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SUMMARY

The dependence of the kinetic constants KNy, vmax and &y of mvosin ATPase
on the species and concentration of monovalent cations and on pH was analyzed and
results were compared with similar data obtained on Mg?- mediated mvosin ATPase.

A linear relationship between Ay, and vpax was observed when mvosin AT Pase
was activated by equal concentration of different alkali cations. This observation was
utilized for the calculation of the dissociation constant A, the formation rate con-
stant A, and the decomposition rate constant £_; of the enzvme-substrate complex.

The increase in KCl or NH,Cl concentration causes the measured values of
Ky and ipax to increase and that of 4 to decrease in the monovalent cation activated
ATPase.

Ky and ey vary with pH between 6 and ¢ in the same way. The value of &,
is slightly affected by the change in pH.

In the Mg mediated myosin ATPase K,, and vnax decrease while &) increases
with increasing Mg?+ concentrations.

The observations indicate that the monovalent cations enhance the rate of the
steady state hvdrolysis of ATP and reduce the stability of the myosine ATP complex
while Mg®' inhibits the hydrolvsis and improves the stability of this complex. This
strongly supports the view that the activation of myosin ATPase with monovalent
cations, including the low degree activation with Na' and Lit, is essentially different
from that with Mg**.

INTRODUCTION

It has been shown by several authors that the mechanism of myosin ATPase 1s
substantially different in the presence of divalent cations from that in their absence? 4.
In the absence of divalent cations the ATPase activity of mvosin depends on the
species and the concentration of the monovalent cation present in the solution! -6,
The presence of Mg?t at even such low a concentration as 1-1077 M, inhibits the
myosin ATPase activity and changes its mechanism so that the proper value of the
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monovalent cation activated ATPase can be measured only in the presence of EDTA
or other chelating agents™ *.

The kinetics of divalent cation activated myosin ATPase has already been
thoroughly studied®*.7.10-17_ [“ar less data are available on the kinetic constants of
the myosin ATPase activated by monovalent cations?41%.5, In the present paper the
results of a study of the variation of the kinetic constants Ky and vmax of myosin
ATPase with the species and the concentration of the activating monovalent cations
and with the pH are reported.

MATERIALS AND METHODS

Myosin was prepared essentially as described by PORTZEHL ¢f a/.'8, and purified
by ultracentrifugation at 105 000 X g in a Spinco L-50 preparative centrifuge. Only
fresh myosin, not older than 3 days, and reagent grade chemicals were used in the
experiments. The ATP was a Sigma or Reanal (Budapest) product.

ATPase activity was measured essentially by the method of BARANY ef al.'?
The test solution contained 8-15 ug of myosin per ml, g mM EDTA, 40 mM Tris-
maleate buffer (pH 8) and o.1-1.0 M chlorides of monovalent cations, if not stated
otherwise. The pH was carefully controlled especially at high salt concentrations. The
ATP concentration varied between 0.1 and 1.0 mM for the values of K, higher than
4-107% M, and between o.01 and 0.1 mM for K, lower than 4 1073 M. The measure-
ments were carried out at 20° using samples of 8 ml for K,, higher than 4-107% M
and samples of 60 ml below this value. (In the latter case it was necessary to use large
volume cells with 1o-cm light path for determination of P;). Incubation times (1-60
min} were chosen so as to obtain a decomposition of ATP of less than 209,. Incubation
was terminated by the addition of 1/13 vol. of 0.88 M sulfuric acid. Inorganic phos-
phate P; was measured by the method of Fiske anD SuBBAR0OW!. ATPase activities
were evaluated from the averages of three parallel measurements (moles P; liberated
per mole of myosin per sec). The molecular weight of myosin was taken to be 5-10°
daltons.

The very low Nat activated myosin ATPase (3.75-10~% mole P; per mole
myosin per sec) was measured on samples of 70 ml containing 0.32 mg of myosin per
ml and the incubation was terminated by the addition of 4.2 ml of 1009, trichloro-
acetic acid to remove the protein which would disturb the measurement of P; at this
relatively high myosin concentration.

The Mg?+ mediated ATPase activity was measured in the presence of Mg*t-EDTA
buffer to abolish any effect of unknown Mg?+ contaminations. The association con-
stants used for the calculation of the concentrations of ionic species were the follow-
ing: Kags Mg2t-EDTA (pH 8) = 4.65-10% and Kaes Mg2i-ATP (pH 8) = 2.27 104
(ref. 2z0). The free EDTA concentration was kept constant at 1 mM in all samples.

The measurements in the presence of tetramethyl ammonium chloride, which
also disturbs the determination of P, were performed on 6-ml samples, incubation
was terminated by the addition of 6 ml of a solution containing 10%, trichloroacetic
acid and 40%, sodium perchlorate (the latter for removal of tetramethyl ammonium?).
The values of K, and wyax were determined from Lineweaver-Burk double reci-
procal plots. Each plot was made from data obtained for five substrate concentra-
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TABLET

o AND Tax AS MEASURED ON MYO0SIN A'TPasc ACTIVATED BY DIFFERENT MONOVALENT CATIONS
ATPase activity was measured in the presence of 9 mM EDTA and o.49 M of the chloride of
cach cation at pH 8. For other details of the ATPase measurement and the evaluation of A,
and @ ygx SCC METHODS,

Mownovalent N Umax
cation

NH, 6.y -1074 59.5

It 2131074 9.1

I\’.l)‘ 1.13-10 %4 4.3

.- 9.0 -10°¢ 0.122
Na! R.006- 1078 0.00375

tions; all the values of K, and vyqax are averages taken over the data trom three runs
with different myosin preparations.
The protein content was measured by the biuret method of GorzaALL of al®!.

RESULTS

In the absence of divalent cations the activity of myosin ATPase activated by
different monovalent cations is known to vary with the species in the order NH,'
K+ == Rb- ~- Lit = Nat (refs. 4-6). The values of the kinetic constants A, and
“max Obtained in the present experiment are listed in Table 1. It is apparent that &y,
increases with the activating species in the same order as ©max. Considering only the
values obtained in the presence of alkali cations (Fig. 1) a linear relationship is scen
to exist between K, and vpax. [t was shown by SLATER AND BoxnNER?? that in the
case of a linear dependence the plot of K, against vnay permits to calculate the rate
constants of the enzvmic reaction and the dissociation constant of the enzyme-
substrate complex if the formation rate constant %, and the decomposition rate con-
stant %_; of the enzvme substrate complex are assumed to be insensitive to the spe-
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IFig. 1. Dependence of Ry on vgay in alkali cation activated myosine ATPases. Conditions ot
ATPase activity measurement sce Table T Evaluation of A7y, and 24y sce METHODS.
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cies of the activator. Using the enzyvme reaction expressed in the general form

ky

Fa S ESoi o p 0
ko

from which the dissociation constant K of the enzyme substrate complex is given by

k 1
Ny = -
ky
the values of Ky and —A £ (£ being the concentration of the enzyme) are deter-
mined by the intercepts of the K, versus vmax curve on the ordinate and the abscissa,
respectively, and 1/%,-F¢ is given by the slope of the curve. by = vmax/E+ and if
vmax 15 calculated per mole enzyme as in our case (see METHODS) k, is numerically
equal to vmax. The plot of the experimental data shown in Iig. 1 gives K, = 8-10¢
M; & = 4.37-10* M~lsec! and k_; = 0.35 sec”t. The value of %, obtained by this
method agrees well with that reported by LyMN AND TAYLOR?, as estimated from the
kinetics of K*-activated ATPase in the transient state.

It follows from (IEqn. 1) that Ky = (A_y 4 ky)/k, and since K = k_ [k, if we
have for k_; >> k,, as observed in the Nat-activated ATPase, Ky, = K. If &y » £,
as in the case of Rb*- or K+activated ATPase, we find that K, = &,/k, as it was
observed on the K t-activated myosin ATPase also by Lym~ anDp TavLor?®. It is very
probable that K, = £,/k, in the NH,7-activated ATPase, too, since the highest value
of &, (59.5 sec™, see Table I) was obtained in this case.
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Fig. 2. Variation of K, and vmax with KCl concentration in K+t-activated myosin ATDPase.
ATPasc activity was measured in the presence of g mM EDTA and KCI concentrations specified
on the abscissa at pH 8. For details of the ATPase measurement and evaluation of K, and
Umax S€C METHODS. @, K. X<, Umax.

Vinax (Moles P, liberated per mole myosin per sec)

Tig. 3. Dependence of %, in Xt activated myosin ATPase on KCl concentration. ATPase activity
measurement see Fig. 2.
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I'ig. 4. Dependence of Ay, and ¢may in NH -activated myosin AT Pase on NHCl coneentration.
AT Pase activity was measured in the presence of g mM EDTA and NHCl concentrations specified
on the abscissa at pti 8. For details of the AT Pase measurement and evaluation of A, and
Uipax SCC METHODS. @, Ny <, Umax.

Iig. 5. Dependence of £ in NHj*-activated myosin AT Pase on NH,C1 concentration. AT Pase
activity measurement see Fig. 4. &y was evaluated as desceribed in the paper for Ke-activated
myosin N Pase, see text.

The observed variations of Ay, and vmax With the KCI concentration are shown
in I'ig. 2. The values of both parameters increase with increasing KCl concentrations
but the increase in Ky, 1s much higher than that in vmax. Since &y, = vmax/E ¢ and lor
Kt-activated ATPase K, = kyfk,, the value of £, is given by the formula 2y = vpax)
Ko - Irp I the value of &y does not exceed by at least an order of magnitude that of
k_;, as, c.goin the presence of 0.2 M KCI, one has to take into account also the value
of £_;, and the formula becomes &, = (imax * A_1)/ Ky - £+, In our caleulations of £
the value of £_; = 0.35 sec~!, obtained from Iig. 1, was used throughout. As shown
in IFig. 3, A& was found to decrease as a function of KCI concentration.

TABLE 1

EEFECT OF TETRAMETHYL AMMONIUM CHLORIDE ON THE VALUES OF N, iy AND & OF N1 -
ACTIVATED MYOsIN AT DPase

ATPase activity was measured in the presence of g mM EDTAN and o.2 M NHCL For the detatls
of the ATPase measurement and the evaluation of Ay, and oy, S¢¢ METHODS.

Tetramethvl K, Umar oy
anmmonium )
chlovide( M) Ny - Iy

- 1741071 36.3 2.08 107
0.3 2781071 37.5 1.35-10%
0.4 3.3 1071 41.5 1.26 107
o7 3.04 10 37.0 1.02-10%
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Fig. 6. Effect of pH on K, and vpmax in K*-activated myosin ATPase. ATPase activity was
measured in the presence of 9 mM EDTA and o.5 M KCl at pH specified on the abscissa. 40 mM
Tris—maleate buffer was used between pH 6-7.5 and 40 mM Tris-HCI buffer was used between
PH7.59. @ Ku: X, Umax-

Fig. 7. pH dependence of %, in K+-activated myosin ATPase. ATPase activity measurement see
Fig. 6.

The effect of NH,CI on the kinetic constants of myosin ATPase, shown in Fig.
4, is similar to that of KCl. K, increases up to 0.5 M NH,Cl and shows a plateau above
this concentration. vmax gives a curve with a maximum between 0.5 and 0.6 M NH,Cl.
k, decreases with increasing NH,CI concentration (Fig. 5), but the decrease is smaller
than that observed for KCL

Since it was shown by SEIDEL® that the tetramethyl ammonium cation does
not induce any change in the myosin ATPase activity, to see which component of the
salt (the cation or the anion) is mainly responsible for the observed effect of NH,CI
and KCl, tetramethyl ammonium chloride was used to study the influence of Cl- and
of the ionic strength. The results of this measurement are shown in Table II. vmax did
not change appreciably and K,, and k&, changed but slightly with the tetramethyl
ammonium chloride concentration. The observed insensitivity of the kinetic constants
to the increase of tetramethyl ammonium chloride concentration suggest that the
changes observed in the kinetic constants under the action of KCl or NH,C] are
brought about mainly by the cations.

The effect of pH on the kinetic constants of K+-activated ATPase can be seen
from Figs. 6 and 7. Both vmax and Ky, show a maximum at pH 8.5, but that is less
pronounced for the latter. The curve for £, has two maxima, at pH 6.5 and pH 7.5,
neither seems to be large enough to indicate a significant effect of pH on %.

The effects of the monovalent and the divalent cations on the kinetic constants
were compared by measuring the myosin ATPase in the presence of 0.6 M KCl with
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Ifig. 8. Dependence of Ny and vmay in Mg?-mediated myosin ATPase on Mg?! concentration.
Al'Pase activity was measured at pH 3 in the presence of Mg2' EDTA buffer, 1 mM free 1KDTA
and free Mg?!' concentration specified on the abscissa. 1For details of the ATPase measurement
and evaluation of Ny, and vmax sce METHODS. @, Nyt < Thax.

Fig. g. Dependence of &, in Mg? -mediated myvosin ATDPase on Mg2i concentration. ATPase
&~ 1 & 2 S

activity measurement see Fig. 8. b was evaluated using the formula £, — (Pmax RTINS S

k .y was taken to be 0.35 sec™! as evaluated from Fig. 1.

upon the addition of Mg?* at different concentrations. As apparent from Figs. 8 and
0, the values of Ky, and vmax show a sharp decrease while that of £, a slight but con-
stant increase as the Mg2?* concentration increases.

DISCUSSION

The K,, and vmax values of monovalent cation activated mvosin ATPase
presented in this paper are in agreement with the relatively few data published al-
ready in the literature mainly about K- (refs. 4, 12 and 15) and NH, (ref. 2) acti-
vated myosin ATPase.

The plot of SLATER AND BOXNNER?2 was used for the calculation of the indi-
vidual rate constants and dissociation constant of mvosin ATPase activated by dif-
ferent species of alkall cations. The condition of the application of this plot is that
fy and £y has to be insensitive to the species of activator. This seems to be valid in
the experiment presented in Fig. 1 as linear relationship between A, and emax
would be hardly probable in anv other case and our £, value agrees well with that of
Lymy axD TavrLor? obtained by an essential different method. MoriTA!* measured
the rate constants of the Mg2--mediated ATPase of H-meromyosin using the ATP
induced difference spectrum for the measurement. The thus obtained 4, is higher than
the present value, but £_, is practically the same as obtained here. This indicates a
practical insensitivity of £_; to the conditions of the measurement of the monovalent
~ation or Mg2-activated ATPases.
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An interesting observation was the opposite effect of K or NH - on the rate
constants &, and ;. The former increases, the latter decreases with increasing sait
concentrations, the decrease being particularly striking in the case of K. The in-
crease in &, las been alreadv observed?5.6.28 but no data have been reported on the
decrease in #;. Considering the above mentioned insensitivity of 2_; to the experi-
mental conditions, it seems reasonable to assume that £_; does not change appreciably
with increasing monovalent cation concentrations and in this case the decrease in %,
means the decrease in the stabilityv of the enzyme-substrate complex. Mg?+, on the
other hand, causes k&, to decrease and A& to increase with increasing Mg2?' concen-
trations. This increase in £, with increasing Mg?t concentration was observed by
MorrTal4, too. It follows from the conclusion made in the case of K+ and NH,* that
the presence of Mg?t stabilizes the enzvme -substrate complex. This stabilizing effect
of Mg?+ on the myosin—ATP complex mav have some functional role in the molecular
mechanism of muscular contraction.
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