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Dynamic laser light scattering studies of the effects of pyrophosphate on cyclic motions of 
cross-bridges in isolated thick myofilaments from Limulus striated muscle 
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Abstract. Pyrophosphate (PPi) is a non-hydrolyzable ATP analogue known to affect the binding between myosin 
heads and actin. By using a dynamic laser light scattering method, we have shown that 1-2  mM PPi enhances the 
increase in f" values induced by Ca 2+ in isolated thick myofilaments from Limulus striated muscle. However, 
similar treatment has no effect on the F values of filaments suspended in either relaxing solution or ATP-free 
solution. 1~ is the average linewidth of the photoelectron count autocorrelation function of the light scattered. PP~ 
had no effect on the increase of r '  values by Sr 2 + but it substantially increased the 17" values of the thick 
myofilaments suspended in Ba 2+-substituted Ca 2 + activating solution. The results show that PP~ also affects the 
energy-requiring cyclic cross-bridge motions. 
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Striated muscles consist of cells that contain structures 
known as myofibrils. Each myofibril consists of a series 
of contractile structures called sarcomeres. Each sar- 
comere consists of a central darker band sandwiched 
between two lighter regions. The dark bands are known 
as A bands; the lighter regions are called I bands. In 
striated muscles, the I band consists only of thin 
filaments while the A band has both thick and thin 
filaments. The thick filaments consist mainly of the 
contractiIe protein myosim which has lateral projections 
Galled cross-bridges. The thin filaments consist mainly 
of another contractile protein, actin. When striated 
muscles contract, the cross,bridges are believed to bind 
cyclically to the actin molecules and pull the thin 
filaments toward the center of the sarcomeres. The 
energy is derived from the breakdown of MgATP. Fig- 
ure 1 is a conceptual diagram of the scheme ~. One of 
the fundamental questions to be solved in studies of 
muscle is the mechanism of conversion of the free 
energy of hydrolysis of MgATP into mechanical work. 
One approach to this problem is to perturb the cross- 
bridge cycling, and trap the cross-bridges at various 
intermediate stages, using MgATP analogues. 
PP~ is a non-hydrolyzable ATP analogue. It alters the 
kinetics of both attachment and detachment of the S-I 
moiety of cross-bridges to or from actin molecules (e.g. 
see refs 2-4). It also weakens the binding while the 
cross-bridges and the thin filaments are attached. How- 
ever, Makinose and Nag? reported that PP~ enhances 
contraction elicited by electrical stimulation in living 
muscles. Subsequent evidence presented by Fan and Li ~ 
showed that the apparent increase was caused by repet- 
itive firing of muscle fibres following a single direct 
stimulus. The maximum tension developed during a 

single twitch is actually reduced. Whether this is due to 
changes in the interaction between cross-bridges and 
thin filaments and/or the effect on cyclic cross-bridge 
motions is unknown. Limulus striated muscle has been 
shown to possess both a direct myosin regulatory sys- 
tem and a troponin-tropomyosin system 7. Therefore the 
isolated thick myofilaments from Limulus striated mus- 
cle can be used to test the effect of PP~ on cross-bridge 
cyclic motion without the intervention of actin 
molecules. 
Dynamic laser light scattering (DLS) uses the Doppler 
effect to detect translational motions of the center of 
mass and the internal motions of the scatterer. This 
method has been used to study the dynamics of muscle 
fibers and their substructures (e.g, see refs 8- t2) .  We 
used it to study cross-bridge movement and observed 
two types of motion in isolated Limulus thick myofila- 
ments: l) the ATP-dependent, Ca2+-activated cyclic 
motion ~3 and 2) the thermal motion of the cross-bridge 
in ATP-free conditions ~4. We show in the work de- 
scribed here that PP~ only enhances the first type of 
motion. 

Materials and methods 

Isolated and purified thick myofilaments from the telson 
levator muscles of Limulus (Tachypleus polyphemus) 
were used. The sample preparation method and the 
light scattering apparatus used were the same as those 
described previously ~3,~s. The average linewidths of ttie 
photoelectron count autocorrelation function, F~ were 
obtained. For long flexible filaments in the semidilute 
regime ( e ~  l/dL 2, with c being the concentration of 
filaments in number of filament per raP, d being the 
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diameter of  the filament, L being the contour length of 
the filament and K L  >> 1 [ref. 161) 

F / K  2 -+ 2DTS + Dvs ~" l  
r n  

where K is the magnitude of the momentum transfer 
vector and equals (&r/2) sin (0/2), 2 is the wavelength of 
the incident light in the medium and 0 is the scattering 
angle; DTS is the sideway translational diffusion co- 
efficent and Z'7 is the number of bending motions 

r n  

involved in the scattering process; its value lies between 
1~(eL 3) and I/(cL3) 2. As the internal motions of the 
filament, such as cross-bridge movements, increase, the 
1 ~ value will increase. 

Results and discussion 

When thick myofitaments were suspended in a relaxing 
solution (100mM KC1, 5 mM MgCI:, 2raM EGTA, 
5 mM Tris, 2 mM ATP, pH 7.2), PP~ (1-10 mM) has no 
effect on the F" value at high scattering angles (e.g. 
120 ~ which corresponds to K 2 = 8.8 • 101~ cnl-2). As 
thick myofilaments were suspended in an activating 
solution (100raM KC1, 5raM MgCI> 1 mM CaCI2, 
5 mM Tris, 2 mM ATP, pH 7.2), low concentrations of 
PPi increased the F value. At a scattering angle of 120 ~ 
it increased 10-25% [(18+5)%, mean + SD, n = 6 ]  
with 2 mM PPi- Figure 2 shows the results obtained 
with filaments suspended in media with different con- 
centrations of PPi. In each experiment, filament suspen- 
sions from the same batch of preparation were used. 
After isolation, the sample was split into seven equal 
portions. One was dialyzed against PP,-free relaxing 
solution, one against PP,-free activating solution and 
the other five against activating solutions with different 
concentrations of PPi. At PP~ concentrations up to 
2 mM, the F values increased. As the PP~ concentration 
exceeded 5 raM, the increase of the F values by Ca: + 
was suppressed. 1-10 mM PPi had no effect on the l~ 
values of thick myofilaments suspended in low ATP 
solution. The table shows the results. 
The results obtained indicate: 
1) Binding of the S1 moiety of myosin (S1) to ADP is 
important for muscle contraction. Cross-bridge cycling 
involves substantial change in the shape of the myosin 
head as the S I moiety of myosin molecule interacts with 
ATP. Such change is believed to occur during the tran- 
sition of S1 into the SI**.  ADP.  Pi state ~7. The 3,p 
NMR study of the complexing of S1 with ADP and 
with PP~ indicates that PP~ binds to the same site of S1 
as the phosphate of ADP ~8. Komatou et al? 9 showed 
that the conformations of S1 in Sl . PP~ and S1 . ADP 
are different. Therefore PP~ affects the cross-bridge 
motion, which indicates that S 1-ADP binding is impor- 
tant for muscle contraction. 
2) PP~ inducing decay of tension and stiffness of rigor 
muscle is not due to a change in the mechanical proper- 
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Figure 1. Conceptual diagram of cross bridge cycling and ATP 
hydrolysis ~ . A with ATP, the cross-bridge is detached from the 
thin filament. B-D as ATP is hyrolyzed, the cross-bridge attaches 
to the thin filament and E pulls the thin filament. 

ties of cross-bridges. Rigor develops in muscle depleted 
of ATP. It is believed that the cross-bridges bound to 
thin filaments can no longer dissociate from actin. PP~ 
added to muscle in rigor causes an irreversible decay of 
tension. The possible mechanisms underlying this are: a) 
cross-bridges become detached from actin molecules but 
reattach in positions of lower strain 2~ 2~; b) the mechan- 
ical property of the cross-bridges changes. The increase 
of ]P values of isolated thick filament in an ATP-free 
solution is believed to be due to the thermal motions of 
the cross-bridge around the S-2-myosin back bone. If  the 
mechanical properties of the cross-bridge are changed, 
then the F values will also be changed. The fact that PP~ 
does not affect the Y' values of thick filaments suspended 
in an ATP-free solution indicates that the mechanical 
properties of the cross-bridge are not changed. 
Activation of the contractile apparatus of striated mus- 
cle by Ba 2 + and Sr 2+has been studied to obtain more 
information about the mechanism of force genera- 
tion22.23. In isolated thick myofilaments from Limulus 
striated muscle, the effect of Sr 2+ had been tested by 
substituting the Ca 2+ in the activating solution by an 
equimolar concentration of Sr 2+ or Ba 2+ (fig. 3). While 
S r  2+ w a s  somewhat less effective, Ba z+ was almost 
entirely ineffective in increasing the f values. These 
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Table. Effect of pyrophosphate (PP~) on the values of Limulus thick filaments suspended in low ATP relaxing solution 1 at a scattering 
angle of 120~ * 

Value (mean • SD) 

ATP-concentration (gM) n PPi-free low ATP-relaxing solution Low ATP-relaxing solution with 2 mM PPi 

0 7 1.75 • 0.23 1.74 • 0.25 
1 6 1.55 +_ 0.21 1.56 • 0.20 

1100 mM KCI, 5 mM MgC12, 5 mM Tris, 2 mM EGTA, pH 7.2. 
*The value of thick myofilaments suspended in relaxing solution containing 2 mM ATP was taken as 1. 
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Figure 2. Concentration-response curve of pyrophosphate. Ordi- 
nate is the ratio of [" values of thick myofilaments suspended in 
activating solution with 2 mM pyrophosphate to that in relaxing 
solution with 2 mM pyrophosphate (mean 4- SD, n = 8). The ratio 
obtained with pyrophosphate-free solutions was 1.62 +_ 0.04. The 
scattering angle was 120 ~ Experimental temperature was 25 ~ 
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Figure 3. Effect of 2 mM pyrophosphate on the F values of 
isolated thick myofilaments suspended in activating solution and 
in activating solutions with Ca 2 + substituted by equimolar Sr 2 + 
or Ba 2+ (mean • SD, n = 6). Scattering angle was 120 ~ Experi- 
mental temperature was 25 ~ 

results are consis tent  with those reported by Saito et 

a lY .  They found  that  in skinned cul tured chick my-  
o tube  Sr 2 + is somewhat  less effective and  Ba 2 § is much  

less effective t han  Ca 2+ in induc ing  tension develop- 
ment .  The effect o f  PP~ is different in the cases of  the 
two ions. It had  no  effect on the increase of  r" values by 
Sr 2+, yet substant ia l ly  increased the 1~ values of  
f i laments suspended in Ba 2 +-subst i tuted act ivat ing solu- 
t ion. Tha t  PPi does n o t  enhance  the increase of  17" values 
by Sr 2+ indicates that  Sr 2+ ma y  affect the cross-bridge 
mot ions  by a different mechan i sm from Ca 2 +. 

Ba 2+ is supposed to have dual  effects on muscle con- 

tract ion.  I t  can b ind  to TnC,  which, in tu rn  init iates 
contract ion.  On  the other  hand ,  it also exerts an  ' in- 
h ib i tory '  effect on  cont rac t ion  19. The fact that  Ba 2+ is 
far less effective than  Ca 2 § in ini t iat ing the cyclic mo-  

t ions of  cross-bridges might  be the basis of  its ' in-  
h ib i tory '  effect. 

In  conclusion,  the results ob ta ined  show that  PP~ affects 

the active cross-bridge cycling bu t  no t  the mechanica l  
properties of the cross-bridges in isolated thick 
fi laments f rom the Limulus  muscle. 
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