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T H E  R O L E  OF S U L P H Y D R Y L  G R O U P S  IN T H E  I N T E R A C T I O N  

OF MYOSIN AND ACTIN 

by 

K. BAILEY* AND S. V. P E R R Y  

Biochemical Laboratory, Cambridge (England) 

Much interest has recently been centred upon the work of the Szeged school under 
SZENT-GY6RGYI concerning the interaction of myosin and a new protein, actin, first 
isolated by STRAUB 1. Actin appears to be a fibrillar component which is extracted from 
minced muscle either in the form of an actin-rnyosin complex, or in its free form from 
muscle mince which, after appropriate treatment,  is dried in acetone and then extracted 
with water. Of the nature and composition of actin, little is known. When first extracted, 
the aqueous solution is considered to contain corpuscular molecules which aggregate to 
a fibrous form on addition of salt {STRAUB2). This form of actin (F-actin) interacts with 
myosin in 0.5 M-KC1 to give a system of greatly enhanced viscosity with all the proper- 
ties of a weak gel. The addition of adenosinetriphosphate (ATP) (~/0.00002 M) produces 
a sudden liquefaction and the viscosity falls to the additive effect of that of the two 
components. When, however, the actomyosin is precipitated as a filament in solutions 
of low ionic strength, the effect of ATP is to produce an isodimensional shrinkage or 
synaeresis. Although both effects will be discussed, only the interaction occurring at 
higher salt concentrations has been studied here. These phenomena are described in the 
detailed reports 'Studies from the Institute of Medical Chemistry University Szeged, 
S. KARGER: Basle and New York, 1941-2, 1942 , 1943, Volumes I, 2 and 3', and in several 
reviews (SZENT-GYSRGYI s, 4, 5). 

Electron microscope studies (PERRY and REEDS; see also JAKUS and HALL 7) have 
shown, as indeed could be predicted, that the actomyosin effect is one in which the 
discrete filaments of myosin anastomose freely with those of actin to give an interlocking 
network rather reminiscent of the fibrinogen-fibrin transformation (REEDS). Why the 
two proteins interact in this way is of great interest, although the Hungarian workers 
have not essayed an explanation. In an at tempt  to solve the problem, we first explored 
the possibility that  the interaction was of electrostatic type, and probably one between 
an acidic partner  (myosin) and a more basic one (actin). On this view the role of ATP 
was to compete for the more basic protein. This line of attack was quite unsuccessful, as 
indeed the results of GUBA 9 had indicated they might be ;he  showed that the actin- 
myosin-ATP interrelations occurred at salt concentrations (/z----2) which might be 
expected to reduce very greatly the interaction of one protein with another. We were 
led therefore to the idea that  the interaction was a specific one, rather like that between 
enzyme and substrate, and involving a special chemical grouping, although for this idea 
there was no precedent. It  was fruitful, however, in the finding that the reactive SH 
groups of myosin are essential for the interaction: the same groups in fact which are 
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a l s o  n e c e s s a r y  fo r  A T P - a s e  a c t i v i t y .  T h i s  c o r r e l a t i o n  o f  a n  e n z y m e  a n d  c o l l o i d  r e a c t i o n  

p a r t i a l l y  e x p ! a i n s  t h e  a c t i o n  o f  A T P  i n  p r e v e n t i n g  t h e  f o r m a t i o n  o f  a c t o m y o s i n .  A 

p r e l i m i n a r y  a c c o u n t  o f  s o m e  o f  t h e  r e s u l t s  h a s  a l r e a d y  a p p e a r e d  (BAILEY a n d  PERRy10) .  

EXPERIMENTAL 

Materials 
R a b b i t  m y o s i n  (3 t i m e s  prec ip i ta ted)  a n d  A T P  were p repa red  as descr ibed b y  BAILEY 11 and  act in  

by  t h e  modif ied m e t h o d  of STRAUB 2. W e  have  f u r t h e r  modif ied  t h i s  l a t t e r  m e t h o d  to reduce  t h e  a m o u n t  
of f a t t y  ma t e r i a l  and  to ob ta in  less t u r b i d  so lu t ions  : a f t e r  t h e  musc le  res idue  ha s  been dr ied  in ace tone  
and  in air ,  i t  is e x t r a c t e d  twice w i t h  ch loroform (4 vol. for 20 rain) and  qu ick ly  dried.  T h e  m e t h o d  
t h e n  follows t h a t  of STRAUB. 

o-Iodosobenzoic  acid (used as  t h e  Na  sa l t  was  s y n t h e s i z e d  b y  p e r m a n g a n a t e  ox ida t ion  of 
o-iodobenzoic ac id  (ASKENASY a n d  MEYER 12) and  rec rys ta l l i sed  once f rom wa te r ;  i t  was  found  to  be 
x o o %  pure  b y  iodome t ry .  I odoace t ami de  was  p r epa red  f rom ch lo roace tamide  b y  t h e  m e t h o d  of 
ANSON13; p -ch lo romercu r ibenzoa t e  was  d o n a t e d  b y  Prof .  C. RIMINGTON. 

Methods 
Viscosity measurements. OSTWALD v i s c o m e t e r s  des igned  for a 5 m l  vol. of  l iquid  were used  

t h r o u g h o u t  ( t ime of flow for o. 5 M-KC1, 6o-9o  sec a t  o°). In  t h e  m e a s u r e m e n t s  w i t h  ac tomyos in ,  two 
difficult ies ar i se :  I.  a c t o m y o s i n  is th ixo t rop ic ,  a n d  t h e  f low-t ime of t h e  first  r e ad ing  is s o m e w h a t  
g r ea t e r  t h a n  t h a t  of t h e  second,  a n d  t h e  l a t t e r  s l igh t ly  g r e a t e r  t h a n  t h a t  of  t h e  t h i rd .  Since all  de te r -  
m i n a t i o n s  were c o m p a r a t i v e ,  t h e  m e a n  of  r e ad i ngs  2, 3 a n d  4 was  t aken .  2. The  effect of  A T P  on t h e  
v i scos i ty  of  a c t o m y o s i n  is compl i ca t ed  b y  u n c e r t a i n t i e s  of  A T P  concen t r a t i on  due  to e n z y m i c  b reak-  
down.  Th i s  diff icul ty  is ove rcome  b y  u s i ng  a n  A T P  c o n c e n t r a t i o n  g rea t ly  in excess  of  t h e  m i n i m u m  
a m o u n t  neces sa ry  to d issocia te  a c t o m y o s i n  a n d  b y  work ing  a t  o °. In  t h i s  way,  r ead ings  were q u i t e  
c o n s t a n t  over  5 -1o  rain.  

I n  t h e  ac tua l  d e t e r m i n a t i o n s  of v iscos i ty ,  m y o s i n  a n d  ac t i n  s tock  so lu t ions  were  d i l u t ed  w i t h  
0. 5 M-KC1 con ta in ing  ve rona l  (final concen t r a t i on  o.o34 M, PH 7 .o) to  con ta in  2 m g / m l  and  4 m g / m l  
respec t ive ly .  T h e  m y o s i n  (5 ml) was  m i x e d  a t  o ° w i t h  3 m g  (o.7-I .o  ml) of  ac t in  and  t h e  re la t ive  vis-  
cos i ty  (a) d e t e r m i n e d .  The  A T P  so lu t ion  (o.o6 ml,  o .o6-o.o8 m g  7 rain P) was  t h e n  a d d e d  v i a  t h e  
wider  t ube  of t h e  v i s come te r  and  m i x e d  well before t h e  v i scos i ty  d e t e r m i n a t i o n  (b). Two paral le l  
d e t e r m i n a t i o n s  were  n o w  m a d e  on a c t o m y o s i n  p repa red  f rom m y o s i n  t r e a t e d  w i t h  some  chosen 
reagen t ,  g iv ing  t h e  re la t ive  v iscos i t ies  (c) in absence  and  (d) in presence  of A T P .  Since t h e  r eagen t s  
emp loyed  h a d  no effect on t h e  re la t ive  v i scos i ty  of  m y o s i n  i tself ,  (b) a n d  (d) do no t  differ s ignif icant ly .  
The  pe rcen tage  inh ib i t ion  of a c t o m y o s i n  fo rmat ion ,  an  a r b i t r a r y  m e a s u r e  der ived  f rom t h e s e  v i scos i ty  
e x p e r i m e n t s  to  al low compar i son  w i t h  pe rcen t age  inh ib i t i ons  of ATP-ase  ac t i v i t y ,  was  def ined as 

c - d  

Adenosinetriphosphatase activity. ATP-ase  ac t i v i t i e s  were a lways  d e t e r m i n e d  a t  21 °, a t e m p e r a -  
tu re  as nea r  as  possible  to t h a t  u sed  for v i scos i ty  m e a s u r e m e n t s  b u t  cons i s t en t  w i t h  an  a d e q u a t e  
r a t e  of e n z y m e  act ion.  To i ml  of  buffer  were added  o.I  m l  CaC12 (o.i M), O.l-O. 5 ml  (approx.  o . e - i . o  
rag) of  myos in ,  0. 5 M-KCi to  a to ta l  vol. of 2 ml  a l lowing for t h e  final add i t i on  of 0. 4 ml  A T P  solu t ion  
(0. 4 m g  7 m i n  P). T h e  buffer  was  o. i  M-glycini~ PH 8.9 excep t  in t h e  case of e x p e r i m e n t s  w i t h  Hg-  
poisoned m y o s i n  w h e n  o. i  M-veronal  PH 7 .0 was  used.  I n c u b a t i o n s  (21 °) were of 3o-5 o min  d u r a t i o n  
a n d  ac t iv i t i e s  d e t e r m i n e d  b y  t h e  m e t h o d  of BAILEY n.  Inh ib i t i ons  were read  f rom cu rves  ob t a ined  by  
p lo t t i ng  P O  4 spl i t  f r om A T P  aga i n s t  e n z y m e  c o n c e n t r a t i o n  ( three  po in t s  for each  m y o s i n  sample) .  

Determination of SH groups. Since v iscos i ty ,  e n z y m e  a c t i v i t y  a n d  SH d e t e r m i n a t i o n s  h a d  to be 
car r ied  o u t  a l m o s t  s imu l t aneous ly ,  a v e r y  rapid ,  t h o u g h  a p p r o x i m a t e ,  m e t h o d  for t h e  d e t e r m i n a t i o n  
of SH  b y  s imple  iodine t i t r a t i o n  was  developed.  T h e  r e a g e n t  of HXLL~RMAN, CmNARD and  RAMSDELL ~4, 
o- iodosobenzoate  , was  a d a p t e d  for t h i s  purpose .  T h i s  s u b s t a n c e  (as Na  salt)  g ives  a s t ab l e  so lu t ion  
wh ich  was  found  to  l ibera te  iodine q u a n t i t a t i v e l y  a t  PH 6.3 in presence  of K I ;  i t  m a y  t h u s  be used  as 
a d i rec t  o x i d a n t  for SH groups  (HI~LLERMAN et a/1~) or as  a source  of iodine a t  a lmos t  n e u t r a l  or acid PIt. 

As a se lec t ive  o x i d a n t  for SH groups ,  iodine is b y  no m e a n s  an ideal  r eagen t .  The  de ta i led  s tud ie s  
of ANSON (see ANso~  1~) show t h a t  t h e  precise  cond i t ions  of ox ida t i on  are  i m p o r t a n t  in def in ing t h e  
e x t e n t  of  t h e  r eac t ion  be tween  iodine and  pro te in .  U n d e r  ou r  condi t ions ,  free h i s t id ine  and  ty ros ine  
do n o t  reac t ,  b u t  t r y p t o p h a n  andi m e t h i o n i n e  do. W h e n  p r e s e n t  in p ro t e ins  w h i c h  do no t  con ta in  
cys te ine  a n d  on ly  v e r y  l i t t le  cys t ine  (caseinogen,  t r opomyos in )  or  no cys te ine  b u t  m u c h  cys t ine  
(insulin),  even  t h e s e  amino -ac ids  a re  unaf fec ted  b y  iodine  (Table I). S igni f icant ly  therefore ,  t h e  e x t r a  
iodine u p t a k e  wh ich  c a n n o t  be a c c o u n t e d  for in  t e r m s  of cys te ine  occurs  on ly  in t h e  case of SH-  
con t a in ing  p ro t e in s  a n d  sugges t s  a n  ox i da t i on  b e y o n d  t h e  d i su lph ide  s tage ,  b u t  n o t  necessar i ly  v ia  
cys t ine .  These  cons ide ra t ions  h a v e  some i m p o r t a n c e  in t h e  de ta i l ed  i n t e r p r e t a t i o n  of t h e  iodine reac-  
t i on  a n d  i t  is hoped  to consider  t h e m  in fu tu re  work.  In  t h e  case of myos in  and  ac t in ,  i t  is possible  
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that  the fat ty material associated with the proteins in their  native state may also consume iodine. 
This source of error has not generally been considered. I t  must  be emphasized tha t  the method is 
mainly of diagnostic value and the results interpreted as comparative rather absolute values; for this 
reason, they  are recorded as 'apparent  cysteine'. 

TABLE I 
APPARENT CYSTEINE C O N T E N T  OF CERTAIN PROTEINS BY I O D I N E  TITRATION 

Caseinogen 
T r o p o m y o s i n . . .  
Insulin (in urea) 
Ovalbumin . . . .  
Myosin (flesh) . . 

Tyrosine 

+ 
+ 

+ +  
+ 
+ 

Amino-acids present  

Tryptophan 

+ 
nil 
nil 
+ 
+ 

Methionine 

+ 
+ 
nil 
+ 
+ 

Cysteine 

nil 
nil 
nil 

(1.2 %) 
(I.2 %) 

Apparent cysteine 
(%) 

0.04 
0.2 
nil 
1.6 
1.8 

The advantages of the iodine method are its precision, rapidity, and suitability for the determi- 
nation of SH groups before and after some chosen t reatment ;  the values relevant to the present work 
are thus obtained by differential t i t rat ion.  The oxidants employed for the graded oxidation of SH 
groups in myosin were iodosobenzoate, H~O, and iodine. At various levels of oxidation, excess reagent 
was removed, by cys~eine in the case of iodosobenzoate, and catalase in the case of H20,; with iodine, 
no excess was present. Protein samples t rea ted  with H~O2 or iodine were ~hen subjected to differential 
titlXtion, using untreated samples as controls. The SH groups remaining in iodosobenzoate-treated 
samples could not be est imated satisfactorily for two reasons: I. the removal of excess reagent by 
cysteine and the necessity of Subsequent dialysis before t i t ra t ion (during which cysteine is oxidized) 
gives rise to a complex oxide-reduction system in whick more protein SH groups are finally oxidized 
than  in experiments where excess iodosobenzoate is dialysed away without addition of cysteine; 
2. dialysis of controls also effects a slight oxidation despite the use of oxygen-free diffusate. With 
this oxidant therefore, we have preferred to measure the inhibition effects as a function of iodoso- 
benzoate concentration. 

The action of alkylating reagents (iodoacetate, iodoacetamide, chloroacetophenone) can be 
studied if need be without  removal of excess reagent. This is not the case with mercaptan-combining 
compounds (e.g., p-chloromercuribenzoate) which do not prevent  the oxidation o:{ SH groups by 
iodine; these reagents do nevertheless possess a high affinity for SH groups and are assumed to react 
stoichiometrically with them. 

Method. The protein solution (io ml; 20 mg myosin) is buffered with 0.5 ml M-phosphate PH 
6.25, and 0. 5 ml of o.oi N-iodosobenzoate (Na salt, pH 8.5) added, followed by 0. 5 ml of IO % (w/v) KI. 
After mixing and standing for I5 sec, excess iodine is t i t ra ted  with o.oi N-thiosulphate using starch 
indicator. If the back-ti tre corresponds to < o.i o r >  o. 3 ml of o.oi N-iodine, the t i t ra t ion should 
be repeated with an adjusted amount of iodosobenzoate to give a back t i t ra t ion of 0.2 ml. This pro- 
cedure corrects for stoichiometrical deviation which within the limits of back-titration cited amounts 
to about 7 % error. I t  will be noted tha t  the t i t ra t ion is carried out in homogeneous solution, and the 
addition of reagents in the order given avoids any local concentration of iodine which might otherwise 
cause precipitation of insoluble iodinated protein. 

CHARACTERISTICS OF MYOSIN AND ACTIN WITH RESPECT TO IODINE TITRATION 

Freshly pre1~red myosin after three precipitations reacts with iodine to an extent corresponding 
to 1.6-1.8 % apparent cysteine. On storage at o ° in presence of toluene, the titre is not a~ected over 
1-2 weeks but thereafter decreases. Values of o.8, o.6 and o.2 % have been found for aged preparations, 
The last figure supports the view that iodine reacts mainly with SH groups, since other possible 
reactants (apart from fatty material) are not likely to be autoxidizable. By porphyrindin titration, 
in presence and absence of guanidine HCI (GREENSTEIN and EDSALLla), the total cysteine of myosin 
is 1.2% and the reactive cysteine in the native protein which gives the nitroprusside test and is 
available to oxidants {SINGER and BARREN 17) iS O. 4 %. In diffarentiating the reactive and unreactive 
SH groups we have not attempted to correlate oxidation levels with the disappearance of the nitro- 
prusside reaction which is difficult to assess, but have preferred to compare the extent of oxidation 
as determined by the iodine method with the concentration of oxidant (Figs. i and 2), when the 
two types of groups are readily distinguished. 

Actin, like myosin, gives a strong nitroprusside test. The total apparent cysteine varies from 
1.65-2.o% in different samples. The SH character of actin requires further study, but is not of 
mmediate inter est since these groups are not concerned in actomyosin formation. 
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Fig. z. Inhibi t ion of actomyosin formation and of ATP-ase activity as a function of oxidant concen- 
trat ion.  --O--O--,  actomyosin formation; - O - - o -  ATP-ase activi ty;  IOB = indosobenzoate 

Fig. 2. Inhibition of actomyosin formation and of ATP-ase act ivi ty as a function of myosin SH 
groups oxidized or substituted. Curves for chloromercuribenzoate and H~O~: --O--O--,  actomyosin 
formation; - O - - O - ,  ATP-ase activity. Action of iodine : ~ actomyosin formation, × ATP-ase 
activity.  Action of iodoacetamide : A actomyosin formation, /~ ATP-ase activity. 

Treatment of myosin with S H  reagents 

In all cases, reagents were added to a solution of myosin in 0.5 M-KC1, containing 0.034 M- 
veronal, PH 7 .o. 

o-Iodosobenzoate. Since H~LLEI~taN et alJ ~ first recommended this  reagent as an oxidant for 
SH groups, it  has been successfully used for inhibition studies of urease (HELLER~AN, CmNAI~D and 
DEiTZ aS) and of myosin ATP-ase (SINGXR and BARRON*7). The myosin (2, 5 mg/ml) was t rea ted  with 
graded amounts of o.ox N-iodosobenzoate for 2 h at  2i °. Excess reagent was reduced by o.oi M- 
cysteine, added in equivalent concentration to the  largest amount of iodosobenzoate used. (Under 
these conditions cysteine does not reverse the inhibitions produced by the oxidant). After i h a t  
21 °, samples were taken for viscosity and enzyme experiments. 

Hydrogen peroxide. Both ZIF• and MEHL t9 studied the inhibition of ATP-ase by H20 j, and 
observed a restoration of act ivi ty by addition of cysteine. No reversals have been a t tempted  in our 
experiments. The myosin (i.85 mg]ml) was t rea ted  for 2o min at  o ° wi th  H=O 2 in final concentration 
o.oo02-o.oo 4 M. A trace of highly active catalase, supplied by Dr E. C. W~BB, was added, and the  
tubes left for xo 5 rain at  o °, when samples were taken for determination of viscosity, enzyme experi- 
ments  and for SH content.  Under the  experimental conditions, peroxide is entirely destroyed by 
catalase and does not therefore interfere in the iodine t i t rat ion.  

Iodine. To the  myosin solution (1.84 mg/ml) was added with very r ap ids t i r r ing  a solution of 
iodine in 0. 5 M-KC1 (final concentration x.o-3, 5. in -5 M). The reactants were added and maintained 
at  o °, and after i h, samples were taken for the  determination of ATP-ase activity, actomyosin 
formation and SH t i t ra t ion.  

p-CMoromereuribenzoate. This reagent was introduced by HELLER~AN et aP ~ for the study of 
urease inhibitions and has since been employed by BARRON and SINGER =° for the characterization 
of SH enzymes. The inhibitions are part ly or wholly reversed by cysteine. The myosin (2.43 mg]ml) 
was t rea ted  for I h at  2x ° with chloromercuribenzoate in final concentrations of 1.6-19.2 '. In -~ i~r. 
After cooling in ice, ATP-ase and actomyosin experiments were carried out, the  former in o.o 5 M- 
veronal buffer PH 7.o instead of glycine in order to simulate the conditions of the parallel viscosity 
experiment. This deviation of procedure is necessary since we are here dealing wi th  a dissociable 
system having a possible pH parameter;  moreover, previous work had indicated (BmLEY n) tha t  
glycine buffer protects  from heavy metal  inhibition, particularly from Cu ++ . 

Reversal of inhibition was effected by addition of cysteine (final concentration o.ooo 5 M) and 
experiments carried out lO-6O rain after the  addition. 

lodoacetavnide. The failure to obtain inhibition in presence of iodoacetate first led to the belief 
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(D. M. NEEDHAM 21) tha t  SH groups played no part  in ATP-ase activity. I t  has since become clear 
(SINGER and BARRON iT) tha t  myosin SH groups react readily with oxidants or mercurials but are 
resistant to alkylation. Even the powerful lachryrrmtor chloroacetophenone has li t t le effect upon the 
ATP-ase activity or SH t i t re  of myosin (BAILEY, unpublished), whereas this and other similar rea- 
gents (bromobenzyl cyanide, ethyl iodoacetate) were inhibitors of certain enzymes studied by MACK- 
WORTH ~2 and of crystalline yeast hexokinase (BAILEY and WEBB~). There exist therefore not only 
differences in the reactivity of protein SH groups towards oxidants, to which most work has been 
directed, but also towards alkylating reagents. A study of SH enzymes from this point of view 
suggests the possibility of employing selective SH inhibitors for one or more components of a complex 
enzyme system. 

The myosin (2.19 mg/ml) was t reated for 15 h at 16 ° with iodoacetamide concentrations of o.oo 17- 
0.o42 M and then dialysed against the KCl-veronal solvent. Controls were subjected to the same 
t rea tment  in absence of iodoaeetamide and protein concentrations re-determined on all solutions. 
Samples were then taken for the usual experiments. 

RESULTS 

The myosin component 

Action of oxidant's. When inhibitions of ATP-ase activity and of actomyosin forma- 
tion are plotted against oxidant concentration (Fig. I) the lowest values of the latter 
produce marked inhibitions up to a level of 60-70 % and thereafter tail off over a very 
wide range of oxidant concentration. The meaning of this effect is clear by comparing 
with Fig. 2, where inhibitions (in the case of HaO 2) are plotted against apparent cysteine 
oxidized; up to 0. 4 % cysteine, inhibitions are linear with the number of groups oxidized, 
but between 0.4-0.6 Yo cysteine (the latter value giving almost IOO % inhibitions), the 
groups concerned are more difficult to oxidize. Previous workers have shown that the 
nitroprusside reaction is negative when about 0. 4 % cysteine is oxidized by porphyrindin 
(GREENSTEIN and EDSALL 16) or  substituted by chloromercuribenzoate (SINGER and 
BARRONI~). (The concurrence of oxidation levels marking the 'reactive' SH groups is 
not of great significance; our iodine method probably over-estimates, whilst the nitro- 
prusside end-point methods in our experience are not very precise.) Taken together, 
these results indicate that much of the enzyme activity and actomyosin-forming ability 
is connected with the reactive, easily oxidized SH groups and a small residuum with the 
less reactive ones. The quantitative aspects of this conclusion are at variance with the 
work of SINGER and BARRON 17 on ATP-ase. They found that the disappearance of SH 
groups, giving the nitroprusside reaction, either by oxidation or substitution with mer- 
curial, gave only 11-16 % inhibition, and concluded that the less reactive SH groups 
were mainly concerned with ATP-ase activity. 

The important feature of the curves is that the inhibition both of ATP-ase and of 
actomyosin formation increase at the same rate, indicating that the same SH groups 
are responsible for, or intimately connected with, both types of activity. The absolute 
value of each type of inhibition for any given level of oxidation is not identical, and this 
is true also for Hg-poisoned myosin; the differences are probably methodological. It  is 
indeed surprising that the viscosity experiments can be so precisely interpreted into 
inhibition measurements ; it indicates that the viscosity decrease of actomyosin is related 
to SH groups and to no other factor. 

In Fig. 2, the use of iodine as oxidant leads to a different result in that inhibitions 
are by no means complete when 0. 7 % of apparent cysteine is oxidized. This anomaly 
is discussed below in relation to the action of iodoacetamide. 

Action of chloromercuribenzoate. The two types of inhibition (Fig. 2) again follow 
References p. 5z6. 
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a similar course and are complete when o.5 To cysteine is substituted. This figure is 
derived by assuming a stoichiometric relation between reagent added and SH reacting; 
the great affinity of thiol groups for heavy metals justifies this procedure. In comparing 
the effect of oxidant with that of mercurial, the inhibitions by the latter for any one level 
of cysteine groups undergoing reaction are greater. The difference is not to be regarded 
as absolute since we have already indicated that  the iodine titre may give results which 
are rather high. The results indicate that the SH groups available for oxidation are 
precisely those which are first substituted by mercury, though one might suppose that 
the latter could react indiscriminately with all SH groups rather than those which re- 
spond to oxidation by virtue of the proximity of two cysteine residues. In the case of 
urease also, however, HELLERMAN et aL as found that mercury first substituted the 
oxidizable 'a' groups and then the less easily oxidizable 'b' groups. 

On addition of cysteine to mercury-poisoned myosin, the inhibitions are reversed 
by 9O-lOO % in the ability to form actomyosin and by about 80 % with respect to 
ATP-ase. 

Action of alkylating reagents. The reaction with iodoacetamide is so slow that a long 
reaction time and relatively high concentration of reagent arenecessary (see experimental 
section). The inhibition curves (recorded as points in Fig. 2) do not fall closely together 
as ill previous examples, due part ly to the more difficult technique of these experiments 
and have not attained IOO To inhibition even when 0.8 % of apparent cysteine groups are 
substituted. They have the same characteristics of the curves for iodine (Fig. 2), and 
in our view, may have the same explanation : It  is probable that the SH groups of myosin 
are uniformly resistant to alkylation, and in this respect, iodoacetamide does not 
distinguish between the easily-oxidized groups and the more resistant ones. For the 
complete substitution of these former, which are mainly connected with enzyme and 
actomyosin-forming properties, a more extensive substitution of all SH groups is 
necessary. With respect to iodine, there is evidence that its reaction with protein SH 
like iodoacetamide, involves an initial reaction between one molecule of reagent and one 
SH group (ANsoN~). It  is not proven, however, that the end product of oxidation is 
entirely cystine, as ANSON ls supposes; the ability of iodine to react with all SH groups 
of proteins may reflect its ability to oxidize cysteine to a cysteine acid without requiring 
that two SH groups shall be adjacent before oxidation can proceed. 

TABLE II 
EFFECT OF STORAGE OF MYOSIN ON ACTOMYOSIN FORMATION, ATP-ASE ACTIVITY AND APPARENT 

Myosin 
(prep. no.) 

Age in 
days 

22 

49 
77 

I22 

21 

20 

19 

16 

CYSTEINE OXIDIZED 

Relative viscosity 
of actomyosin 

No ATP + ATP 

3.4 ° 1.86 
2.74 2.o8 
2.I3 2.08 
1.9I 1.88 

Actomyosin- 
forming 
ability 

(I 00) 
43. 
3 

nil 

ATP-ase 
activity 

IOO) 
44, 

I 
nil 

Approx. apparent 
cysteine oxidized 
(% of myosin wt) 

(o) 
0.3-0. 4 

o.9 
0. 7 

*Not significant 

Effect of storage. The decrease in ATP-ase activity of myosin after storage under 
aseptic conditions at o ° was noted by BAILEY ~1. Extending this s tudy to include SH 
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t i t re  and  the abi l i ty  to form actomyosin,  it  is found that  all three aredecreased on storage. 
Table I I  shows the results for different myosin  prepara t ions  using the same act in and  
compared at  the same t ime with the most  active myosin  then available.  In  practice, 
the rate  of ageing is no t  uni form from one prepara t ion  to another ,  the autoxidat ion  
depending  perhaps ,on trace impuri t ies  of heavy  metals.  

The actin comlbonent 

Accepting tha t  the ac t in -myos in  in te rac t ion  involves a special SH grouping in 
myosin,  the possibi l i ty of some reciprocal group in the act in  pa r tne r  is suggested. We 
have considered seven possibilit ies: I.  a pyrophosphate  group which at taches to myosin 
in the same way as A T P ;  2. a carbonyl  group, capable of forming the dissociable 

-¢" ~ S - _ R  / OH (c.f. cyste ine-pyruvic  acid compound (SCHUBERT 25) with SH groups;  3. SH 

groups;  4. SS groups, which might  give rise to an  oxido-reduction system between myosin  
SH and  act in  SS; 5. a d iva lent  heavy  meta l  component  of the act in which might  l ink  to 
myosin  by mercapt ide  format ion ;  6. a dicarboxylic  acid grouping of the type  inhib i tory  
to the succinic dehydrogenase sys tem;  7. some type of in te rac t ion  between myosin  and  
the fa t ty  mater ia l  which accompanies actin.  None of these has been examined  in such 
detai l  as the con t r ibu t ion  of myosin  SH to the in teract ion,  bu t  the results thus far have 
not  given positive evidence of their  par t ic ipat ion,  The per t inen t  exper iments  are out- 
l ined below. 

Pyrophosphate. The total P of aqueous actin preparations varies from o.3i-o.35 % of the weight 
as deduced from 1~ content (total N 16.2 %). This P value decreases on dialysis (against 0. 5 M-KC1) 
to approx, o.15 % without affecting the myosin-combining property; subsequent extraction ofdialysed 
actin with ethanol (to remove lipin) further reduces the value to o.o9 %. This figure represents the 
maximum amount of pyro P which could be present, and is rather higher than that obtained by direct 
determination (o.o6 %) following the method of LAWACZEK 26. In terms of ATP and in relation to test 
conditions, such an amount corresponds to about i/6 of the minimal ATP concentration (0.o0oo 3 M) 
required to dissociate actomyosin, and cannot therefore be responsible for the effect. 

Carbonyl group. A precedent for such a group is to be founcI in the enzyane disuiphurase (FRoMA- 
GEOT, WOOKEY and CHAIXI~), shown to be inhibited by reagents such as phenylhydrazine, senti- 
carbazide and hydroxylamine (LAWRENCE and SMYTHEZS). After treatment with hyclroxylaminc in 
o.oi M concentration, actin was unaffected in its actomyosin-forming capacity. Moreover, pyruvate 
(O.Ol 7 M), used in the sense of a competitive inhibitor, was without effect on the interaction. 

SH groups. On addition of aqueous iodine at PH 7, the nitroprusside reaction disappears when 
0.8-o.9 % apparent cysteine has been oxidizecL At this point, actomyosin formation is inhibited by 
only 5 % ; when 1.3 % is oxidized, the inhibition is still only 33 %. A concentration of HiOz which, 
acting on myosin gave 75 % inhibition of act0myosin formation, gave < io % when actin was so 
treated. Likewise, chloromercuribenzoate equivalent to o. 3 % cysteine may be added before inhibition 
is apparent, and the equivalent of 1.2 % gives an inhibition of 6o %, but this latter figure most 
probably results from transfer of reagent to the myosin component. These results do not suggest that 
actin SH groups are important in the interaction. 

SS groups. The possible role of SS groups has not been fully explored. Since actomyosiu for- 
mation proceeds, ancI is somewhat enhanced in presence of KCN (o.oo9-o.o17 M), a reagent which 
causes dismutation of the SS bond, it seems improbable that these groups have any importance. 

Heavy metal. Since the interaction is unimpaired in presence of cysteine, which must certainly 
complete for heavy metals such as Cu ++, it is unlikely that metals play any role. 

A dicarboxylic acid grouping. Succinic dehydrogenase contains an active enzymic centre con- 
sisting of one SH group and of two other groups with an affinity for certain dicarboxylic acids. Malo- 
nate is thus a competitive inhibitor in the dehydrogenation of succinate (QUASTEL and WOOLDRIDGE29; 
see also POTTER and DOBOlSS°). A similar grouping in myosin might interact with two closely-spaced 
COOH groups arising from the free acid groups of the dicarboxylic amino-acids. This hypothesis is 
particularly attractive, since the action of ATP (and of pyrophosphate (STRAtm al) on actomyosin 
might be explained as a competition of two adjacent acidic (phosphoryl) groups for the active centre 
of the myosin; indeed, LXLOIR and DIXON a2 found that pyrophosphate inhibited succinic dehydro- 
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genase in the same way as malonate, and explained its action in the same terms. Both malonate and 
succinate might thus be expected to produce with actomyosin the ATP effect, but in practice they 
have no action. 

Lipin/lipid material. Actin often contains about 5 % of fatty material which imparts a turbidity 
to its solutions. If, before extraction with water, the muscle residue is twice extracted with chloroform, 
much clearer solutions are obtained, and the actin prepared from them is equally active. On freeze- 
drying, STRAOB'S preparations lose about 5 ° ~o of their activity, and this is only slightly reduced 
after chloroform extraction. The formation of actomyosin does not therefore appear to require the 
mediation of fatty substance, and the chloroform extraction of the muscle residue is recommended to 
produce a purer actin. 

DISCUSSION 

Quite apar t  from its significance in muscle biochemistry, the myosin-actin interaction 
is unusual in that  it is not of a non-specific electrostatic type, but  necessitates the 
presence of a special chemical grouping in the myosin partner.  For lack of precise 
interpretation, it may  be thought of as a specific interaction, ra ther  like that  between 
enzyme and substrate. Although the specificity of the grouping depends upon the pre- 
sence of SH groups, its affinity for actin or for ATP may necessitate the participation 
of other unidentified groups. The SH groups concerned are mainly those available to 
oxidants in the native protein and giving the nitroprusside test;  however, the less easily 
oxidized groups are responsible for a small residuum of activity. The inhibition of acto- 
myosin formation as derived from viscosity measurements increases at the same rate 
as the inhibition of ATP-ase activity, indicating that  the same SH groups are concerned 
in both the colloid and the enzyme reactions. These facts argue strongly for the identity 
of myosin and ATP-ase:  if, for example, the lat ter  were an adsorbed impurity,  it would 
be most unlikely tha t  the two types of inhibition should be stoichiometrically related 
to SH groups which indubitably belong to myosin itself and not to some small fraction, 
By our method of estimation, the SH groups concerned represent as cysteine about  
0.6 % of the protein weight, though the true value is probably somewhat lower. These 
groups are readily accessible to heavy metal  poisons, but  resist alkylation. In this lat ter  
respect, myosin differs from some of the accredited SH enzymes. 

The participation of ATP in preventing the formation of actomyosin and as sub- 
strate in the enzyme reaction gives additional support for the view that  the same special 
grouping is involved in both colloid and enzyme reaction, and clarifies the mechanism 
of the action of ATP on actomyosin. The enzyme centres combine either with actin or 
with ATP, but  the affinity of the lat ter  is so great that  actomyosin cannot exist in its 
presence, nor indeed Call any diminution of enzyme activity be observed when actin 
is present. The lat ter  does not therefore behave as a competitive inhibitor, though we 
may  interpret its combination with myosin as something of the nature of an enzyme- 
substrate compound. Whether  a comparable specific grouping is involved on the actin 
side of the partnership is not known, but  neither pyrophosphate nor SH groups play 
any  part .  

The interpretation of the action of ATP on actomyosin envisages the possibility that  
enzymes using ATP as substrate are always of SH character.  Examples are to found in 
yeast hexokinase (BAILEY and WEBBm), myokinase (CoLOWlCK and KALCKARU); the 
properties of creatine phosphokinase (LEHMANN and POLLAK ~ NEEDHAMt*), of phos- 
p h o p y r u v a t e  phosphokinase (NEEDHAM ~) and of the choline acetylase system 
(~q'ACHMANSOHN and JOHN3 s) are also suggestive in this respect. 
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Thus far, the.actomyosin interaction has been discussed in the light of experiments 
in which all components are maintained in solution by a high (o.5 M) concentration of 
salt. The Szeged workers, however, have been concerned with the manifestation of the 
reaction which simulates more closely the ionic environment of muscle itself. When an 
actomyosin gel in o.5 M-KCl is squirted into solutions of lower ionic strength (o.o5), 
a 'fibre' is produced which on transfer to other solutions will shrink or expand isodimen- 
sionally according to the concentration and nature of the ions present. The addition ot 
ATP causes an enhanced shrinkage ('contraction') which is the basis of the various 
hypotheses advanced by SZENT-GY6RGYI for physiological contraction (SzENT-GY6RGYI 3, 5) 
According to electron microscope studies, actomyosin consists of an anastomosis of giant 
fibres enclosing large amounts of intermicellar liquid, and the action of ATP is to break 
down this network into its component molecules by the mechanism we have discussed. 
In the stronger salt solutions, all components are maintained in solution, and the system 
becomes less viscous; at the lower ionic strengths where myosin is no longer soluble, it 
would follow that the actin is released into solution (or interacts normally with myosin) 
and the myosin is precipitated. After precipitation in water, myosin gels usually contain, 
even after hard centrifuging, about 2 % of protein, whereas actomyosin fibres after the 
action of ATP contain abofit 5 ° %. It is clear therefore that this enhanced shrinkage 
cannot be explained in terms of the ordinary properties of myosin, nor wholly in the 
light of our present results*. 

SZENT-GYbRGYIShas interpreted the effect as due either to intramolecular or intrami- 
cellar re-arrangement. For the first view, there is no evidence, and the second has no 
precise meaning. Many types of denaturation lead to the formation of dense, cohesive 
precipitates in which loss of solubility is partly due to a strengthening of the backbone 
linkage and partly due to the aggregation of polar side-chains (AsTBURY and LOMAXS~). 
The synaeresis of a fibrin clot is an excellent example of this process which is known to 
occur without intramolec'ular rearrangement of the reacting molecules (BAILEY, ASTBURY 
and RUDALL3S). By analogy therefore, the dense actomyosin precipitates must arise by 
a somewhat extensive interaction of mutually attracting groups. Since both proteins 
remain in the native condition, the occurrence of the interaction suggests that such 
groups are favourably disposed configurationally, particularly when the myosin com- 
ponent is in combination with ATP. Where the configurational factor is lacking, aggre- 
gation is best accomplished by thermal agitation as in heat denaturation, and indeed it 
should be noted that the synaeresis of actomyosin is also increased by a rise in temper- 
ature. This explanation is complementary to the mechanism we have proposed for the 
interaction of actin and myosin at higher salt concentrations. In the latter case, only 
the very special interaction involving SH centres can occur, since the presence of salt 
diminishes the normal interaction of the two proteins, and the addition of ATP thus 
resolves the system into its freely-moving components. At low salt concentrations both 
interactions are possible, but here the addition of ATP, whilst preventing the SH inter- 
action, intensifies the other. 

At this stage it seems untimely to interpret the actomyosin interaction as the basis 
of physiological contraction. SZENT-GY6RGYI'S theory and modifications of it are variants 

* Since the completion of this manuscript, l~rot. F. BUCHTHAL (personal communication) has 
drawn our a t tent ion to a recent paper (F. BUCHTHAL, A. DEUTSCH, C. G. KI~APPEIS and A. PEWERSEN, 
Acta physiol. Scan&, 13 (I947) I58) which reports tha t  SH reagents prevent  the shrinkage of acto- 
myosin fibres in the presence of ATP, They find, however, tha t  the inactivation of ATP-ase by acid 
does not diminish this property. 
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of BERNAL'S original speculation on muscle (BERNALag). Both invoke a spiral arrange- 
ment of contractile elements, and for the mechanism of contraction, a dehydration 
or synaeresis. Against this type of theory, structural evidence, as noted by ASTBURY 4° 
weighs heavily. At the same time it must be recognized that  such an unusual type of 
interaction, linked as it is with the enzyme character of myosin, must find an important 
place in the ultimate explanation of muscle contraction. 

Acknowledgements: We are especially grateful to Professors A. C. CHIBNALL, F.R.S.  
and W. T. ASTBURY, F.R.S.  for their interest in this work. 

SUMMARY 

I. The interaction of actin and myosin in 0. 5 M-KC1 is not of normal electrostatic type but 
depends upon the presence of SH groups in  the myosin partner. 

2. The SH groups concerned are also connected with the adenosinetriphosphatase activity of 
myosin. Their oxidation by reagents such as iodosobenzoate, hydrogen peroxide, iodine, substitution 
by chloromercuribenzoate, or alkylation by iodoacetamide lead to a diminution of enzyme activity 
and of actomyosin-forming ability, the two properties declining at the same rate. 

3- The groups concerned are mainly, but not entirely, those which give the  nitroprusside test  
and are accessible to oxidants. 

4. Whether  a specific chemical grouping is necessary in the actin partner is not known, though 
several possibilities have been explored. 

5. The findings elucidate why adenosinetriphosphate, which is the substrate for the enzyme 
reaction, so profoundly modifies the  colloid reaction. It is suggested tha t  enzymes utilizing adeno- 
sinetriphosphate are always of SH character. 

6. The results are discussed in relation to the earlier work of SZENT-C-Y~RGYI and the Szeged 
school. 

R~SUMI~ 

I. L'interaction de l 'actine et de la myosine dans une solution de KC1 0. 5 M ne s'explique pas 
par les forces 61ectrostatiques ordinaires, mais exige la pr6sence de groupes SH dans la myosine. 

2. De ces m~me groupes SH, d6pend 6galement l 'activit6 enzymatique (ad6nosinetripbosphatase) 
de la myosine. L'oxydation des groupes SH par l 'iodosobenzoate, l 'eau oxyg6n6e ou l'iode; la sub- 
st i tution par action du chloromercuribenzoate, ou l'alkylation par l'iodoac6tamide, ont pour effet de 
diminuer simultan6ment l 'activit6 enzymatique et le pouvoir de former l'actomyosine. 

3. Les groupes SH impliqu6s sont pour la plupart, mais pas tous, ceux qui r6agissent au nitro- 
prussiate et qui sont sensibles aux oxydants. 

4. Rien ne montre la n6cessit6 d'un groupe sp6cifique dans l 'actine pour que celle-ci r6agisse avec 
la myosine. Les auteurs discutent plusieurs possibilit6s permet tant  d'expliquer cet te  interaction. 

5. Les r6sultats exp6rimentaux permet tent  d'expliquer pourquoi I'ATP, qui est le substratum 
de la r6action enzymatique, exerce une influence si profonde sur la r6action colloidale. I1 est probable 
que les enzymes qui utilisent I 'ATP doivent toujours poss6der des groupes SH. 

6. La signification de ces r6sultats est discut6e par comparaison ~ ceux obtenus par SZENT- 
GY6RGYI et le laboratoire de Szeged. 

ZUSAMMENFASSUNG 

I. Die Wechselwirkung zwischen Actin und Myosin unterliegt nicht den Gesetzen des normalen 
elektrostatischen Reaktionstypes, sondern hiingt yon der Auwesenheit yon SH-Gruppen im Myo- 
sinpartner ab. 

2. Die betreffenden SH-Gruppen sind auch mit der Adenosintriphosphataseaktivitiit des Myo- 
sins verbunden, lhre Oxydation dutch Reagentien, wie Jodosobenzoat, Wasserstoffsuperoxyd und 
Jod, ihre Substitution dureh Chlormercuribenzoat, oder ihre Alkylierung mit Jodazetamid f/ihren 
zu einer Verminderung der Enzymaktivitiit und der F~ihigkeit, Actomyosin zu bilden. Dabei nehmen 
beide Eigenschaften in gleichem Masse ab. 

3. Die betreffenden Gruppen sind vor allem diejenigen, welche die Nitroprussidreaktion geben 
und ffir die Oxydation zug/~nglich sind. 
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4- Ob eine spezifische chemische Gruppierung  im A k t i n p a r t n e r  n6t ig  ist, ist  n ich t  bekannt ,  ob- 
gleich verschiedene M6glichkeiten zur Erkli~rung dieser  Zwischenreakt ion un te r such t  wurden .  

5. Eie Ergebnisse  zeigen, warum Adenos in t r iphospha t ,  welches das Subs t ra t  ffir die Enzym-  
reakt ion  ist, die  Kolloidreaktion so s t a rk  ver~ndert .  Es  wird angenommen,  dass Enzyme,  die Adeno-  
s in t r iphospha t  gebrauchen,  immer  durch  SH-Gruppen  charak te r i s ie r t  sind. 

6. Die Resu l t a t e  werden  mi t  denjenigen vergl ichen,  welche aus den fr i iheren Arbei ten  von 
SZENT-GY6RGYI und der  Szegediner  Schule hervorgegangen  sind. 

R E F E R E N C E S  

1 F.  B. STRAOB, Studies Inst. Med. Chem. Univ. Szeged, 2 (I942) 3. 
2 F.  B. STRAUB, Studies Inst. Med. Chem. Szeged, 3 (1943) 23. 
a A. SZENT-GYORGYI, Acta Physiol. Scand., 9, suppl.  25 (1945). 
4 A .  SZENT-GYORGYI, ]. Coll. Sci., I (I946) I. 
s A .  SZENT-GY(SRGYI, Chemistry of Muscular Contraction, New York, Academic  Press  (I947). 
e S. V. PERRY and  R. REED, Biochim. Biophys. Acre, I (1947) 379. 

M. A. JAKUS and  C. E. HALL, J. Biol. Chem., 167 (1947) 7o5 • 
s R. REED, Ph.D.  Thesis, Leeds  Univ.  (1946). 

1~ F.  GUBA, Studies Inst. Med. Chem. Univ. Szeged, 3 (1943) 4 o. 
10 K. BxlzgY and  S. V. PERRY, Biochem. J., 41 (I947) xxii .  
11 K. BAILEY, Biochem. J,, 36 (I942) 121. 
12 p.  ASKENASY and  V. MEYER, Bet. Dtsch. Chem. Ges., 26 (1893) 1354. 
13 1VL L. ANS0N, J. Gen. Physiol., 23 (1939) 247. 
xi L. HELLERMAN, F. P.  CHINARD, and  P. A. RAMSDELL, J. Amer. Chem. Sot., 63 (1941) 2551. 
x~ M. L. ANSON, Advances in Protein Chemistry, 2 (1945) 361. 
1~ j .  p .  GREENSTEIN and  J. T. EDSALL, J .  Biol. Chem., I33 (194 o) 397. 
17 T. P.  SINGER and  E. S. G. BARRON, Proc. Soc. Exp. Biol. Meal., 56 (1944) x2o. 
lS L. HELLERMAN, F.  P.  CHINARD, and  V. R. DEITZ, J. Biol. Chem., 147 (1943) 443- 
19 M. ZIFF, J. Biol. Chem., 153 (1944) 25; J. W. MEHL, Science, 99 (I944) 518. 
s0 E. S. G. BARRON and  T. P.  SINGER, J. Biol. Chem., 157 (1945) 22I, 24I. 
st D. M. NEEDHAM, Biochem. J., 36 (1942) I13. 
3s j .  F,  MACKWORTH, Biochem. J,, 42 (I948) 82. 

K. BAILEY and  E. C. WEBB, Bioehem. J., 42 (1948) 60. 
s, M. L. ANSON, J. Gen. sPhysiol., 23 (194 o) 321. 
,3 M. P.  SCHUBERT, J. Biol. Chem., 114 (1936) 34 I. 
26 H. LAWACZEK, Biochem. Z., I45 (I924) 351. 
s? C. FROMAGEOT, E. WOOKEY, and  P.  CHAIX, C. R. Aead. Sei., Paris, 209 (1939) Io19. 
ss j .  !v[. LAWRENCE and C. V. SMYTHE, Arch. Biochem., 2 (1943) 225. 
s9 j .  H. QUASTEL and  W. R. WOOLDRIDGE, Biochem. J., 22 (1928) 689. 
so V. R. POTTER and  K. P.  DuBol s ,  J. Gen. Physiol., 26 (1943) 391. 
31 F.  B. ST]O, UB, Studies Inst. Med. Chem. Univ. Szeged, 3 (1943) 38. 
3, L. F.  LELOIR and  M. DIxoN, Enzymologia, 2 (1937-8) 8I. 

S. P.  COLOWICK and  H. M. KALCKAR, J. Biol. Chem., 148 (1943) I17. 
• l H. LEHMANN and  L. POLLAH, Biochem. J., 36 (1942) 672. 
86 D. M. NEEDHAM, Report to Ministry of supply (London) by DIXON, no. 15 (1942) (available on 

reques t ) .  
3a D. NACHMANSOHN and  H. M. JOHN, J. Biol. Chem., 158 (1945) 157. 
87 W. T. ASTBURY and  R. LOMAX, J. Chem. Soc. (1935) 864. 
ss K. BAILEY, W. T. ASTBtrRY, and  K. M. RtrDALL, Nature, 15i (1943) 716. 
39 j .  D. BERNAL, Perspectives in Biochemistry, Cambridge:  Un ive r s i ty  Press  (1938) 45. 
40 W. T. ASTBORY, Proc. Roy. Soc., B 134 (I947) 303 • 

R e c e i v e d  A u g u s t  I 4 t h  , I94 7 


