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SUMMARY 

Quasi-elastic scattering of laser light is now becoming a powerful tool for the 
study of dynamic properties of both biological and non-biological macromolecules. 
In solutions of biological macromolecules, aggregation-disaggregation of molecules 
under study usually depends on solvent conditions. Therefore, special attention 
must be paid in light-beating spectroscopy. 

By use of both homodyne and heterodyne methods, the spectral densities of 
solutions of F-actin and of a complex of F-actin and heavy meromyosin were measured. 
The half-width of the heterodyne spectrum was much wider than that  of the homo- 
dyne spectrum. This was probably due to polydispersity of F-actin. The results 
showed that laser light scattering gave information about the dynamics of free 
filaments, although low frequency rheometry has suggested the rubber-like elasticity 
of the solution of F-actin and heavy meromyosin. 

The interaction between F-actin and heavy meromyosin was studied in the 
presence of pyrophosphate (PPi). At PPi concentrations between IO and IOO #M, 
the spontaneous bending motion of F-actin occurred as if heavy meromyosin were 
not present, although turbidity of the solution indicated that heavy meromyosin 
was, in fact, bound to F-actin. This meant that there were two types of binding 
state of the F-actin-heavy meromyosin complex. A plausible model is that, in the 
absence of PPi, the two heads of one heavy meromyosin molecule simultaneously 
interact with two neighbouring monomers in F-actin, whereas a single head binding 
occurs in the presence of PPi. Above IOO #M PPi, heavy meromyosin seemed to 
dissociate from F-actin. However, it was not clear whether or not this was due to 
a direct effect of PPi on heavy meromyosin alone, because the dynamic properties 
of F-actin also changed. 

Assuming that actin filaments are cross-linked by myosin, a simple model is 
proposed to explain qualitatively the rubber-like elasticity of the solution of an 
F-actin-heavy meromyosin complex. 

INTRODUCTION 

Since the pioneering work of Pecora 1 in 1964, quasi-elastic scattering of laser 
light has become a useful tool for the study of dynamic properties of macromolecules. 
We have previously studied spectral densities of some biological macromolecules TM. 
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To measure very narrow spectral densities, there are two methods most commonly 
used at present; one is the optical heterodyne method 13 and the other the optical 
homodyne method 14. In our studies, the latter method has been employed2, 9. How- 
ever, the question arises of whether the experimental spectrum is a pure homodyne 
one or not. When, for example, there is a large aggregate(s) of themacromolecules 
under study, the scattered light from the aggregate will act as a reference signal 
in the heterodyne method (see the next section). In solutions of biological macro- 
molecules, aggregation-disaggregation usually depends on solvent conditions. In 
this paper, we will examine whether the homodyne spectra are pure optical homodyne 
or not, with special reference to muscle F-actin and a complex of F-actin and heavy 
meromyosin in the absence of ATP. 

F-actin is a two-stranded helical polymer, with a contour length longer than 
I /zm.  In such a case, the spontaneous bending motion of the polymer can be observed 
to contribute to the broadening of the scattered light3, 9. When F-actin and heavy 
meromyosin are mixed in a solvent without ATP, heavy meromyosin binds to 
F-actin up to a molar ratio of heavy meromyosin to actin of unity 15. We have studied 
this complex by the homodyne methoda, 9. The result of the spectral analysis is sche- 
matically quoted in Fig. I, where z is the relaxation time of the spontaneous bending 
motion and D the translational diffusion coefficient of the complex filament 3. We 
concluded from these data that  F-actin becomes flexible when heavy meromyosin 
binds to F-actin in a molar ratio within a certain range 9. According to Abe and 
Maruyama TM, the dynamic rigidity (or rigidity modulus for a shear stress) of the com- 
plex markedly increases as the molar ratio increases (see Fig. I). This must be related 
to the rubber-like elasticity (i.e. the formation of cross-links). Furthermore, they 
observed that  the dynamic rigidity of the complex solution became about 3 times 
larger than the original value after added ATP was split into ADP and inorganic 
phosphate. The dynamic rigidity is proportional to the 3.5th power of the concen- 
tration of the complex, in the range they studied (0.5 to 3 mg/ml F-actin at the molar 
ratio of about 1:2). The aggregate seems to be very fragile, because the rigidity 
modulus strongly depends on the velocity gradient. On the other hand, spectral 
analysis showed no appreciable change in the dynamic properties of the complex 
after added ATP was split. A solution of the present complex was very viscous 
when allowed to stand. Even in such a case, the I / r  values of low frequency spectra 
were the same as those of a fresh solution. Furthermore,  the concentration dependence 
of both D and I/T was not observable in the range from I to 3 mg/ml F-actin at the 
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Fig. I. Schematic illustration of IIv (Hz), D (arbitrary units)4, 9 and dynamicrigidity (dynes/cm~) 16 
against the molar ratios of heavy meromyosin to actin. 
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molar ratio of 1:6, where the value of I/T was minimaP. From the differences in the 
behaviour of the internal relaxation time (I/T) and of the dynamic rigidity, we be- 
lieve that  the light scattering experiment deals with free filaments, whereas the 
rigidity experiment deals with aggregates of filaments. In order to clarify this situa- 
tion, the present experiments were carried out. The interaction between F-actin and 
heavy meromyosin was also studied in the presence of pyrophosphate. 

THEORETICAL 

Since macromolecules in solution undergo Brownian motion, the frequency 
of light scattered from these molecules will be shifted to some extent due to the 
Doppler effect. The amount of this shift is related to the dynamics of molecular 
motion 1. The most dominant contribution of the molecular motion to the line broad- 
ening comes from the translational diffusive motion of the molecule. However, the 
conformational fluctuations of macromolecules (such as F-actin presented here) 
also contribute to the line broadening under favorable experimental conditions 3. 
A theoretical study based on a simple model of molecular motion gives the following 
expressions for the frequency spectrum of scattered light 3,12: 

(i) Heterodyne case 

S(K,0)) = Po(lOLh(o) + P2(K)Lh(2) + P4(K)Lh(4) + .... 

Lh(N ) = (OK 2 + N/zl)/~z 
0)2 + {DK 2 + N/r1}2 

( I )  

(ii) Homodyne case 

S(K,0)) = PooL(o) + 2Po2L(2) + (P22 + 2Po*)L(4) + .. . .  (2) 

PUN -- PM(K)PN(K), 

{2DK 2 + (M + N) / za} /n  
L(M + N) - 

0) 2 -[- {2DK 2 + (M + N ) / z l }  2 

Here PN(K) values (N: even integers including zero) are the scattering form factors, 
D is the translational diffusion coefficient, K is the scattering vector, whose length 
is given by K = (4~z/2) sin (O/2) (~, the wavelength of incident light in a medium; O, 
the scattering angle), zx is the slowest relaxation time of the spontaneous bending 
motion of the polymer: 

I6 L 3 
rl . . . . .  kT  (3) 

817~ 4 D~ 

where L is the extended length of the polymer and e is the flexural rigidity. The 
longer the relaxation time, the more flexible is the polymer (or the smaller is the e). To 
sum up, the heterodyne spectrum consists of Lorentzians with half-widths at half- 
height 

F h = D K  2 + N / z a  (in Hz units) (4) 
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whereas the homodyne spectrum consists of Lorentzians with widths 

F = 2DK 2 + ( M  + N) / z~  (in Hz units). (5) 

Next we consider the case where large aggregates coexist with free filaments. 
If the beat note occurs between scattered light beams from large aggregates and from 
free filaments, partial heterodyning will occur. In such a case, the half-width at 
half-height of the spectrum will not be equal to either Eqn 4 or Eqn 5. 

In Eqns I and 2, the experimentally important terms may be Po, P~ and P4 
(or P0o, 2Po2 and P22 + 2P0~) 12. At the present stage, a multi-Lorentzian approxima- 
tion is unfortunately difficult because of the lack of reliable values of P~v(K). How- 
ever, if it is possible to approximate the experimental spectrum using a single 
Lorentzian having an appropriate width, we can discuss the qualitative nature of 
the dynamics of the polymer ~,°, 12. In the K range of our measurements, the homodyne 
spectrum of F-actin is well approximated by (P22 + 2P04)L(4) (ref. 3) and the hetero- 
dyne spectrum by P2Lh(2) (ref. 12). Throughout this paper, we will adopt a single 
Lorentzian approximation, where the half-width U is given by (cf. Eqns 4 and 5) 

F = D K  2 + I / ' C  (heterodyne) 
o r  

F --- 2DK 2 + I/Z (homodyne) 

The slope and the intercept with the ordinate of the F -- K S curve give apparent 
values of D and I/Z, respectively. 

MATERIALS AND METHODS 

Actin and heavy meromyosin were prepared from rabbit skeletal muscle as 
described previously 9. The molecular weights of G-actin and heavy meromyosin were 
assumed to be 5.1o 4 and 3.1o 5, respectively. The concentration of F-actin was 
determined by measuring the degree of flow birefringencelL A Zeiss spectrophoto- 
meter was used to determine the concentration of heavy meromyosin TM and to 
measure the absorbances at 330 nm and 350 nm. 

The light-scattering apparatus used in this work was the same as that used 
previously 2. A 632.8-nm light beam from an He-Ne laser (approx. 15 mW) was 
passed through the solution. The scattered light was frequency analysed. The band- 
width of the analyser was 3 Hz. In this study, a teflon wedge was used in order to 
produce the reference signal in the heterodyne method (see Fig. 2) TM. As a standard 
scatterer to test the method, a dilute aqueous solution of polystyrene latex spheres 
(Dow Chemical Co.) was used, whose diameter were 234.0 ± 2.5 nm. All the measure- 
ments were made at room temperature (20 to 22 °C). 

¢ 

Fig. 2. Top  view of t he  sca t t e r ing  cell. A teflon wedge  was  placed to p roduce  a local oscil lator 
s ignal  in t he  h e t e r o d y n e  me t hod .  • is t he  sca t t e r ing  angle. 
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RESULTS AND DISCUSSION 

(z) Polystyrene latex spheres 
In order to test the theory and the experimental method, an aqueous solution 

of polystyrene latex spheres was studied by  both the homodyne and heterodyne 
methods. In this case, the F values in Eqns 4 and 5 are simply written as 

Fh = D K  2, F = 2 D K  2 (in Hz units), (6) 

D = kT/6ntloa (7) 

where k is the Boltzmann constant, T is the absolute temperature, 2/o is the solvent 
viscosity and a is the radius of the sphere. Fig. 3 shows the half-widths at half-height 
of spectra measured at various values of K. Satisfactory straight lines were obtained 
for both homodyne and heterodyne spectra. The heterodyne spectra usually showed 
high noise levels because of the poor isolation of the apparatus from mechanical 
vibration. Experimental  data  at 20 °C gave the following figures: 

D (homodyne) -- (0.193 + o.oo2), lO -7 c m 2 / s  

D (heterodyne) = (o.198 + o.oo4)" lO -7 cm2/s 

which must  be compared with the theoretical value: 

D (Eqn 7) = (o.194 _ o.ooi),  lO -7 c m 2 / s  

Good coincidence between these values proves that  the present method can be used 
in the following experiments. 
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Fig. 3. Half-widths at  half-height of heterodyne and homodyne spectra of an aqueous solution of 
polystyrene latex spheres against  the square of the scattering vector. K ~ (4~/I) sin (~/2), where, 

is the wavelength of the incident light in a medium. Concentration: about 0.03 mg/ml;  the 
diameter of spheres: 234.0 4- 2.5 nm. O, homodyne;  [3, heterodyne. 

Fig. 4. Examples  of spectral densities of an F-actin solution in heterodyne and homodyne methods.  
Concentration: 3 mg/ml F-actin;  solvent:  o.I M KC1, 2. 5 mM MgC12, IO mM Tris-HC1 (pH 8.0) 
and 5 °/~M ATP. 
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(2) F-act in  
Fig.  4 shows examples  of spectra l  densi t ies  measured  b y  homodyne  and  

he te rodyne  methods .  The reproduc ib i l i ty  of recorded spec t ra  was so good t ha t  
successive spec t ra  from the  same solut ion could be super imposed  in order  to average 
out  acc identa l  noise. All  the  spec t ra  could be a p p r o x i m a t e d  with  a single Lorentz ian  
having  the  correct  widths  s, 12. Fig. 5 shows the ha l f -widths  at  ha l f -height  versus K 2 

of spec t ra  of an F -ac t in  solut ion b y  the two methods .  The  resul t  using the homodyne  
me thod  coincided wi th  the  previous one a,". On the  o ther  hand,  the  ha l f -widths  at  
ha l f -height  of he te rodyne  spec t ra  were ve ry  broad.  (We have  exper ienced a similar  
s i tua t ion  in the  case of bac te r ia l  flagella12.) This presents  a m a r k e d  con t ras t  to the  
case of po lys ty rene  la tex  spheres,  where the  half  wid th  of the  he te rodyne  spec t rum 
is one half  t ha t  of the  homodyne  spect rum.  This appa ren t  cont rad ic t ion  u n d o u b t e d l y  
came from the  sample  polydispers i ty .  The  length  d i s t r ibu t ion  of F -ac t in  has been 
known to be of an exponent ia l  t ype  2°,el. A t  the  present  stage, however,  we have  
l i t t le  knowledge abou t  an averaging  procedure  of the  spec t rum wi th  respect  to the  
length  d i s t r ibu t ion  of polymers .  Al though  a t r e a t m e n t  in a previous  paper  12 seems 
also to expla in  the  present  result ,  such a discussion is not  of in teres t  a t  present ,  so 
t h a t  we have  not  inves t iga ted  this  problem.  However ,  the  exper imenta l  he te rodyne  
spec t ra  were indeed wider  than  the homodyne  ones. We wish only  to emphasize  here 
t ha t  when par t i a l  he t e rodyn ing  occurs, the  spec t rum is more or less wider  than  the  
pure  homodyne  one. 
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Fig. 5. Half-widths at half-height of heterodyne (O, O) and homodyne ([2, B) spectra of an 
F-actin solution against the square of the scattering vector. Concentration: O, I ,  5 mg/ml 
F-actin; O, D, 3 mg/ml F-actin; solvent: the same as in Fig. 4- Experimental error of each 
point is about 4- IO Hz (O, O) and =}=5 Hz ([2, m). 

Fig. 6. Half-widths at half-height of heterodyne (O, 0 ,  ~)  and homodyne ([], m, []) spectra 
of an F-act-in-heavy meromyosin complex solution against the square of the scattering vector. 
Molar ratio of heavy meromyosin to F-actin: i :6; concentration of F-actin: o. 5 mg/ml (O, [3) 
and i mg/ml (O, ~ ,  B, []); solvent: o.i M KC1, 2.5 mM MgCI~ and io mM Tris-HC1 (pH 8.o). 
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(3) F-actin-heavy meromyosin complex 
The solution of an F-act in-heavy meromyosin complex at a molar ratio of 

heavy meromyosin to actin of 1:6 was studied by  the two methods (Fig. 6). The 
results clearly showed that  heterodyne spectra were wider than homodyne ones. 
From Figs 5 and 6, we see that  the values of I/T of the complex are smaller than those 
of F-actin alone in both cases. Therefore, the change in I /z  of homodyne spectra 
on the addition of heavy meromyosin is opposite to the change in I / ,  expected 
from the occurrence of partial heterodyning. That  is, if partial heterodyning had 
occurred in the case of the complex solution, the I /z  of the pure homodyne spectra 
would be smaller than the I/Z of the present homodyne spectra. If so, F-actin in 
the complex might be more flexible than we have expected. 

Aggregates of filaments, as shown by  the measurement of dynamic rigidity, 
seem not to affect the present light-beating spectroscopy. Why does laser light 
scattering not detect the effect of cross-linking between filaments? This is probably 
due to the following facts: Eigen values (i.e. relaxation times) of the transverse vibra- 
tions of a rod are the same in both cases, i.e. both ends free or both ends clamped, 
provided that  the end-to-end distance is equal a, 22. Thus, if cross-links occur at both 
ends of filaments, the value of I/Z of filaments in the tightly bound network will 
be nearly equal to that  of free filaments. However, if the distance between two cross- 
links on a filament is shorter than the end-to-end distance of a free filament, the 
value of I /z  becomes very large, because the z is proportional to the 3rd (or 4th) 
power of the length (see Eqn 3). In such a case, the spectral component due to network 
becomes weak and wide, only contributing to the leveling up of the base line of the 
narrow component due to free filaments, just as does the shot noise. To sum up, 
the present spectral analysis shows that  the change in I/Z observed by  the homodyne 
method reflects changes in the intrinsic flexibility of individual actin filaments 
as a result of the interaction with heavy meromyosin. This supports our previous 
proposal that  F-actin becomes flexible when heavy meromyosin binds to it4, 9. 

(4) F-actin-heavy meromyosin complex in the presence of pyrophosphate 
Fig. 7 shows the experimental results of the absorbances (A) at 350 nm and 

330 nm, the degree of flow birefringence (An), D and I/Z of F-actin alone (filled 
symbols) and of the complex of F-actin and heavy meromyosin at a molar ratio of 
1:6 (open symbols) at various concentrations of pyrophosphate (PPi). As the con- 
centration of PPI increased, a marked decrease of D and a slight increase of A of 
the complex were observed, whereas both D and A of F-actin alone remained con- 
stant. These facts suggest that  the complex tends to form a kind of aggregate or 
micro-network. The value of D suggests that  this aggregate consists of only a few 
filaments. On the other hand, the I/T of the complex above IO #M PPi became almost 
the same value as that  of F-actin alone. That  is, the bending motion of the complex 
occurred as if heavy meromyosin were not present. Experimental  results by  the 
heterodyne method showed that,  in the presence of 30 #M PPI, the value of I/T 
of the complex was nearly the same as that  of F-actin alone (Fig. 8). This suggested 
that  the change in I/Z of the complex against the PPi concentration did not correspond 
to the occurrence of partial heterodyning, but to the change in the intrinsic flexibility 
of the complex. The changes in A and An of the complex above IOO #M PPi could 
be attr ibutable to the dissociation of heavy meromyosin from F-actin, as in the 
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presence of ATP zS. Nevertheless, it was difficult to conclude that the dissociation 
of heavy meromyosin from F-actin was due to the direct effect of PPI on the former 
alone, because I/Z of both the complex and F-actin alone changed in parallel (Fig. 7). 
The light scattering experiment suggested a large change in F-actin structure 
above IOO/~M PPi, regardless of the presence or absence of heavy meromyosin. 
Therefore, the effect of PPi above IOO/~M could not be unequivocally explained at 
present. 
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Fig. 7. The effect of pyrophospha te  (PPI) on F-act in and an F-ac t in -heavy  meromyosin  complex. 
Solutions were allowed to s tand  in a cold ba th  at  4 °C for z 5 h after PPl  was added. Open symbols:  
an F-ac t in -heavy  meromyosin  complex; filled symbols :  F-actin alone. (a) A,  Ak, optical density 
(A) at  35 ° nm;  V, ~' ,  degree of flow birefringence at  a shear  rate of 17 s -1 (An) ; ©, O,  z/T (Hz) ; 
E], I ,  D (in an a rb i t ra ry  unit). F-actin:  o. 5 mg/ml ;  heavy  meromyosin:  0. 5 mg/ml;  solvent:  
0.3 M KC1, 2.5 mM MgC1, and io mM Tris-HC1 (pH 8.o). (b) Symbols are the same as in (a). 
A was measured a t  33o nm. F-act in:  0. 5 mg/ml;  heavy  meromyosin  (HMM) : o. 5 mg/ml;  solvent:  
o.I  M KC1, 2. 5 mM MgClz and 25 mM Tris-HC1 (pH 8.o). Light-scat ter ing data  were taken by  
the homodyne  method.  
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Fig. 8. Half-widths at half-height of heterodyne (©, 0) and homodyne (D, • )  spectra of an 
F-actin-heavy meromyosin complex in the presence of 3 °/~M PPI. Molar ratio : I : 6 ; concentration 
of F-actin: o.8 mg/ml (©, D) and o. 5 mg/ml (0, • ) ;  solvent: o.i M KC1, 2.5 mM MgClz, 3 ° #M 
PPI and 20 mM Tris-HC1 (pH 8.o). - - - -, the same as in Fig. 5 ; - - ' - - ,  the same as in Fig. 6. 

The change in the flexibility of the complex at low concentrations of PPI 
probably reflects the manner of binding of heavy meromyosin to F-actin. If the 
change in I/Z (and D) is assumed to be due to the binding of one PPI molecule per 
one heavy meromyosin, the concentration of PPi, where the midpoint of the change 
in I/Z (and D) appeared, can be regarded as a measure of the binding affinity of 
PPi to heavy meromyosin. The apparent binding constant thus estimated was 
2.105 to 3" 105 M-i, in good accordance with the results of equilibrium dialysis 23. 
2 moles of PPi bind to I mole of heavy meromyosin in the absence of F-actin, whereas 
I (about 0.6) mole of PPi binds to I mole of heavy meromyosin in the presence of 
F-actin 2z. Each heavy meromyosin molecule has two heads ~4. Then, the above result 
(below I00/~M PPi) will be understandable as follows. In the absence of PPi, the 
two heads of one heavy meromyosin molecule simultaneously interact with two 
neighbouring actin monomers in F-actin, resulting in the increase of the F-actin flexi- 
bility 9. In the presence of PPi, one of the two heads of one heavy meromyosin molecule 
is probably occupied by PPi and only the other can interact with F-actin. In such 
a case, the F-actin flexibility does not increase, as in the case of the interaction be- 
tween SI (a single head of myosin formed by proteolysis) and F-actin 9. 

This statement, however, does not necessarily mean the non-identity of the 
two heads of one heavy meromyosin molecule. For an explanation of the change in 
I /z upon addition of PPi, it is sufficient to assume only that the interaction between 
actin monomers and the two heads of one heavy meromyosin molecule becomes 
weak when PPi exists. If we assume the lack of "size-fitting" between substructures 
of heavy meromyosin and of F-actin, the simultaneous binding of the two heads of 
one heavy meromyosin molecule with two neighbouring actin monomers is supposed 
to induce a kind of strain in the F-actin (and/or myosin) structure. This strain 
is assumed to be released by loosening the bonds between strands, resulting in the 
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increase of the F-actin flexibility. Let E represent the energy gain due to the formation 
of a bond between an actin monomer and a single head of heavy meromyosin, and 
S the energy loss (or strain energy) induced by the two-head binding. For simplicity, 
the bond energy in the two-head binding is assumed to be 2E. When one heavy 
meromyosin molecule binds to F-actin with both heads ([ single head[) the energy 
gain due to binding of heavy meromyosin will be 2E([ El) and the strain energy 
be S([ o t ). Thus the net energy gain of the system will be 2E - S(] E] ). The difference 
is E - S. Therefore, the two-head binding will occur only when E > S. Since equil- 
ibrium in the solution of F-actin and heavy meromyosin is greatly shifted to the 
complex side, the magnitude of E must be large. On the other hand, the difference, 
E - - S ,  seems to be small and its sign may  depend on the environment. As far as 
the present results are concerned, it may be sufficient to assume that  the magnitudes 
of both E and S are determined by the state of myosin only. The presence of PPt 
probably decreases (and/or increases) the magnitude of E (and/or S), resulting in 
E -- S < o. However, it seems to be necessary in some cases to assume that  the 
magnitude of S is mainly determined by  the state of F-actin. For example, the re- 
moval of free calcium ions from a solution of the complex of F-actin, tropomyosin, 
troponin and heavy meromyosin increases I/~ and decreases D (ref. 7). Since the re- 
moval of Ca z+ makes an F-act in- tropomyosin-troponin complex rigid 1°, the magnitude 
of S probably increases, resulting also in E - S < o. Details about the interaction 
between F-actin and (heavy mero)myosin under various conditions and the 
physiological implication of the F-actin flexibility will be published elsewhere*. 

The decrease of D of the complex in the presence of PPi can probably be 
ascribed to the occurrence of loose binding between another head of one heavy mero- 
myosin molecule bound to one actin filament and a nearby monomer of another 
filament. This is diagramatically represented in Fig. 9 a. Such loose binding may  
be expected in a concentrated solution. (At present, the most dilute solution giving 
a good signal-to-noise ratio is about 0.5 mg/ml F-actin.) We have observed the 
occurrence of such a kind of loose binding between actin filaments in many cases 6,7, 
3,10,,. At the present stage, however, a definite physical picture of loose binding can- 
not be visualized. Aside from the loose binding, it is possible to assume the occurrence 
of tight binding (or cross-links), producing a network structure (Fig. 9 b) 25. The ceaseless 
creation and annihilation of loose binding presumably occur as the result of the 

i I 

(SI -  SI) (& l -S I )  I I (SI-Sl) 
{ S I - S I )  

-PPi I~+PPi I 
I I 

J 
{S I -S I }  I I 

i ( S l - s I )  
I 

(SI-Sl) 

(a) (b) 

Fig. 9. Diagramatic representation of inter-fllamental linking by myosin. , F-actin; 
(S I-S i), heavy meromyosin. (a) Loose link between filaments ( . . . . . .  ). (b) Tight link. For details, 
see text. 

* S. Ishiwata and S. Fujime, unpublished. 
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Brownian motion of filaments, but do not occur in the case of tight binding. The 
occurrence of tight binding is supposed to be an origin of the large rubber-like elasticity 
of the present solutions. 

In the present model, loose binding mainly occurs in the case of a single head 
binding. The occurrence of tight binding may  have no direct correlation to the oc- 
currence of loose binding. The small value of An of the solution of the complex of 
F-actin and heavy meromyosin compared with the An of the solution of F-actin 
alone is thought to come part ly  from the formation of a network structure of the 
complex filaments. I t  should be noted that  the change in An was not observed at 
around IO #M PPi (Fig. 7a). This seems to support our explanation that  the changes 
in I/Z, D and A at around IO ~uM PPi are due not to tight but to loose binding. 

(5) On the rigidity modulus of the solution of an F-actin heavy meromyosin complex 
The two heads of one heavy meromyosin molecule will bind to two neigh- 

bouring monomers in F-actin as mentioned before. Above a molar ratio (X) of heavy 
meromyosin to actin of 0.5, some of the heavy meromyosin are forced to bind to 
F-actin with their single head, because the stoichiometric ratio is unity in a molar 
basis 15. (In this case, loose binding as mentioned before is not expected to occur 
because all interaction sites (or areas) on F-actin with heavy meromyosin are oc- 
cupied.) In a not very dilute solution, however, the two heads of one heavy mero- 
myosin molecule will have a chance to bind with actin monomers belonging to 
different filaments, resulting in the formation of crosslinks (i.e. tight binding). 
I t  must  be noted that  the large rigidity modulus was also observed in the case of 
F-actin and myosin in 0.6 M KC1, but not in the case of F-actin and S126. The Brown- 
ian motion of filaments between cross-links will result in the visco-elastic property 
of the solution 17. For a shear stress, rigidity modulus, R, of the network composed 
of ideal Gaussian chains is given by  R = Y .  kT, where Y is the number density of 
cross-links 27. The present filaments are not Gaussian and, furthermore, their elastic 
property is also a function of X. Since kT  in R = Y .  kT  originated from the flexi- 
bility of the chain, we simply assume here that  the dynamic rigidity of the present 
solution is proportional to the product of Y and the flexibility of the chain between 
cross-links, and the flexibility to z of our experiments. 

A remark is necessary here (for details, see ref. 3). The e in Eqn 3 is expressed 
in terms of ~ (i.e. the inverse of the statistical length) as 

elL = 3kT/4;~L 

The mean-square end-to-end distance, (R2), and the elastic constant for stretching, 
~c, of a chain are also expressed as 

(R2)  = ( e x p ( -  2~L) - I + 2~]L)/2~ 2 and r/L -- 3kTT/L 

Since (R2) = L/~ for vL >> I, it holds that  

~c/L = 3 k T / ( R 2 )  for ~L >> I 

The kT in this last equation is that  expressed in R = Y . k T .  The increase of z 1 
means the increases of both 7 (see Eqn 3) and r/L. The decrease of flexural rigidity e, 
and the increase of ~ correspond to the fact that  a polymer becomes flexible in our 
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terminology. The term "flexibility" has been used as a measure of resistance to the 
spontaneous bending motion of a filament 3-1~. "Rigidi ty" of a solution and "flexi- 
bil i ty" of a filament in the solution must not be confused. 

Then, from our results4, ° and those of Abe and Maruyama 1~, the number of 
cross-links can be estimated in an arbitrary unit (Fig. IO). On the other hand, the 
probabili ty that  the two heads of one heavy meromyosin simultaneously interact 
with two monomers belonging to different filaments, may  be assumed proportional 
to X ( I - X ) ,  or simply X ( X < o . 5 )  and I - X ( o . 5  < X < I ) .  Comparing the 
number of cross-links estimated above with these assumed probability functions 
(Fig. IO), the agreement is fairly well below X = 0.5. Disagreement at higher X 
may  simply be at tr ibuted to some steric restrictions in the cross-link formation. 
If  the F-actin flexibility is assumed to be constant against X, a complicated form 
of the probabili ty function of the cross-link formation must be assumed. The present 
model is very simple for a qualitative interpretation of the dynamic rigidity of the 
complex solution. 
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Fig. IO (a) Dynamic  rigidity (F-actin, 2 mg/ml) le and the internal  relaxation t ime (v)4, 9 of an 
F -ac t in -heavy  meromyosin  complex solution against  the molar  ratio, X, of heavy  meromyosin  
to actin. (b) N u m b e r  of cross-links, Y, in a rb i t ra ry  units.  We assumed Y ~c (rigidity)/v. 
A, Y i n  the case of dot ted line of v; O, Y i n  the case of full line of v; O,  Y if v is assumed to 
be cons tant  against  X. - - ,  Y =  I 8 X ( I  -- X) ;  , Y ~  I 2 X  (X  <_ 0.5) and Y ~  12 
(I -- X) (0. 5 _< X < x). For  details, see text.  

Fig. i i .  The i /v  versus KC1 concentrat ions of the complex of heavy  meromyosin  and F-actin at  
the molar  rat io of i :6 .  Concentrat ions:  0. 5 mg/ml  F-act in and o. 5 mg/ml heavy  meromyosin;  
io mM Tris-HC1 (pH 8.0). O, F-act in alone; @, a complex of F-actin and heavy meromyosin.  
Da ta  were taken by  the homodyne  method.  (D was almost  independent  of KC1 concentrations.) 

The rigidity modulus decreases below, and stays constant above, 0.07 M KC1 x6. 
In this connection, the values of 1/7 of the complex at the molar ratio of 1:6 were 
also measured at various concentrations of KC1 (Fig. I I) .  The 1/7 of F-actin alone 
stayed constant up to 0.3 M KC1. Contrary to this, the 1/7 of the complex largely 
increased below o.I  M KC1. This probably indicates that,  at low salt concentrations, 
the interaction between F-actin and heavy meromyosin becomes weak. According 
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to the above interpretation, the KCl-concentration dependence of the rigidity 
modulus of the complex solution will be due to the changes in I/Z and/or Y. 

(6) Concluding remark 
It  must be noted that the actin-activated Mg*+-ATPase activity of heavy 

meromyosin is higher at 30 mM KC1 than at 60 mM KC128, which means that the 
interaction between F-actin and heavy meromyosin is stronger at lower KC1 con- 
centrations. This is contrary to the present results (Fig. II). A study will be made 
in the future whether or not this discrepancy is due to the absence of ATP in the 
present experiment. A recent study suggests that  the complex of F-actin and heavy 
meromyosin is more flexible than F-actin alone even in the clearing phase, provided 
that the concentration of ATP is appropriate*. Combination of the results obtained 
by quasi-elastic light scattering with biochemical data will lead to a deeper under- 
standing of the molecular mechanism of muscle contraction. 
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