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INTRODUCTION 

The contractile proteins of a muscle are situated in myofibrils packed together in 
the muscle fibres. The manner  in which the molecules of these proteins are arranged 
in the fibrils is of great interest, for it must control the behaviour of the living muscle. 
Recent studies 1, 3, 3 on the cross-striated myofibrils of the skeletal muscles of rabbits 
have suggested that  one of these proteins, myosin, is confined to the anisotropic (A) 
bands, which are denser than  the rest of the fibril. The material responsible for their 
high d e n s i t y - - t h e  A subs tance- -can  be completely removed from fibrils under the 
microscope1, 2 by  solutions which extract myosin completely and selectively from 
fresh muscle fibres 4 or from isolated fibrils in rigor 3. The rest of the fibril appears 
to be unaffected by  the extraction process. From this and other evidence (reviewed 
in 2) it was concluded tha t  myosin and the A substance are probably identical. This 
conclusion would be greatly strengthened if it could be shown that  the quantities 
of A substance and myosin are the same, and that  the myosin-extracting procedure 
removes only the A substance and no other materials from the fibrils. Since these 
fibrils consist almost entirely of protein 6 it might be possible to determine by  inter- 
ference microscopy the percentage of A substance in the total dry mass of the fibril, 
and then to compare this quant i ty  with the percentage of myosin in the total myo- 
fibrillar protein estimated by  biochemical methods; similar parallel determinations 
by  the two techniques could also be made of the total  amount of material taken out 
of the fibrils by the myosin-extracting procedure. 

Results obtained by  interference microscopy are described in the preceding 
paper 5. I t  has been found that  the A substance accounts for 50-55 °//o of the total 
dry mass of washed, glycerol-extracted rabbit  psoas fibrils, and that  the myosin- 
extracting procedure removes all of the A substance together with another lO% of 

Par t  of this work was carried out  whilst  H. E. HUXLEY was a member  of the Medical Research 
Council Unit  for Research on the Molecular St ructure  of Biological Systems, Cavendish Labora-  
tory, Cambridge. 
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the to ta l  mater ia l ;  thus, in all, 6o-65 % is extracted.  The results obta ined  by  chemical  

analyses  performed on comparable  fibrils are the  subject  of the present paper. 

Al though HASSELBACH AND SCHNEIDER 4 and others have  analysed whole fresh 

rabbi t  muscle, informat ion is needed about  the ra ther  different mater ia l  which 

necessarily was used for interference microscopy, namely  isolated glycerol-extracted 

fibrils from the psoas muscle. SZENT-GY6RGYI, MAZIA AND SZENT-GY6RGYI s have  

published results obta ined  on such material ,  but  these show a wide scatter,  and there 

are several o ther  dis turbing features about  them, par t icular ly  the  ext raordinar i ly  

large to ta l  quan t i t y  of soluble proteins in the whole psoas muscle, i.e. proteins soluble 

in hypotonic  saline; this fract ion accounted for at  least 52% of all the protein in 

the  muscle, whereas the corresponding fract ion in the analyses of HASSELBACH AND 

SCHNEIDER conta ined only 28 % of all the  protein in the muscle. Fur thermore ,  SZENT- 

GY6RGYI et al. obta ined  a value  for the quan t i t y  of myosin  in whole muscle (25-30 % 

of the to ta l  protein) which is much  lower than  the value  given by HASSELBACH AND 

SCHNEIDER (38%). Al though SZENT-GYSRGYI et al. found tha t  myosin represents 

about  50% of the  protein in the fibrils, and is therefore quan t i t a t ive ly  similar  to 

the  A substance (50-55% measured by  interference microscopy), t hey  also found 

tha t  another  18% of the to ta l  prote in  of the fibrils is ex t rac ted  when myosin is 

removed from them, whereas the  interference microscope measurements  showed tha t  

only  about  lO% of mater ia l  other  t han  A substance is extracted.  

Because of these uncertaint ies ,  new determinat ions  have  been made of the 

quant i t ies  of myosin  in washed, g lycerol -ext rac ted  fibrils and in the  whole psoas 

muscle, and of the to ta l  protein taken  out of fibrils by  myos in-ex t rac t ing  procedures. 

MATERIAL AND METHODS 

The psoas muscles of domestic rabbits have been used. Thin bundles of muscle fibres from well- 
bled rabbits were tied at rest-length, or slightly stretched, to "Perspex" sticks and immersed 
at 4 ° C in a glycerol solution consisting of 5 ° volumes of glycerol, 4 ° volumes of water and io 
volumes of o.o67M phosphate buffer, pH 7.0; in order to remove heavy metal impurities from 
the glycerol it was filtered, together with the water, through a column of ion-exchange resin 
(Amberlite IR 12o H); then the buffer was added and the pH adjusted to neutrality. After 
24 hours at 4 ° C the fibres were immersed in fresh glycerol, and after another 24 hours at 4 ° C 
stored at - -2o  ° C for two weeks or longer before they were used. 

All solutions were made from "Analar" grade reagents and water purified by "Pyrex" 
distillation or by ion-exchange resins. All procedures were carried out at 4 ° C. 

Determination o[ protein extracted by glycerol 
Protein extracted into the glycerol solution was precipitated by trichloracetic acid (final concen- 
tration 15 %), washed with 15 % trichloracetic acid to remove traces of glycerol, dissolved in 
sulphuric acid (micro-analytical grade) and estimated by the micro-Kjeldahl method. 

Micro-K]eldahl method 
Nitrogen was estimated by a conventional micro-Kjeldahl procedure, and it was assumed that 
all the proteins contained 16 % nitrogen. Control experiments showed that all the nitrogen in 
extracts from glycerol-extracted muscles was present in the fraction precipitated by trichlor- 
acetic acid (15 %), and it was therefore taken to be entirely protein nitrogen. 

Determination o/soluble protein left after glycerol extraction 
Bundles of glycerol-extracted fibres were equilibrated with about 50 volumes of a solution con- 
sisting of o.o4~// KC1, o.oo67M phosphate buffer, Io-3M MgCI~, pH 7.o. This will be referred 
to as "hypotonic salt solution". Still in the same solution, they were divided into small pieces 
and blended in an M.S.E. homogeniser until broken up into fibrils. This procedure produced 
some foam which interfered with separation of the extract from the fibrils, so that at this stage 
the suspension was left overnight. Then it was centrifuged at I6oo g for 20 minutes and the fibrils 
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r e s u s p e n d e d  in a n o t h e r  5 ° v o l u m e s  of hypo t on i c  sal t  solut ion and  aga in  centr i fuged.  This  low 
cen t r i fuga l  force was  chosen  because  it  was  t h o u g h t  t h a t  s u b s e q u e n t  ex t r ac t i on  of t he  washed  
fibrils m i g h t  be impa i red  if t h e y  were too t i gh t l y  packed .  Fibri ls  still r ema in ing  in t he  s u p e r n a t a n t  
fluid were r e m o v e d  b y  cen t r i fugaf ion  a t  65o0 g. The  n i t rogen  of t he  combined  ex t r ac t s  was  
e s t i m a t e d  by  t he  mic ro -Kje ldah l  procedure .  

Determination o] total protein removed ]rom washed fibrils by myosin-extracting procedures 
Two different  m y o s i n - e x t r a c t i n g  solu t ions  h a v e  been used.  One  is a modif ica t ion  of t he  pyro-  
phospha te -KC1  solu t ion  of HASSELBACH AND SCI-INEIDER4; t h e  to ta l  ionic s t r e n g t h  was  increased 
to  a b o u t  o.73, a n d  Mg ++ was  added ,  because  it  was  observed  t h a t  t he  original  solut ion of ten  
failed to e x t r a c t  a l i t t le of t he  A subs t ance .  T he  compos i t ion  of t he  modif ied solut ion is: o . 6 M  
KC1, o.oi  M s o d i u m  p y r o p h o s p h a t e ,  o. i  M p h o s p h a t e  buffer,  i o - 3 M  MgCI2, p H  6. 4. I t  will be 
referred to as " h i g h / ,  H - S  so lu t ion" .  The  o the r  m y o s i n - e x t r a c t i n g  solut ion is o. i M p y r o p h o s p h a t e ,  
o . oo67M p h o s p h a t e  buffer,  I o - a M  MgC1 v p H  6. 4. I t  will be called " p y r o p h o s p h a t e  so lu t ion" .  

The  s e d i m e n t e d  fibrils left  a f te r  wash i ng  a w a y  soluble pro te ins  were su spended  in a little 
isotonic  sa l t  so lu t ion  ( o . i M  KC1 buffered a t  p H  7.o), and  t he  m y o s i n - e x t r a c t i n g  solut ion was  
s lowly added.  I t  h ad  p rev ious ly  been  not iced  t h a t  t he  " g h o s t "  fibrils left a f te r  ex t r ac t i on  of ten  
appea red  to be s l ight ly  d a m a g e d  if t h e y  h a d  been  s u s p e n d e d  i m m e d i a t e l y  in t he  ex t r ac t i ng  
so lu t ion  in s t ead  of al lowing t h e  ionic s t r e n g t h  to increase g radua l ly .  The  solut ion of ex t r ac t ed  
p ro te in  was  s epa ra t ed  f rom t h e  fibrils b y  cen t r i fuga t ion  a t  65o0 g, and  t h e y  were washed  once 
more  in m y o s i n - e x t r a c t i n g  solut ion.  T he  to ta l  t ime  of ex t r ac t i on  was  a b o u t  9o minu tes ,  and  the  
q u a n t i t y  of ex t r ac t i ng  solut ion was  e i ther  ioo  vo l umes  or 25 volumes .  The  n i t rogen  c o n t e n t  of 
t he  combined  ex t r ac t s  was  de te rmined .  

Determinations o[ myosin 
D e t e r m i n a t i o n s  of m y o s i n  were all m a d e  on h igh  # H - S  ex t r ac t s  of washed  fibrils. I n  one series 
of e x p e r i m e n t s  t h e  ex t r ac t  was  dia lysed over  one n i gh t  or  longer  aga ins t  a b o u t  3 ° vo lumes  of 
h y p o t o n i c  sa l t  solut ion (# o.o4), and  t he  dialysis  bag  was  gen t ly  ag i t a ted  all t h e  t ime.  I n  ano the r  
series of  e x p e r i m e n t s  t h e  ex t rac t ,  whi ls t  be ing  st irred,  was  slowly di lu ted  wi th  wa te r  unt i l  the  
ionic s t r e n g t h  had  been  reduced  to o.o4; t he  prec ip i ta te  was  al lowed to se t t le  for 2 -  3 hour s  before 
it  was  collected. 

The  ma te r i a l s  p rec ip i t a ted  by  these  two m e t h o d s  were sepa ra ted  by  cen t r i fuga t ion  a t  6500 g 
for 3 ° minu te s ,  dissolved ill su lphur ic  acid, and  e s t i ma t ed  by  t he  mic ro -Kje ldah l  me thod .  

I n  a t h i rd  series of exper imen t s ,  t he  m e t h o d  of :ROBINSON 7 for a c tomyos in  de t e rmina t i on  
was  followed. Di lu te  e thano l  (18 %) was  slowly added  to  t he  ex t rac t ,  which  was  s t i r red all t h e  
t ime,  un t i l  t h e  ionic s t r e n g t h  had  been  reduced  to o,12 and  t he  final e thano l  concen t ra t ion  was 
15 % (v/v). The  prec ip i ta te  was  i m m e d i a t e l y  collected, dissolved in su lphur ic  acid and  e s t ima ted .  

Determination o[ final residue 
After  m y o s i n  h a d  been  ex t r ac t ed  f rom washed  fibrils t he  res idue  was  dissolved in su lphur ic  acid 
and  i ts  n i t rogen  c o n t e n t  de te rmined .  

RESULTS 

Soluble protein content 

Two soluble protein fractions have been estimated, firstly the protein that is extracted 
from flesh muscle by the neutral glycerol solution, and secondly the protein that 
is washed out of glycerol-extracted muscle by neutral hypotonic salt solution after 
it has been broken up into fibrils. Table I gives the results. In all experiments the 
fibril suspension was washed twice; in two control experiments (numbers 35 and 36 ) 
it was found that  two further washes did not remove any more protein. 

It  is found that  less than lO% of the total protein of the fresh muscle is extracted 
by the neutral glycerol solution. The average soluble protein content of glycerol- 
extracted muscle is 28% of the total protein, and is not obviously affected by the 
duration of glycerol extraction beyond three weeks. The average total soluble protein, 
expressed as a percentage of the total protein in fresh muscle, is 34%. 

Total ~,brotein removed/rom washed fibrils by myosin-axtracting solutions 

Table II gives the results of determinations of the total protein removed from washed 

Re[erences p. 260. 



VOL. 93 (1957) STRUCTURE OF CROSS-STRIATED MYOFIBRILS n 

T A B L E  I 

SOLUBLE PROTEIN CONTENT OF RABBIT PSOAS MUSCLE 

253 

I 2 

Expt. No. Rabbit No. 

3 4 5 6 7 
Protein in 

Duration o] Protein in glycerol hypotonic saline Column 5 Total o] 
glycerol extraction as % o! protein as % o] protein as % o] protein 

in weeks in ]resh muscle in glycerol-extracted in ]resh muscle columns 4 and 6 
fibres 

2 2 3 29 
3 2 5 25 
4 2 5 29 
5 2 6 28 
6 2 7 28 
7 2 8 3 ° 
8 3 6 28 
9 3 7 24 

IO 3 9 23 
i i  3 12 3 ° 
14 5 2 4 34 
15 5 2 6 31 
18 5 2 3 33 
19 5 2 3 3 ° 
24 6 16 - -  23 
27 8 3 9 27 
35 9 3 - -  23 
36 9 4 6 27 

Average 28 

32 36 
29 35 
32 35 
29 32 

25 34 

26  32 

Average 34 

TABLE I I  

TOTAL PROTEIN REMOVED FROM WASHED FIBRILS BY MYOSIN-EXTRACTING SOLUTIONS, 
HIGH ]~ H - S  SOLUTION (H-S) OR PYROPHOSPHATE SOLUTION (PYRO) 

Protein extracted 
Duration o] Extracting as % 

Expt. No. Rabbit No. glycerol extraction solution ol total protein 
in weeks in washed fibrils 

12 3 13 H - S  61 
14 5 2 H - S  69 
18 5 2 H - S  69 
24 6 16 H - S  69 
3oa 6 26 H - S  6o 
3ob 6 26 pyro 65 
32a 7 i6 H - S  60 
32 b 7 16 pyro 67 
33a 7 16 H - S  67 
33b 7 16 pyro  65 
34 6 3 ° H - S  56 
35 9 3 H - S  58 
37 9 5 H - S  52 
38 9 6 H - S  56 

Average 62 

g l y c e r o l - e x t r a c t e d  f ibr i l s  b y  t w o  d i f f e r e n t  m y o s i n - e x t r a c t i n g  s o l u t i o n s ,  h i g h  /z H - S  

s o l u t i o n  a n d  p y r o p h o s p h a t e  s o l u t i o n .  T h e r e  is  n o  s i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  t h e  

r e s u l t s  g i v e n  b y  t h e s e  t w o  s o l u t i o n s .  

T h e  r e s u l t s  a r e  v a r i a b l e ,  t h e  e x t r e m e  v a l u e s  b e i n g  5 2 %  a n d  6 9 % ;  t h e  a v e r a g e  

q u a n t i t y  is  62 % ,  e x p r e s s e d  as  a p e r c e n t a g e  of  t h e  t o t a l  p r o t e i n  in  t h e  w a s h e d  f ibr i ls .  

R e / e r e n c e s  p .  2 6 0 .  
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Lower values, some of them below 5o%, were given in earlier experiments in which 
the material  included fragments of fibres incompletely broken up into fibrils. Under 
the microscope, fibrils suspended in the myosin-extracting solutions were observed, 
before centrifugation, to have the same appearance as fibrils treated by the irrigation 
technique (see photographs in preceding paper); all of the A sttbstance had been 
removed. 

Quantities o[ myosin and X-protein in the extract 

The myosin content of high /~ H-S  extracts of washed fibrils has been determined 
by  measuring the quanti ty of protein that  precipitates when the ionic strength is 
reduced to 0.04 . The amount of X-protein, defined as the fraction that  does not 
precipitate, has been estimated by difference. Since very little material precipitates 
from pyrophosphate extracts they have not been used in these investigations. 

Dialysis experiments. Table I I I  gives the results of experiments in which the 
extract was dialysed against about 30 volumes of hypotonic salt solution over one, 
two or three nights. 

The results are very variable and it is clear that  they are influenced by the 
concentration of protein in the dialysis bag (see experiment 31 ) and by the duration 
of dialysis. Amounts ranging from 57% to 87% of the total protein in the extract 
werG precipitated. The average was 71%. The three results that  are perhaps the most 
reliable (experiments 3Ia, 33 and 35), because the duration of dialysis was short and 
the protein concentration high, are 73%, 76% and 77%. I t  is interesting that  the 
only amounts above 80% were obtained by  using muscles that had been glycerol- 
extracted for only two weeks. 

A few determinations were made of the total protein remaining within the 
dialysis membrane afteI one night, and it was found that  20% or more of the protein 
of the original extract  had escaped through the membrane. 

Dilution experiments. Table I I I  also gives the results of estimations of myosin 
made by  diluting the extract  with water until its ionic strength was reduced to 0.04 . 
This Table also includes the results of a few experiments in which the extract was 
mixed with dilute ethanol until its ionic strength was o.12 and its ethanol concen- 
trat ion 15% (v/v). 

The quanti ty of material precipitated when the ionic strength of the extract is 
reduced by diluting it with water is greater than the quanti ty usually precipitated 
when the ionic strength is reduced by dialysis (see, for example, experiment 31). The 
average quanti ty precipitated by the dilution method is 82% of the total  protein 
in the extract. Ethanol precipitation gives a still greater yield, on the average 91%. 

Quantity o[ X-protein. The quanti ty of X-protein, estimated by difference and 
expressed as the percentage of the total protein in the extract, is 29% (dialysis 
method) or 17% (dilution method). 

A control experiment 

In order to show whether or not extra-fibrillar components contribute to the X-protein 
content of the high t* H-S  extracts, an experiment (number 36) was performed in 
which the fibrils were prepared as free as possible from other muscle elements. The 
suspension of homogenised fibrils in hypotonic salt solution was centrifuged lightly 
to remove any large fragments. I t  was then centrifuged at 600 g, bringing down a 
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TABLE III  

QUANTITIES OF PROTEIN PRI~CIPITATED FROM HIGH ~ H-S EXTRACTS BY THREE DIFFERENT 

METHODS, DIALYSIS~ DILUTION WITH WATER,  AND TREATMENT WITH ETHANOL 

Duration o] Protein Precipitated protein 
Expt. No. Rabbit No. glycerol extraction Method* cone. o] extract as % o] protein 

in weeks rng:'ml** in extract 

2 2 3 Dialysis (2) 1.53 73 
6 2 7 Dialysis (2) 1.25 67 

t i 3 12 Dialysis (2) 0.98 71 
12 3 13 Dialysis (2) 0.32 74 
14 5 2 Dialysis (2) 1.55 87 
x8 5 2 Dialysis (2) 1.64 82 
20 3 20 Dialysis (2) 0.66 67 
24 6 16 Dialysis (3) 0.90 57 
25 6 18 Dialysis (2) 0.30 68 

31 a 7 15 Dialysis (I) 1.77 73 
31 b 7 15 Dialysis (i) 0.88 67 
31 c 7 15 Dialysis (i) 0.09 58 
31 d 7 15 Dilution o.15 82 
31 e 7 15 Ethanol o.29 96 

32 7 16 Dilution o. i o 77 

33a 7 I6 Dialysis (I) 1.68 76 
33 b 7 16 Dilution o. 14 9 ° 

34 a 6 3 ° Dilution o. io 84 
34b 6 3 ° Ethanol 0.20 90 

35a 9 3 Dialysis (i) 2.12 77 
35 b 9 3 Dilution o. 12 84 
35 c 9 3 Ethanol 0.35 83 

36 9 4 Dilution o. 14 84 
37 9 5 Dilution o. 15 78 

4 ° a 9 6 Dilution o. i o 82 
4 ° b 9 6 Ethanol 0.30 97 

41 a 9 6 Dilution o.o 4 77 
41 b 9 6 Ethanol o.12 88 

Average by dialysis 71 

Average by dilution 82 

Average by ethanol  91 

* Duration of dialysis, in nights, is given in parenthesis. 
** Concentration in dialysis bag, or after dilution, or after ethanol treatment.  

la rge  n u m b e r  of f ibri ls  b u t  l e a v i n g  m a n y  o the r s ,  a n d  p r e s u m a b l y  a n y  l i gh t e r  pa r t i c l e s  

t h a t  were  p r e s e n t ,  in  t h e  s u p e r n a t e ;  t h e  s e d i m e n t  was  r e s u s p e n d e d  in  h y p o t o n i c  sa l t  

so lu t i on  a n d  t h i s  p r o c e d u r e  r e p e a t e d  t h r e e  m o r e  t imes .  T h e  h i g h  /z H - S  e x t r a c t  

p r e p a r e d  f r o m  t h e s e  w a s h e d  f ibri ls  y i e lded  8 4 %  of p r e c i p i t a t e d  p r o t e i n  w h e n  i t  was  

d i l u t e d  w i t h  w a t e r  t o / ~  0.04. T h u s  t h e  X - p r o t e i n  is d e r i v e d  f r o m  t h e  fibrils. 

C a l c u l a t i o n s  o[ q u a n t i t i e s  o] m y o s i n  i n  w a s h e d  f ibr i l s  a n d  i n  who l e  m u s c l e  

I f  t h e  q u a n t i t y  of p r o t e i n  r e m o v e d  f r o m  w a s h e d  fibri ls  b y  m y o s i n - e x t r a c t i n g  so lu t ions  

is  6 2 %  of  t h e i r  t o t a l  p r o t e i n  (see Tab le  II), a n d  if  m y o s i n  c o n s t i t u t e s  8 2 %  of t h e  

t o t a l  p r o t e i n  in  t h e  e x t r a c t s  ( ave rage  of w a t e r - d i l u t i o n  d e t e r m i n a t i o n s ,  Tab le  III), 
Re#fences  p. 260. 
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t h e n  the  e x t r a c t e d  m y o s i n  represen t s  5 1 %  of t h e  t o t a l  p ro t e in  in w a s h e d  fibrils, and  

t h e  X - p r o t e i n  i i  %. I f  m y o s i n  is e s t i m a t e d  f r o m  t h e  resul t s  of t h e  d ia lys i s  e x p e r i m e n t s  

( the p r e c i p i t a t e  be ing  on t h e  a v e r a g e  71% of t h e  ex t r ac t ) ,  t h e n  t h e  a m o u n t  of m y o s i n  

is 4 4 % ,  a n d  t h e  a m o u n t  of X - p r o t e i n  18%.  
T h e  pe rcen t ages  of m y o s i n  a n d  X - p r o t e i n  in t he  t o t a l  p ro t e in  of t he  fresh psoas  

musc le  can  n o w  be ca lcu la ted .  If  t h e  soluble  p ro t e in  c o n t e n t  of t he  musc les  is 34% 

(Table  I), t h e n  t h e  m y o s i n  c o n t e n t  is 3 4 %  (by di lu t ion)  or  2 9 %  (by dialysis)  and  
t h e  X - p r o t e i n  c o n t e n t  is 7 %  (by d i lu t ion)  or  12% (by dialysis) .  

Synopsis o/results 

Tab le  IV  s u m m a r i z e s  al l  t h e  resul ts .  

TABLE IV 

SYNOPSIS OF RESULTS 

As % ol As % o/ As % o/ 
Protein/faction total protein total protein total protein 

in/resh muscle in glycerol-extracted in washed fibrils 
muscle 

Glycerol-extracted 
Rest of soluble 
Total soluble 
Myosin + X-protein 
Myosin 
X-protein by dilution 
Myosin 
X-protein by dialysis 
Residue 

up to 9 - -  - -  
- -  2 8  - -  

34 - -  - -  
41 45 62 
34 37 51 

7 8 II 
29 32 44 
12 13 18 
25 27 38 

DISCUSSION 

In  th i s  p a p e r  we shal l  conf ine  discuss ion to  assess ing the  r e l i ab i l i t y  a n d  s ignif icance 

of t h e  resul t s  a n d  to  c o m p a r i n g  t h e m  w i t h  p r ev ious  e s t i m a t e s  m a d e  b y  HASSELBACH 
AND SCHNEIDER 4 a n d  SZENT-GY/SRGYI, ~V~AZIA AND SZENT-GYoRGYI 8 (see Table V). 
T h e  imp l i ca t i ons  of al l  t he se  f indings,  t o g e t h e r  w i t h  t h e  i n t e r f e r ence  mic ro scope  

resul ts ,  a re  m o r e  fu l ly  d i scussed  in t h e  p reced ing  p a p e r  5. 

TABLE V 
COMPARISON OF THE PRESENT RESULTS (H-H) WITH THOSE OF HASSI~LBACH AND SCHNEIDER 4 

(H-S) AND SZENT-GYORGYI,  MAZIA AND SZENT-GY6RGYI  s ( S - G )  

Figures in parentheses have been calculated by the present authors 

Protein/faction A s % o/total protein As % o/total protein As % o/total protein 
in/resh muscle in glycerol-extracted in washed fibrils 

muscle 
H-S  S ~  H - H  H - S  S--G H - H  H - S  S-G H - H  

Soluble 28 (47) 34 - -  42 28 - -  - -  - -  
Myosin 38 (26) 34 - -  29 37 (53) 5 ° 51 
X-protein - -  (9) 7 - -  i o 8 - -  18 i I 
Myosin + X-protein - -  (35) 41 - -  39 45 - -  68 62 
Actin + residue 34 (17) 25 - -  19 27 (47) 32 38 
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Quantity o/soluble protein 

The total quanti ty of soluble protein found in the psoas muscles of well-bled rabbits 
is on the average 34% of the total protein, and no doubt nearly all of it is sarco- 
plasmic. About a quarter of this soluble protein is. taken out by glycerol extraction. 
The average quanti ty of soluble protein washed out of the glycerol-extracted muscle 
after it has been broken up into fibrils is 28% of the total protein remaining in the 
muscle after glycerol extraction. Deviations from this average figure of 28% may 
reflect variations in the thickness of the fibre bundles put into glycerol, but even 
the highest result obtained (34%) is much lower than the figure quoted by SZENT- 
GYORGYI el al. - -41.6%. 

HASSELBACH AND SCHNEIDER found only 28% of soluble protein in the total 
protein content of flesh skeletal muscles. This estimate was made by extracting both 
myosin and the soluble proteins simultaneously from muscles broken up into fibre 
fragments, and then precipitating the myosin. If this type of extraction also removes 
X-protein, then the quanti ty of this protein will be included in HASSELBACH AND 
SCHNEIDER'S figure of 28% for total soluble protein. Their estimate should therefore 
be compared with the sum of the amounts of soluble protein and X-protein found 
in the present analyses and in those of SZENT-GYoRGYI et al. From the results of 
SZENT-GYdRGYI et al. it can be estimated that this total quanti ty is 52% or more 
(41.6% soluble protein + 11% X-protein + a correction for protein extracted in 
glycerol); however, their figure of 41.6% soluble protein was the result of only a 
single experiment. In the present experiments, the total quanti ty was found to be 
41% (34% soluble protein + 7% X-protein). Nevertheless, the discrepancy between 
41% and 28% still seems too large to be explained on the basis of incomplete ex- 
traction of the ordinary soluble proteins from the fresh minced muscle used by 
HASSELBACH AND SCHNEIDER; and their method was designed to extract the myosin 
as completely as possible. It  seems more likely that the method used in the present 
experiments removes a larger quanti ty of X-protein than the HASSELBAC~I-ScHNEIDER 
procedure; this possibility is considered in more detail in the preceding paper. Their 
figure of 28% would then be comparable to the present figure of 34% for soluble 
protein not including the X-protein. 

Quantity o/protein removed by myosin-extracting procedures 

When the A substance is completely removed from washed glycerol-extracted fibrils 
by pyrophosphate solution or high /~ H-S solution, an average of 62% (spread 
52-69% ) of their total protein is extracted (Table II). SZENT-GYdRGYI et al., who 
have also estimated the quanti ty of this extracted material, used two myosin- 
extracting solutions, Guba-Straub (buffered KC1, /~ 0.6, pH 6.5) with adenosine 
triphosphate, and the original HASSELBACH-SCHNEIDER solution (KCl-pyrophosphate, 
buffered at pH 6.4 - - / *  o.6) with magnesium. They found that  the average quanti ty 
of protein extracted by the first solution was 72% (spread 45-88%) of the total 
protein of the washed fibrils, and by the second solution 63% (spread 40--72%). The 
average of the combined results from both methods was 68 %. It is perhaps surprising 
that the average results are not lower than these, because when such extractions 
are observed under the microscope neither of these solutions takes out all of the A 
substance, and the duration of extraction in the experiments of SZENT-GYORGYI et al. 
was very short. However, the wide spread of the results probably renders any 
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averaging rather unrealistic. The present results (average 62%, spread 52-69% ) are 
very similar to those given by interference microscopy (average 61.5 ~ 4%) which 
is considered to be the better of the two methods, because it gives values which are 
unaffected by the inclusion of any measurements made on incompletely-extracted 
fibrils, and because contact with the extracting solution is not unnecessarily pro- 
longed; these considerations probably explain why the results obtained by chemical 
analysis are the more variable. 

Quantities o/ myosin and X-protein 

If myosin is defined as the material which precipitates when the ionic strength of 
the myosin-containing extract is reduced to 0.04, then its quantity is most probably 
about 82% of the total protein in the extract. This is the average of the results 
obtained by the dilution method (spread 77-90%). When other samples of the same 
extracts were dialysed to reduce their ionic strength, the quantity of precipitate 
obtained was nearly always lower, and the average result of all the dialysis experi- 
ments was only 71% (spread 57-87 %); very similar results were obtained by SZENT- 
GYORGYI at al. (average 73%, spread 65-89% ) by the dialysis method, and by a 
viscometric method whose accuracy we cannot assess. 

There seem to be two possible explanations for the difference between the results 
obtained by the dilution and the dialysis methods. On the one hand, the extract 
may contain some protein of low molecular weight which can escape through the 
dialysis membrane, but which also tends to be carried down by the myosin when 
the latter precipitates. Thus, during precipitation by dialysis, some of this protein 
would escape, and the amount of precipitate would be less than in a dilution experi- 
ment. Indeed, both SZENT-GYORGYI et al. and ourselves have found that some protein 
does escape through the dialysis membrane. Alternatively, a small part of the myosin 
itself may break down, during the 1-2 day dialysis, into components which remain 
in solution. A decision between these two explanations does not lie within the scope 
of this paper, where "myosin" will refer to the whole of the material precipitated 
by dilution ; the possibility that actomyosin, which also would precipitate under these 
conditions, is present in the extract, does, however, seem to be excluded. The con- 
ventional test for the presence of actomyosin, namely measurement of the viscosity 
of the solution with and without adenosine triphosphate, has been applied by SZE.NT- 
GYORGYI et al., who have found that  the actomyosin content of these extracts is 
negligible. HASSELBACH 3, also using viscosity methods, determined that there was 
one part of actin to 19 parts of myosin in similar extracts made from fibrils isolated 
from muscles in rigor morris. The present experiments do not exclude the possibility 
that the precipitate contains proteins of more than one molecular species, but, using 
the conventional definition of myosin given above, the results show that  it represents 
82% of the extracted material. 

Thus, if the total extracted material is 62% of the protein in the washed fibrils, 
the extracted myosin represents 51% of the protein in these fibrils. Alternatively, 
using the value found by interference microscopy (64.5%) for the total extracted 
material, the quantity of myosin extracted from these fibrils is 53% of theii total 
protein content. This result is in exact agreement with the value for myosin in the 
fibrils (53%) calculated from the findings of I-I:\sSELBACH AND SCHNEIDER that fresh 
muscle contains 38% myosin and 28% sarcoplasmic protein. SZENT-GYoRGYI et al. 
22e/erences p. 26o. 
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obtained the result that  the quanti ty of myosin extracted from washed glycerol- 
extracted fibrils is about 50% of their total protein, i.e. the average total extracted 
protein was 68%, and the average amount of myosin in the extracts was 73% of 
the total protein. Experiments of HASSELBACH AND SCHNEIDER 8,4 have shown that  
it is probably safe to assume that  myosin is completely extracted by the procedures 
used in the present investigations. 

The myosin content of the whole psoas muscle (34%) calculated from the present 
results is comparable to that  found by HASSELBACH AND SCHNEIDER (38%).  The low 
value, 25-30%, obtained by SZENT-GYORGYI e~ al., is due to that fact, already com- 
mented on, that  their single determination of soluble protein in the psoas muscle 
gave a very high figure. 

The automatic corollary of the fact that the dilution method used here and the 
methods used by SZENT-GYORGY1 et al. give different values for myosin, is that they 
also give different values for the X-protein content of the f ib r i l s - - I I  % of the total 
protein in the present experiments, and 18% in those of SZENT-GYoRGYI et al. 

In conclusion, then, it is very probable that myosin represents about 53 % of 
the total protein of washed glycerol-extracted rabbit psoas fibrils, and that another 
11% is also removed by the myosin-extracting procedure. These values are almost 
exactly the same as the estimates made by interference microscopy of the quanti ty 
of A substance (54.5%) in these fibrils and the quanti ty of other material (lO%) 
extracted together with the A substance by the same myosin extracting solutions. 
The simplest hypothesis to account for all these findings is that myosin is confined 
to the A bands in these fibrils. However, the fact that myosin does not make up 
the whole of the extracted material, still leaves the possibility that a small part of 
the A substance consists of X-protein, and that  a small fraction of the total myosin 
is elsewhere than in the A bands. In spite of this slight uncertainty, it can be concluded 
that at least four-fifths of the myosin is confined to the A bands in these muscles. 

AC KNOWLEDGEME NTS 

We are very much indebted to Miss CHRISTINE THURNELL for her efficient and 
enthusiastic assistance in all these experiments. We also wish to express our gratitude 
to Professor J. T. RANDALL for his encouragement of this research and for the facilities 
of the Wheatstone Laboratory, and to Dr. R. H. SMITH for reading and criticizing 
this paper. 

SUMMARY 

The quanti t ies of various protein fractions in the psoas muscle of the rabbit  have been determined 
by chemical analysis. 

The soluble proteins removed by glycerol extraction and by the subsequent  isolation and 
washing of the fibrils in neutral  hypotonic salt solution, make up 34 % of the total protein of 
the whole muscle. 

62 % of the total  protein of the washed fibrils is taken out  by myosin-extract ing procedures. 
82 % of the extracted protein precipitates when the ionic s t rength  is reduced to 0.o4; this 

component  is conventionally known as myosin. Thus  the myosin extracted makes up 51% of 
the total  protein of the washed fibrils, and the removal of the myosin is accompanied by the 
extraction of a further i 1% of the total protein. 

In the accompanying paper s it has been shown by interference microscopy tha t  the quant i ty  
of ,4 substance in similar fibrils is 50-55 % of their total protein, and tha t  the same myosin- 
extracting procedures remove the A substance and another  i o %  of the total protein, 6o-65 % 
in all. 
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These compara t ive  measurements  by  interference microscopy and chemical analysis prove 
tha t  at  least four-fifths of the myosin  in these fibrils is present  as the  A substance,  and the  results  
are in excellent agreement  with the  hypothesis  t ha t  all the myosin  is concentrated in the A bands.  
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Recently, the apatite-containing structures in the organism have attracted consider- 
able attention because of their marked ionic exchange properties. The capacity of the 
apatites in biological systems to bind and release various types of ions has a special 
physiological significance. Special interest attaches to these phenomena in connection 
with infection with "bone-seeking" radioactive substances. 

The adsorptive properties of the bone apatite depend upon the extremely small 
size of the individual hydroxyapatite particles, and hence the elucidation of the sub- 
microscopic organization of bone tissue is of fundamental importance. 

Polarized light studies I have revealed that  the collagen fibres, constituting the 
bulk of the organic fraction of bone, are capable of "adsorbing" the apatite particles 
in a highly ordered way. The hydroxyapatite belongs to the hexagonal system and 
since in X-ray diagrams the ool-refiections are less broadened than the hoo-lines it 
is clear that  the crystallites are elongated with their c-axis parallel with the long axis 
of the crystallite. Moreover, the wide-angle X-ray diffraction diagrams of oriented 
bone specimens indicated that  the c-axes of the crystallites are arranged parallel with 
the collagen fibres 2, 8. Bone tissues gives a diffuse low-angle X-ray scattering 4 most 
probably attributable to the apatite particles. The low-angle X-ray diagrams, also, 
indicated that  the particles were elongated and aligned along the collagen fibre axis. 
From these studies the dimensions of the apatite particles were estimated to be 40-75 A 
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