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Most of the physico-chemical studies on aetin have been made on preparations 
based on the original or modified procedures of STRAUB (STRAUB1,2; FEUER, MOLNAR, 
PETTK6 AND STRAUB3: GUBA AND SZENT-GYORGYI in  SZENT-GYORGYI4). More  r e c e n t  

work of WEBER s, SPICER AND GERGELY 6, ~V~OMMAERTS: and A. G. SZENT-GYORGYI s has 
shown, however, that these preparations may contain as much as 40-60% impurity, 
though admittedly much of this is inactive actin. The purification of actin is rendered 
difficult by the tendency to become inactive, i .e.,  to lose the ability of forming F-actin. 
Since the demonstration by STRAUB AND FEUER 9 a n d  LAKI, BOWEN AND CLARK 1° that 
the prosthetic group of actin is a nucleotide and that  its integrity is essential for the 
stability of the protein, it has been possible to protect actin (by the addition of adenosine 
triphosphate) during preparation. This protection has assisted in the purification of 
actin by two independent methods, one an ultracentrifugal procedure of MOMMAERTS 7, 
and the other the potassium iodide procedure of A. G. SZENT-GY6RGYI s. The present 
investigation arose from a similar a t tempt  at purification, with a view to obtaining 
preparations for the characterisation of the molecular dimensions of actin. A new 
modification of STRAOB'S procedures has been developed to yield an electrophoretically 
homogeneous preparation of actin. 

In this paper, the criterion of purity will first be discussed followed by some pre- 
liminary observations on the impurities and the extraction of actin which led to the 
introduction of modifications and which may be of some interest in the understanding 
of the properties of actin in relation to the structure of muscle. Finally, the procedures 
for the preparation of an electrophoretically homogeneous solution of actin will be 
described. The results of physico-chemical studies of the size, shape and aggregation 
of actin and of the interaction of actin, myosin and adenosine triphosphate will be given 
in the accompanying papers n, 12. 

EXTRACTION AND PURIFICATION 

Electrophoresis and criterion of purity 
Electrophoresis was chosen to test  the physico-chemical homogeneity of actin preparations. 

Because of the necessity of using a buffer sys tem of considerable ionic s t rength for such experiments,  
it was necessary to employ depolymerising media to prevent the formation of the F-form. Earlier 
experiments with F-actin showed tha t  the Schlieren diagrams consist of some 2o or more indefinite 
peaks (see also SPICER AND GERGELY6), t ha t  the ascending and descending peaks do not  exactly 
correspond and tha t  two experiments under  identical conditions do not  yield identical diagrams,  
I t  was possible to generate an indefinite number  of peaks by the  very careful mechanical displa cemeni 
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of the  boundar ies  w i thou t  t h e  appl ica t ion  of electric field. These  p h e n o m e n a  are consequen t  upon  
the  fact  t h a t  t he  s y s t e m  is th ixot ropic .  I t  is possible  to reduce these  anomal i e s  by  d imin i sh ing  t he  
concen t ra t ion  of the  protein,  b u t  the  gel s t ruc tu re  of F-ac t in  pers is ts  down to  concen t ra t ions  ve ry  
m u c h  lower t h a n  0.o 5 % and  could easi ly be seen w h e n  an  a p p a r e n t  so lu t ion  was allowed to flow 
down the  wall of a t es t  tube.  T he  po in t  of view t h a t  all t he  phys ica l  p roper t i es  of t he  F -ac t in  s y s t e m  
are due  to s t ruc tu re s  in solut ion r a t h e r  t h a n  to f i l amentous  po lymer s  will be d iscussed  in ano the r  

paper  12. I t  is sufficient to m e n t i o n  here t h a t  the  n u m b e r  of peaks  in 
the  Schlieren d i ag ram of F-ac t in  appear s  in no way  to be a guide to 
the  t rue  n u m b e r  of different  pro te in  componen t s ,  nor  of species of 
F -ac t in  fibrils of different  degree of polynler isa t ion  (SPICER AND 

b~ GERGELY6' DUBUISSONIS) ' 
In  t he  p re sen t  inves t iga t ion ,  the  aggrega t ing  influence of the  

sal t  ions was  counte red  by  the  d i saggrega t ing  effect of di lute  alkali 
(pH io) or acid (pH 2). U n d e r  these  condi t ions ,  the  e lectrophoret ic  

(c; p a t t e r n s  of ac t in  were found to be ex t r eme ly  s imple  and  definite (Fig. 
ia ,  b) and  ta l ly ing  well w i th  in format ion  ob ta ined  f rom f rac t ionat ion .  

rct) 

( f ;  

(g) i 
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Fig. I. E lec t rophore t ic  d i a g r a m s  of ac t in  p r epa ra t i ons :  
a. p repared  according to FEUER et al. 3, in 0.075 M glycine,  o . i  M KC1 

( t i t ra ted wi th  HC1 un t i l  p H  reached  1.3); overal l  vo l tage  28 V, 
cu r r en t  18. 7 mA,  6 hours .  

b. s ame  as (a), in o. i  M HsBOs ,  o. i  N N a O H ,  o . i  M KCI, p H  io ;  
48 V, 14 mA,  6s/4 hours .  

c. s ame  as (a), p lus  t ropomyos in .  
d, e, f. p repared  by  bu tano l - ace tone  procedure ,  musc le  mince  pre- 

t r ea ted  a t  p H  6.5, 8 and  9 respect ively .  I n  o.1 M glycine, o.I M 
KC1 ( t i t ra ted  wi th  HC1 unt i l  p H  reached  2). 

g. p repared  b y  bu t ano l - ace tone  p rocedure  a t  p H  7, us ing  3 ° % ace tone  
as e x t r a c t a n t .  I n  o.1 M glycine,  o.o67 N HC1, o . i  M KC1, p H  2.3, 
43 V, 14 mA,  6 hours .  

h. s ame  as (g)y, in o. i  M H3BO v o. i  N N a O H ,  o . i  M KC1, p H  lO, 
48 V, 14 mA,  4 hours .  

Impurities in actin preparations obtained #ore the acetone procedure 
Curren t  e s t ima te s  of the  a m o u n t  of impur i t i e s  in act in,  4o-60  %, have  been b a s e d  upon  the  

electrophoresis ,  s ed imen ta t i on  and  the  m e a s u r e m e n t  of v iscos i ty  of F-ac t in ,  or f rom the  de t e rmina t i on  
of t he  abi l i ty  of the  sample  to form the  ac t o -myos i n  complex ,  a p r o p e r t y  wh ich  u l t i m a t e l y  res ts  
also on v i scomet ry .  Whi le  these  cr i ter ia  offer conven ien t  m e a n s  for t he  e s t ima t i on  of pur i ty ,  t he  
use  of all these  as s t r ic t ly  q u a n t i t a t i v e  m e a s u r e s  is sub jec t  to the  u n c e r t a i n t y  t h a t  one i s  here deal ing 
wi th  th ixo t rop ic  gel sys t ems ,  t he  q u a n t i t a t i v e  behav iou r  of which  are as y e t  ve ry  imper fec t ly  known.  
I t  is probable  t h a t  all these  e s t i ma t e s  are  l ikely to  be m u c h  too h igh  (as indeed  borne  ou t  pa r t i a l l y  
by  the  observa t ion  of MOMMAERTS 7 tha t ,  even  af ter  pur i f icat ion,  a por t ion  of t he  p ro te in  does no t  
s ed imen t  unde r  the  s t a n d a r d  condit ions).  

The  qua l i t a t ive  aspec t  of the  n a t u r e  of the  impur i t i es ,  however ,  is k n o w n  wi th  g rea te r  cer ta in ty ,  
and  the  presence of ehzymes ,  lipids, colour ing ma te r i a l  a n d  inac t ive  ac t in  ha s  been described.  I t  will 
be seen f rom the  p resen t  work  t h a t  t he  chief  p ro te in  i m p u r i t y  in ac t in  so lu t ions  is t ropomyos in ,  
and  there  is evidence t h a t  a r a v e - p r o t e i n  is also p resen t .  These  impur i t i e s  will be d iscussed below: 

Enzymes. The  act iv i t ies  of m y o k i n a s e  (LAKI AND CLARK 14) and  creat ine  phosphok inase  (LJI:BI- 
MOVA AND POPOVA 15) have  been de tec ted  in ac t in  p repa ra t ions .  The  work of HOPKINS, MORGAN AND 
LUTWAK-MANN le ha s  shown  t h a t  a f te r  e x h a u s t i v e  ex t r ac t i on  wi th  sal t  solut ions,  r abb i t  musc le  still 
con ta ined  dehydrogenases  (succinic, g lyce rophospha te ,  and  malic) in h igh  concen t ra t ion .  Of these  
t he  succinic and  g lyce rophospha te  dehyd rogenase s  have  been released f rom the  musc le  fibril by  
t r e a t m e n t  wi th  organic solvent ,  i.e. bu tano l ,  and  ob ta ined  in a water -so luble  form. The  possibi l i ty  
of t he  presence  of these  or s imilar  e n z y m e s  in ac t in  p r epa ra t i ons  h a s  so far  no t  been inves t iga ted .  

Lipids. Aqueous  solut ions  of ac t in  are  usua l ly  more  or less c loudy  resu l t ing  f rom the  presence 
of lipids which  are no t  r emoved  by  t he  ace tone  t r e a t m e n t .  These  could be reduced  b y  repea ted  
ex t r ac t ion  of t he  dried muscle  wi th  ace tone  in  a Soxhle t  a p p a r a t u s  (FEVER et al. 3) or b y  ex t rac t ion  
wi th  chloroform (BAILEY AND PERRyI?). 

Colouring matter and rave-protein. Freeze-dr ied or c o n c e n t r a t e d  aqueous  so lu t ions  of ac t in  are 
fa in t ly  yellow. This  was  found  to be especial ly p ronounced  when  an  alkali ne  solut ion of ac t in  was  
left s t a n d i n g  in t he  air. W h e n  a concen t ra ted  solut ion of STRAUB'S act in  (made  by  dissolving the  
freeze-dried pro te in  in N NaOH)  was exami ned  in the  B e c k m a n n  s p e c t r o p h o t o m e t e r ,  t he  s p e c t r u m  
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showed a strong, sharp max imum at 31o m/~ and an extremely weak, broad maximum near 43 ° ml, 
(Fig. 2). After the solution was deproteinized by boiling with an equal volume of 1o % trichloracetic 
acid, and the pH adjusted to 7, an approximately io 
fold reduction in light absorption intensity was ob- 
served, and the 31o m/, maximum was shifted to 33 o, 
whilst the 43 ° m/z maximum became more accentuated. 
In addition, there was a faint suggestion of a maximum 
at  360 m/z. The concentrated solution ill N NaOH gave 
a weak blue fluorescence which became greenish and 
more intense when the solution was neutralised. The 
fluorescent light was strongly polarised, but  after de- 
proteinisation it was completely depolarised, indicating 
tha t  the fluorochrome was originally in a bound form. 

These observations are still preliminary. Pending 
fur ther  qualitative and quant i ta t ive  characterisation, 
it seems t ha t  the 36o m/~ and 43 ° m/~ maxima, the 
green, polarised fluorescence, and, furthermore, the 
non-dialysability are probably indications of the presence 
of flavo-protein (one possibility is diaphorase). The 31o 
m# maximum probably arises from carotenoid material 
in muscle. On shaking with ether, however, the yellow 
pigment remained in the aqueous layer and this, to- 
gether with the mode of preparation of actin and the 
non-dialysability, suggests t ha t  the carotenoid material  
exists in a strongly bound form. I t  is not known whether 
the  flavin and carotenoid groups are linked to the same 
or several protein moieties. 

Tropomyosin. The nature of the muscle stroma, 
left over from extraction with strong salt solutions, 
is very imperfectly known. The existence of tropo- 
myosin could be easily demonstrated by extraction with 
M KC1 following the procedure of BAILEy 18 for ethanol- 
ether dried muscle fibre. As tropomyosin is water soluble, 
it may be expected t ha t  during the extraction of actin, 
some tropomyosin may also escape into solution. This 
was indeed found to be the case. 
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Fig. 2. Absorption spectra of a concen- 
t ra ted  solution of Straub 's  actin:  

upper curve : original solution 
lower curve: after deproteinisation 

Actin was extracted in the usual way from debris prepared by the acetone procedure. Solid 
ammonium sulphate was added to the extract  until  the  ionic s t rength of the solution was about  I. 
The pH was then brought  to 4.7. After half an hour, the precipitates were collected by centrifugation, 
and subjected to the usual salt ing out  procedures for the preparat ion of tropomyosin. The products 
were identified as tropomyosin by crystallisation. From 4oo ml of extract  (concentration ~ o.6 %), 
47 mg of tropomyosin were obtained representing about  2 % yield. This is necessarily a minimum 
estimate. 

STRAUB'S earlier observation S t ha t  the grinding of the muscle powder before extraction, stirring 
during extraction or extraction over periods longer than  15-2o minutes resulted in partial  poly- 
merisation of aetin as manifested in the increased viscosity of the extract  can readily be interpreted 
by the al ternat ive explanation of the increased extraction of tropomyosin under  the above conditions, 
an interpretat ion borne out by  electrophoresis or actual isolation. 

The correlation o~ the impurities with the electrophoretic diagrams. T h e  a b o v e  s u r v e y  

does  n o t  c o v e r  i n a c t i v e  a c t i n .  C u r r e n t  v i e w s  s e e m  t o  b e  t h a t  t h e  i n a c t i v a t i o n  of a c t i n  

as  n o r m a l l y  e n c o u n t e r e d  r e s u l t s  f r o m  c h a n g e s  in  t h e  p r o s t h e t i c  g r o u p  or  o t h e r  m i n o r  

c h a n g e s  in  t h e  m o l e c u l e s  (ST~AUB ANO FEOERg). A t  p H  2 or  I0 ,  a c t i n  is i n a c t i v a t e d  so 

t h a t  t h e  e l e c t r o p h o r e t i c  p a t t e r n s  (Fig. I a ,  b) w o u l d  n o t  d i f f e r e n t i a t e  b e t w e e n  m o l e c u l e s  
t h a t  w e r e  o r i g i n a l l y  i n a c t i v a t e d  a n d  t h o s e  i n a c t i v a t e d  b y  a c i d i t y  or  a l k a l i n i t y .  H o w e v e r ,  

for  t h e  p u r p o s e  of t e s t i n g  h o m o g e n e i t y  for  t h e  s t u d y  of m o l e c u l a r  d i m e n s i o n s ,  s u c h  a 

d i f f e r e n t i a t i o n  is n o t  n e c e s s a r y .  E a r l i e r  e x p e r i m e n t s  w i t h  t h e  e l e c t r o p h o r e s i s  of a c t i n  

p r e p a r e d  u n d e r  v a r i o u s  c o n d i t i o n s  s h o w e d  t h a t  t h e  m a i n  p e a k  of t h e  e l e c t r o p h o r e t i c  

d i a g r a m  a rose  f r o m  a c t i n .  A t  p H  2 t h e r e  a r e  t w o  f a s t - m o v i n g  p e a k s .  I f  t r o p o m y o s i n  

was  a d d e d  to  t h e  so lu t i on ,  t h e  a r e a  of  t h e  s e c o n d  one  w a s  e n h a n c e d  (Fig.  IC). A t  p H  i0 ,  
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the electrophoresis of tropomyosin-rich actin gave a diagram relatively rich in the slow 
moving component. 

I t  is possible to effect fractionation at o - - - 5  ° C and pH 9, ionic strength 0.02-0.08, 
with increasing amounts of acetone; tropomyosin is precipitated first, followed by actin 
in its inactive form, and finally a yellowish fraction containing all the carotenoid and 
flavin materials. By a process of elimination, these are therefore likely to be the com- 
ponents which give rise to the fast moving peaks at pH 2 and IO. 

It  is probable that  the enzymes are present only in traces, and consequently may 
not show up in the electrophoretic patterns. In the purification of actin for the purpose 
of studying molecular dimensions, these impurities have therefore been neglected. The 
problem of purification then resolves itself into the elimination of lipids, tropomyosin 
and flavin and carotenoid materials under conditions where inactivation of actin is 
minimal. Judging from the electrophoretic patterns, the non-actin impurities do not 
seem to amount more than lO%. 

Effect o /pH and organic solvent treatment on the extraction o/ actin 

The essential steps in the classical procedure worked out by STRAUB and his 
collaborators involve the selective removal of myosin, treatment of the residue with 
an alkaline medium followed by drying with acetone. The recent work of A. G. SZENT- 
GYORGYI s and HASSELBACH AND SCHNEIDER 19 have demonstrated that  the use of alkali 
and organic solvents is not essential for the liberation of actin, and the present work 
was guided by the idea that the release of actin might nevertheless necessitate the 
breakdown of lipo-protein complexes existing in the insoluble muscle after myosin 
extraction. A number of organic solvents have therefore been used under various 
conditions of pH and ionic strength with a view to liberating actin with minimum 
inactivation and maximum yield and purity. While this aim has in most cases not been 
attained, the use of butanol gave rise to some quite encouraging results. The effectiveness 
of butanol in the fission of lipo-protein complexes has already been demonstrated by 
MORTO~ "2° in the case of many enzyme systems. 

If the procedures of STRAUB and his collaborators were followed as far as the 
washing with 0.4% NaHCO 3 and the muscle residue was washed twice for 15 minutes 
each with IO vol of distilled water, macerated for I minute in the Waring blender with 
3 vol of butanol, allowed to stand for half an hour and finally washed thoroughly with 
3-4 changes of acetone, the resulting air-dried powder was distinctly different from that  
obtained without the butanol treatment. All the lipid material was liberated from the 
muscle fibril by butanol and came out with butanol or with the first acetone washing, 
from which it gradually separated out on standing as a white precipitate. Butanol and 
the first acetone washing also contained all the colouring matter. The aqueous extracts 
made from the dried powder therefore contained little lipid, carotenoid and flavin 
impurities. Such an extract  was slightly viscous, and showed an initial drop in viscosity 
on the addition of neutral salts. I t  seemed that  from this, and from the electrophoretic 
evidence (Fig. I), that this was due to the extraction of more tropomyosin. 

If the 0.4 % NaHCO3-washed residue was treated with acetate, glycine, phosphate, 
and bicarbonate buffers of pH from 5.5 to IO, washed with water, treated with butanol- 
acetone and then extracted in the usual way, the total yield of protein was increased 
with rising pH. There was also a gradual increase in the proportion of tropomyosin in 
the extract (Fig. Id, e,f). Acetone alone produced only the first effect. The actins 
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obtained from butanol-acetone t rea tment  and from acetone alone showed different 
courses of "polymerisat ion" in the presence of neutral  salts (Fig. 3). I t  would seem that 
in the presence of ~ 3 o %  tropomyosin, the catalytic effect of Mg ++ and inhibitory effect 
of Ca ++ on the polymerisation of aetin 3 were no more evident. I t  is not known as yet 
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Fig. 3- Effect  of neu t r a l  sa l ts  on t he  " p o l y m e r i s a t i o n "  of ac t in  a t  pFI 7. 
a. ac t in  p repared  f rom bu tano l - ace tone  t r e a t m e n t ,  p H  9. 
b. ac t in  p repa red  f rom ace tone  t r e a t m e n t ,  p H  9. 
. . . . . .  v i scos i ty  behav iou r  in absence  of neu t r a l  sal ts .  
- - - -  v i scos i ty  behav i ou r  in presence of neu t r a l  salts .  
" P o l y m e r i s a t i o n "  induced  by  o. i  M KC1 (×), o.I M KC1 + o.ooi  M MgSO 4 (®),  or o. i  M KC1 

+ o .ooi  M CaCI 2 ( ~ ) .  
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Fig. 4. Inf luence  of p ro te in  concen t r a t ion  and  neu t r a l  sa l ts  on the  ra te  of " p o l y m e r i s a t i o n "  of ac t in  
a t  p H  7. 

a. ac t in  p repared  f rom bu tano l - ace tone  t r e a t m e n t ,  p H  9. 
b. ac t in  p repa red  according to FEUBR et al. 3 
Symbol s  for t he  " p o l y m e r i s a t i o n "  by  sa l ts  s ame  as  in Fig. 3; o rd ina te :  reciprocal  of t he  half-  

t ime  va lue  (FEUER et al.3). 
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whether  the  influence of t ropomyos in  on the course of po lymer i sa t ion  is due to specific 
in terac t ions  or to genera l  e lec t ros ta t ic  effects. 

I t  m a y  be app rop r i a t e  here to discuss fu r the r  the  po lymer i sa t ion  behav iour  of act in  
ob ta ined  from muscle res idue t r e a t ed  a t  different  p H ' s  and  dr ied  wi th  acetone.  The 
influence of act in  concentra t ion,  o.I  M KC1, o . o o l M  Mg ÷+ or Ca ++ on the  rate  
of po lymer i sa t ion  at  p H  7 is shown in Fig.  4. In  this  figure, (a) represents  a p repa-  

O8 

q~p 

Q6 

Fig. 5. "Specific Viscosity" of F-actin. 
- - ~ - -  prepared according to FEUER et al. 3 
- - × - -  prepared by acetone treatment, 

pH 9. 
- - ® - - p r e p a r e d  by acetone treatment, 

pH 6. 3. 
- - 0 - -  homogeneous actin by the present 

procedure. 
"Specific viscosity" measured under con- 

ditions described under Table I. 

ra t ion  wi th  previous  t r e a t m e n t  a t  p H  9 and 
(b) t ha t  by  the  procedures  of FEUER et al. 3, 

with  previous  t r e a t m e n t  a t  p H  IO (0.05 M 
Na2CO~, 0.05 M NaHCO~). The  genera l  feature  
of the  ra te -concen t ra t ion  curves for p repara -  
t ions wi th  p r e t r ea tmen t s  a t  p H  7 and  8 are 
ident ica l  wi th  t ha t  a t  p H  9. In  Fig.  4(b), i t  
seems t ha t  (I) the  occurrence of a th reshold  
concent ra t ion  of G-ac t in  (0.05%) below which 
no po lymer i sa t ion  took place and (2) the  com- 
pa r a t i ve ly  slow ra te  of po lymer i sa t ion  wi th  
K +, K + + M g  ++ or K + + C a  ++ , are p r o b a b l y  
indicat ions,  compar ing  wi th  Fig. 4(a), of the  
presence of more  dena tu red  act in  in the  prepa-  
r a t ion  of FEUER et al. 

The same conclusions can be reached  if 
one compares  the  "specific v iscos i ty"  (Fig. 5) 
and  ac tomyos in- forming  ab i l i ty  (Table I) of 
act in  p r epa red  from res idues  p r e t r e a t e d  at  
different  pHs.  When  the  p H  of p r e t r e a t m e n t  
exceeded  9, inac t iva t ion  of the  e x t r a c t e d  act in  
occurs to a considerable  ex ten t .  

The foregoing resul ts  on the  effect of p H  
and  of bu t ano l  and  acetone t r e a t m e n t  on the  
ex t r ac t i on  of act in  and t ropomyos in  form the  
basis  of the  following procedure  for the  prepa-  
ra t ion  of pure  act in.  

TABLE I 

ACTOMYOSIN-FORMING ABILITY OF ACTIN 

Preparation pHofprelreatment I ]rA+M ~]rA+M+ATP* A T P * *  sensitivity 

FEUER et al. 3 IO 1 .8  5 1 . 3 2  1 , 2 I  

Acetone 8 1.94 1.32 1.38 
Acetone 6 1.98 1.32 1.45 
Butanol-acetone 6 1.96 1.32 1.42 
Butanol-acetone 7 2.o2 1.34 1.4 ° 

(homogeneous) 

* The conditions for the test are as follows: myosin 1.5o mg/ml, actin 0.50 mg/ml, Na ATP 
o.ooo8 M, phosphate buffer of pH 7 o.oi M, KC1 o. 5 M; 22.o ° C; Viscosity measured with TSUDA ~2 
viscometer; capillary diameter o.059 cm, length 29.4 cm, pressure head 67.2 cm HzO. 

** l og , / r - - l og  ~]r ATP X I O 0  Defined (WEBER s) as 
log r b ATP 
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Butanol-acetone procedure 

The initial steps follow closely those of STRAUB'S procedure. The distinct features 
lie in the use of (I) neutral pH (6.5-7) throughout the preparation to diminish the yield 
of inactive actin, (2) butanol to remove thoroughly the phospholipids and (3) 30% 
acetone instead of water as extractant  to suppress the extraction of tropomyosin. 

Hind leg and back muscles of the rabbit are coarsely minced into three volumes 
of an ice cold acid phosphate-KC1 solution of GUBA AND STRAUB 4. and extracted for 
io minutes under constant, gentle stirring. The suspension is diluted with water, 4 vol 
for every vol of the salt solution employed. The solution is then strained through a 
cloth and the residue washed first with 4 vol of a 0.4% NaHCO~ solution (pH of final 
suspension 7.0) and then with lO-15 vol of distilled water. Each washing lasts for 
20-30 minutes under constant stirring at room temperature. The residue is pressed in 
a cloth as dry as possible, and is macerated for one minute in the Waring blender with 
5 vol of n-butanol which has been precooled so that  the temperature never rises above 
2o ° C during maceration. After standing for ½ hour, butanol is strained out through 
a cloth and the residue washed with 2-3 vol of acetone, and again strained out. The 
lumps of debris are disintegrated in the Waring blender with acetone for a few seconds 
and strained out, followed by another two washings with acetone. The powder is air- 
dried overnight. 

The following operations are carried out in the cold room with all reagents at o ° C. 
Every IO g of the air-dried fibre are extracted with 200-3o0 ml of 30% (v/v) A.R. 

acetone containing 40 ~g each of Na ATP and neutralised ascorbic acid per ml. After 
extraction for 30 minutes with constant slow stirring, the liquor is strained through 
a cloth onto a Buchner funnel containing a thin layer of paper pulp (washed with 30 % 
acetone) which removes fine debris. Molar acetate buffer (0.5 ml, pH 4.65) is added to 
the clear filtrate and the precipitate spun down. A few drops of 5 % NaHCO3 are added 
to the precipitate with stirring which transforms into a transparent and strongly thixo- 
tropic gel. This is dialysed against several changes of o.I M KC1 containing 4 ° ~g each 
of ATP and ascorbic acid per ml to remove acetone. If instead the gel is dialysed against 
distilled water (also containing ATP and ascorbic acid) F-actin is quickly and reversibly 
depolymerised into the "globular" form. 

The total yield of actin is comparable to that  in the procedure of FEUER et al. if 
the final extraction is carried out with gentle mechanical stirring, or about 1/3 to 1/2 
of that  amount without. 

The electrophoretic diagrams at pH 2 and IO are given in Fig. Ig, h, the "specific 
viscosity" included in Fig. 5, and the actomyosin-forming ability in Table I. The product 
appears to be electrophoretically homogeneous with maximal activity. 

SOME CHEMICAL PROPERTIES 

Sulphydryl groups 

In the initial experiments a method suggested by Mr M. W. Rees was explored for 
the colorimetric determination of SH groups by a quantitative nitroprusside (NP) 
reaction. This was eventually discarded because of irregularities traced to the sensitivity 
of the colour to slight variations in pH. I t  was discovered, however, that  given a fairly 
stable NP colour, an SH reagent such as N-ethylmaleimide (NEM) (FRIEDMANN, 

* o. 3 M KC1, o.15 M p o t a s s i u m  p h o s p h a t e  p H  6. 5. 

t~e/erences p. z:r 3. 
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I¥[ARRIAN AND SIMoN-REuss =a) could be used to "t i t rate  away" the colour, and under 
the conditions adopted, standard solutions of pure NEM and pure glutathione (GSH) 
titrate each other exactly. The use of NEM was suggested by the pioneer studies of 
FRIEDMA/VN el al. (1949) who showed that it reacts instantaneously with GSH to give 
a saturated adduct, and that it is antimitotic in concentrations of IO -6. 

Reagenls. (a) Sa tu r a t ed  guan id ine  HC1 con ta in ing  o. i  M - a c e t a t e  buffer  p H  4.6: th is  r eagen t  is 
purified by  twice crys ta l l iz ing the  ca rbona t e  in presence of a lit t le ve r sena te  f rom ho t  3o-6o % (v/v) 
e thanol ,  conver t ing  to the  chloride and  recrys ta l l iz ing f rom water .  (b) F resh ly  p repared  o. i  M KCN.  
(c)~LuGG 's24 (I933) glycine c i t ra te  buffer  (7.5 g glycine, 11.8 g t e r t i a ry  Na  c i t ra te  (2 H~O), 25 ml N 
N a O H  di lu ted  to ioo ml  (pH 9.7). (d) F re sh ly  p repa red  io % (w/v) Na  n i t ropruss ide .  (e) S t a n d a r d  
g lu t a th ione  (o.oo33 M) and  s t a n d a r d  N E M  (o.oo2 M).  The  la t te r  is readi ly  syn thes ized  by  the  m e t h o d  
of MARRIAIV =5 and  is purified by  sub l ima t ion :  it  should  be ent i re ly  water-soluble  and  neut ra l .  

Method. The  GSH s t a n d a r d  or pro te in  solut ion in a final vo lume  of 0. 5 ml  is mixed  wi th  3.35 ml  
of the  guan id ine  solut ion and  t ho rough l y  s t i r red wi th  a fine rod. Ci t ra te  buffer  (i ml) is gen t l y  r u n  
in to float on top  of the  guanid ine ,  and  to th is  is added  in order  o.I ml  of cyan ide  which  helps  to 
stabil ize the  colour  and  o.o5 ml  n i t ropruss ide .  The  con t en t s  are m ixed  and  N E M  is added  f rom a 
mic robure t t e  un t i l  t he  colour fades t h r o u g h  a rose-pink to a pure  yellow. The  first t i t r a t ion  should  
be rapid  and  app rox ima t e ,  and  in the  second, N E M  can  be added  af ter  all t h e  r eagen t s  b u t  before 
m ix ing  so as to give a fa in t  N P  react ion on which  the  observer  can  concen t ra te .  

The  accuracy  of the  m e t h o d  is checked f rom t ime  to t ime  wi th  fresh GSH : for example ,  o . oo326M 
GSH by  weight  was  found  to be o.oo326 11¢ by  t i t ra t ion ,  and  for ano the r  solut ion the  cor respond ing  
figures were:  o.oo266 and  o.oo263 respect ively.  The  rou t ine  a m o u n t  of SH (as cysteine) adop t ed  
for each t i t re  is o.o6-o.12 m g  and  for a p ro te in  such  as myos in  con ta in ing  approx ,  i % CSH, a b o u t  
io mg. A p ink  colour is discernible wi th  only  3/~g CSH and  the  end po in t  is accura te  to a b o u t  5 %. 

An  in te res t ing  fea ture  of the  m e t h o d  is the  poss ibi l i ty  of de t e rmin ing  the  e x t e n t  of reac t ion  
of a na t ive  p ro te in  wi th  va r ious  types  of SH reagent ,  inc lud ing  N E M  itself. Af te r  t r e a t m e n t  wi th  
the  reagent ,  t he  p ro te in  is p rec ip i ta ted  by  the  mi n i ma l  a m o u n t  of t r ichloroacet ic  acid (TCA), washed  
once wi th  i % TCA a nd  dissolved in t he  guanid ine .  T he  n u m b e r  of SH  groups  reac t ing  is t h e n  
ca lcula ted  by  t he  difference in t i t re  of the  u n t r e a t e d  na t ive  pro te in  and  t he  t rea ted .  The  p rocedure  
is bes t  described by  an  ac tua l  examp l e :  An  a l iquot  sample  of an  ac t in  solut ion (4 ml), p rec ip i ta ted  
wi th  TCA, dissolved and  t i t r a t ed  in guan id ine  requi red  0.46 ml  of 0.0o266 NEM.  Similar  samples ,  
in presence  of p h o s p h a t e  buffer  p H  7.4, were al lowed to react  for 20 min  a t  room t e m p e r a t u r e  wi th  
0.5, 0.75 and  I.O ml  NEM. These  were prec ip i ta ted  wi th  TCA, washed  wi th  TCA, dissolved in guan id ine  
and  t i t ra ted .  The  respect ive  t i t res  were o.26, 0.28, o.26 ml  of NEM,  showing  t h a t  the  e x t e n t  of 
reac t ion  is c o n s t a n t  even wi th  different  a m o u n t s  of excess reagent .  The  r eac t iv i ty  towards  N E M  
is t h u s  44 %.  

SH content o/ actin and myosin. The cysteine content of very pure four-times 
crystallized ovalbumin by our new method gives a value of 1.3 %, in good agreement 
with the accepted values of 1.24-I.29% obtained by other types of method z6. 

In the literature, the total cysteine content of (acto-) myosin lies within the range 
o.65-1.15%, the higher values being obtained in guanidine by porphyrindin titration 
(GREENSTEIN AND EDSALL27). FREDERICQ 28 reports a value of 0.66% for SZENT-GYORGYI'S 
myosin A by the ferricyanide method. The present results also refer to myosin A twice 
precipitated, which contains some actin; rigorous purification was not attempted 
because of the dangers of oxidative loss. 

The cysteine content of various preparations lies between 0.85-0.9% and the 
reactivity of the groups towards NEM being of the order of 40-50% (Table II). 

BAILEY AND PERRY =° first noted the strong NP test given by actin, and Table II  
shows that its cysteine content is nearly as high as that  of myosin, though the reactivity 
towards NEM is rather less. 

The role o/ SH groups in the trans/ormalion o~ G- to F-aclin. On the effect of SH 
reagents upon the change of G- to F-actin and its reversal, the literature is rather 
confused. BAILEY AND PERRY 17 noted that  the inactivation of actin by oxidants (H,O, 
and iodosobenzoate), which were very effective in suppressing the ATPase activity of 

Re/erences p. II3. 
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TABLE II 

SH CONTENT OF MYOSIN AND ACTIN BY TITRATION WITH N-ETHYLMALEIMIDE IN GUANIDINE 

(Resul t s  as g cys te ine [ Ioo  g protein)  

Groups reacting with 
Protein Description Total SH N E M  at p H  7.4 as % 

of the total SH 

O v a l b u m i n  4 x recrys ta l l ized 1.3o - -  

Myos in  A 2 × p rec ip i t a ted  0.9 
Myos in  A 2 weeks  a t  o ° C 0.9 
Myos in  A 2 x p rec ip i t a t ed  o.85 

F -ac t in  e x t r a c t e d  3 0 %  ace tone  o.85 
G-ac t in  ex t r ac t ed  wa t e r  o.8 
G-ac t in  ex t r ac t ed  3 0 %  ace tone  o.85 
F -ac t in  above  sample  " p o l y m e r i s e d "  o.85 

5 ° 
42 

4 ° 
44 
38 
36 

myosin, was extremely small; and the nitroprusside reaction could be abolished with 
little effect on the actomyosin-forming ability. FEUER et al. 8, however, reported that  
although high concentrations of ferricyanide or quinones were necessary to inactivate, 
cystine or methylene blue (o.ooi M) showed some effect. In a series of papers, Kus- 
CHINSKY AND TURBA 29, ao, al have examined the action of certain drugs such as Salyrgan, 
and have interpreted their effectiveness as due to combination with SH groups which 
they consider essential for the transformation. There is no doubt about the effectiveness 
of compounds containing heavy metals (e.g. chloromercuribenzoate) and it is noteworthy 
that  the arsenicals used contained heavy metals; one which did not Oxarsan (m-amino- 
p-oxyphenyl-arsen (III)) oxide had only a slight effect. 

In Fig. 6 are shown the effects of p-chloromercuribenzoate and NEM on the trans- 
formation of G-actin to F-actin; the first prevents any rise in viscosity and the second 
has no effect. If F-actin, prepared according to the present method, is depolymerized 
by dialysis to a state intermediate between that  of G- and F-actin, the increment of 
viscosity between the G- and F-forms can be taken as the difference in viscosity of the 
mercury-poisoned system and that  in presence of KC1. The poisons can then be tested 
as to their inhibition of the transformation to F-actin (i.e. inhibitor added before KC1) 
or the reverse (KC1 followed by inhibitor). Fig. 6 shows that  again NEM has little effect, 
and iodosobenzoate appears to act in a curious way: it maintains the viscosity at the 
value of the starting material. 

Anticipating the paper which follows, it is unlikely that  F-actin in solution is a 
polymer of the type shown in electron microscope studies. I t  seems to be a special 

Fig. 6. Ef fec t  of SH reagen t s  (,-~ 0.0025 M) on t he  viscosi ty  
of act in.  T rea t ed  for 2o rain a t  r oom temp .  

Ord ina t e s  r ep resen t  i n c r e m e n t  of viscosi ty,  w i th  the  
mercu ry -po i soned  s y s t e m  rep resen ta t ive  of G-aet in .  

I. (a) or iginal  so lu t ion  (butanol  act in) ;  (b) KC1 alone;  
(c) KC1 t h e n  N E M ;  (d) KC1 t h e n  iodosobenzoate .  

2. (a') original  so lu t ion  (bu tano l  act in) ;  (b') KC1 alone;  
(c') N E M  t h e n  KC1; (d') iodosobenzoate  t h e n  KCL 

3. (a") S t r aub  act in,  KC1 only ;  (b") KC1 t h e n  NEM.  
R a t e s  of po lymer i sa t ion  also identical .  

P ro te in  c o n c e n t r a t i o n :  I. ,-~ I m g / m l ;  2. ~-,~o.6 m g / m l ;  
3. ~ 1.5 mg /ml .  

Re[erences p. II3. 
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thixotropic state of the dimeric form of actin, in which the monomer of 7o,ooo molecular 
weight is linked via the nucleotide prosthetic group and through magnesium to another 
molecule. There is much justification for the view, deriving from studies on myosin 
ATPase and other enzymes for which ATP acts as substrate, that binding occurs at 
centres which contain SH groups. If this generalization is extended to actin, then one 
may suppose that  any reagent capable of reacting with its SH groups will prevent the 
transformation by displacing the essential prosthetic group, and the effect will not be 
a primary one. Even so, it remains to be shown, in the light of the relative ineffectiveness 
of SH poisons other than those containing heavy metals, whether inhibitors act in this 
way, or whether the effective poisons act by displacing magnesium from the dimer 
complex. 

Tyrosine and tryptophan. FEUER et al) have reported a minimal molecular weight 
of 70,000 based on a t ryptophan content of 0.31%. For STRAUB actin, PERRY 32 found 
by the LuGc method 33 a content of 1.2%; for a pure actin and one preparation of 
STRAUB actin, respectively, we find: t ryptophan 1.15, 1.2o: tyrosine 4.7, 4.65 g/Ioo g 
protein (N content 16.2 %). Although the M.Wt of the actin monomer is in fact 70,000, 
the value derived by FEUER et al. is thus fortuitously correct. 

DISCUSSION 

The purification procedures of MOMMAERTS 7 and A. G. SZENT-GYORGYI 8 depend 
either upon the fractional sedimentation in the ultracentrifuge or the fractional precipi- 
tation with cold ethanol and dialysis, both applied to actin in the solution phase. The 
procedure outlined in this paper offers an alternative route by eliminating or suppressing 
the impurities in the solid phase before extraction. Through the use of moderate pH 
and butanol for the treatment of muscle brei, and of 30% acetone for the extraction 
of actin, the protein can be obtained electrophoretically homogeneous with maximal 
activity once it is shed into solution. 

Since in the present procedure the loss of tropomyosin through the treatment of 
muscle mince with alkaline buffer is avoided, and since the extraction of tropomyosin 
from the dried powder is suppressed by employing 30% acetone, it is possible to use 
the final residue directly for the extraction of tropomyosin by the procedures of BAILEY TM. 
One can obtain, therefore, from the same muscle mince, three structural proteins: 
myosin, tropomyosin and actin, all electrophoretically homogeneous and all in high yield. 

It  is not the purpose of the present work to investigate how actin exists in muscle. 
However, some of the preliminary observations on the extraction of actin may be of 
relevance to this problem. HASSELBACH AND SCHNEIDER 19 have shown that  after 
removal of myosin, the rate of extraction of actin from fresh muscle brei depends only 
on the state of subdivision of the latter; and that  above pH 6 actin went into any 
aqueous extractant  if the muscle brei was macerated fine enough in the blender. They 
suggested that the solubility behaviour of actin existing in muscle was the same as 
that  in the extracted state. On maceration, the long insoluble threads of F-actin in 
muscle were fragmented, eventually becoming small enough to be extracted. With 
rabbit muscle, it was possible to confirm the findings of HASSELBACH AND SCHNEIDER, 

but there was some uncertainty about the results of the extraction with water itself. 
If the myosin-free brei was washed with water until free from salt and then macerated 
with water in the Waring blender for 4 minutes and spun, the supernatant was very 

Re[erences p. xr3. 
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viscous, but  the viscosity fell drastically on the addition of neutral salts. There was no 
evidence that actin came out into the extract. The viscosity fall  in one case from ~ rel 

IO.I to 1.8, was found to be due to nucleotropomyosin which has been isolated and 
crystallised. Under comparable conditions, and when the brei was finely macerated in 
the blender, the extent of extraction of nucleotropomyosin by M KC1 was about 4 ° 
times that  by water (TsAo21). It  may be that  the solubilisation of actin follows a similar 
course and that  the amount of actin extracted by water alone is insufficient to respond 
to the actomyosin-ATP test. 

The parallel behaviours of actin and nucleotropomyosin/tropomyosin in their 
isolation are of interest. The extraction of both is markedly favoured by organic solvent 
treatment, alkaline pH, or high salt concentration or by any combination of these 
factors. It  is difficult to imagine that  the two highly soluble proteins exist in muscle 
mainly by virtue of the high degree of polymerisation. I t  is not improbable, considering 
the extraction behaviour, that  in Situ actin forms some kind of complex with the stroma 
and that in this complex formation lipo-nucleoprotein linkages are actually involved. 
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SUMMARY 

I. The protein impurities in conventional preparations of actin have been identified: one is 
t ropomyosin and the other may  be a flavo-protein. 

2. A procedure for the preparation of electrophoreticMly homogeneous actin with maximal  
act ivi ty  is described. The method permits  the preparation, from the same muscle mince, of three 
s t ructural  proteins, myosin, actin and tropomyosin, all in high yield. 

3. A new method for the determination of - S H  groups in proteins is described. This makes 
use of the disappearance of the nitroprusside colour by ti tration with N-ethylmaleimide. 

4. The cysteine content  of both myosin and actin is 0.8-0.9 %. 

RI~SUM]~ 

I. Les impuret@s protdiniques des pr@parations usuelles d 'actine ont 6t6 identifi@es: l 'une est 
la tropomyosine et l 'autre  pourrai t  ~tre une flavoprot~ine. 

2. Un proc6d* de pr6paration d'actine 61ectrophor6tiquement homog~ne est d6crit. Cette 
m6thode permet  de pr@arer  trois prot6ines structurales, la myosine, l 'actine et la tropomyosine, 
/~ partir  d 'une m6me pr@paration de muscle et routes trois avec un bon rendement.  

3. Une nouvelle mdthode de ddtermination des groupes - S H  dans les prot~ines est d6crite. 
Elle Iait usage de la disparition de la couleur du nitroprusside lors du titrage par l 'N-6thylmaldimide. 

4. La teneur en cyst@ine de la myosine aussi bien que de l 'actine est de 0.8-o.9 %. 

ZUSAMMENFASSUNG 

i. Die Verunreinigungen an Protein in den herkbmmlichen Aktinpriiparaten wurden identi- 
fiziert. Die eine erwies sich als Tropomyosin und die andere k6nnte ein Flavoprotein sein. 

2. Ein Verfahren zur  Dars£ellung yon elektrophoretisch homogenem Aktin mit  Maximalaktivit i i t  
wird beschrieben. Die Methode gesta t te t  die Darstellung yon d}ei organischen Proteinen, dem Myosin, 
dem Aktin und dem Tropomyosin  aus dem gleichen Muskelbrei in hohen Ausbeuten.  

3- Es wird eine neue Methode der Bes t immung der - S H  Gruppen in Proteinen beschrieben. 
Es wird dabei Gebrauch  gemacht  yon dem Verschwinden der Nitroprussidfarbe bei der Titration 
mit  N-Athylmaleins ~iureimid. 

4. Der Cysteingehalt  sowohl yon Myosin als auch yon Aktin ist o.8-0.9 %. 

Relerences p. II3. 
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