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It  is now generally accepted that the system actin, myosin and adenosine tri- 
phosphate (ATP) contains the essential components of the contractile mechanism of 
muscle, but  the nature of the interaction of the three, whether in solution, in gel form 
or in situ, is far from being elucidated. The present paper is concerned only with the 
physical changes in the state of aggregation of the isolated, purified protein components 
in solution during such interaction. 

Since the interaction is especially pronounced when the actin partner is in the 
F-form, this will first be considered. The physical changes involved in the transformation 
ot G-actin to F-actin by the addition of salt or by the lowering of pH have generally 
been regarded, on the basis of measurements of viscosity (STRAUB 1, 2), flOW birefringence 
(STRAUB 1, 2, BARBU AND JOLy3), sedimentation (PoRTZEHL, SCHRAMM AND H. H. WEBER 4, 
H. H. WEBER 5) and light scattering (JOHNSON AND LANDOLT 6, STEINER, L:tKI AND 
SPICER 7) as a process of linear polymerisation of globular actin molecules. The electron 
micrographs and X-ray photographs of F-actin (JAKuS AND HALL s, ASTBURY, REED, 
PERRY AND SPARK 9, R6zsA AND STAUDINGER 10, SNELLMAN AND ERD6S n, and R6zs:~, 
SZENT-GYoRGYI AND WYCKOFF12), while providing visual evidence for this concept, 
involve an additional variable of drying and may therefore not be of direct relevance 
to the system under investigation. 

The current view on the interaction of F-actin and myosin is that it involves 
complex formation, and that the action of ATP is to cause dissociation of the complex. 
The experimental evidence in support of this view is derived from measurements of 
viscosity (BANGA AND SZENT-GYORGY113, MOMMAERTS14), sedimentation (SNELLMAN AND 
ERDOS 15, JOHNSON AND LANDOLT TM) and light scattering (JOHNSON AND LANDOLT 6, 
MOMMAERTS~4). Here too, electron optical observations in support of this thesis are 
available (PERRY, REED, ASTBURY AND SPARK1:). There is, however, no agreement with 
regard to the mode of changes in configuration during such an interaction. Thus, light 
scattering alone has indicated an overall coiling (JORDON AND OSTER TM) as well as an 
extension (BLu~t19). Measurements of viscosity likewise suggest a greater complexity 
than has hitherto been considered (see for example LAKI AND CLARK20). While some 
difficulties are inherent from the complexity of the system, differences in the purity 
of the preparations and in the refinement of experimental techniques, the major diffi- 
culty may lie much deeper. 

The thixotropy of F-actin and F-actomyosin has frequently been mentioned (see 
STRAUB 1,2, DUBUISSON21, JAISLE22). All the physico-chemical studies so far carried out 
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on the solution phase seem to be based on the assumpt ion that  by employing sufficiently 
dilute solutions (o.2-o.3 % or lower) th ixot ropy can be annul led  and tha t  the seemingly 
cons tan t  physico-chemieal properties of the whole system depend only on the charac- 
teristics of the individual  protein molecules. The only recorded doubt  seems to be tha t  
expressed by H. H. WEBER AND PORTZEHL ~ who suggested tha t  the cons tancy  of the 
viscosity in repeated viscometer runs  could also be due to a balanced process between 
the dest ruct ion of s t ruc tura l  viscosity dur ing  movemen t  and a bui ld ing up in the rest ing 
parts  of the liquid. 

I t  is possible to observe the gel s t ructure  of F-ac t in  down to concentra t ions  very 
much lower than  0.o5%. When an apparen t  t rue solution, forced out of a very fine 
capillary under  high pressure after the flow time is constant ,  is allowed to flow down 
the wall of a test  tube, the s t ream is not  homogeneous bu t  can be seen against  s t rong 
light to consist of microscopic lumps. The persistence of flow birefringence of a dilute 
solution of F-ac t in  or F-ac tomyosin  long after the cause of d is turbance  has ceased, 
likewise suggests some kind of s t ructure  in solution. I t  seems tha t  the val id i ty  of the 
s t raightforward applicat ion of such techniques as viscosity, flow birefringence, light 
scattering, sedimenta t ion  etc. to such thixotropic systems exhibi t ing s t ructure  in 
solution has so far not  been questioned. 

In  the following, some exper imental  evidence, derived from fluorescence-polari- 
sat ion measurements ,  will be presented which appears difficult to in terpre t  on con- 
vent ional  lines. I t  is be t te r  explained by changes in s t ructure  in solution ra ther  than  
by the presence of stat ic l inear  polymers in F-ac t in  or of complex "copolymers"  in 

F-actomyosin.  

EXPERIMENTAL 

Preparation o/actin. F-actin was prepared from rabbit skeletal muscle by the method described 
in a previous paper 23. The preparation was electrophoretically homogeneous at pH 2 and io. Judging 
from the "specific viscosity" and the actomyosin-forming ability, the activity was very much higher 
than the actin prepared according to FEUER, MOLN~R, PETZK6 AND STRAUB 24. 

Preparation o[ myosin. Myosin was prepared by the method of SZ~NT-GY6RGY125. After the 
first and second precipitations and redissolving in o.6 M KC1, the solution was filtered through paper 
pulp and precipitated for the third time. Only freshly prepared myosin was used for the experiments. 

Methods. Measurements of viscosity were employed as a qualitative check on the activity of 
actin before and after the experiments and were carried out in the TSUDA 28 horizontal viscometer 
described in a previous paper2L The coupling of actin with I-dimethyl-aminonaphthalene-5-sulphonyl 
chloride by the method of G. WEBER °"8 is described in the accompanying paper 2~. When the coupling 
and the subsequent dialysis were carefully carried out at o ° with ATP as stabilizer, the properties 
of actin such as solubility, "polymerisability" and ability to form actomyosin underwent little change. 
The polarisation of the fluorescent radiation of the conjugate was measured by G. WEBER'S tech- 
nique28,30,81. In this paper the same notations will be used as those in the earlier papers. 

Preliminary attempts to couple myosin with the fluorescent dye at low temperatures have not 
been successful. Even with the protection of ATP 32, myosin was invariably denatured. 

RESULTS 

"Polymerisation" o/ actin 

G. WEBER 33 has s tudied the polarisat ion of fluorescent dyes in thixotropic gels at 
rest or on shaking or when the suspending med ium set to a gel. In  all cases the polari- 
sation remained unchanged.  I t  is therefore possible to s tudy  the ro ta t ional  relaxat ion 
of fluorescent dyes even when the macroscopic medium resists ro ta t ion  and  diffusion. 
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He has also shown 31 that  conjugates of native bovine serum albumin and ovalbumin 
showed polarisations which were independent of the changes of translational diffusion 
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Fig .  T. F l u o r e s c e n c e - p o l a r i s a t i o n  of F - a c t i n  in  
o.1 M KC1 + lo  ~ 31 A T P  a t  p H  7. 

o p e n  c i rc les  - p o l a r i s a t i o n  on  h e a t i n g  up .  
c losed  c i rc les  p o l a r i s a t i o n  on coo l ing  down.  

with concentration. 
The polarisation of the fluorescent radi- 

ation of the actin-dye conjugate in o.I M 
KCI in the presence of IO -'t M ATP at 
neutral pH is given in Fig. I. At this ionic 
strength, the degree of "polymerisat ion" 
of F-actin appears to be near a maximum 
(compare FEUER et al. 24, STEINER et al3, 
BARBU AND JoLYa). The thixotropy and flow 
birefringence of the labelled actin remained 
unchanged after the protein was heated to 
45 ° C in the course of the experiments. The 
slope and intercept of the curve I /p-Tf l] ,  
where p is the polarisation, T the absolute 
temperature and ~ the microscopic viscosity 
of the solvent, combine to give a rotational 

relaxation time 9h = 31.6.1o -8 sec at 25 ° C. Calculated in the manner outlined in 
the previous paper 29 for an anhydrous particle, this value corresponds to a particle 
weight of 147,ooo, and for 39% hydration, 134,ooo. 

In the previous paper 29 on depolymerised actin, it has been shown that  for mono- 
merle actin the particle weight is 70,0o0 and the rotational relaxation time ~-, 15" I O  - s  

sec; and the corresponding values for the dimeric form, i4o,ooo and 3o.5. io  -s sec 
respectively. I t  is apparent there/ore that thc kinetic units in F-actin are the actin dimers. 
In 0.5 M KC1 (the myosin solvent) in the presence of IO -4 M ATP, the behaviour of 
F-actin was found to be similar to that  in o.I M KC1 ( +  I o - ~ M  ATP) (Fig. 2); the 

values, i.e., 32.1 and 31.6. io -s sec respectively, agree with each other within the 
experimental error. 

From these results, it would appear 
that,  in F-actin solutions, there are no 
polymeric fibrils or aggregates such as 
the "ovoids" of particle weight ~-~I.5" lO 6 
observed by ROZSA el al. 1~ in the electron 
microscope. There are, however, two pos- 
sible alternative explanations for the 
experimental observations: (1) The units 
forming the linear polymer of F-actin 
possess some degree of free rotation along 
the fibre axis. (2) The polarisation is due 
to small, labelled actin molecules which 
have not taken par t  in polymerisation 
and which remain free among the net- 
work of F-actin fibrils. For alternative 
(I) one would expect a temperature  de- 
pendence of free rotation and corre- 
spondingly an upward curvature of the 

ATP 
4TP • ~ / 

• i 

Fig .  2. F l u o r e s c e n c e - p o l a r i s a t i o n  of F - a c t i n  a n d  
F - a c t o m y o s i n  in 0. 5 M KC1 + o .oo6,~I  p h o s p h a t e ,  

p H  7- ( F - a c t i n  in  p r e s e n c e  of lO -~ M A T P )  

q)  a c t i l l :  m y o s i n  = I : 2 ( w e i g h t  r a t io )  
(D a c t i n :  m y o s i n  = i : 4 ( w e i g h t  r a t io )  

E f f ec t  of A T P  s h o w n  for  26 ° (see a lso  Fig .  3) a n d  
22°C .  
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r/p-T/~ curve. However, the experimental points covering a temperature range from 
I ° to 45 ° follow a strictly linear course. Alternative (2) is not likely on two grounds: 
(a) Ultracentrifugal experiments on labelled F-actin carried out in collaboration with 
Dr P. JOHNSON a4 have shown that  when the fast moving gel components were spun 
down leaving only the "unpolymerised" actin of 5" :- 3 -4, the fluorescence is associ- 
ated almost entirely with the gel phase. (b) The l)olarisation of the fluorescent radia- 
tion of depolymerised actin, whether active or inactive, does not change on the ad- 
dition of myosin. With F-actin, there was an instantaneous, ATP-sensitive change, 
concomitant with other changes in physico-chemical characteristics, which will be 
described in detail in the next section. Therefore, the observed polarisation in F-actin 
must be due predominately to those actin particles exhibiting F-aetin characteristics 
but not to the interstitial "unpolymerised" actin molecules. 

If  the kinetic units of F-aetin are those of the dimer, it is necessary to find alterna- 
tive interpretations for the very high values of the particle weight of aetin derived from 
other physico-chemical techniques. The suggestion is made here that  these higher 
values are based on observations which are derived from structures in solution and 
which do not represent the true microscopic state of the individual particles. 

In the case of viscosity, flow birefringence and light scattering, this may not be 
difficult to visualize. The most serious objection, however, may come from sedimentation 
in the ultracentrifuge. Studies from different laboratories 4,16, a~ using the classical prepa- 
ration of STRAUB 2,~4 showed more or less reproducible sedimentation velocity at pH 7 
(5o-65 S) for F-aetin. However, it may  be significant that  SNELLMAN, ERI)6S .aND 
TENOW a~ observed a variation of sedimentation "constant"  with speed. That  sedi- 
mentation with relatively definite velocity in the ultracentrifuge need not necessarily 
arise from the true physical characteristics of the individual solute particles in all soluble 
systems but may result from structures in solution or other causes can be illustrated 
by the behaviour of concentrated urea solution or o.6 M KI.  Experiments carried out 
in collaboration with Dr A. G. OGSTON a2 on 6. 7 M urea itself ( +  0.075 M phosphate, 
o. 3 M KC1, pH 6.5) have shown that  urea (molecular weight 6o) sediments with S = 
1.2 Svedberg units pertaining to particle weight of several tens of thousands. The possi- 
bility of the existence of structure in concentrated urea solution has previously been 
demonstrated with viscosity measurements (TsAo et al.27). Similarly, experiments carried 
out in collaboration with Dr P. JOHNSON a4 on 0.6 M KI  (molecular weight 166) show 
demonstrated with viscosity measurements (TsAo et alY). Similarly, experiments carried 
a very rapid sedimentation in the ultracentrifuge ; but the exact sedimentation constant  
has no t  been evaluated. 

Interaction o/actin, myosin and A TP 

The actomyosin-forming ability of labelled F-actin is comparable to that  of un- 
labelled actin. If this interaction is due to complex formation, the a t tachment  of 
particles of molecular weight lO 6 to the fluorescent units of particle weight 14o,ooo 
would increase the molecular volume and relaxation time so enormously that  a hori- 
zontal I/p-]'/~ straight line would be expected from G. WEBER'S theory a°. I t  has not 
been possible to obtain labelled myosin without denaturation, but  the polarisation of 
the labelled "framework of myosin" (i.e. myosin from which open chain subunits of 
average particle weight 16,ooo have been removed by urea treatment),  for which ultra- 
centrifuge data 32 indicated a sedimentation constant S = 8 - -  7 Svedberg units, does 
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follow a horizontal line as predicted by WEBER'S theory. In the case of F-actomyosin, 
however, the slope, contrary to expectation, is increased relative to that  for F-actin 
(Fig. 2). The slope and intercept combine to give a relaxation time Qh = I4.9 '  lO -8 sec, 
identical to that  for the actin monomer, I5" IO s sec. 

When AT]? is added to ttle system, there is a pronounced rise in polarisation 
simultaneous with the visible drop in 

7 ATP ATP ATP 
ATP ~ 1 

2b ~ ,b 
Time (rain.) 

Fig. 3. Effect of ATP on the  fluorescence-polari- 
sation of F-actomyosin in 0. 5 M KC1 + 0.oo6 M 

phosphate,  pH 7.0, 26.o ° C. 

viscosity and flow birefringence. The 
polarisation gradually recovers as the 
ATP is progressively hydrolysed and 
the system responds once more to fresh 
addition of ATP. When ATP is present 
in great excess, the recovery is ex 
tremely slow, when in small amount,  
very fast. Fig. 3 is reminiscent of the 
changes induced by ATP on the vis- 
cosity and flow birefringence (DAINTY, 
KLEINZELLER, LAWRENCE, MIALL, 

NEEDHAM, NEEDHAM AND SHEN 87) a n d  

light scattering (JOHNSON AND LAN- 
DOE#) of actomyosin. 

If  the exact magnitude of the polarisation, however, is analysed, and compared 
with that  for F-actin, a quite extraordinary correlation stands out. For a maximal rise 
of polarisation (i.e. drop in I/p), the values seem to be identical with that  of F-actin 
(Fig. 2), and it appears that  the kinetic unit o/ F-actin is that o[ a dimer which dissociates 
into monomers when interacting with myosin. Under the influence o/ A TP, the actin 
monomers are again reunited to/orm the dimer. 

The tentat ive conclusion seems to be, whatever the nature of the interaction 
between actin, myosin and ATP, and whatever the changes induced in myosin, that  
there appears to be no complex formation between actin and myosin in the conventional 
sense of the term and that  this interaction involves, on the part  of actin, a monomer- 
dimer transformation. 

The demonstration of a monomer-dimer transformation in depolymerised actin has 
been described in the previous paper 29. I t  was shown there that  the two monomers are 
probably linked together at the nucleotide prosthetic group of actin through a divalent 
metallic ion, and that  ATP or other polyphosphates compete for the ion, causing dis- 
sociation of the dimer. I t  may be argued that  the observed changes in actomyosin may 
in fact be the monomer-dimer transformation of those actin particles which have not 
taken part  in the "polymerisat ion" and interaction with myosin. This cannot be so for 
the following reasons: (I) The monomer-dimer transformation demonstrated in de- 
polymerised actin was very slow and was induced under rather irreversible conditions, 
whereas the changes observed in actomyosin were instantaneous and remained reversible 
for many  cycles. (2) The action of ATP on depolymerised actin was to dissociate tile 
dimer into the monomers whereas the effect induced in actomyosin, as far as the actin 
partner is concerned, was to favour the recombination of the monomers into the dimer. 
(3) When myosin was added to labelled actin, which had been "depolymerised",  whether 
reversibly or irreversibly, into the "globular" form, there was no change in the polari- 
sation. 
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der Lichts t reuung und der Sedimentat ion scheint die ATP eine augenblickliche Rtickdimerisation 
des Act inpar tners  zu verursachen.  

5- Diese Beobaehtungen und die verOflentlichen Ergebnisse anderer  Forscher, die verschiedene 
Methoden benfitzten, werden besprochen in Bezug auf die sich gegenseitig auschliessenden Ansichten 
fiber die Polymerisat ion und entgegen der Bildung dynamischer  S t ruk turen  in L6sung. 
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