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SUMMARY 

Electric birefringence measurements have been made on aqueous solutions of  
myosin subfragments, heavy meromyosin, subfragments 1 and 2 (S-1 and S-2). All 
of these showed positive electric birefringence. Heavy meromyosin and S-2 showed a 
large intrinsic Kerr constant. From the analysis of the build up and decay process of  
the birefringence, the contribution of the slow induced dipole moment was concluded 
in heavy meromyosin and S-2, although the existence of the permanent dipole moment 
was not completely excluded. The decay process of the birefringence of heavy mero- 
myosin was found to consist of two components; the fast one of which had a relaxa- 
tion time of the same order as that of S-1. This is probably due to the presence of a 
flexible hinge in heavy meromyosin. 

INTRODUCTION 

Electric properties of muscle proteins may play an important role in the con- 
traction mechanism. Investigations along this line, however, are very few. Previously, 
one of the authors studied the electric birefringence of F-actin and showed the exis- 
tence of a large electric dipole moment, which was cancelled on interaction with 
heavy meromyosin [1, 2]. Minakata investigated the dielectric dispersion of G-actin 
and showed that it has a permanent dipole moment [3]. 

This paper reports the result of an electric birefringence study on myosin 
fragments, heavy meromyosin and subfragments S-1 and S-2. Heavy meromyosin 
and S-2 show strong electric birefringence due to large dipoles. The relaxation process 
of birefringence gives a reasonable estimation of molecular dimensions; particularly 
intramolecular flexibility of heavy meromyosin. 

MATERIALS AND METHODS 

Myosin was prepared from rabbit skeletal muscle by the method of Szent- 
Gy5rgi [4]. The preparation of heavy meromyosin was made following the method o f  
Young et al. [5]. Gel chromatography on Sephadex G-200 and the sedimentation 
pattern in 0.06 M KC1 gave a single peak. S-1 was prepared from myosin by digestion 
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with soluble papain according to Tada et al. [6]. S-1 was stored until use in stock 
solution and was purified by Sephadex G-200 gel filtration. S-2 was prepared by the 
method of Lowey from the alcohol precipitant of  the water-soluble fraction of papain- 
digested myosin [7]. 

The optical system for the electric birefringence measurement was the same as 
used previously [1 ]. although the light source was replaced by a 500 W Ushio high 
pressure xenon lamp. Pulse generators of two different types were used. For  application 
to long molecules, a generator was constructed by using power vacuum tubes, Toshiba 
1T-21Px2,  which produces a pulse of max. 6 0 0 V x 2  ms on a load of  100/2. The 
rise and decay time of 10-90 ~ of the pulse were about 0.2 ps and 0.4 ps, respectively. 
For application to small molecules, another generator was constructed by using a hot 
cathod hydrogen thyratron tube, Toshiba 3G-49P, which produces a pulse of max. 
12.5 kVx2/~s  or 4 ps on a load of  50/2 [8]. The rise and decay time of 10-90 ~ of  
the pulse were about 20 ns and 40 ns, respectively. Kerr cells of three types were 
prepared; of which the gap and the length of the electrodes were 0.15 cm and 0.98 cm; 
0.050 cm and 0.98 cm; 0.14 cm and 5.0 cm. The optical signal was detected by a photo- 
multiplier, Toshiba MS-9SY, of which the output, passing through a cathode follower, 
was displayed on an oscilloscope, Iwasaki SS-5503. The saturation effect of  the photo- 
multiplier current was corrected based on the measurement of birefringence of urea 
solutions at high electric fields [9]. 

The specific Kerr constant is defined as 

K/c = (2o/27rncl) (6/EZ)E,o 

where 6 is the steady state value of the optical phase retardation (in radians) in which 
the contribution of the solvent is subtracted, if necessary, n is the refractive index of  
the solution, 20 is the mean wave length of the incident light in vacuum (in cm) [10], 
which is 4.4 • 10 -5 cm in the present experiment, ! is the length of the electrodes (in 
cm), c is the concentration of  the solute (in g/ml) and E is the applied field strength 
(in cgs, esu). The intrinsic Kerr constant is defined as the extrapolated value of the 
specific constant to zero concentration. 

The decay process of birefringence was photographed on a 35 mm film; the 
pattern was traced on graph paper being smoothed by hand and, if necessary, the 
numerical data from the curve were analysed by computer (FACOM 230-60, Nagoya 
University). 

All measurements were made at room temperature. The sedimentation velocity 
study was carried out with a Spinco Model E analytical ultracentrifuge. The partial 
specific volume for all subfragments was taken as 0.728 cc/g [11 ]. 

RESULTS AND ANALYSES 

(1) Heavy meromyosin 
(a) The Kerr constant. A typical oscillogram of electric birefringence of a heavy 

meromyosin solution is shown in Fig. 1. The sign of birefringence was positive. The 
dependence of the steady-state value of retardation in the electric field at various 
protein concentrations is shown in Fig. 2. Some deviation appeared from the linear 
dependence on the square of the field strength. Therefore, the quadratic equation was 
determined by the least-squares method and the specific Kerr constant was obtained 
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Fig. 1. Oscillogramoftheelectricbirefringenceofheavymeromyosin. Sweep velocity: 20ps/division, 
protein concentration: 0.43 mg/ml, 0.2 mM Tris • HCI (pH 8) and field strength: 3.8 kV/cm. 
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Fig. 2. Electric field dependence of the phase retardation in steady state for heavy meromyosin 
with various concentrations. 0.5 mM Tris • HCI (pH 7) and electrode length: 0.98 cm. 

Fig. 3. Concentration dependence of the specific Kerr constant for heavy meromyosin. Experimental 
conditions are the same as in Fig. 2. 

from the linear term of  it. As shown in Fig. 3, the specific Kerr constant slightly 
decreases with decreasing concentration. Extrapolation gives the intrinsic Kerr con- 
stant of  (1 .07i0 .05)  • 10 -5. This value of the Kerr constant was not stable when 
heavy meromyosin was stored at low salt concentrations. 

(b) Relaxation. The relaxation process of birefringence after cutting off the 
field did not show a single exponential decay. The decay curve was analysed based 
on various types of  relaxation time distribution. Then, the best fit was found when a_ 
sum of two exponential decays was applied; that is, 

= a t e x p ( - -  t/~l) + a 2 e x p ( -  tl~2). 
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Fig. 4. Concent ra t ion  dependence o f  the relaxat ion t imes for heavy meromyosin .  Procedure for the  
analysis  is described in the  text. Bars indicate the error regions and  the n u m b e r  in the figure indicates 
the fract ion o f  the slow components .  Experimental  condi t ions  are the same as in Fig. 2. 

The least-squares fit for each curve of birefringence decay gave the result shown in 
Fig. 4. The numbers by the data points give the fractions of the slow component. The 
relaxation time of the slow component z2 decreases with decreasing concentration 
from about 10 Fs to 5/~s. The extrapolated value 5/~s gives a molecular length of 
about 55 nm assuming the rod of the axial ratio of 10, which is reasonable for the 
dimension of heavy meromyosin molecule [7]. The relaxation time of fast component 
31 also decreases with decreasing concentration for about 2 Fs to 0.5 F~s or lower. 
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Fig. 5. Dependence  o f  the s teady state birefringence for heavy meromyos in  on field s t rength varied 
up to the  h igh field region. Protein concentrat ion:  0.24 mg/ml ,  0.5 m M  Tris - HC1 (pH 8) and  elec- 
t rode  length: 0.98 cm. 
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Fig. 6. Time course of the relaxation of the birefringence for heavy meromyosin oriented by an 
application of high field. Protein concentration: 0.82 mg/ml, 5 mM Tris • HC1 (pH 8.6), field strength: 
24.8 kV/cm and electrode length: 0.98 cm. 

(c) Highfield. Fig. 5 shows the steady-state birefringence at high field strengths. 
The birefringence increases with the square of the field strength in two phases, 
suggesting that there are two components, one is easily oriented by low field, and the 
other is oriented by higher fields. Fig. 6 shows the decay curve at a high field. It is 
composed of  two exponential decays given by the equation; 

6 = (3.7:?__O.1)exp(--t/(O.70±O.O3))+(2.a±O.l)exp(--t/(5.9~0.3)) 

where t is expressed in ps. The relaxation times of two components are of the same 
orders as those found at low field. "Ihe fraction of the fast component, however, is 
larger than that at low field. This may be due to that the orientation of the fast compo- 
nent was enhanced by the application of high fields. 

(d) The fast  component. To see if the fast component was due to a molecular 
species other than heavy meromyosin, the homogeneity of heavy meromyosin in the 
sample solution was examined by sedimentation and chromatography. As described 
previously, the chromatography on Sephadex G-200 gave a single peak. The sedimen- 
tation pattern in 0.06 M KC1 also gave a single peak, of which the sedimentation 
constant (7.0 S) was very close to that reported for heavy meromyosin [7]. The sedi- 
mentation was also carried out at low salt concentrations where the electric bire- 
fringence was measured. The pattern showed a tail or a small peak (about 20 ~ in the 
total area) behind the major peak. The sedimentation constant of the minor compo- 
nent also increases with decreasing concentration, tending to about 5.4 S. This compo- 
nent is not free of contamination of heavy meromyosin, but must be some part of 
heavy meromyosin dissociated in the absence of salts. It might be the halfmer of heavy 
meromyosin. The total amount of this minor component, however, was too small 
to explain the fast component observed in the decay process of the electric birefrin- 
gence by the application of high field considering the intrinsic Kerr constants of myo- 
sin subfragments (see Table II). Therefore, it is unlikely that it came from small 
molecules other than heavy meromyosin; it was probably due to intramolecular 
flexibility of heavy meromyosin. Actually, the relaxation time of the fast component 
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is of the same order as that of the subfragment S-1, as will be shown later. 
(e) Dipole moment. The orientation of heavy meromyosin by the electric field 

is due either to a permanent dipole or to an induced dipole or both. The oscillogram 
shows that the building up process of birefringence is much slower than the decay 
process. This suggests the contribution of a permanent dipole or a slowly induced 
dipole. For the estimation of these dipoles, the standard procedure developed by Tino- 
co was applied [12]. Let the birefringence in the rising process, in the decay process 
and in the steady state be represented by ~r(t), 6d(t) and 6s, respectively, where t is the 
time after application of  the field or after cutting offthe field. Define the quantity H as 

n = [o~ ( ( 6 _ 6 , ( t ) _ 6 ~ ( t ) ) / f s ) d  t 
d 0 

which represents the difference between the rising and the decay process, having the 
dimension of time. If  the orientation is totally due to an instantly induced dipole, this 
quantity H is equal to zero. If the orientation is caused by combination of  a permanent 
dipole and an instantly induced dipole, the ratio of  contributions of  these dipoles fl 
is given by 

where # is the permanent dipole moment and ~3 and ~i are induced polarizabilities 
along the major axis and the minor axis; (~t 3 -  ~1) is the anisotropy of  the polarizabi- 
lity. The ratio fl is related to the quantity H by the equation: 

fl : 1 / ( 3 ( z ) / a - - 1 )  

where ( z )  is the mean relaxation time of the birefringence decay; i.e., ( z )  = ( a l z l +  
a2T2)/(a 1-~-a2). On the other hand, if the orientation is due to induced dipoles hating 
finite relaxation (induction) times, the same quantity H becomes equal to the mean 
relaxation (induction) time of the dipoles; that is, 

(z i) = H, where (z i) = (a,zti-ka2z2i)/(al-k-a2) 

zl i and z2 i are the relaxation times of  the induced dipoles for the two components. 
Table I gives the value of H obtained from the oscillogram at three different 

concentrations of heavy meromyosin. It is larger than the mean relaxation time of the 
birefringence decay; that is, the time for induction of dipoles is longer than the time 
for rotation of  the molecule. The calculated value of  the ratio H / 3 ( z )  is larger than 
unity at low concentrations of heavy meromyosin. This means that the rising process 

TABLE I 

CONCENTRATION DEPENDENCE OF H AND (r) FOR HEAVY MEROMYOSIN 

Experimental conditions are the same as in Fig. 2. 

Concn H (r) H/3(z) 
(mg/ml) (/zs) (ffs) 

1.13 13.0 6.8 0.64 
0.28 16.3 5.0 1.08 
0.14 16.2 4.4 1.22 
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was slower than that expected from the orientation of a permanent dipole. 
The intrinsic Kerr  constant is related to the value of the apparent dipole 

moment  by the equation [12] 

(K/c)c-,o = (2nf7/15nZ) (ga--gl)#Zapp/k2Tz 

where g3--gl is the optical anisotropy factor of  the solute molecule and 17' is the 
partial specific volume of the solute. /~app is the permanent dipole moment  which 
gives the same orientation as the solute molecule. This apparent moment  includes 
contributions of  the two components. Assuming the refractive index increment 
dn/dc -~ 0.208 cc/g [13] and the axial ratio of  10, g3--gl was estimated to be 0.0140. 
From the value of the intrinsic Kerr constant 1 .10.10 -5, the dipole moment  of  
heavy meromyosin was found to be about 2600 Debye units. 

( f )  Effect ofpH. Fig. 7 shows the pH dependence of  the specific Kerr constant 
and the relaxation time. The Kerr  constant increased with increasing pH from 6 to 7.5 
and decreased with pH from 7.5 to 9.0. The relaxation time did not change with pH 
in this range. That is, the molecular shape was maintained but the charge distribution 
on the molecule was changed. The ionizable histidine and amino groups may be 
responsive to the change of the Kerr constant with pH. The addition of simple salts, 
for example, KCI to 15 mM decreased the Kerr constant; but the effect was so small 
that the change of pH was not attributable to the change of the ion concentration in 
the buffer solution. 

(g) Effect of ATP. When ATP was added to a solution of heavy meromyosin, 
the electric birefringence was remarkably reduced. The decay curve of birefringence 
in the presence of ATP indicated that the fast component  became more predominant 
than in its absence. This effect of  ATP remained even when ATP was split into ADP 
and inorganic phosphate by the ATPase activity of  heavy meromyosin. The binding 
of ATP decreased the dipole moment and made the molecule more flexible. 
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Fig. 7. pH dependence of the electric birefringence and the relaxation time of slow component for 
heavy meromyosin. Protein concentration: 0.214 mg/ml, field strength: 2.6-3.9 kV/cm and electrode 
length: 5.0 cm. 

Fig. 8. Concentration dependence of the specific Kerr constant for S-1. 1 mM Tris • HCI (pH 8). 
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Fig. 9. Decay process of birefringence for S-1. Protein concentration: 1.07 mg/ml, 0.25 mM CaC12, 
10 mM Tris • HCI (pH 8.0), field strength: 13.7 kV/cm and electrode length: 0.98 cm. 

(2) Subfragment S-1 
The specific Kerr constant of the subfragment S-1 is shown in Fig. 8 as a func- 

tion of  concentration. The extrapolation to zero concentration gave the intrinsic 
Kerr constant of  (6.5~0.3) • 10 -7, although the value fluctuated depending on the 
preparation. The decay of birefringence was well expressed by a single exponential 
curve, as shown in Fig. 9. The relaxation time was about 0.25 #s, which is consistent 
with a prolate model of the axial ratio of 7 and the length of  24 nm with the anhydra- 
ted molecule of molecular weight [7] of 1.15 • 105. The comparison of the rising curve 
and the decay curve suggested the contribution of a permanent dipole or a slowly 
induced dipole. The value of H was about 0.6 #s. The apparent dipole moment was 
estimated to be about 630 Debye units using the same optical anisotropy factor as the 
one for heavy meromyosin. 

Fig. 10 gives the pH dependence of the Kerr constant and the relaxation time 
of  S-1. The Kerr constant decreased with increasing pH but the relaxation time did 
not change. The addition of  ATP to S-1 decreased the Kerr constant markedly, 
keeping the relaxation time constant. 
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Fig. 10. pH dependence of the electric birefringence and the relaxation time for S-2. Protein concen- 
tration: 0.59 mg/ml, field strength: 10-13 kV/cm and electrode length: 0.98 cm. 
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11. Concentration dependence of the specific Kerr constant for S-2. 0.5 mM Tris • HC1 (pH 8). 

12. Concentration dependence of the relaxation time of the fast component for S-2. Bar indi- 
cates the error region. 0.5 mM Tris • HC1 (pH 8) and field strength: 2-3 kV/cm. 

(3)  Subfragment S-2 

T h e  specific K e r r  c o n s t a n t  o f  the  s u b f r a g m e n t  S-2 is s h o w n  in Fig.  11 as a 

f u n c t i o n  o f  c o n c e n t r a t i o n ;  the  e x t r a p o l a t i o n  gave  the  in t r ins ic  K e r r  c o n s t a n t  o f  
a b o u t  1.40 • 10-5 .  T h e  decay  cu rve  o f  b i re f r ingence  cons i s ted  o f  a m a j o r  fast  c o m p o -  

n e n t  a n d  a m i n o r  s low c o m p o n e n t .  T h e  r e l axa t ion  t ime  o f  the  fast  o n e  was a b o u t  

2.0/~s, wh ich  s l ight ly  dec reased  wi th  dec reas ing  c o n c e n t r a t i o n  as shown  in Fig.  12. 
T h i s  va lue  c o r r e s p o n d s  to  a r o d  m o d e l  o f  the  axia l  ra t io  o f  10 a n d  the  l eng th  o f  40 nm.  

S u b t r a c t i n g  the  pa r t  fo r  the  m i n o r  c o m p o n e n t  f r o m  the  ( to ta l )  in t r ins ic  K e r r  c o n s t a n t  

g i v e n  in Fig .  11, the  in t r ins ic  K e r r  c o n s t a n t  o f  S-2 was  e s t ima ted  to  1.2 • 10 -5 ;  a n d  

the  a p p a r e n t  d ipo l e  m o m e n t  was ca l cu la t ed  to  a b o u t  2800 D e b y e  uni ts  us ing  the  

:same p r o c e d u r e  as in  S-1. T h e  va lue  o f  H was a b o u t  15/ts .  

These  resul ts  on  heavy  m e r o m y o s i n ,  S-1 a n d  S-2 are  s u m m a r i z e d  in Tab l e  I I .  

TABLE II 

INTRINSIC KERR CONSTANTS, RELAXATION TIMES, END-TO-END LENGTH 2a, H 
AND ( r )  FOR HEAVY MEROMYOSIN, S-1 AND S-2 

Protein 106x (K/c)c~ 0 z ~s)  2a (rim) H e (/~s) ( r )  e (/~s) /~app (D) 

Heavy mero- 11.0±0.5 5.0+0.7 55 b 16.2 4.4 2600 
myosin 

S-1 0.5 - 2 a 0.25 24 ¢ 0.63 0.26 560-1100 
,S-2 12.0 2.0 400 9.2 2.6 2800 

a, Variation depending on preparation was shown; b, calculated from the longer relaxation time 
assuming the rod of the axial ratio 10; c, prolate of the axial ratio 7 was assumed; d, rod of the 
axial ratio 10 was assumed; e, the sample concentrations for heavy meromyosin, S-1 and S-2 were 
• 0.14, 1.07 and 0.53 mg/ml, respectively. 
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DISCUSSION 

All myosin subfragments, especially heavy meromyosin and S-2, gave large 
positive electric birefringence; that is, they have large dipoles along the major axis. 
The S-1 molecule has a smaller intrinsic Kerr constant as compared with that of the 
S-2 molecule, which may be due to the electrical anisotropy of S-1 which is small. 
The decay curve of the birefringence of heavy meromyosin consisted of two compo- 
nents; the fast component is likely due to a flexible part of the heavy meromyosin 
molecule. The contribution of this component to birefringence increased at high 
fields. The relaxation time of disorientation was of the same order as or a little 
larger than that of  the subfragment S-1. This is consistent with the model of heavy 
meromyosin in which the S-l part is connected with S-2 through a perfect flexible 
hinge to form heavy meromyosin. It is still true, however, that the mere existence of  
two different relaxation times in heavy meromyosin, one of which is reasonably close 
to that of one of the subfragments is insufficient by itself to draw the conclusion 
associating the flexibility of  heavy meromyosin with that of a "perfect hinge" to one 
of  its subfragments. A theoretical foundation that describes the decay process of  the 
orientation of the perfect hinge molecule may be required. Nevertheless, the data is 
quite compatible with the data of Mendelson et al. [14]. They gave the relaxation 
time of the same order (0.40 ps) which was attributed to the movement of the S-1 
part by the fluorescence depolarization measurement. Therefore, this interpretation 
is quite probably correct. The Kerr constant of heavy meromyosin is expected to be 
the mean of the constants of S-1 and S-2. This was found experimentally to be the 
case. 

The orientation of heavy meromyosin and subfragments was all interpreted to 
be due to slow induced dipoles. The mean relaxation time of induction was a little 
larger than the relaxation time of disorientation. The dielectric dispersion measure- 
ment by Minakata [15] also showed that heavy meromyosin has an induced dipole, 
of which the mean relaxation time was estimated to be 23 ps, nearly equal to that 
obtained here. The dispersion profile was well explained by the counter ion fluctuation 
theory [16], although the contribution of the permanent dipole can not be completely 
excluded. The observed relaxation time of induction of the dipole was, however, much 
larger than that expected if counter ions can move along the major axis with the 
diffusion constant in the free state. The movement of small ions is not very free on the 
heavy meromyosin molecule. This is the point to be investigated further. 

Finally it must be pointed out that in the striated muscle myosin forms thick 
filaments, from which the heavy meromyosin part makes a cross bridge to thin fila- 
ments. Since myosin has a large net charge, a strong electric field is formed around the 
thick filament. If  heavy meromyosin and subfragments have large (induced) dipoles, 
their orientation may be more stable in the direction of the field; that is, perpendicular 
to the thick filament. Thus, the electric property of heavy meromyosin and subfrag- 
ments may be important in the construction of the muscle structure. 
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