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ONE FIGURE

The influence of temperature, pressure and pH on the aden-
osine triphosphatase (ATPase) activity of myosin as set
forth in the paper by Brown et al. (’58) is very similar to
their influence on bacterial luminescence (Brown, Johnson and
Marsland, ’42). The satisfactory application of the theory of
absolute reaction rates to the luminescence data (Eyring and
Magee, 42) suggests its application to the myosin data.

According to this theory, a rate process is in fact an un-
stable equilibrium between an activated complex and its
reactants (Glasstone, Laidler and Eyring, 41; Johnson, Eyr-
ing and Polissar, '54). The equilibrium constant for this
equilibrium is customarily represented by the symbol K*. The
specific reaction rate constant, k’, is

K= K}}?' K* @)

in which k = transmission coefficient

k = Boltzmann constant

h = Planck’s constant

T = absolute temperature
The transmission coefficient can usually be taken as unity, and
the term kT/h has the numerical value 5.56 % 10'* at 0°C.

* This investigation was aided by grants from the Dazian Foundation for
Medical Research, the Cinchona Products Institute, Inc., and the Horace H. Rack-
ham School for Graduate Studies, University of Michigan,
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Like any ordinary equilibrium constant, K* can be related to
thermodynamic values for free energy, heat, entropy and
volume. Thus the effect of pressure on a rate process depends
on the difference in volume between the activated complex
and its reactants.

Brown et al. (’58) have shown that the following reactions
occur in the myosin ATPase system:

(a) M4 ATP = MATP

(b) M + 2 Ca=MCa,

(¢)  HM,ATP = HM,ATP* — HM, + ADP + P,

() HM,=M,+ H,
where M is myosin, M, is native myosin, M, is reversibly de-
natured myosin, ATP is adenosine triphosphate, ADP is
adenosine diphosphate, P, is inorganic phosphate, and * de-
notes the activated complex. Tt is not known whether dena-
tured myosin combines with calcium ion and ATP or not. In
any event, only (¢) and (d) are concerned with the response
of the system to pressure, temperature and pH under the
experimental conditions of Brown et al. Reaction (a) was
driven strongly to the right by the use of very high substrate
concentrations, and reaction (b) was shown to be insensitive
to temperature and pressure.

Myosin ATPase activity (v) is measured by determining the
rate of increase of inorganic phosphate:

v=2) _y (mmarp), *

where parentheses denote concentration. At high substrate
concentration, (HM,ATP) is very nearly equal to the total
amount of active enzyme (HM,),

(HM,ATP) ~ (HM,) . (3
For reaction (d),
__(HY) M)
Ke=—tmry - ®

The total amount of native and inactivated enzyme (M.), is
constant for any set of experiments, and is given by

(L) = (M) + (M) = (TTM,) + o= (HM.), ®)
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so that

() =— 3 6)
Yy

Substituting (6) in (3) and then (3) in (2), we have for the
activity

L) (7

Qualitatively, it is clear that when (H*) is much larger than
K; (when the equilibrium favors the native myosin) the ob-
served rate of hydrolysis for a fixed amount of myosin will
depend only on the specific rate constant for (¢). The observa-
tions at pH 6.3 show that pressure decreases this rate constant.

On the other hand, at higher pH the equilibrium becomes
more and more favorable to the inactive myosin. Since the
activity at atmospheric pressure increases with pH, the specific
rate constant for (¢) must also be pH sensitive, increasing
with pH so rapidly that it masks the effect of inactivation.
Later in this analysis, it will be shown that, as Mommaerts
(’54) has already suggested, k’, increases in direct proportion
to the hydroxyl ion concentration. Although pressure de-
creases the rate constant k’,, it increases the measured activity
v. Equilibrium (d) must therefore also be pressure-sensitive,
pressure favoring the native form. Since pressure increases
the activity at alkaline pH, more than enough denatured en-
zyme must be reactivated to outweigh the pressure inhibition
per active site, or, in other words, the volume change in the
equilibrinm must be larger than that in the rate process.

As in the luminescence analysis, one can replace k, and
K; by

_ AEY + pAV* - TAS*
K, = k”c kh£ e RT (8)

and
_AE + pAV —TAS

SN 9
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where k”, still varies with pH, although its variation with

temperature and pressure has been removed. Then (7) be-
comes

Agx AE* + pAV* ABR* + pAV*
k R 1 Y BTe ~
{ Keq € j Te RT RT (10
V=T AE+pAV - TAS T AE+pAV -TAS*
1 Y S 1 e” RT
14 1 141
oy e (1

In this equation, B in the final expression replaces the bracket,
which contains unknown factors that are independent of tem-
perature and pressure but still pH-dependent.

At low pH, where a negligible fraction of the myosin is
denatured, (10) becomes

_ AE” + pAV>
v =BTe RT - (11)

The ratio of the activity v, at pressure p to the activity v at
atmospheric pressure at the same temperature is then
PpAV*

v,/v=e CRT (12)

The difference in volume between the activated complex and
the reactants can therefore be determined from the extent of
inhibition of activity by pressure at pH 6.3. The activity at
this pH under 7800 psi is 31%of the activity at atmospheric
pressure so that the volume of the activated complex is 56
em?®/mole larger than the volume of the reactants.

At higher pH, where the effect of reversible denaturation

cannot be neglected, the ratio v,/v at constant temperature
and pH is

_ AE-TAS
pAV* 1 R RT
v,/vV=2¢ T BT l+“(ﬁ’7
al T Ao a2
RT

1
14 '(H»é)_ ©

It is convenient to define v/,=v,/e "®8V/ED and to note

that the equilibrium constant for reversible denaturation
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at pressure p is

_AE +pAV —TAS
RT
K,=e

With these substitutions, equation (13) becomes

AV
e S
T+-@my\ e /(Y +Ke
K, H") + K,
NGO

(14)

Vo /v =

To estimate K, and AV, the volume difference between native
and denatured myosin, it is convenient to use the corrected
pressure increment

K

Vo /v 1= "0 . (ePAV/BT _
»/ @) + 5, °

1). (15)
Brown et al. include a plot of this increment against pH and
the shape of their curve is consistent with equation (15); the
numerical values obtained from the graph are pK,=7.85 at
7800 psi and AV =97 em?®/mole, the denatured form having
the larger volume. Reversible denaturation, then, proceeds
with a large increase in volume. When AV is known, the pK
for the dissociating hydrogen ion at atmospherie pressure
can be calculated, and it is 6.96. The size of the volume in-
crease shows that reaction (d) is more than a simple acid-
base equilibrium. The reaction must involve extensive con-
figurational changes as well, and can therefore properly be
termed a reversible denaturation. It is probably more than
coincidence that a very similar volume change is found for
the gelation of myosin, the gel form, like the denatured form,
having the larger volume.

At this point in the analysis it becomes possible to show
the pH-dependence of the activity of a native enzymatic site.
From the equilibrium constant, one can calculate the fraction
of the sites inactivated at each pH. The activity per active
site (BTe (4E/ET)} ig then determined by dividing the observed
activity by the fraction active. The result is shown in figure 1.
The straight line in the figure, which fits the points well above
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pH 7, has a slope of one. The rate then is inversely propor-
tional to the first power of the hydrogen ion concentration, or
directly proportional to the hydroxyl ion concentration. This
relationship was found by Mommaerts (’64) for myosin
ATPase between pH 7 and 9 in 0.15M KCL In the present
data, activities below pH 7 are larger than the linear relation

M P
MG-MIN.
100

CORRECTED RATE
2

| | 1 1 i i
%% 7 8 9
pH
Fig. 1 The pH dependence of the rate of ATP hydrolysis per active site, after
correction for the fraction reversibly denatured (see text).

predicts. Perhaps another reaction enters below pH 7, as is
indicated by the large peak in activity that Mommaerts finds
at pH 6.2 in 0.15M KCL

Another possible explanation of the data might be that two active
forms of enzyme were present, a more active alkaline form and a
less active acid form. If this were so, calculation shows that pressure
would decrease the rate constant for the acid form, increase that for
the alkaline form to the same extent, and favor the acid form in the
equilibrium between the two. This is not a very satisfying result,
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and although the scheme fits the pH data satisfactorily, it fails to
account for the observed shape of the activity : pressure curve (fig. 5 of
Brown et al.) More complicated reaction schemes could be assumed
in which hydrolysis of ATP is catalyzed by either H" or OH  in
the presence of the enzyme, while the enzyme is reversibly denatured
by either acid or alkaline pH. It seems premature to present an ex-
tended analysis based on a more complicated scheme without more
extensive data.

At present, the pH dependence of the ATPase activity is
left undefined, as part of term B in equation (10), and we
proceed to the other thermodynamic constants. Although it
may now seem easy to evaluate the energies and the entropy,
there is an added complication. The volume changes were
determined at a single temperature, but they are temperature-
dependent, as are the volume changes for both rate and equi-
librium constants in bioluminescence (Eyring and Magee, '42).
Activities at 0°C, although less precisely determined than the
much larger activities at 30°C, show clearly that pressure
has little if any effect at any pH. If the volume changes at
0°C are taken as zero, within experimental error, the volume
changes depend on temperature as follows:

A VAR an
The corresponding relations for luminescence (Eyring and
Magee, 42) are

AV* = 546 —181T

AV =923 + 321T. a8
Whether or not the numerical agreement between the co-
efficients in (17) and (18) is coincidence, it deserves mention.

Once the preceding values for the volume changes are

adopted, the remaining constants of equation (10) can be
determined. Not only the pH data, but also the activity:
temperature and the activity: pressure data of Brown et al.
are fitted satisfactorily by equation (19),

_ [‘Er‘[]\-i . p(_—_Z'_fié +0.00937 )]
3.3 X 10® Tfy X 10

- 4120 4.67
9.0 X 10° e (- soorm )]

+ @y X1

(19)
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where v is measured in micromoles ATP split in one minute by
one milligram of myosin, p is measured in atmospheres, and
fq is an undetermined function of pH that is equal to one at
pH 8.4. This leads to the following values of the constants
in (10):

AE* = 34,000 cal/mole; AV* == — 483 == 1,77 T in em*/mole
AE = 18,900 cal/mole; AS =32 E.U.; AV = --882 - 3.23 T in em®/mole,

(10a)

These constants are somewhat different from those of
luminescence. The activation energy of 34,000 cal/mole for the
rate process (c¢) is large. The energy of reaction of 18,900 cal/
mole for equilibrium (d) is unusually low for a reversible de-
naturation. The entropy change on denaturation is also rela-
tively small. Entropy, or disorder, increases on denaturation,
as expected, but not very much. Most denaturations show an
entropy increase of the order of 200 entropy units (Jobnson,
Eyring and Polissar, ’54). This suggests that reversibly de-
natured myosin still retains a well ordered structure. The
numerical values of all these thermodynamic constants are
sensitive to the values taken for the temperature dependence
of the volume changes and must be regarded not as final fig-
ures but as indications of the correct order of magnitude.

In the present paper, reversible denaturation has been re-
garded as identical with the hydrogen ion dissociation., The
inactivated enzyme might, however, exist in two forms, with
and without the dissociated hydrogen ion. This would modify
equation (7) to read as follows:

M.

T L {1 Xi \ (7a)
14+ K’ ( 14 -y

v=k'q

where K’; is the equilibrium for reversible dissociation and
K, the dissociation constant of the acid species of denatured
myosin. Hither equation will fit the present data equally well.
The scatter in the pressure: pH data suggests that there may
be pressure-insensitive differences between preparations,
which might be referred to differences in K’; of equation (7a).
The scatter may, however, also be caused by sensitivity of
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the original K, to factors other than hydrogen ion concentra-
tion. The difference in the apparent activation energies of the
precipitated and the dialyzed myosins of Brown et al. (’58)
may also be referred to one or the other of these possibilities.

SUMMARY

Expressions are derived for the interpretation, on the basis
of absolute reaction rate theory, of pressure, temperature and
hydrogen ion influences on myosin adenosine triphosphatase
activity.

Numerical data that fit the experimental results of Brown
and co-workers include the following, which suggest the cor-
rect order of magnitude for the thermodynamic values:

(a) in the reversible denaturation of myosin, AE is 18,900
cal/mole, AS is 32 cal/mole-degree, and AV is (—882 4 3.23 T)
cm?/mole.

(b) for the breakdown of the myosin ATP complex, AE* is
34,000 cal/mole, and AV* is (—483 - 1.77T) em3/mole,
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