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T H E  C H E M I C A L  S T R U C T U R E  OF E A R T H W O R M  C U T I C L E  

L. SINGLETON* 
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INTRODUCTION 

The cuticle of the earthworm (Allotobophora longa) is composed of fibres arranged in 
layers parallel to the surface, with the fibre directions in successive layers at right 
angles to each other 1. The fibres follow a spiral course for the full length of the worm. 

REED AND RUDALL 1, 2 classified the fibres as belonging to the collagen group on 
the basis of the wide-angie X-ray  diffraction diagram, which was indistinguishable 
from tha t  given by  orthodox collagen fibres. 

Collagen fibres in the electron microscope reveal a regularly banded structure, 
the period of which corresponds to the long spacing (64o A) of the small-angle dif- 
fraction diagram. Earthworm-cuticle fibrils show no sign of any cross-banded 
structure 1. 

Cuticle collagen differs from mammalian collagen also in its stability towards 
hot water. Mammalian collagen contracts to about one-third of its length in water 
at  a temperature  of 63-64 ° C, and on prolonged t reatment  is converted into the water- 
soluble substance gelatin. Cuticles dissolve in water at a temperature in the region 
of 40-50 ° C 1. 

The shrinkage temperature  T~ of collagen is a measure of its hydrothermal 
stability, and is therefore probably related to the degree of hydrogen bonding 3. 
Certain collagens, such as those of fish skins, have a low hydrothermal stability., with 
Ts of the order of 40-45 ° C, as compared with 60-65 ° C for mammalian skin 4. Gelatin 
films also shrink at 45 ° C, and in view of the probable rupture of hydrogen bonds 
in the formation of this structure, it is considered that  hydrogen bonds play a second- 
ary  part  in the organisation of fish skin collagens. 

TAKAHASHI 5 and GUSTAVSON 3 have correlated the hydroxyproline content of 
various collagens with T~, and have found that  low hydroxyproline content is ac- 
companied by  lower T s. GREEN et al. 6 have pointed out that  acetylation of the - O H  
groups of collagen results in a lowering of T~ by  some 20 ° C, it being assumed that  
interchain bonds are broken by  the process. Those - O H  bonds which resist acetylation 
are assumed to form stronger bonds which may be responsible for the stabilisation 
of Teleost collagen 7. GUSTAVSON 7 considers the interchain bonds to be hydrogen bonds 
between the - O H  groups of side-chains and carbonyl groups of adjacent main-chains. 

Certain features of the chemical structure of collagen are characteristic. Only 
in collagen is hydroxyproline found in comparatively large quantities, and the value 
is remarkably constant for mammalian collagen 8. The other imino acid, proline, is 
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also present in very substantial quantities, and the two together make up some 25 % 
of the total residues. Recent analyses of a typical collagen s show high proportions 
of the non-polar residues glycine and alanine, with very low proportions of the 
aromatic residues. Sulphur-containing amino acids are virtually absent. 

It  is of considerable interest to examine the chemical composition of earthworm- 
cuticle collagen in relation to other collagens and to the structural features observed 
by small-angle X-ray analysis and electron microscopy. 

EXPERIMENTAL 

.Preparation o] material 
T h e  w o r m s  were collected in la te  s u m m e r  and  killed b y  soaking  in boric acid ( sa tu ra t ed  a q u e o u s  
solut ion) for 2 days .  The  cuticle was  t h e n  eased off us ing  a m o u n t e d  needle, and  m o s t  of  t h e  
adhe r ing  blood and  t i s sue  was  r e m o v e d  b y  squeez ing  be tween  t he  side of the  m o u n t e d  needle 
a n d  a glazed surface.  E p i d e r m a l  cells were r e m o v e d  b y  r ins ing in cool sal ine (0.9 % NaC1). The  
cut ic les  were t h e n  al lowed to  s t a n d  in sal ine a t  2 ° C for 3 days ,  t h e  sal ine be ing  changed  daily,  
a n d  th i s  was  followed b y  a s imi lar  t r e a t m e n t  in p h o s p h a t e  buffer  (M]I 5 NasHPO4) .  Sal ts  were 
r e m o v e d  b y  dialysis  in  s ausage  sk in  aga i n s t  r u n n i n g  t a p  wa t e r  for 48 hours ,  followed b y  dist i l led 
wa t e r  for 24 hours .  Possible  f a t t y  s u b s t a n c e s  were r e m o v e d  b y  t r e a t m e n t  wi th  acetone,  t h e  
res idua l  ace tone  be ing  r emoved  by  m e a n s  of iced dist i l led water .  T h e  cuticles were freeze-dried 
a n d  s to red  in a s toppered  flask a t  o ° C. Before use  t he  freeze-dried ma te r i a l  was  dr ied in a hot -a i r  
oven  for 2 h o u r s  a t  lO5 ° C. 

Total nitrogen 
D e t e r m i n e d  b y  a mic ro -Kje ldah l  procedure .  T he  ma te r i a l  was  diges ted us ing  a se len ium ca ta lys t ,  
a n d  dist i l led in t h e  Quickfi t  and  Quar t z  a p p a r a t u s .  

Hexosamine 
T h e  h e x o s a m i n e  c o n t e n t  was  de t e rmi ned  b y  t he  m e t h o d  of ELSON AND MORGAN 10 as modif ied 
by  JOHNSTON, OGSTON AND STANIER xx. Sufficient cut icle  was  t a k e n  to  p rov ide  ha l f  t he  h y d r o l y s a t e  
for t h e  b l a n k  de t e rmina t ion ,  wh ich  was  a conven ien t  w a y  of al lowing for t he  t race  of h u m i n  
t h a t  was  formed.  

Total carbohydrate 
Tota l  c a r b o h y d r a t e  was  de t e rmi ned  us ing  t he  a n t h r o n e  m e t h o d  devised b y  DREYWOOD 12 and  
modif ied  b y  TREVELYAN AND HARRISON 15. Sui tab le  di lu t ions  of a s t a n d a r d  solut ion of glucose 
were t a k e n  for ca l ibra t ion  of t he  B e c k m a n  U.V. spec t rome te r  a t  620 m # .  

Hydrolysis 
The  cut icles  were hyo rd ly sed  by  ref luxing wi th  HC1 (5.7N) for 18 hours .  H u m i n  was  r emoved  
b y  f i l t ra t ion t h r o u g h  a fine s in te red  glass filter and  a l iquots  were t a k e n  for to ta l  n i t rogen  deter-  
mina t ion .  

Amino acids 
The  m e t h o d  used  x4 was  based  on t he  Sanger  t echn ique  of end-g roup  assay .  The  pro te in  h y d r o l y s a t e  
is a l lowed to  reac t  w i th  I - f luoro-2,4-dini t robenzene in alcoholic s o d i u m  ca rbona te  solut ion,  
fol lowed by  s epa ra t i on  on buffered silicalS, is or Kiese lguhr  17 co lumns .  The  resu l t ing  D N P - a m i n o  
acids  are  d e t e r m i n e d  in s o d i u m  b ica rbona te  solut ion by  the  opt ical  dens i ty  a t  385 m/* for D N P -  
h y d r o x y p r o l i n e ,  38o m/z for DNP-pro l ine ,  and  36o m/~ for t he  remainder .  Some difficulty was  
exper i enced  in s e p a r a t i n g  D N P - a l a n i n e  a n d  DNP-pro l ine .  Since it  was  k n o w n  t h a t  bo th  acids  
reac ted  q u a n t i t a t i v e l y  w h e n  t r ea t ed  sepa ra t e ly  wi th  t h e  reagent ,  an  a t t e m p t  was  m a d e  to e s t ima t e  
t h e m  by  difference b y  decompos ing  t h e  DNP -p ro l i ne  wi th  5.7 N HC1.14 

Us ing  a con t ro l  so lu t ion  m a d e  up  f rom s y n t h e t i c  ami no  acids, t he  following m e a n  pe rcen tage  
recoveries  were ob t a ined :  glycine lOO.2 -¢- 1.7; a lan ine  97.5 4- i . i ;  leucine 97-5 4- 7.0; ser ine 
96.8 4- 2.5; t h r eon ine  98.5 4- 2.o; prol ine  97.6 4- 2.3; hyd roxyp ro l i ne  IOI.O 4- 1.2; lysine 80.9 
4- 5.7; g lu t amic  ac id  96.2 4- 2.8; a spar t i c  acid 92.2 4- 2.5. Correct ion factors  were appl ied ill 
t h e  case  of lys ine  a n d  aspar t i c  acid. 

S]~rinkage temperature 
Beake r s  con ta in ing  large v o l u m e s  of wa te r  were m a i n t a i n e d  a t  c o n s t a n t  t e m p e r a t u r e s  cover ing  
t h e  r ange  3 °o C to 420 C in s t eps  of 2 ° C. T he  original l eng th  of each cuticle was  found  by  lay ing  
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it out on a plastic rule. I t  was then immersed in one of the water-baths for 5 minutes, since 
preliminary experiments had shown that, at any temperature within the above range, shrinkage 
is complete after 4 minutes. The cuticle was then dipped in iced water and the new length measured 
as before. Fresh cuticle was used for each determination. 

R E S U L T S  

Total nitrogen content 

Replicate determinations of the tota l  nitrogen content  of ear thworm cuticle gave a 
mean value of 15.3 g / Ioo  g. This is considerably lower than  for mammal ian  collagen 
(18.6) 9 and citrate soluble collagen (17.7) 9 . 

H e x o s a m i J ~ e  

The mean value of 0.37 g / Ioo  g which was obtained showed tha t  the proport ion of 
hyaluronic acid or chondroit in sulphate in the ear thworm cuticle is small. 

Total carbohydrate 

The cuticles were found to have a carbohydra te  content  of 4.9 g / Ioo  g as glucose. 
This is not  sufficiently high to  account  completely for the low nitrogen content ;  but  
TREVELYAN AND HARRISON a3 have pointed out  tha t  the colour intensi ty produced 
with the anthrone reagent depends on the carbohydra te  and SEIFTER et al. TM have 
indicated t h a t  some substances interfere with the course of reaction; hence the value 
is probably  on the low side. 

TABLE I 
AMINO ACID ANALYSIS OlV EARTHWORM CUTICLE 

Amino acid N as % total nitrogen 

Glycine 30.8 
Alanine 6.8 
Phenylalanine } 
Valine 2.9 
Leucines 2.8 
Proline 3. I 
Hydroxyproline 14.6 
Glutamic acid 7.8 
Aspartie acid 4.4 
Lysine 2.8 
Serine 8. 4 
Threonine 4.4 
Tyrosine 0.8 

Amino acid composition 

The amino acid composition determined by  the F D N B  method is given in Table I. 
These results are in agreement  with those recently published by  WATSON AND SMITH TM 

for the analysis of cuticles of Lumbricus sp. 
The value for hydroxyprol ine  is the highest yet  reported 2° for any  member  of 

the collagen group. On the other hand  only a small proport ion of proline was found, 
bu t  the two together  give 17.7% of the  total  N as compared with 16.9% in collagen. 
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Higher proportions of the hydroxylic amino acids serine and threonine than is usually 
associated with collagen were also found in earthworm cuticle. 

The high glycine and alanine content is typical for this class of protein, the 
glycine constituting approximately one-third of the total residues. I t  is also charac- 
teristic to find a paucity of the aromatic amino acids, and a small but definite pro- 
portion of tyrosine. 

Using the FDNB method of estimation, no trace was found of the sulphur- 
containing amino acids, but  a paper chromatogram of the hydrolysate showed a very 
faint spot in the position normally occupied by  cystine. 

The proportions of the acidic amino acids, aspartic and glutamic, were higher 
than values reported for collagen, but the basic amino acid lysine was found to be 
less abundant  in earthworm cuticle than in collagen. 

The values obtained for proline and alanine are probably subject to a larger error 
than  in the case of the remaining amino acids, as follows from the method of deter- 
mination. 

Several amino acids remain to be determined, but  in view of the nitrogen already 
accounted for, it seems unlikely that  the proportions of the remainder will be high. 

TABLE II 
E F F E C T  OF T E M P E R A T U R E  ON THE SHRINKAGE OF EARTHWORM CUTICLE 

% shrinkage 
Expt. 

320 C 34 ° C 36o C 380 C 4 z° C 

i 5 .0 21.7 33.3 45 .° 55 .o 
2 5.3 21.o 36.8 47.3 57.9 
3 5.3 21.o 34.0 48.7 56.0 

Shrinkage temperature 

Ear thworm cuticle was found to have a very low shrinkage temperature (32-33 ° C). 
The results in Table I I  show that  shrinkage takes place over a range of temperature,  
but  the onset occurs at  close to 32 ° C. Cuticles immersed in water at 420 C were found 
to break into smaller fragments, thus confirming the observation of REED AND 
RUDALL tha t  the structure dissolves at  a temperatare  in the region of 400 C. 

D I S C U S S I O N  

Ear thworm cuticle would appear to consist of approximately 80 % protein. The nature 
of the remainder has not been fully established, but the experiments with the anthrone 
reagent indicate that  a considerable proportion consists of non-nitrogenous carbo- 
hydrate. I t  is curious that  the carbohydrate survived the purification procedure; 
t rea tment  with the alkaline phosphate buffer would have removed the usual muco- 
polysaccharide. 

The high proportion of hydroxyproline indicates that  the protein is a collagen, 
in accordance with the X-ray  findings. This is further confirmed by  other features 
typical of collagen, viz. the high proportion of glycine and alanine and the low pro- 
portions of aromatic residues. The finding of a faint spot corresponding with cystine 
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is interesting since it has been pointed out by  BEAR 21 that  relatively primitive col- 
lagens often contain more sulphur than do mammalian collagens. 

The proportion of hydroxyproline found is the highest yet reported, but  it is 
balanced by  a low proportion of proline. NEUMAN AND LOGAN s have pointed out that  
the hydroxyproline content of mammalian collagen is remarkably constant, but  fish 
skin collagen has a lower hydroxyproline content (9.1 g/Ioo g), and certain other 
collagens show lower values than mammalian collagen. Ear thworm cuticle is unique 
in having a hydroxyproline content higher than that  of mammalian collagen. 

Values for the basic amino acids, histidine and arginine, have recently been 
published. These are lower than for mammalian collagen and, since a higher pro- 
portion of the acidic amino acids is found in earthworm collagen, it might be tha t  
some of the acidic side-chains are present as amides in order to maintain the balance 
of charge. 

In view of the observations of TAKAHASHI that  the shrinkage temperature varies 
with the hydroxyproline content, it is surprising to find that  earthworm cuticle has 
such an extremely low shrinkage temperature.  For instance, from TAKAHASHI'S list, 
the lowest hydroxyproline value (7%) reported was obtained for the skin of the 
rockfish (Sebastodes), corresponding with the lowest Ts ever recorded (33-34 ° C). 

I t  is interesting to note, however, that  the sum of the pyrrolidine residues in 
the earthworm cuticle (17%) compares with the sum obtained for calf-skin collagen 
(Bos taurus) by GUSTAVSON (16.9%). Calf skin collagen has, of course, a high Ts 
(65 ° C). 

I t  is not easy to reconcile these findings with the hypothesis of GUSTAVSON that  
the collagen molecule is stabilised by  cross-linkages involving the  - O H  groups of 
hydroxyproline and the CO groups of adjacent chains. The shrinkage properties and 
solubility of earthworm collagen would indicate a loosely bound structure, presumably 
stabilised by  few hydrogen bonds. 

JACKSON has obtained evidence tha t  collagen is stabilised by mucopolysaccha- 
ride, his criterion of stability being again the shrinkage temperature. In this con- 
nection it is tempting to speculate on the function of the carbohydrate in earthworm 
cuticle. 
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SUMMARY 

The chemical composition of earthworm cuticle has been examined. Although the protein moiety 
has features characteristic of collagen, certain important differences have been observed, e.g. high 
proportions of the hydroxylic amino acids, the value for hydroxyproline being the highest yet 
reported. The acidic amino acids also are present in higher proportions than in collagen, but the 
basic amino acid lysine is present in lower proportion. 

The shrinkage temperature of earthworm cuticle has been determined and appears to be 
unrelated to the hydroxyproline content, assuming that collagen is stabilised by cross-links in- 
volving the hydroxyl group of hydroxyproline, 
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THE MOLECULAR WEIGHT OF a-CHYMOTRYPSINOGEN 

P H I L I P  E.  W I L C O X ,  J. K R A U T * ,  R.  D. W A D E  AND H A N S  N E U R A T H  

Department o/Biochemistry, University o[ Washington, 
Seattle, Washington (U.S.A.) 

Recent estimates of the molecular weight of crystalline a-chymoti3"psinogen have 
varied within the range of 22,ooo-25,ooo 1, which is considerably lower than the 
original value of approximately 36,000 reported by KUNITZ AND NORTHROP *. In view 
of the widespread interest in this protein as a precursor of a family of proteolytic 
enzymes 1, s, 4 and as a highly purified and relatively homogeneous product~,e,L it 
appeared of importance to define the molecular weight of a-chymotrypsinogen within 
narrow limits of experimental error. To this end, a combination of chemical and 
physical methods of measurement has been employed, including amino acid analysis, 
light scattering, sedimentation rate, and diffusion. Molecular weight calculations 
deduced from X-ray diffraction data of salt-free crystals, already reported by BLU~M 
AND K E N D R E V # ,  have formed part of the present, cooperative project. All of these 
data converge toward 25,000 as the most probable value for the molecular weight 
of a-chymotrypsinogen. 

EXPERIMENTAL 

Material. a - C h y m o t r y p s i n o g e n  was  ob ta ined  f rom W o r t h i n g t o n  Biochemica l  Labora to ry ,  Free- 
hold,  New Jersey,  as a once-crys ta l l ized filter cake and  was recrystal l ized seven  t imes  wi th  am- 

* Fel low of t he  H o w a r d  H u g h e s  Medical In s t i t u t e .  
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