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FIVE FIGURES 

The kinetics of the hydrolysis of adenosine triphosphate 
(ATP) by the muscle protein myosin have received consider- 
able attention in recent years, and several reviews have been 
devoted to this subject (Szent-Gyiirgyi, '55; Morales et  al., 
'55; Buchthal et al., '56). The BTP-ase activity of myosin is 
modified by pressure (Laidler and Beardell, '55)' by calcium, 
magnesium and nucleotides (Blum, '55), and by calcium, pH 
and temperature (Green and Mommaerts, '54; Ouellet et al., 
'52). 

The effects of pressure, temperature and ions on ATP-ase 
activity have been interpreted in terms of a simple Michaelis- 
Menten reaction scheme (Laidler and Beardell, '55 ; Green 
and Mommaerts, '54)' although other studies of the behavior 
of myosin have implicated a series of reactions (Mommaerts 
and Hanson, '56; Morales et al., '55; Watanabe et al., '53). 
In  fact, Spicer ('55) has suggested that reversible denatura- 
tions may explain gelation phenomena in solutions of myosin 
B. 

Our interest in the problem arose from the observation that 
pressure reduces the isometric twitch tension of intact muscle 
at lower temperatures and increases it at higher ( Cattell and 
Edwards, '28). This has been ascribed to the effect of pres- 

l This investigation was aided by grants from the Dazian Foundation for Medi- 
cal Research, the Cinchona Products Institute, Inc., and the Horace H. Rackham 
School €or Graduate Studies, University of Michigan. 
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sure on an activation process in the muscle (Brown, '41). 
The discovery that pressure also affects the sol-gel equilibrium 
of myosin (Marsland and Brown, '42) adds interest to the 
problem. Myosin has a volume about 120 cm3/mole larger 
as a gel than as a sol. Such a large volume change often indi- 
cates configurational modification of a protein, and configura- 
tional modification of myosin might also influence its ATP-ase 
activity. 

The ATP-ase activity of myosin is altered by pressure, 
temperature, specific ion and ionic strength effects, and sub- 
strate and product concentrations. We haye attempted to 
simplify analysis of the system by working a t  substrate con- 
centrations high enough to saturate the enzyme, so that the 
reaction of enzyme with substrate could be assumed to be 
complete. Preliminary results with this saturated system 
(Brown and Lawler, '46) showed large effects of pressure on 
the ATP-ase activity of muscle protein. However, these ex- 
periments were made before myosin A and myosin B had been 
clearly distinguished, and were carried out a t  the distinctly 
non-physiological pH of 8.4. The present data extend the 
earlier study to lower pH and to more clear-cut enzyme 
preparations. 

The influence of pressure on the ATP-ase activity of rabbit 
myosin A was studied in the presence of excess substrate and 
of the activator calcium. Pressure increases the activity at 
high pH and decreases it near pH 6. This indicates that at 
least two reactions are pressure-sensitive, as indicated in a 
preliminary report (Guthe et al., '54). The system, at high 
substrate concentration, may be analyzed in terms of a revers- 
ible denaturation and a rate process. 

M, - ATP-M, + ADP + Pi 

Ma 
a J r  b 

where Pi is inorganic phosphate, M, is native myosin, and 
M, is reversibly denatured myosin. An analogous interpreta- 
tion has been applied to bacterial luminescence, where pressure 
and temperature influence light production through their 
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effects on a rate process and on the reversible denaturation of 
luciferase (Brown, Johnson and Marsland, '42 ; Eyring and 
Magee, '42 ; Johnson, Eyring and Polissar, '54). 

Temperature or pressure may alter the over-all ATP-ase 
activity by changing either the equilibrium constant of the 
reversible denaturation (a) or the velocity constant of the 
hydrolytic reaction (rate process b). Effects on the formation 
of the enzyme-substrate complex or of the calcium-enzyme 
complex are excluded for the following reasons. At high sub- 
strate concentration, ATP saturates the active enzymatic 
sites of myosin, so that neither pressure nor temperature can 
change the amount of enzyme-ATP complex. The data of the 
present paper show that the activation of myosin by calciurn 
ion is not pressure-sensitive. This paper is chiefly concerned, 
therefore, with the establishment of the existence of reversible 
denaturation in myosin and with the separation of the effects 
of temperature and pressure on the reversible denaturation 
from their effect on the rate process. 

These effects must be interpreted in terms of absolute re- 
action rate theory (Glasstone, Laidler and Eyring, '41), which 
has been applied to many chemical systems as well as to 
biological reactions (Johnson, Eyring and Polissar, '54). A 
detailed application of the theory to myosin ATP-ase is 
presented in another paper (Gnthe and Brown, '58). 

METHODS 

Myosin. Myosin was extracted from ground rabbit skeletal 
muscle with Weber-Edsall solution (0.5 M KC1 buffered with 
bicarbonate to pH 7.4) for 2% hours at 0°C. Twenty volumes 
of water were added to the extract, and the precipitate was 
washed twice with 10 volumes of buffer. The precipitate 
was dissolved in 0.5 M KCI. Usually the pH of this solution 
was adjusted to 6.3. The myosin was reprecipitated with 20 
volumes of water, then redissolved in KC1 and reprecipitated. 
This last (third) precipitate was diluted twenty to two hun- 
dred-fold with 0.1 M buffer to obtain enzyme activities in the 
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conveniently nieasurable range. This material will be called 
precipitated myosin. 

In  a second method, the initial extract was dialyzed for 12 
hours against 0.1 M buffer at pH 7.5, then washed twice with 
10 volumes of buffer and packed by centrifugation. The pre- 
cipitate was then diluted with buffer as in the first procedure. 
This material mill be called dialyzed myosin. 

For measurements of the pH-dependence of the pressure 
effects, myosin was prepared by extraction with an acid phos- 
phate-KC1 mixture (Guba-Stranb) at pH 6.2. Precipitation, 
solution and two reprecipitations were carried out as in the 
first method, but without any washing with buffer. 

After the preparations were complete, the precipitated my- 
osin was stored in 0.03 M KC1, the dialyzed myosin in 0.1 M 
buffer. The more dilute salt solution seems to preserve the 
enzymatic activity better than 0.5 M KCl, and no activity 
changes were noted under the present test conditions for the 
first week. Myosin concentrations were determined by the 
Kjeldahl method. 

Activity measurements. The experiments were carried out 
in sodium glycinate, cacodylate or verona12-acetate buffers of 
ionic strengths between 0.1 and 0.14. Myosin is a gel under 
these conditions. Unstirred solutions split ATP as rapidly as 
stirred solutions, so that accessibility of the enzyme does not 
limit the rate of high ATP concentrations. The ATP-ase ac- 
tivity of myosin, free from actin, shows no discontinuity on 
gel-sol transformation (Momniaerts and Green, '54 ; Hassel- 
bach, '52). 

Activities were measured by the inorganic phosphate pro- 
duced (Fiske-Subbarow method). Two milliliters of the dilute 
buffered myosin solution were mixed with 2 ml of buffered 
ATP and 0.10 ml of CaC1,. At the end of the experiment 4 ml 
of 10% tricl-iloroacetic acid were added to stop the reaction. 
The phosphate in a 2-ml aliquot of the mixture was then 

a Unrecrystallized veronnl in the presence of calcium has a deleterious effect 
on the enzyme. Under pressure, the enzyme is precipitated in the presence of 
crude veronal and calcium at  pH 8.0. 
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measured colorimetrically. Experiments were performed in 
duplicate. After preliminary measurements, an enzyme con- 
centration was chosen such that the phosphate split remained 
linear with time f o r  40 minutes, the duration of the experi- 
ments. 

The experiments were made with 2.6 mM ATP, about 10 
times the concentration at which the enzyme is saturated with 
substrate. Experiments with two and three times these concen- 
trations showed little or no inhibitory effect of excess sub- 
strate. Excess substrate does not inhibit myosin, free from 
actiii, although it does inhibit actomyosin (Green and Mom- 
maerts, '54). 

Pressure equipment. Hydrostatic pressures were developed 
hydraulically and transmitted to a filled and stoppered test 
tube suspended in the pressure fluid. The pressure chamber 
was large enough to hold 4 pairs of test tubes for simultane- 
ous application of pressure. 

RESULTS 

Hydrogem iom, pressure amd myos in  A T P - m e  

If the effect of pressure on the activity of myosin ATP-ase 
were a direct effect on the rate constant, the logarithm of the 
pressure increment should be proportional to pressure. The 
volume change with which the reaction proceeds could then 
be determined by comparing the ATP-ase rate (v,) at a single 
pressure (p )  to the atmospheric rate (v). The rates at 7800 
pounds per square inch and at atmospheric pressure depend 
on pH, as shown in figure 1. The effects of pressure and pH 
are reversible. 

Pressure has opposite effects at  neutrality and at high pH. 
It decreases the activity below pH 7.4 and increases it in more 
alkaline solution. Apparently pressure affects two different 
processes, as indicated in reaction scheme (1). We assume 
that high pH favors reversible denaturation, which pressure 
opposes. By reactivating denatured myosin, pressure in- 
creases the amount of active enzyme and thus the ATP-ase 
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activity. At low pH, on the other hand, relatively few of the 
enzymatic sites are denatured, and the observed decrease in 
activity with pressure is attributed to effects on the rate 
process. Activity at atmospheric pressure increases at higher 
pH despite increased denaturation, so that the rate process 
must increase rapidly as the pH increases, perhaps propor- 
tionally to the hydroxyl ion concentration, as in Mommaerts’ 
data ( ’54). 

With these assumptions, the effects of pressure on pH on 
reversible denaturation can be determined if the observed 
activity under pressure is corrected for the direct inhibition 
of the rate process, I f  the inhibition is not pH-dependent, 
the observed rate may be multiplied by a constant factor, 
which will bring the observed rate at 7800 psi at pH 6.3 into 
agreement with the observed rate at atmospheric pressure at 
pH 6.3. The corrected rates (v’J still depend on pH, because 
both the atmospheric rate and the pressure-sensitive rever- 
sible denaturation depend on pH. To remove the former de- 
pendence, one turns to the corrected pressure increment, 
(v’,/v - 1). Values for this function, taken from the smooth 
curves through the observed points, are plotted against pH 
in figure lb, and represent the pH-dependence of reversible 
denaturation. 

The curve of figure l b  is calculated for the dissociation of 
a single hydrogen ion. It represents the increase in the 
reversibly denatured form of myosin with increasing pH. 
Its theoretical justification is considered in another paper 
(Guthe and Brown, ’58). The right-hand curve represents the 
number of denatured sites at  a given pH when the system is 
under a pressure of 7800 psi, while the left-hand curve repre- 
sents the larger number of inactive sites at  atmospheric pres- 
sure. Although the apparent volume changes show the same 
pH dependence as an acid-base equilibrium, the effect of 
pressure is much larger than expected for a simple acid 
dissociation. Extensive changes in protein configuration must 
also occur. 
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INCREASE IN INACTIVE 
I FRACTION WITH pH 

30 ' 
3.6 MM ATP 

5 MM CA 
I 

Fig. 1 Left: Dependence of myosin ATP-ase activity on pH a t  two pressures. 
The dashed line, which is approached by the data for 7800 psi, corresponds t o  a 
direct proportionality between activity and hydroxyl ion concentration. 

Right: Corrected relative pressure increment inactivity as a function of pH. 
V', is the observed activity corrected for direct pressure inhibition (see text). 
Points are derived from the smooth curves of the preceding graph. Curves are 
theoretical titration curves for a monobasic acid. The abscissa is proportional to 
the fraction of reversibly denatured sites. The left-hand curve is calculated. 

Calcium eqzcilibriunz 

The data of the preceding section were obtained at constant 
calcium concentration. The question arises whether these 
effects reflect a change in the equilibrium constant for  the 
combination of myosin with its known activator calcium. The 
observed activity depends on calcium concentration as shown 
in figure 2. Calcium clearly increases the activity of the en- 
zyme, and so do temperature and pressure. 

Under identical conditions, different ATP-ase activities 
were found for  different preparations of myosin, as well as for 
a single preparation at different times. In  the calcium experi- 
ments, preparation differences were avoided by use of a single 
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preparation, and aging effects were eliminated through the 
following procedure. At one temperature, the ATP-ase ac- 
tivities of myosin at different calcium concentrations were 
measured simultaneously. Then other series of measurements 
were made at  other temperatures, until three such series had 
been obtained. Finally, activities at  the different tempera- 
tures were measured simultaneously at  constant calcium con- 
centration (1.7 mM). All these activities were then reduced 
to the same basis (fig. 2). 

I I I I I I 1 1  

J PH 8.4 
32 uM ATP .6 c 

HM CA HM CA 

Fig. 2 Dependence of myosin ATP-ase activity on calcium concentration. 
Left:  Activity-concentration curves a re  the same shape at different temperatures. 
Right: Activity.concentration curves are the same shape at different pressures. 

The curves at the different temperatures are alike in shape. 
The equilibrium constant for calcium-myosinate dissociation 
is related to the calcium concentration at which the activity 
increment has reached half its maximum. This concentration 
is 0.79 mM for all three temperatures and for both pressures. 
Slthough combination with calcium increases the BTP-ase ac- 
tivity of myosin, the equilibrium constant does not depend 
significantly on temperature or  pressure, and the pressure- 
sensitive equilibrium of the preceding section cannot be the 
association of calcium with myosin. The ATP-ase activity 
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is also temperature-sensitive, while the calcium equilibrium 
is not. 

Although the major effects of temperature and pressure are 
not on the calcium equilibrium, the latter must be slightly 
sensitive to  these factors. I n  the absence of added calcium, 
pressure decreases myosin ATP-ase activity at  any pH. ATP- 
ase activity under these conditions proceeds with an apparent 
volume increase of about 20 cm3/mole. Since the pressure 
effect is different in the absence of calcium, the calcium effect 
must depend at least slightly on the pressure. 

Low heats of reaction have previously been found for the 
binding of calcium by other proteins (Katz and Klotz, '53). 
Since the size of the pressure effect often follows that of 
temperature, calcium activation of myosin might have been 
expected to be relatively insensitive to both factors. The 
present data confirm this expectation. 

Although the calcium-myosin equilibrium is not pressure- 
sensitive, its nature is of interest in its own right. The ATP- 
ase activity of the myosin at any calcium concentration will 
be the sum of the activity of calcium-free myosin and the ac- 
tivity of one (or more) calcium-myosin complex. Let vo be the 
activity of the calcium-free myosin and v, the activity of the 
calcium-myosin complex in which m calcium ions have com- 
bined with each active site of myosin. 
Then 

v = v 0 W )  + v,(MCa,) 

where (11) and (MCa,) are the total concentrations of myosin 
and of its calcium complex. The total concentration of myo- 
gin, whether combined with calcium o r  not is 

( 2 )  

and 
(W, = (M) + (MCa,)  

The equilibrium constant for dissociation of the calcium myo- 
sinate is 

( 3 )  
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Substituting (3) and (4) in (2),  the activity is 
(Ca++) 

(Ca++)z I+- 
KUl 

v, + v, 
V =  (5 )- 

Equation (5) can be rewritten in two alternative forms: 

Equation (6),  if m is unity, becomes formally identical to the 
Michaelis-Menton equation, but is not otherwise interesting 
in the present discussion. Equation (7) ,  on the other hand, 
shows that when log ( s) is plotted against log (Cat+), one 
should find a constant slope equal to m, the number of calcium 
ions bound at each enzymatic site. Figure 3 shows that m 
is two for the experiments, as suggested on other grounds 
by Hans1 ( ' 56 ) .  K, is the value of ( at which ( v~ ) is 
one, or 6.2 X ( m o l e ~ / l i t e r ) ~ . ~  

That m is two suggests that two calcium ions are bound at 
each enzymatic site, but other explanations are possible. This 
m is analogous to the 12 of Hill's equation for the oxygenation 
of hemaglobin, which measures an interaction between active 
sites. Interaction may be present here, o r  an enzyme-sub- 
strate-activator (ESA) complex may be formed by the com- 
bination of monocalcium myosin complex with monocalcium 
ATP complex (di Stefan0 and Neumann, '53). The concen- 
tration of ESA complex would then depend on the square of 
the calcium concentration. 

T - Vo 

Temperature arzd activity 

The effects of temperature on ATP hydrolysis have not yet 
been considered. Temperature does not significantly affect 

a Manganese also activates myosin ATP-ase, as previously reported by Bowen 
('52) for the ATP-ase of myosin B threads. At its maximum, it produces about 
one-third the activity that calcium does. The manganese complex is not only 
less active but less stable than the calcium complex. Its dissociation constant is 
3.6 X (moles/liter)? 
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the calcium equilibrium and the formation of the enzyme sub- 
strate complex should not be rate-limiting at high substrate 
concentrations. The effects of temperature on the system 
must then be due to its effects on reversible denaturation and 
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- 

on the rate process. The observed activities at different 
temperatures, for dialyzed myosin, are shown in figure 4a. 
Activities under a pressure of 9000 psi were also measured 
at  different temperatures (fig. 4b). 
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At 30"C, the activities of different dialyzed myosin prepar- 
ations varied from 0.25 to 0.69 pM phosphate/mg-min. in 
glycine buffer of pH 8.4. Experiments were made at  several 
temperatures on one preparation to  obtain the correct rela- 
tive activities. Activities were then arbitrarily adjusted to  
0.51 at  30°C before plotting. If the effect of temperature is 
interpreted as that on a simple rate process, the activation 

Fig. 4 Dependence of niyosin ATP-ase activity on temperature. Lef t :  Activ- 
ities a t  atmospheric pressure. Heats calculated for successive straight-line portions 
of the curve decrease with increasing temperature. Right: Activities at atmos- 
pheric pressure and at 9,000 psi. 

energy is 18,000-20,000 calories per mole, depending on just 
where the line is drawn. A somewhat lower value was found 
for precipitated myosin, 12,400 calories per mole, as reported 
in a preliminary note (Guthe et al., '54) and as found by 
Onellet et al. ('52) for their myosin B preparations. Dialyzed 
myosin may be less subject to reversible denaturation than 
precipitated, and denaturation may be more than a single- 
step process. Further work is needed to explain this differ- 
ence. 
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The temperature dependence of the pressure effect is consis- 
tent with the earlier discussion of its pH dependence. In- 
creasing temperature favors reversible denaturation, which 
pressure opposes. Pressure accordingly increases the activ- 
ity more at higher temperatures, where reversible denatura- 
tion has become more important. The observed activity there- 
fore increases with temperature because the rate of enzyme- 
substrate breakdown has a high energy of activation. The 
increase is reduced to some extent because reversible dena- 
turation decreases the number of active enzymatic sites. This 
second effect is smaller than the first, and the over-all tem- 
perature dependence closely approaches linearity. The rel- 
atively small heat of reversible denaturation contrasts with 
the larger one found for bioluminescence. 

The small pressure effect at low temperatures has two 
possible explanations. Either denaturation is appreciable 
even at  low temperatures, or denaturation is negligible and 
enzyme-substrate breakdown proceeds with a much smaller 
volume change a t  0°C than at 30°C. The second alternative 
is favored by the results. At 0", pressure has little or no effect 
at any pH, so that the volume changes for both denaturation 
and the rate process must be small at this temperature. The 
volume changes must therefore depend on temperature, as 
they do in the bacterial luminescence system (Eyring and 
Magee, '42). 

Pressure amd activity 

It remains to  be shown what part the two reactions play in 
the dependence of activity on pressure. If pressure directly 
affects a rate process, log v,/v should be proportional to 
pressure. Proportionality is found at pressures under 8000 
psi (fig. 5), but the activity increases more slowly as the 
pressure rises further, and it eventually reaches a plateau. 
The proportionality at low pressures corresponds to an ap- 
parent volume decrease on activation of 44cm3/mo1e, as pre- 
viously reported (Guthe et al., '54). However, this is again 
the result of opposite effects on two processes, for the exis- 
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tence of a plateau is clear evidence that pressure affects an 
equilibrium process. Although increasing pressure brings in 
more of the renatured enzyme, this effect reaches a limit when 
reversal of denaturation is essentially complete. The effect 
of pressure on a pure rate process has no limit. The curve 

4 I 2 

PRESSURE (F1S.I) 
Fig. 5 Pressure increment in myosin ATP-ase activity as a function of pressure. 

For discussion of data points see text. The curve is tho calculated increment for 
a two-fold pressure effect, on enzyme-substrate breakdown and on reversible 
denaturation. 

therefore shows the presence of both an equilibrium, in which 
pressure favors the active ATP-ase, and of a rate process, 
which is either unaffected or inhibited by pressure. These 
data confirm the assumption that the pressure-favored, neu- 
tral-pH form of myosin is the native enzyme. The curve, cal- 
culated on the basis of the proposed scheme, fits the experi- 
mental points. 
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It should be noted that pressure increases the activity of 
some myosin preparations more than others, and that v,/v 
mas arbitrarily brought to 3.0 at 12,000 psi. This value was 
observed in most experiments, although some ranged as low 
as 2.5. Values at intermediate pressures were corrected on 
a percentage basis. 

The variation of the pressure effect with the preparation 
in itself supports the present reaction scheme. If pressure 
directly affected only a reaction rate constant, the observed 
variation would mean that the volume of activation changed 
from preparation to preparation. According to the present 
scheme, it is the extent of initial reversible denaturation that 
varies with the preparation ; there may be slight differences 
in pH or in the concentration of other components of the solu- 
tion. On the other hand, denaturation itself may not be pH- 
dependent, but the denatured form may be a stronger acid 
than the native. 

I3MnATP --* HM, + ADP + P, 
II' (8) 

HM, + H+ + M M ~  

If such a two-step reaction occurs, the difference in pressure 
effect might depend on the experimental conditions and pre- 
parative methods through the first equilibrium. 

If the complexities of the reaction system are disregarded, 
and the activity : pressure curve considered linear, we obtain 
an apparent volume decrease on activation of 44 cm3/mole at 
pH 8.4 and 30°C for myosin A. Laidler and Beardell ('55) 
found a decrease of 32 cm3/moIe at pH 7 and 25°C for myosin 
B. All our preparations of myosin A show an apparent volume 
increase at pH 7 and 20-30°, but preparations of myosin B 
show reasonable agreement with Laidler and Beardell. 

DISCUSSION 

The familiar analysis of luminescence in terms of absolute 
reaction rate t.heory (Johnson, Eyring and Polissar, '54) has 
been followed in this paper. The detailed numerical analysis 
is presented elsewhere (Guthe and Brown, '58). It is appro- 
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priate here, however, to review the argument for the occur- 
rence of reversible denaturation in the myosin ATP-ase 
system. 

The opposite effects of pressure on the ATP-ase activity 
at pH 6.3 and 8.4 show that two different reactions are pres- 
sure-sensitive. The equilibrium nature of one reaction is in- 
dicated both by pressure: pH data and by activity: pressure 
data. This equilibrium behaves like a reversible denaturation, 
with the denatured form favored by increased pH and the 
native form by increased pressure. If  reversible denaturation 
is instantaneous, pressure increases ATP-ase activity by in- 
creasing the concentration of native enzyme through the 
equilibrium. At neutral pH, nearly all the enzyme is native, 
and pressure decreases ATP-ase activity by its direct effect 
on the rate constant for the breakdown of enzyme-substrate 
complex, which therefore must proceed with an increase in 
volume. 

The pressure: pH data also show that reversible denatur- 
ation proceeds with the loss of a single hydrogen ion. The 
question arises whether the pressure-sensitive equilibrium 
is properly a reversible denaturation, especially since the 
equilibrium is much less sensitive to  temperature than most 
reversible denaturations. However, the system is much too 
pressure-sensitive for a simple hydrogen ion dissociation, and 
the large volume change for the equilibrium is typical of re- 
versible denaturation. The equilibrium can perhaps be com- 
pared ta alkaline rather than heat denaturation. 

The pressure-sensitive equilibrium is not an activator-en- 
zyme equilibrium, for the activation of the ATP-ase by cal- 
cium ion is independent or only slightly dependent on pressure 
and temperature. It cannot be the enzyme-substrate equili- 
brium, because the enzyme is saturated at  the present high 
substrate concentrations. The temperature and pressure de- 
pendence of activity at a single pH is consistent with the 
proposed two-fold effect of pressure, and with the following 
reaction scheme. 

HMnATP HM,, + ADP + P, 
0 

H+ + M, 
(9) 
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The reversible denaturation may have been overlooked by 
previous workers because it is most evident in pressure: pH 
data, which have not previously been reported. It is also 
possible that our use of sodium buffers, rather than the cus- 
tomary potassium buffers, has increased the role of reversible 
denaturation in our experiments. 

In  any event, it is of interest that the myosin molecule is 
capable of a reversible configurational change that is sen- 
sitive to the mechanical variable pressure. Whether this par- 
ticular pressure-sensitive change is in part responsible for the 
pressure-sensitivity of the twitch of an intact muscle cannot 
be decided without further investigation. 

SUMMARY 

The myosin-ATP-ase system must include at least 4 re- 
actions. One of these is substrate-sensitive, one is calcium- 
sensitive, and two are independent of these factors but 
sensitive to temperature, pressure and pH. At high ATP 
and calcium ion concentrations, the relation between ATP-ase 
activity and pressure depends on the last two reactions: the 
reversible inactivation of the enzyme by pH, and the break- 
down of the enzyme-substrate complex. Near pH 6, pressure 
decreases the ATP-ase activity, chiefly because it slows the 
breakdown, while above pH 8.4, pressure increases the activity 
by reactivating pH-inactivated enzymatic sites. At interme- 
diate pH, both processes are important. 

The action of pressure shows that both reactions proceed 
with an increase in volume and that pressure, by reducing 
the volume, slows the breakdown of the complex but favors 
the native over the denatured enzyme. The extent of dena- 
turation may be related to the presence of sodium ions in our 
reaction mixtures instead of the customary potassium ions. 

Combination of the enzyme with its activator, calcium, is 
not sensitive to temperature and pressure. The calcium-myo- 
sin equilibrium is therefore characterized by a very small 
energy and volume of reaction. According to kinetic data at  
pH 8.4, the active calcium-myosin complex may contain two 
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calcium ions per active site, with an overall dissociation con- 
stant of 6.2 X (moles/liter)2. 
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