hatched peaks in Figure 2 were found 
to correspond to these two major components of acid soluble 
collagen (see below). Of importance is that the acid soluble 
collagen did not alter in subunit composition on agarose gel 
chromatography and sodium dodecyl sulfate gel electropho- 
resis, even after pepsin treatment at 5 O C .  

The acid soluble cuticle collagens of N .  japonica and N .  
uirens were compared. The amino acid compositions were very 
similar except for a slight difference in the degree of proline 
hydroxylation; the ratio of hydroxyproline to total imino acids 
was 88% for N. japonica and 75% for N.  uirens (Table I). Both 
proteins had similar chromatographic and electrophoretic 
behavior on agarose gel filtration and sodium dodecyl sul- 
fate-polyacrylamide gels, respectively. A typical elution pat- 
tern of N .  uirens cuticle collagen is shown in Figure lC, where 
only a major component having a molecular weight of ap- 
proximately 470 000 is evident. This elution profile was un- 
changed following prior exposure of the native cuticle collagen 
to pepsin. 

The molecular weight of denatured acid soluble cuticle 
collagen was also estimated by its intrinsic viscosity. The 
relation between molecular weight M and intrinsic viscosity 
[77] is expressed in the equation of Houwink (1940), [v ]  = 

MIGRATION 

FIGURE 2: Densitometric tracing of sodium dodecyl sulfate-polyacryl- 
amide gel following electrophoresis of the neutral salt soluble cuticle 
collagen from N .  japonica. Arrows indicate the migration positions of P I  I 
and y components of calf skin collagen. 
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FIGURE 3: Plots of reduced viscosity vs. concentration for the acid soluble 
cuticle collagens in the denatured state (35 "C). (0-0) N .  japonica. 
(0-0)  N .  uirens. 

K M a ,  where K and a are calculated to be 7.93 X and 
0.744, respectively, from the data of a1 and 8 1 2  components 
of rat skin collagen (Lewis and Piez, 1964). As shown in Figure 
3, the intrinsic viscosities of acid soluble cuticle collagens from 
N .  japonica and N .  uirens were found to be 1.30 and 1.40 
dL/g, respectively. Using these values, we obtained the mo- 
lecular weights of 462 000 for N .  japonica and of 5 13 000 for 
N .  virens, which are consistent with the values obtained by 
agarose gel chromatography. 

These results indicated that the acid soluble collagen of 
Nereis cuticle was composed of subunit chains whose molec- 
ular weights were approximately 4.7 to -5 X los. In addition, 
the neutral salt soluble fraction of N .  japonica cuticle was 
thought to arise from enzymatic cleavages of the cuticle col- 
lagen since its appearance was prevented by enzyme inhibitors 
and its subunits were smaller in size than the acid soluble 
collagen. 

Isolation and Characterization of Two Distinct Subunits. 
The acid soluble cuticle collagen of N .  japonica was found to 
consist of two major components, designated A and B, together 
with two minor components, A' and A", when examined by 
sodium dodecyl sulfate gel electrophoresis (Figure 4). The 
quantitative ratio of A and B chains was calculated to be about 
1:2 by measuring the areas under the peaks of the electro- 
phoretic pattern. In order to isolate the A and B chains, the 
cuticle collagen was chromatographed on a column of CM- 
cellulose at 40 O C .  As shown in Figure 5 ,  it seemed to be poorly 
separated into two fractions, which were pooled as indicated 
by each bar. Following rechromatography both fractions were 
examined by sodium dodecyl sulfate gel electrophoresis and 
the results are presented in Figures 411 and 4111. On the basis 
of mobility, fraction 1 was found to largely contain the A chain 
with small amounts of A' and A", while fraction 2 was exclu- 
sively the B chain, This was confirmed by the fact that a 1 :2 
mixture of fractions 1 and 2 (Figure 4IV) gave the same 
electrophoretic pattern as the original sample. As might be 
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M I G R A T I O N  

FIGURE 4: Densitometric tracings of sodium dodecyl sulfate-polyac- 
rylamide gels following electrophoresis of the acid soluble cuticle collagen 
from N .  japonica.and the fractions indicated in Figure 5. (I)  Acid soluble 
cuticle collagen; (11) fraction I ;  (111) fraction 2; (IV) 1:2 mixture of 
fractions 1 and 2. 
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FIGURE 5: Elution pattern of approximately 35 mg of the acid soluble 
cuticle collagen from N. japonica on a column of CM-cellulose (2.5 X 20 
cm) at 40 “C. Chromatography was performed as described in the text. 
Fractions indicated under each bar were p l e d  and subjected individually 
to sodium dodecyl sulfate gel electrophoresis and agarose gel chroma- 
tography. 

expected, agarose gel chromatography of each fraction indi- 
cated the presence of a single peak at  a region corresponding 
to a molecular weight of about 470 000. Thus, the molar ratio 
of B to A was found to be about 2. 

The presence of A and B chains was also shown in the acid 
soluble collagen of N .  uirens cuticle (Figure 61). In addition 
to the minor components A’ and A”, another minor component, 
designated B’, Was present in this collagen. The complete 
separation of A and B chains was successfully achieved by 
CM-cellulose chromatography as shown in Figure 7. The 
fractions indicated under each bar were examined by sodium 
dodecyl sulfate gel electrophoresis. Fraction 1 largely contained 
the A chain with small amounts of A‘ and A”, while fraction 
3 was exclusively the B chain (Figures 611 and 6111). The 
shoulder preceding the B chain peak, fraction 2, was found to 
be mostly the minor component B’ and the tail on the B chain 
peak, fraction 4, consisted ofsome degradation products (data 
not shown). However, there were no marked differences be- 
tween fractions 2, 3, and 4 in their amino acid compositions, 
so that fractions 2 and 4 were presumably derived from some 
degradation of B chain. The quantitative ratio of A and B 
chains was about 1:2 by measuring the peak areas of both the 
electrophoretic pattern and the chromatogram of the original 
sample (Figures 61 and 7). Moreover, fractions 1 and 3 were 
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FIGURE 6: Densitometric tracings of sodium dodecyl sulfate-polyac- 
rylamide gels following electrophoresis of the acid soluble cuticle collagen 
from N .  uirens and the fractions indicated in Figure 7 .  (I) Acid soluble 
cuticle collagen; (11) fraction 1; (111) fraction 3; (IV) 1:2 mixture of 
fractions I and 3. 
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FIGURE 7: Elution pattern of approximately 50 mg of the acid soluble 
cuticle collagen from N. uirens on a column of CM-cellulose (2.5 X 20 cm) 
at 40 “C. Chromatography was performed as described in the text. 

eluted from the agarose gel column as a single peak in a region 
coincident with the elution position of the original sample 
(Figure lC), indicating that the A and B chains were each 
about 470 000 molecular weight and were initially present in  
a molar ratio of 1 :2. 

The chemical compositions of the A and B chains which had 
been fractionated by CM-cellulose are given in Table 11. The 
two minor compones A‘ and A“ were not separated from A 
chain by rechromatography on CM-cellulose and agarose gel. 
Thus, fraction 1, which contains A‘ and A”, is identified in the 
analyses as “A chain”. For each Nereis cuticle collagen, the 
A and B chains exhibited significantly different, but obviously 
related, amino acid compositions. Generally, these subunit 
chains contained large amounts of 4-hydroxyproline and small 
but significant amounts of 3-hydroxyproline. Hydroxylysine 
and cystine were completely absent, while tyrosine, lysine, and 
histidine were present in very small amounts. When compared 
with the B chain, the A chain was rich in aspartic and glutamic 
acids, valine, methionine, isoleucine, leucine, and phenylala- 
nine, but was poor in 4-hydroxyproline, threonine, and serine. 
These data also indicated that a calculated 1:2 mixture of A 
and B chains had an amino acid composition (Table 11) almost 
identical with that of the original sample (Table I ) ,  within 
experimental error. This is in good agreement with the fact that 
A and B chains are present in a molar ratio of 1:2. The results 
of carbohydrate analyses are also shown in  Table 11. In both 
collagens, the A chain was rich in carbohydrate compared with 
the B chain. Of the total carbohydrate, about 80% was found 
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TABLE 11: Amino Acid and Carbohydrate Composition of A and B 
Chains from Nereis Cuticle Collagens." 

N.  japonica N .  uirens 
A B A.(B)2b A B A 0 1 2  

3HYP 
4HYP 
ASP 
Thr 
Ser 
Glu 
Pro 
GlY 
A la 
Cystine 
Val 
Met 
Ile 
Leu 

Phe 

His 

TYr 

HYl 

LYS 
A rg 
Galactose' 
Glucose 
Mannose 

5.9 
162 

I O  
33 
57 

131 
19 

360 
93 

0 
9.7 
1.3 

12 
27 
0.1 
4.2 
0 
0.1 
0.1 

75 
15 

1.6 
3.9 

5 . 5  

8.9 
179 

44 
61 

125 
24 

35 1 
97 

0 
5.1 
0.3 
6.5 

0.1 
0.7 
0 
0.1 
0.1 

15 

77 
10 

1.4 
1 .o 

5.6 4.9 
173 128 

9.3 12 
40 35 
60 53 

127 146 
22 51 

354 361 
96 85 

0 0 
6.6 9.3 
0.6 0.9 
8.3 9.0 

0.1 0.2 
1.9 4.7 
0 0 
0.1 0.1 
0.1 0.1 

19 21 

76 73 
12 1 1  

1.5 1 .1  
2.0 i.8 

2.9 

7.2 
1 5 1  

45 
74 

129 
50 

35 1 
94 
0 
4.1 
0.2 
4.1 

0.1 
0.5 
0 
0.1 
0.1 

6.2 
0.6 
0.4 

13 

74 

3.6 

8.8 
143 

42 
61  

135 
50 

354 
91 

0 
5.9 
0.5 
5.7 

0.1 
1.9 
0 
0.1 
0. I 

7.8 
0.8 
0.9 

18 

74 

" Values a re  given in residues per 1000 total amino acid residues. 
Calculated from A and B columns. Content of each monosac- 

charide is calculated on the basis of a mean amino acid residue weight 
of 92. 

to be galactose and the remainder was approximately equiv- 
alent amounts of glucose and mannose. 

Cleavage of B Chain with CNBr. The B chain was the major 
subunit which had been isolated by CM-cellulose chroma- 
tography. Therefore, it was further characterized with respect 
to its CNBr peptides. The B chain of N .  uirens cuticle collagen 
was treated with CNBr in 70% formic acid for 6 h at room 
temperature. Figure 8 depicts the elution pattern of the 
cleavage products from a CM-cellulose column, in which the 
presence of two distinct peaks is apparent. Each fraction in- 
dicated by the bars was pooled and rechromatographed on 
agarose gel (Figure 9). Fraction 1 eluted as a single component 
with a molecular weight of approximately 70 000 (designated 
(Bl). Fraction 2 eluted as a single, but somewhat asymmetric 
and broad, peak whose top was located in a region corre- 
sponding to a molecular weight of 400 000 (designated B2). 
When examined by sodium dodecyl sulfate gel electrophoresis, 
fraction 1 migrated as a single band. Fraction 2, however, 
migrated as a single major band together with a series of fuzzy 
bands corresponding to relatively low molecular weights, 
compared with the major band. In this regard, the shoulder 
preceding the B2 peak in Figure 8 was found to contain the 
fuzzy band components. These components increased with the 
reaction time in CNBr, following the initial decrease of un- 
cleaved B chain, suggesting that they are derived from non- 
specific cleavages of the B chain. It is noteworthy that the B 
chain was very susceptible to nonspecific cleavages under the 
usual reaction conditions. For instance, the occurrence of such 
cleavages was not observed in the case of bovine skin collagen 
CY chains recently reported by Scott and Veis (1976). A precise 
determination of the stoichiometry of B I  and B2 fragments 
was difficult, because of the considerable amounts of nonspe- 
cific cleavage products. However, the weight ratio of ap- 
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FIGURE 8: Elution pattern of approximately 8 mg of the CNBr-cleavage 
products from B chain of N .  cirens cuticle collagen on a column of CM- 
cellulose (0.9 X 7.0 cm) at 40 OC. Chromatography was performed as 
described in the text. 
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FIGURE 9: Elution patterns of approximately 1 -1.5 mg of the CNBr 
peptides on a column of 6% agarose gel (1.5 X 180 cm). Chromatography 
was performed as described in the text. 

proximately 1:7.5 for BI and B2 fragments was obtained by 
measuring the area under the peak of each fraction in Figure 
8. Assuming the molecular weights of 70 000 and 400 000 for 
BI and B2, respectively, the molar ratio was calculated to be 
about 1:1.3. 

Both fragments were analyzed for amino acid composition. 
The compositions, expressed as residues per mole (Table I I I ) ,  
indicate that the sum of BI and B2 fragments is close to the 
intact B chain except for a relatively large decrease in leucine. 
This result, together with the stoichiometry of the fragments, 
supports the interpretation that the B chain comprises 1 mol 
of each fragment. The small fragment, B1, contained no ho- 
moserine and must represent the carboxyl terminus peptide. 
Moreover, the compositions, expressed as residues per 1000 
residues, were similar to each other except that B1 was rich in 
3-hydroxyproline and leucine compared with B2. 

Discussion 
It is evident from the present work that the acid soluble 

collagen of Nereis cuticles contains two distinct subunits, A 
and B, in a molar ratio of about 1:2, and each polypeptide has 
a molecular weight of approximately 470 000. Studies using 
the acid soluble cuticle collagen preparation from a single in- 
dividual of N.  virens confirmed this result and indicated it was 
not a consequence of mixing a population of cuticles. These 
subunit chains seemed to be single polypeptide chains rather 
than cross-linked ones, at least as defined by their behavior 
under denaturing conditions; addition of dithiothreitol did not 
affect the results shown. Recently we obtained some evidence 
supporting the characteristic triple helical structure of collagen, 
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TABLE 111: Amino Acid Composition of CNBr Peptides (B1 and 
B2) of B Chain from N.  virens Cuticle Collagen.a 

B1 B2 B1 + B2 B chain 

3HYP 8 
4HYP I18 
ASP 8 
Thr 26 
Ser 54 
Hse 0 
Glu 91 
Pro 41 
GlY 273 
Ala 58 
Cystine 0 
Val 4 
Met 0 
Ile 6 
Leu 21 
TYr 1 
Phe 1 
HYl 0 
His 0 
LYS 0 
A rg 55 

Total 765 

6 
638 

30 
203 
31 1 

Trace 
595 
238 

1506 
397 

0 
16 
0 

15 
34 
0 
1 
0 
1 
1 

35 1 

4343 

14 
756 

38 
229 
365 

Trace 
686 
279 

1779 
455 

0 
20 
0 

21 
55 

1 
2 
0 
1 
1 

406 

5108 

15 
776 

37 
231 
379 

0 
663 
259 

1799 
48 1 

0 
21 

1 
21 
65 

1 
2 
0 
1 
1 

382 

5135 

a Values are given as residues per mole using molecular weights of 
70 000, 400 000, and 470 000 for B 1 ,  B2, and B chain, respective- 
Iv. 

using wide angle x-ray diffraction of intact cuticle and optical 
rotatory dispersion studies of solutions of N .  virens cuticle 
collagen (unpublished data). These results suggest that the 
relation of B to A chain is analogous to that of the a1 and a2 
chains in type I collagen of vertebrates (Piez et al., 1963). Thus, 
it is reasonable to speculate that 2 mol of B chains and 1 mol 
of A chain make up a three-stranded particle containing a 
polyproline I1 configuration. The resultant basic molecule may 
be represented as A.(B)2, with a molecular weight of about 
1 400 000 and molecular dimensions of the order of approxi- 
mately 14 000-15 000 A in length by 13 A in diameter. Its 
calculated intrinsic viscosity would be about 240 dL/g, from 
the equation of Simha (1940). However, this is in marked 
contrast to the measured intrinsic viscosities of native cuticle 
collagens, 70 dL/g for N .  japonica (Kimura, 1971) and 62 
dL/g for L. terrestris (Josse and Harrington, 1964). The in- 
trinsic viscosity of such an extremely asymmetric particle must 
be measured at very low velocity gradients. In this regard, a 
strong dependence of the viscosity of N .  japonica cuticle col- 
lagen on velocity gradients was observed in the previous studies 
(Kimura, 1971). The reported values for these cuticle collagens 
should be considered minimal since they were obtained by 
measurement at relatively high velocity gradients. In fact, 
Utiyama et al. (1 973) reported a higher value of 109 dL/g for 
the cuticle collagen of earthworm, Pheretma communissima, 
using a rotatory viscometer designed for the measurement of 
intrinsic viscosity and extrapolating to zero velocity gradient. 
On the other hand, the acid soluble cuticle collagen of N .  j a -  
ponica in the native state was estimated to have a particle 
molecular weight of 1 700 000, a length of 9500 A, and a di- 
ameter of 16.2 A from the values of the sedimentation constant 
and intrinsic viscosity (Kimura, 197 1). Similar results had been 
obtained for the neutral salt soluble cuticle collagen of L. 
terrestris (Josse and Harrington, 1964). Judging from the 
intrinsic viscosity values described above, these molecular 

weights and molecular dimensions should be considered pro- 
visional. The molecular structure of annelid cuticle collagen 
in solution should be reexamined in order to elucidate how the 
A and B chains are organized into a native molecule. 

As for the subunits of annelid cuticle collagen, Josse and 
Harrington (1964) reported the presence of only one compo- 
nent, having a molecular weight of approximately 600 000, 
from the viscosity and sedimentation velocity analyses of L. 
terrestris cuticle collagen in the denatured state. However, one 
of the authors (Kimura, 1971) found two subunit components, 
one of molecular weight roughly 600 000, and the other of 
300 000, from the sedimentation velocity analysis of N .  j a -  
ponica cuticle. This is apparently inconsistent with the present 
data. As will be discussed later, the neutral salt extracts of N .  
japonica cuticle fiber have a collagenolytic-like activity. Thus, 
the 300 000 molecular weight component may have arisen 
from some enzymatic degradation products since the cuticle 
fibers used in the previous studies (Kimura, 1971) were not 
pretreated with enzyme inhibitors. However, this discrepancy 
still remains to be elucidated. 

In addition to the subunit A and B chains, a few minor 
components were detected by sodium dodecyl sulfate gel 
electrophoresis. The B chain could be isolated by CM-cellulose 
chromatography, whereas the A chain was always accompa- 
nied by two minor components, A’ and A”, which were present 
in various collagen preparations of both Nereis cuticles. An- 
other minor component, B’, was present only in N .  uirens cu- 
ticle collagen and it eluted just before the B chain on the 
CM-cellulose column. Moreover, B’ had an amino acid com- 
position similar to the B chain. Possibly, A’ and A” are enzy- 
matic products of the A chain in vivo (or during extraction), 
while B’ arose from the B chain, although there is no direct 
evidence to support these interpretations. 

The purity of B chain was further confirmed by the analysis 
of its CNBr peptides obtained from N .  uirens cuticle collagen. 
The B chain was found to be composed of two primary frag- 
ments, one of molecular weight approximately 70 000 and the 
other of 400 000. This result is consistent with the fact that the 
B chain contains only one methionine residue per mole (Table 
111). The amino acid analyses are noteworthy in that both 
fragments have a glycine content of 35-36 residue % and an 
imino acid content of more than 20 residue %, indicating that 
they are capable of forming a collagen triple helix along the 
length of the chain. 

The neutral salt soluble fraction of N .  japonica cuticle 
contains relatively low molecular weight components as seen 
in Figure lA,  while its electrophoretic pattern appears to in- 
dicate the occurrence of specific cleavages of cuticle collagen 
(Figure 2). These cleavages are presumably collagenolytic 
since this fraction was obtained only in the absence of enzyme 
inhibitors and since the native cuticle collagen, Le., acid soluble 
collagen, was resistant to pepsin digestion. These results 
suggest the necessity of using enzyme inhibitors in the prepa- 
ration of soluble cuticle collagen. 
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Myoglobin as an Oxygen Indicator for Measuring the Oxygen Binding 
Characteristics of a Modified Myoglobin Derivative Containing 
Covalently Bound Mesohemet 

Philip D. Ross and Paul K. Warme* 

ABSTRACT: By measuring the visible spectrum of a mixture 
of myoglobin and a modified derivative containing mesoheme 
in place of the normal protoheme, it is possible to evaluate the 
relative amounts of the oxidized, reduced, and oxygenated 
forms of each type of myoglobin. If the oxygen affinity of one 
myoglobin derivative is known, the oxygen affinity of the other 
can be determined from measurements at various oxygen 
partial pressures. In the absence of excess reducing agent, the 
rate of autoxidation can also be evaluated during the same 
experiment. The method described is suitable at  very low 

M esoheme monosulfuric anhydride reacts specifically with 
lysine residue 45 in horse heart apomyoglobin to produce a 
modified myoglobin in which one of the heme propionic acid 
side chains is connected by an amide linkage to the lysine 
t-amino group (Warme and Hager, 1970b). The visible spec- 
trum of this covalent mesoheme myoglobin is almost identical 
with that of myoglobin containing noncovalently bound me- 
soheme, in both the oxidized and the reduced (oxy and deoxy) 
forms. In this paper, a novel equilibrium oxygen binding assay 
is utilized to demonstrate that the covalent mesoheme myo- 
globin derivative retains the ability to bind oxygen reversibly 
with an affinity very similar to that of noncovalent mesoheme 
myoglobin. The autoxidation rate of the covalent derivative 
is somewhat greater than that of the noncovalent derivative. 

The extremely high oxygen affinity of myoglobin makes it 
quite difficult to measure its oxygen affinity accurately using 
current methods. This difficulty is reflected by the wide vari- 
ation among reported values for the oxygen affinity of horse 
myoglobin, as measured by gasometric methods (Theorell, 
1934; George and Stratmann, 1952), the tonometer method 
(Brunori et al., 1966), and the oxygen electrode method (Ta- 
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oxygen partial pressures, where most previous methods are 
inaccurate, and it is very convenient to use, since no time- 
consuming calibration procedures are required. Using proto- 
heme myoglobin as an oxygen indicator, the oxygen pressure 
at half saturation (Pip) of mesoheme myoglobin was shown 
to be 11% higher than the P1/2 of a modified myoglobin de- 
rivative containing covalently bound mesoheme. The autox- 
idation rate of the covalent derivative is faster than that of the 
noncovalent derivative, but it is less dependent on oxygen 
pressure. 

mura et al., 1973a). Oshino et al. (1972) and Tamura et ai. 
(1 973a) have also used luminescent bacteria as an oxygen in- 
dicator for measuring the oxygen affinity of myoglobin de- 
rivatives. 

As first shown by Hill (1939) and later by Davenport 
(1949), hemoglobin can be used as an indicator of oxygen 
concentrations in aqueous solutions. The fact that the visible 
absorption bands of mesoheme myoglobin are shifted about 
10 nm to the red with respect to the absorption bands of normal 
(protoheme) myoglobin permits utilization of either of these 
proteins as an indicator of oxygen concentrations while mea- 
suring the oxygen affinity of the other. Thus, if the oxygen 
affinity of one derivative is known, the relative oxygen affinity 
of the other can be evaluated. Since each myoglobin derivative 
can exist in the oxidized state (met), the reduced state (deoxy), 
or the oxygenated state (oxy) and each of these forms has a 
distinct and characteristic absorption spectrum, the concen- 
trations of each component of the equilibrium mixture can be 
determined by absorbance measurements at six different 
wavelengths. 

Experimental Section 

Materials 
Horse heart myoglobin (type 111), protoheme (type 1111, 

ferredoxin (type 111), ferredoxin reductase, glucose 6-phos- 
phate, glucose-6-phosphate dehydrogenase (type XV), NADP, 
NADH, and catalase (type C-100) were all purchased from 
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