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SU MMARY 

The dependence of the kinetic constants  K~n, ;'max and k I {If nlv()sin ATPase  
~n the species and concentrat ion ~)f n~onovalellt cations alld on pU w~.ts analyzed and 

results were compared with similar da ta  obtained on Mg e media ted  myosin eX'l'Pase. 

A linear relat ionship between/x" m and Vmax was observed when myosin ekTPase 
was act iwtted by equal  concentrat ion of different alkali cations. This observat ion was 

uti l ized for the calculat ion of the dissociation c~mstant K.~, the formati~m rate c~m- 

s tant  I" 1 and the decomposi t ion rate  constant /e  ~ of the enzyme substrate  complex. 
The increase in KC1 or NH~('I concentra t ion causes tile measured values ~i 

K~, and ;~max to increase and that  of/,'1 t~ (tecreas~ in the monowd( 'nt  cation ac t iva ted  
ATPase.  

_/x m and ;'max v a r y  with pH between b and ~ in the same way. The valm'  ~f/¢1 
is slightly affected by the change in pH. 

In the Mg"' media ted  mx'osin . \TPase  K~,, and Vmax decrease whih' /e I increases 
with increasing Mg e+ concentrat ions.  

The observat ions  indicate that  the nlonovalent  cations enhance the rate of the 
s teady s ta te  h\'drolx, sis of ATP and redu,'e the stabil i ty (~f tile myosin ATP c<mlplex 

while Nlg ''~ inhibits the hydrolysis and improves the stabil i ty of this c~mq)lex. This 

s trongly supports  the view tha t  the ac t iva t ion  ~f myosin A'l 'Pase with mom~valent 
cations, including the low degree ac t iva t ion  with Na '  and Li ~ , is essentially differ{rot 

from tha t  with Mg "~. 

l N'rI{()I)U(7I'I()N 

It has been shown bv sew~ral authors tha t  the mechanisn~ (~f myosin ATPase  is 

substant ia l ly  different in the presence of d ivalent  cations from tha t  in their  absem'e 1 '~ 

In the absence of d ivalent  cations the ATPase  ac t iv i ty  of myosin depends on the 
species and the concentra t ion  of tile monova len t  cation present in the s~lution I '~ 
"File presence of Mg 2~ at even such low a concentra t ion as i - ~0 -7 M, inhibits tile 

myosin ATPase  ac t iv i ty  and changes its mechanisnl s~ tha t  the proper value of the 

* I'o whom correspondence s h o u l d  bc  a d d r e s s e d ,  l h ' c s c n t  a d d r e s s :  DMmrtmmlt of l'i{~h~ 
gic~d Sciences. [:nivcrsitv of Ire. tle-lfc. Nigeria. 
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monovalent cation activated ATPase can be measured only in the presence of I"I)IA 
or other chelating agentJ  :' 

The kinetics of divalent cation activated myosin ATPase has already been 
thoroughly studied2,< v,H~ t: Far less data are available on the kinetic constants (~| 
the myosin ATPase actiwtted by monovalent cations2,4,v', ~a. In the present paper tb~. 
results of a study of the variation of the kinetic constants Km and Vmax of myosi~l 
ATPase with the species and the concentration of the activating monova]ent cations 
and with the pH are reported. 

MATERIALS AND METHODS 

Myosin was prepared essentially as described by PORTZEHL et al. 18, and purified 
by ultracentrifugation at lO5 ooo × g in a Spinco L-5o preparative centrifuge. Only 
flesh myosin, not older than 3 days, and reagent grade chemicals were used in tile 
experiments. The ATP was a Sigma or Reanal (Budapest) product. 

ATPase activity was measured essentially by the method of BARANY et al. 12 
The test solution contained 8-15 #g of myosin per ml, 9 mM EDTA, 4 ° mM Tris- 
maleate buffer (pH 8) and o.i- I.O M chlorides of monovalent cations, if not stated 
otherwise. The pH was carefully controlled especially at high salt concentrations. The 
ATP concentration varied between o.I and I.O mM for the values of Km higher than 
4 "1o-5 M, and between o.oi and o.I mM for Km lower than 4 "1°-5 M. The measure- 
ments were carried out at 20 ° using samples of 8 ml for Km higher than 4"IO-a M 
and samples of 60 ml below this value. (In the latter case it was necessary to use large 
volume cells with Io-cm light path for determination of Pi). Incubation times (1-6o 
min) were chosen so as to obtain a decomposition of ATP of less than 200/0 . Incubation 
was terminated by the addition of I/13 vol. of 0.88 M sulfuric acid. Inorganic phos- 
phate Pi was measured by the method of I~'ISKE AND SUBBARow 19. ATPase activities 
were evaluated from tile averages of three parallel measurements (moles Pi liberated 
per mole of myosin per sec). The molecular weight of myosin was taken to be 5"Ioa 
daltons. 

The very low Na~ activated myosin ATPase (3.75.Io -a mole Pi per mole 
myosin per sec) was measured on samples of 7 ° ml containing 0.32 mg of myosin per 
ml and the incubation was terminated by the addition of 4.2 ml of IOO°,~ trichloro- 
acetic acid to remove tile protein which would disturb the measurement of Pi at this 
relatively high myosin concentration. 
The Mg 2+ mediated ATPase activity was measured in the presence of Mg2+-EDTA 
buffer to abolish any effect of unknown Mg 2" contaminations. The association con- 
stants used for the calculation of the concentrations of ionic species were the follow- 
ing: Kass Mg2+-EDTA (pH 8) = 4.65 "IO 6 and Kass Mg2+-ATP (pH 8) = 2.27 "IO 4 
(ref. 2o). The free EDTA concentration was kept constant at I mM in all samples. 

The measurements in the presence of tetramethyl ammonium chloride, which 
also disturbs the determination of Pi, were performed on 6-ml samples, incubation 
was terminated by the addition of 6 ml of a solution containing io% trichloroacetic 
acid and 40% sodium perchlorate (the latter fl)r removal of tetramethyl ammonium3). 
The values of Km and Vmax were determined from Lineweaver-Burk double reci- 
procal plots. Each plot was made from data obtained for five substrate concentra- 
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:Vl 'Pase a c t i v i t y  was  m e a s u r e d  in t h e  p r e s e n c e  of  9 r a m  t . ;1) ' l ' \  a n d  /).49 M of  t h e  ch lo r ide  (~1 
each  c a t i o n  a t  p H  S. For  o t h e r  de ta i l s  of  t he  A ' l ' P a s e  m e a s u r e m e n t  a n d  t h e  c v a h m t i o n  (d Ix',,, 
l i n d  i)lllliX .~e(} M F T t t O 1 ) S .  
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t ions;  all the values of Km and Vmax are averages taken over the data  from three runs 
with different myosin preparations.  

The protein content  was measured by the biuret method of GORXALL c/ al."'. 

1), 1:. S U I ~T S 

In the absence of divalent  cations the act ivi ty  of m\'osin ATPasc act ivated by 
different monovalent  cations is known to vary  with the species in the order N H, '  
K ~ R b  ;- Li~ -:- Na ~ (refs. 4-6). The values of the kinetic constants  K,,  and 
~'max obtained in the present experiment  are listed in Table 1. It is apparent  that  K,,  
increases with the act ivat ing species in the same order as ~'max. ('( nsideri ~g o n l \  tlw 
values obtained in the presence of alkali cations (Fig. I) a linear relati~mship is seen 
to exist between I{,,. and 7'max. It was shown by ~I.:\TtiR AND I-~ONNER ~" that  in the 
case of a linear dependence the plot of Km against  '~'max permits t(, calculate the r~tte 
constants  of the enzymic reaction and the diss~wiation constant  i~f the el~Z\ll/t. 
subst ra te  complex if the formation rate constant  k, and the dcc(,mp~)sition rate c , m  

s tant  l e t  of the enzyme substrate  c(mlp/ex are assumed to be insensitive t~, the spc 
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lCi~ ~. l ) e p c n d c n c c  of  Ix'., on Z'max in a lka l i  c a t i o n  a c t i v a t e d  i n y o s i n  A'l 'Pa~cs.  ( ' o m l i t i o n s  t)t 
. V l ' P a s c  a c t i \ r i t v  lllCi/stlrclllCllt sk'c T a b l e  I. ] ' ; v a l u a t i o n  of  1(,~ a n d  Vmax see METH()DS. 
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t i e s  ()f: t h e  a c t i v a t o r .  [ ' s i n g  th( '  rnzxmt~  r~:action e x t ) r e s s e d  in t h e  gcllcr:tl  I()vnl 

k~ 1% 

1" i S ~; /iN > /'; : t> ~! 
k 

fYom which the dissociat ion c(mstant  K.~ of the  enzyme subs t ra te  complex is given b \  

k 
K ~  

]q 

the  values  of  K ,  and  - - k l E t  (Et  being the concent ra t ion  of the  enzyme) are deter-  
mined  by  the in tercepts  of  the  Km versus Vmax curve on the ord ina te  and the abscissa, 
respect ively ,  and  I /k  1 .E t  is given by  the slope of  the  curve, k2 =- Vmax/Et and if 
Z~max is ca lcu la ted  per  mole enzyme as in our case (see METHODS) k 2 is numer ica l ly  
equal  to Vmax. The plot  of  the exper imenta l  d a t a  shown in Fig. I gives Ks  =:= 8 .IO ~ 
M; k 1 = 4.37"IO4 M-lsec 1 and k 1 = o.35 see L The value  of  k 1 ob ta ined  by  this  
me thod  agrees well with t ha t  r epor ted  by LYMN AND TAYLOR 4, as e s t ima ted  from the 
kinet ics  of K4-ac t i va t ed  ATPase  in the t rans ien t  s ta te .  

I t  follows from (Eqn. I )  tha t  Km =- (k_l + k2)/k I and since Ks  = /d_l/k l, if we 
have  for k_ 1 >> k2, as observed in the  N a t - a c t i v a t e d  ATPase ,  Krn. - -  A',. Ifk.~ >> te~, 
as in the  case of  R b  ~-- or K ~-act ivated ATPase ,  we find t ha t  K m =  k,,/k1., as it was 
observed  on the K~-ac t i va t ed  myosin  ATPase  also by  Lvr~1N AND TAYLOId. I t  is very 
p robab le  t ha t  K m =  k=/k~ in the  NH4+-act iva ted  ATPase ,  too, since the  highest  value  
of  ke (59.5 sec-~, see Table  I) was ob ta ined  in this  case. 
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t,2(;1 concentrat ion in t(~-activated myosin ATPase. 
ATPase act ivi ty was measured in the presence of 9 mM EDTA and KC1 concentrat ions specified 
on the abscissa at  p H  8. For details of the ATPase measurement  and evaluation of K.~ and 
Vmax see METHODS. 0 ,  /fm; X, Vmax. 

Fig. 3. Dependence of k t in K ~ activated myosin ATPase on t(CI concentration. ATPase act ivi ty 
ineasurement  see Fig. 2. 
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l : i~.  4- I ) c t ) e n d c n c e  o f  Ix',,, a n d  vma~  in N I t ~  - a c t i v a t e d  m y o s i n  . V l ' l ' a s e  o n  N H a ( ' I  c ~ m c c n t r a t i o n .  
A ' l ' P a s c  a c t i v i t y  w a s  m e a s u r e d  in  t h e  p r e s e n c e  o f  9 m M  I '~ I )TA al~(1 N 1t L('I c ( m c c n t r a t i o n s  s p c c i l h ' d  
o n  t h e  a b s c i s s a  a t  p i t  S. F o r  d e t a i l s  o f  t h e  . \ ' l ' P a s e  m e a s u r e m e n t  a n d  c v a h m t i o n  o f  Ix',,, a n d  
llI1HtX Set! METHOI)S. ~ ,  ]£m ; Z , ~llllaX. 

l : i g .  5. l l c p c n d c n c e  o f  h 1 in  N H 4 + - a c t i v a t e d  m v o s i n  . \ T P a s e  (m N H 4 ( ' I  c o n c e n t r a t i o n . . \ ' l ' l ' a s c  
a c t i v i t y  m e a s u r e m e n t  s c c  l : i~  4. Iq  w a s  e v a l u a t e d  a s  d e s c r i b e d  in t h e  p a p e r  f o r  K ' - a c t i x a t c d  
iil\ '¢)Sil/ .V['] ~ast,, s c c  t e x t .  

The  obse rved  va r i a t i ons  ~)f K , ,  and Vmax wi th  the  K('I  com-cn t ra t i ,m arc sh()\Vll 

in l:ig. 2. The  va lues  of  bo th  p a r a m e t e r s  increase  wi th  increas ing  KC1 c o n c e n t r a t i o n s  

bu t  the  increase in Km is n m e h  h igher  t h a n  t h a t  in Vmax. Since k~ Vmax/E~ and l~w 

K ~ a c t i v a t e d  A T P a s e  K m  - -  k,~/kx, the  va lue  of  k 1 is g iven  by  the  f ( ) rmu la /q  .... Vmax/ 

1 , : m ' E 1 .  I f  the  va lue  of  k,, does no t  exceed  bv  at  least  an o rder  of  m a g n i t u d e  t h a t  of  
k_~, as, e.g. in the  presence  of  o.z M KCI. one  has to t ake  into  accoun t  also the  vah lc  

o f k  p and  the  f o r n m l a b e c o m e s k  1 - (,'max ~ k _ O / K m ' E t .  In our  ca lcu la t ions  ,~f /,'l 

the  va lue  of  k _  t ~ 0.35 sec 1, o b t a i n e d  f rom Fig. I ,  was used t h r o u g h o u t . . k s  shown 

in Fig. 3, /q was found  t() decrease  as a func t ion  of  K( ' I  c (mcen t ra t i (m.  

'1".\ I~1.t': 11 

I':I"I"I'~CT OV TI£TRAMICI'IIYI. AMMONIUM CIII.f)I411)I£ ()N "llll'i VAI_UK~, I)l; [\ 'w, i'ntnx \XI )  /"1 Ill, N I I I -  
A('T1VATEI) MYOSIN A T P a s c  

\ T l ' a s c  a c t i v i t y  u a s  m e a s u r e d  in  t h c  p r e s e n c e  o f  9 m M  E I ) T . \  and o .z  M N H g I ,  I : o r  t h e  d e t a i l s  
o f  the A ' l ' P a s c  II/C}[SllFCIIICIlt ~tlId t h e  c \ ' a h l t l t i o l /  o f  ]\ tu  a l i a  ~'qnax s c c  METIIOI)S. 

"l"~ h 'an~rl] lv[  ]fro Vmn,r v m .  ~ 
(llllt}?OIIIlllll - ]¢1 
c k l o r i d u ( 3 l )  I f , ,  . / ~  

[ . 7 4 . 1 o  ~ 36 .3  2 . o 8 . i o  s 
o. 3 2 . 7 ~ .  ~o .1 37-5 ~-35 " io: '  
o. t . ~ ' 3  • It') 4 4 1 . 5  1 . 2 ( ) "  I0  a 
° . 7  3.~)4 ' i o  ~ 37 .o  i .02 . io; '  

IU.ck:m. ID~@kv.~..-h:/a, 235 (Its71) 5~ ;  .5[o 



-~O~N ~;. SZ, KEI.EM]'IN, \ .  Mi"ttI.RAI~ 

3 

× 2 

/ 
/ 

/ 
/ 

/ 
/ 

/ ////' 

;' 8 pH 

I2 

c 

>,  

E 

O 

E 

cl. 
6 

"o 
0) 

.-9_ 

CL 

2 E  

~E 

~6 

4 
? 
o 
× 

2 

Fig. 6. Effect  of p H  on Km and Vrnax in K~-ac t iva ted  myos in  ATPase.  ATPase  a c t i v i t y  was 
measu red  in  the  presence of 9 mM E D T A  and  0. 5 M KC1 a t  p H  specified on the  abscissa.  4 ° mM 
T r i s - m a l e a t e  buffer was  used be tween  p H  6-7-5 and 4 ° mM Tris-HC1 buffer was used be tween 
p H  7.5-9. 0 ,  Kin; X, Vmax. 

Fig. 7. p H  dependence  of k 1 in 1,2+-activated myos in  ATPase.  ATPase  a c t i v i t y  m e a s u r e m e n t  see 
Fig. 6. 

The effect of NH4CI on the kinetic constants of myosin ATPase, shown in Fig. 
4, is similar to that of KC1. Krn increases up to 0.5 M NH4C1 and shows a plateau above 
this concentration. Vmax gives a curve with a maximum between 0.5 and 0.6 M NHaC1. 
k 1 decreases with increasing NH4C1 concentration (Fig. 5), but the decrease is smaller 
than that observed for KC1. 

Since it was shown by SEIDEL 3 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 NHaC1 
and KC1, tetramethyl ammonium chloride was used to study the influence of C1- and 
of the ionic strength. The results of this measurement are shown in Table II. Vmax did 
not change appreciably and Km and k 1 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 KC1 or NH4C1 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/~ra show a maximum at pH 8.5, but that is less 
pronounced for the latter. The curve for k 1 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 kl. 

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 KCI with 

Biochim. Biophys..4cta, 235 (I97 I) 5o3-5 lo  
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lqg. S. I)cpendence of Km and Vmax in 31g e=-mediated myosin ATPasc on Mg '-'~ concentration. 
ATl'asc activity was measured at pH 8 in the presence of .%lg a~ l,;lYr.\ buffer, ~ mM free I(I)T.\ 
and frec Mg ~-' concentration specified on the abscissa, l:or details of the :\'l'l)a~c measurement 
a n d  e v ~ t h l a t i o n  o f  [~'m a n d  Z!max s e e  METHODS.  ~ ,  [~'nl; ~ , PIm~x. 

lrig. 9. 1)cpcndcncc of kit in Mg2"-mcdiated myosin ATl'asc on M,~'-' concentrat ion. . \ ' l 'Pase 
activity measurement see Fig. 8. h~ was evaluated using the formula lq  - (7',na.~ /e i ) / t ( , ,  " l i t "  
]" 1 WaS taken to be 0.35 sec t as evahlatcd from ]rig. [. 

upon  the  add i t ion  of  Mg 2~ a t  d i f ferent  concen t ra t ions .  As a p p a r e n t  f rom Igigs. 8 and  

~I, the  va lues  of  Km and  7'max show a sha rp  decrease  while  t h a t  o f / q  a s l ight  bu t  con- 

s t an t  increase  as t he  Mg "~ c o n c e n t r a t i o n  increases .  

I ) I S C U S N I O N  

Tile  K~. and  Vmax va lues  of  m o n o v a l e n t  ca t ion  a c t i v a t e d  n lvos in  A T P a s e  
p re sen ted  in th is  pape r  are  in a g r e e m e n t  wi th  the  r e l a t i ve ly  %w d a t a  tmbl i shed  al- 

r e ady  in t he  l i t e r a tu r e  m a i n l y  a b o u t  K (refs. 4, I2 and  I5) and  NH4:  (ref. 2) act i -  
v a t e d  m y o s i n  A T P a s e .  

The  plot  of  SLATER ANI) BONNI';R 22 was used for the  ca lcu la t ion  of  the  indi-  

v i d u a l  ra te  c o n s t a n t s  and  d issoc ia t ion  c o n s t a n t  of  m v o s i n  A T P a s e  a c t i v a t e d  bv  dif- 

%rent  species of  a lkal i  ca t ions .  The  cond i t ion  of  t he  app l i ca t ion  of  this  p lot  is t h a t  

]t" 1 al](l /l" 1 has t o  be insens i t ive  to t h e  species of  a c t i va to r .  This  seems t(~ be va l id  in 

the  e x p e r i m e n t  p r e s e n t e d  in Fig. [ as l inear  r e l a t ionsh ip  be tween  K , ,  and v,na~ 

wou ld  be h a r d l y  p robab le  in any  o the r  case and o u r / q  va lue  agrees  well wi th  tha t  (~t= 

I~YMN ANI) TAYI.OR 4 o b t a i n e d  by  an essent ia l  d i f ferent  m e t h o d .  MORITM ~ m e a s u r e d  
the  ra te  cons ta I : t s  of  t he  M g e ' - m e d i a t e d  A T P a s e  ()f H - m e r o m y o s i n  us ing  the  A T P  

i n d u c e d  di f ference s p e c t r u m  for the  m e a s u r e m e n t .  The  thus  o b t a i n e d / q  is h igher  t h a n  
t h e  p re sen t  va lue ,  bu t  # - t  is p r ac t i c a l l y  t he  same  as o b t a i n e d  here. Th is  ind ica tes  a 

p rac t i ca l  i n sens i t i v i t y  of  1¢ ~ to the  cond i t ions  of  t he  m e a s u r e m e n t  of  the  mon~)x'alent 
ca t ion  or Mg2+-ac t iva ted  ATPases .  

lfi(~chim. Hi<@hvs. ,qcta, e.{ 5 (1<)7~) 5o3 5 I~ 
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An  i n t e r e s t i n g  obs~rva t i ( )n  was  t he  ()t)posite effect  ~)t K or  N H ~  ()n t im t a t ,  

c o n s t a n t s  k,, a n d  k v T h e  f(wnwr inc reases ,  t he  l a t t e r  d e c r e a s e s  w i th  i n c r e a s i n g  sa l t  

c o n c e n t r a t i o n s ,  the  d e c r e a s e  b e i n g  p a r t i c u l a r l y  s t r i k i n g  in t h e  case  of  K .  T h e  i n  

c rease  in k 2 ha s  been  a l r e a d y  ( )bserved  ",'~,~,'~a b u t  no  d a t a  h a v e  been  r e p o r t e d  on the  

d e c r e a s e  in k 1. C o n s i d e r i n g  t h e  a b o v e  m e n t i o n e d  i n s e n s i t i v i t y  of  k ~ t(~ t h e  ext)eri-  

m e n t a l  c o n d i t i o n s ,  i t  s eems  r e a s o n a b l e  to  a s s u m e  t h a t  k ~  does  no t  c h a n g e  a p p r e c i a b l y  

w i t h  i n c r e a s i n g  m o n o w d e n t  c a t i o n  c o n c e n t r a t i o n s  a n d  in t h i s  case  t h e  dec rea se  in /q 

m e a n s  t h e  d e c r e a s e  in t h e  s t a b i l i t y  ()f t h e  e n z y m e - s u b s t r a t e  comt) lex .  Mg ~' ,  (,n the' 

o t h e r  h a n d ,  causes  k e t() d e c r e a s e  a n d  k t to  i nc r ea se  w i t h  i n c r e a s i n g  Mg "~~ concen-  

t r a t i o n s .  T h i s  i n c r e a s e  in /q w i t h  i n c r e a s i n g  Mg '~ e ( m c e n t r a t i o n  was  (Jbserved by  

MotCrTa 14, too.  I t  fol lows f r o m  t h e  c o n c l u s i o n  m a d e  in t h e  case  of  K ~ a n d  N H  4 ~ t h a t  

t h e  p r e s e n c e  of  Mg e+ s t ab i l i z e s  t he  e n z y m e  s u b s t r a t e  c o m p l e x .  Th i s  s t a b i l i z i n g  ef fe( t  

of  Mg e* on t h e  m y o s i n  A T P  c o m p l e x  m a y  h a v e  s()me f u n c t i o n a l  role  in t h e  m o l e c u l a r  

m e c h a n i s m  of  n lu sc t l l a r  COll t ra( t ion .  
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