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SUMMARY 

I. The rate of formation of the ultraviolet difference spectrum of heavy mero- 
myosin, induced by  ATP, was measured by  the stopped-flow method. The initial 
velocity of formation was proportional to the initial concentration of ATP, indicating 
a second-order reaction. The second-order rate constant decreased with decrease of 
MgCl~ and with increase of KC1 concentrations, but did not depend on the kind of 
divalent cation (Mg 2+ or Ca 2+) in the medium. 

2. The maximum difference absorbance 2Amax attained after addition of ATP 
was obtained as a function of initial concentration of ATP. A strong binding of ATP 
to heavy meromyosin was suggested in the presence of MgCI 2. The minimum ATP 
concentration giving the maximum AAmax was 2-fold the protein concentration. In 
the presence of CaC12, the binding was not as strong. 

3. Decay of the difference spectrum was measured. In  the presence of MgC12, 
ks calculated using CHANCE'S equation agreed well with the maximum velocity of the 
steady-state ATPase. In the presence of CaC1 v ks was 3 times larger than the maximum 
velocity. 

4. I t  is inferred tha t  the difference spectrum accompanies only the Michaelis- 
Menten complex formed at one of the two sites in heavy meromyosin.  

INTRODUCTION 

In the preceding papers1, ~, we showed that  a difference spectrum of ultraviolet  
absorption of heavy meromyosin was induced by  the addition of ATP or its analogs. 
The  difference spectrum was assumed to be due to a red shift of the absorption bands  
of some tyrosine and t ryptophan  chromophores located near the active site of heavy 
meromyosin and to be a reflection of a substrate-induced local structural change of 
the protein molecule. 

For an understanding of the role of the structural change of the protein molecule 
in the enzyme action, it seems to be crucial to know what molecular species is as- 
sociated with the structural change during the process of ATPase reaction. From an 
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analysis of the decay of the difference spectrum induced by ATP, the change in the 
local structure of heavy meromyosin has already been estimated to occur while it is 
present as a Michaelis-Menten complex during the ATPase reaction process 2. 

However, it has not been known whether the difference spectrum forms at the 
same time as the binding of ATP to heavy meromyosin, or whether it forms after some 
lag period following the binding. In the present paper, to pursue this point, the rate of 
the formation of the difference spectrum after the addition of ATP was measured using 
a rapid-flow apparatus with a wide range of ATP concentration or medium com- 
position. In the presence of MgC12, the mininmm concentration of ATP needed to give 
the maxinmnl change in the difference spectrum was found to be 2-fold the concen- 
tration of heavy nleromyosin used. The results are compatible with the scheme that 
there are two ATP binding sites in heavy meromyosin, one is the site for the Michaelis- 
Menten type ATPase, the other may be for the initial burst of Pi liberation 3. The 
difference spectrum forms at the same time with the formation of the ES complex 
at  the site for the Michaelis-Menten type ATPase. 

EXPER[MENTA [, 

Tile ultraviolet difference spectrum was measured with a Hitachi recording 
spectrophotometer, Type EPS-3T, following the method described previously 2. 

The stopped-flow experiments according to the procedure of CHANCE l were 
carried out using an apparatus made of a sensitive spectrophotonleter combined with 
a flow system constructed by NAKAMURA 5. The rate of formation of the difference 
spectrmn of heavy meromyosin was measured by recording the change of A293 m~, 
where the difference between tile difference spectra due to ATP and ADP is the 
n l a x i n l u m  2. 

ATPase activity at the steady state was determined by measuring the time 
course of P1 liberation. Concentration of Pt was determined using the methods of 
FISKE-SUBBAROv# or of MARTIN-DoTY 7 modified for low PI contents, depending on 
the concentration of ATP used. 

Preparation and purification of heavy meromyosin have been described 1. The 
concentration of heavy meromyosin was determined by measuring A2s0 m/t. A value 
of 6.35 was used as E~ .... ~m at 280 m~. Molecular weight of heavy meromyosin used was 
3.65" lO 5 • All the measurements described in this paper were performed in the presence 
of 20 mM Tris-HC1 buffer (pH 8). ATP was purchased from the Sigma Chemical Co. 

RESULTS 

Formation of the difference spectrum 
Formation of the difference spectrum after mixingATP with heavy meromyosin 

was followed by the rapid-flow apparatus at a fixed wavelength, 293 m/~. Typical 
traces of the measurements are shown in Fig. I. In the presence of MgCla, as shown in 
Figs. ia  and Ib, A293 m/* reached a maximum value (AAmax) after a rapid increase of 
the absorbance, and any decay could not be observed in the same time scale. Each 
measurement was begun beiore the decay of the difference absorbance of the former 
measurement was observed, then the downward deflexion in the spectrophotometric 
trace was seen at the time of mixing. In the presence of CaC12, however, an immediate 
decay followed the increase of the absorbance as shown in Fig. Ic. 
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The rate of the increase of the absorbance after the addition of ATP depended 
on the initial concentration of ATP. The initial velocity (vl) of the increase of the 
absorbance was estimated from each measurement.  In Figs. 2a and 2b, ploLs of vl vs. 

initial concentration of ATP are shown. A circle with bar in Fig. 2 is an average value 
of 3-13 determinations and its s tandard deviation. Values of vl are proportional to the 
initial concentration of ATP, indicating that  the formation of the difference spectrum 
of heavy meromyosin by  ATP is of a second-order reaction. The second-order rate 
constants were determined from the slope of the plot as illustrated in Fig. 2, and are 

Fig. I. Traces of the stopped-flow measurement  after mixing ATP with  heavy meromyosin,  a. In  
the  presence of 2.o 5 mg heavy meromyosin  per ml, I inM MgCI~ and o.i  M KC1 at 6 °. Concentrat ion 
of ATP was 30.3/~M. b. In  the presence of 1.76 mg heavy  meromyos in  per ml, i mM MgC12 and 
o.25 M KC1 at  io  °. Concentrat ion of ATP was 24.6/~M. c. In  the presence of 1.85 mg heavy  mero- 
myosin  per ml, 2 mM CaCI~ and o.25 M KC1 at IO °. Concentra t ion of ATP was 30.3 !*M. 
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Fig. 2. Dependence of the initial velocity of the format ion of the  difference spec t rum on the initial 
concentra t ion  of ATP. a. In  the  presence of 1.79 mg heavy  meromyos in  per  ml, o.2 mM MgCI~ and 
o.25 M KC1 at IO °. b. In  the presence of 1.91 mg heavy  meromyos in  per  inl, 2 mM CaC12 and 0.25 M 
KC1 at  io  °. 
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shown in Fig. 3 and in Table I. The rate constant increased with increase of MgC[e 
concentration and decreased with increase of KCl concentration (Fig. 3). On the other 
hand, the rate constants did not depend on the kind of divalent cations in the medium, 
in the presence of either 2 mM MgCl 2 or CaC12 in o.25 M KC1 at IO ° (Table I). 

Values of AAmax were determined from each measurement and were shown in 
Fig. 4 as a function of initial concentration of ATP. In the presence of MgC12, the 
curve suggests a strong binding of ATP to heavy meromyosin (Fig. 4a). The minimum 
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F i g .  3. E f f e c t s  of  i o n i c  c o n d i t i o n s  o n  t h e  s e c o n d - o r d e r  r a t e  c o n s t a n t ,  a .  E f f e c t  o f  MgC12 c o n c e n -  
t r a t i o n .  I n  t h e  p r e s e n c e  o f  1 . 7 6 - 1 . 8 4  m g  h e a v y  m e r o m y o s i n  p e r  m l  a n d  o .25  M KC1 a t  i o  °. b.  E f f e c t  
o f  KC1 c o n c e n t r a t i o n .  I n  t h e  p r e s e n c e  o f  1 . 6 2 - 2 . o 8  m g  h e a v y  m e r o m y o s i n  p e r  m l  a t  IO °. C o n -  
c e n t r a t i o n s  o f  MgC12 w e r e  2 m M  ( O )  a n d  lO m M  ( O ) .  
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F i g .  4. D e p e n d e n c e  o f  AAma~ o n  t h e  c o n c e n t r a t i o n  of  A T P .  a.  I n  t h e  p r e s e n c e  of  2 .08  m g  h e a v y  
m e r o m y o s i n  p e r  ml ,  2 m M  MgCI~ a n d  o . i  M KC1 a t  IO °. b .  I n  t h e  p r e s e n c e  o f  1.91 m g  h e a v y  r e c t o -  
m y o s i n  p e r  ml ,  2 m M  CaC12 a n d  o .25  M KC1 a t  IO °. 

TABLE I 

FORMATION OF THE DIFFERENCE SPECTRUM INDUCED BY ATP 

Concentration of heavy meromyosin varied from 1.62 to 2.o8 mg/ml. 

Concn. of Cohen. of Temp. Second-order 
t f  Cl divalent cation rate constant 
(M) (raM) (M-l .sec -x) × lO -5  

Stoichiometry 
(n) 

o . i  MgClz  I . o  6 ° 2.5 
o . I  MgC12 2 .o  i o  ° 4 .o  
0 .25  MgC12 o.2  i o  ° 1.8 
0 .25  MgC12 I . o  IO ° 2 .8  
0 .25  MgC1 z 2 .0  IO° 3.5 
1.o MgCI~ i o . o  i o  ° 0 .44  
0 .25  CaC12 2 .o  IO° 3 .7  

1.9 
2 .0  
2. 4 
2. 3 
2.2 
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concentration of ATP needed to give the maximum AAmax could easily be obtained 
from the plot as shown in Fig. 4 a and was almost 2-fold the concentration of heavy 
meromyosin used. The stoichiometry (n) obtained in this way under various ionic 
conditions is listed in Table I. In the presence of CaC12, on the other hand, data 
suggested a weaker binding of ATP to heavy meromyosin; these are shown in Fig. 4 b 
as a plot of I/AAmax vs. I/[ATP 1 (cf. D I S C U S S I O N ) .  The difference molar extinction 
coefficient at infinite concentration of ATP, AE at 293 m/~, calculated from the 
intercept of the ordinate was 24oo M -1. cm -1, which is about 7 ° % of that  in the 
presence of MgCI~. 

Decay of the difference spectrum 
As has been reported in the previous paper 2, the decay of the difference spectrum 

induced by ATP in the presence of MgClz was slow enough to follow the change by a 
usual recording spectrophotometer. The value of ks was calculated from the decay, 
using the equation originally derived by CHANCE 8. The value of ks agreed well with 
ks (=  Vmax/e) obtained from the steady-state ATPase reaction over a wide range of 
ionic conditions ~. The relation was reexamined under the same conditions as those of 
the rapid-flow experiment, using the recording spectrophotometer at a high concen- 
trat ion of ATP compared with that of heavy meromyosin. Values of ks obtained are 
listed in Table II, with Vmax/e determined from the measurement of ATPase reaction. 
The two values in the same ionic medium agree well with each other. 

TABLE II 

DECAY OF THE DIFFERENCE SPECTRUM INDUCED BY ATP 

For the determination of ks, concentrations of heavy meromyosin varied from 1.62 to 2.o8 rag/m| 
and of ATP from o.12 to o.o53 raM. Each ks value is the average of 2-4 determinations. For 
Vm~x/e, concentration of heavy meromyosin varied from o.oo6 to o.2 mg/ml. 

Conch. of Conch. of Temp. k8 Vraaz/e 
KCI divalent cation (sec -1) (sec -1) 
{M) (raM) 

o . I  MgC12 I.O 6 ° 0 . 0 3 6  0 . 0 2 8  
o . I  MgClz  2,o IO ° 0 . 0 5 0  o .o41  
0 .25  MgCI~ o ,2  IO ° o . o 4 3  o . 0 3 8  
0 .25  MgC12 I.O IO ° o . o 3 7  o . o 3 5 *  
0 .25  MgC12 2 ,o  IO ° o . o 3 9  o . 0 4 o  
I.O MgCI~ IO.O IO ° 0 . 0 0 8 6  0 . 0 0 9 7  
o .25  CaC12 2.0  IO ° 13 ~ 3 3.7 

C a l c u l a t e d  f r o m  t h e  i n i t i a l  v e l o c i t y  a t  o . i i  m M  A T P .  

We inferred in the previous paper 2 that  in the presence of CaC12, the decay of 
the difference spectrum induced by ATP was too fast to be followed by the usual 
recording spectrophotometer. As shown in Fig. Ic, the decay was so fast that it could 
be followed only by the stopped-flow method. The ks was calculated by  CHANCE'S 
equation, using half-life time obtained from the stopped-flow experiment. The average 
value of experiments with nine different ATP concentrations was 13 4- 3 see-1 in the 
presence of 2 mM CaC12, o.25 M KC1 at IO °. Obviously, this is almost 3 times larger 
than Vmax/e, 3.7 sec-1, as shown in Table II. 
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DISCUSSION 

As shown in Table I, in the presence of MgC12 ,the minimum concentration of 
ATP needed to give the maximum change in AAmax was 2-fold heavy meromyosin 
concentration. This suggests that 2 moles of ATP are bound per mole of heavy mero- 
myosin. TONOMURA AND MORITA 9 have shown earlier, using the equilibrium dialysis 
method, that 2 moles of PPI were bound per mole of myosin, thus indicating two ATP 
binding sites per mole of myosin. Results reporting the presence of two binding sites 
have recently been presented by other investigators 1°,11, although 3 and 1.5 sites have 
also been reported 12,1a,14. 

According to IMAMURA, TAD* AND TONOMUa*, after the addition of ATP to 
heavy meromyosin as well as myosin in the presence of MgC12, I mole of Pl is liberated 
per mole of enzyme in the initial burst before Pl liberation is governed by the steady- 
state rate. They have proposed a scheme for the reaction of myosin ATPase having 
two pathways for Pi liberation through a common Michaelis-Menten complex; one 
leads to P1 liberation of the Michaelis-Menten type, the other to the initial burst of Pl 
liberation a. The difference spectrum of heavy meromyosin induced by ATP was 
measured in the presence of I M KC1, IO mM MgC12, which are reported to be the best 
conditions for obtaining one mole of P1 liberated in the initial burst per mole of heavy 
meromysin 1~. As shown in Table II, ks agreed well with Vmax/e, as was the case under 
the other conditions. No observable decay corresponding to the PI liberation in the 
initial burst was detected. The results seem to suggest that there is no direct correlation 
between the spectral change in heavy meromyosin induced by ATP and the initial 
burst of PI liberation. It may be considered, therefore, that  only one out of the two 
ATP binding sites functions for the Michaelis-Menten type ATPase reaction, and the 
difference spectrum by ATP or analogs is induced only in this site. The other site may 
be for the initial burst of PI liberation. 

As shown in Fig. 2, the rate of the formation of the difference spectrum by ATP 
followed a second-order reaction, under every ionic condition tested. In the presence 
of MgCI~, ks agreed with Vmax/e, as described above and in the previous paper 2, but in 
the presence of CaC12, it was about three times larger than Vmax/e (Table II). On the 
basis of these results, the following mechanism could be proposed for the ATPase 
reaction accompanying the spectral change 

kl ., ES(ATP) k2.,  k3 E + S ~ - _ I  EP(ADP) \ E + Pi + ADP (I) 

where ES(ATP) is the Michaelis-Menten complex and (ATP) represents that the 
complex accompanies the difference spectrum due to ATP. EP(ADP) represents a 
complex of the enzyme with product (s) and gives the difference spectrum due to ADP. 

(i) According to this reaction mechanism, the initial velocity of the formation of 
the difference spectrum induced by ATP, vi, is given by the following equation, 

vi = kl[Eo~ [S0~ (2) 

where [E01 and IS01 represent the initial concentrations of enzyme and of ATP, 
respectively. When [E01 is constant, vl must be proportional to the initial concentration 
of ATP. This was fulfilled under every ionic condition. The second-order rate constant 
obtained, therefore, corresponds to k 1 according to Mechanism I. 
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(ii) The value of ks which was calculated from the decay of the difference 
spectrum by ATP is given by 

ks = k~ -- ESol/ ~opd t  = [So~/Pmax'~l/2 (3) 

where p represents the concentration of ES(ATP) and Pmax is the maximum value of 
p,z, A is the time required for p to fall from Pmax to one half of Pmax and ESol is the 
initial concentration of ATP. ks listed in Table II corresponds to k s according to 
Mechanism I. 

(iii) The steady-state ATPase reaction follows the Michaelis-Menten type and 
the values of Vmax and Km are given by 

e/Vmax = I/k2 + I/k3 (4) 
K m  = (k2 + k-1) /k l / ( I  + k2/k3) = K s / ( I  + h2/k3) (5) 

where Ks =- (ks + k-1) /kv  If k 3 >~ ks, then Eqns. 4 and 5 are reduced to 

e/Vmax = I/k2 (4') 

K m =  (k2 + k - l ) / k l  = Ks (5') 

In the presence of MgClz, the ks (=  k2) agreed well with Vmax/e as shown in Table II, 
and Eqn. 4' is fulfilled. Then ks is the rate-determining step. In the presence of CaC12, 
however, ks was significantly larger than Vmax/e (Table n), and k 3 is the rate-deter- 
mining step according to Eqn. 4. It  is not known in the presence of CaC1 v however, 
whether 2 moles of ATP are bound per mole of heavy meromyosin or not, and therefore 
there is no means of estimating true rate constants. 

(iv) AAmax is the concentration of ES(ATP) at dES(ATP)[d t  = o; then AAmax 
is given by the following equation 

AAmax = e/(Ks/[S~ + i)  (6) 

where [s~ represents free concentration of ATP. According to this equation, the plot 
of I/AAmax vs. I/  Is] must give a straight line. AAmax at the infinite concentration of 
ATP and Ks are obtained from the intercept and slope of the line. In the presence 
of 2 mM CaC1 s, the plot followed a straight line, as shown in Fig. 4b. The value of 
Ks was 1.3" lO -5 M. In the presence of MgCI~, however, the change in AAmax occurred 
at a similar concentration of ATP as that  of heavy meromyosin (Fig. 4a), and the 
total  concentration of ATP could not be regarded as the free one. The validity of 
Eqn. 6, therefore, cannot be tested by the double-reciprocal plot. From careful mea- 
surement of ATPase reaction at the steady state, Km was determined as 7,5" lO-7 M 
by the Lineweaver-Burk plot in the presence of 2 mM MgCI, and o.i M KC1 at io °. 
Since the values of k t and k s (Vmax/e) under the same conditions were 4.o. lO 5 M -1. sec - t  
and o.o41 sec -1, respectively (as shown in Tables I and II), k-1 is calculated to be o.26 
sec -1 from Eqn. 5'. This is 6 times larger than ks. Both Km and Ks, therefore, are 
nearly equal to k_l /kt ,  the dissociation constant of ES(ATP) complex. The plot AAmax 
vs. ATP concentration such as shown in Fig. 4a, therefore, could be regarded as the 
binding curve of ATP to the site in heavy meromyosin accompanying the spectral 
change. 

Then, the shape of the curve of unsaturated portion seems to depend on affinities 
of ATP to both sites. If the affinity of the site accompanying the spectral change is 
equal to or higher than the other, AAmax is almost proportional to total  ATP. The 
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stoichiometry obtained from the minimum concentration of ATP to give the ma::i- 
mum 2Amax is 2 at the same affinities, and it decreases from 2 towards I as the 
affinity of the site accompanying tl~e spectral change becomes greater than the other. 
If the affinity of the site accompanying the spectral change is lower than the other, 
the curve may be S-shaped. The shape of the curve could not be estimated correctly 
because of the low accuracy of AAmax at low concentrations of ATP. In the previous 
paper ~, we reported that the stoichiometry of ADP was one per I mole of heavy 
meromyosin at o.06 M KC1 at 25 °. Under these conditions, affinity of ADP to the site 
accompanying the spectral change is probably higher than the other. In the present 
case, however, both sites seem to bind ATP with a similar affinity, as shown by the 
fact that  tl~e stoichiometry was two, and 2Amax was almost proportional to ATP 
concentration until it reached the maxinmm value (Fig. 4a). Assuming an identical 
affinity, Ks was calculated to be 4" Io-7 M from the data of Fig. 4a; this agrees well 
with Km {7-5" Io-7 M). 

It  is therefore concluded that the ultraviolet difference spectrum is formed at the 
same time as the Michaelis-Menten complex is formed at the site where the apparent 
steady-state ATPase operates in the presence of MgC12, and has the same life time 
as that  of tile complex. 

It  may be worthwhile to note that almost the same k~ was obtained in the 
presence of CaC12 and of MgC12, as shown in Table I. EIGEN AND HAMMES 16 reported 
that the chelate formation of Ca ~+ with ATP or other ligands is Io a times faster than 
those of Mg 2+. k~ was 3.6.1o 5 M-~.sec -t  under o.25 M KC1 at IO ° and may become 
several times larger at 25 ° , which is in the range of the diffusion-controlled formation 
of enzyme-substrate complex, k~ markedly depends on KC1 concentration, i.e., ionic 
strength in the medium as shown in Fig. 3b. 

The difference spectrum seems to reflect only positional change in the side chains 
of tyrosine and tryptophan residues in heavy meromyosin molecule. The result that 
the difference spectrum forms at the same time as the formation of Michaelis-Menten 
complex indicates that such a structural change in the protein can occur faster than 
IO -3 sec. This is not so surprising considering the fact that helix-coil transition in poly- 
peptide occurs in times as short as Io -7 sec (ref. 16). 

ACKNOWLEDGEMENTS 

The author wishes to express sincere thanks to Dr. T. NAKAMURA for use of a 
rapid-flow apparatus for the ultraviolet region constructed by him and valuable 
suggestions and discussions throughout this work; to Prof. Y. OGURA for advice in 
measuring the present difference spectrum by using rapid mixing apparatus; and to 
Prof. I. YAMAZAKI and Y. TONOMURA for their interest in and encouragement of this 
work. I am also indebted to Prof. K. YAGI for helpful discussions and support. 

R E F E R E N C E S  

i F. MORITA AND K. YAGI, Biochem. Biophys. Res. Commun., 22 (1966) 297. 
2 F. MORITA, J. Biol. Chem., 242 (1967) 45Ol. 
3 H. ONISHI, H. NAKAMURA AND Y. TONOMURA, J. Biochem. Tokyo, 63 (1968) 739. 
4 B. C~ANCE, in N. WEISSBERGER, Techniques in Organic Chemistry, Vo]. VI I I ,  Interscience, 

New York, 1953, p. 690. 
5 T. NAKAMURA, J. Japan. Biochem. Soc., 39 (1967) 855, 

Biochim. Biophys. Mcta, t72 (I969) 319-327 



HEAVY MEROMYOSIN-SUBSTRATE INTERACTION. II 327 

6 C. H.  FISKE AND Y. SUBBAROW, J. Biol. Chem., 66 (1925) 275. 
J.  ]3. MARTIN AND D. M. DOTY, Anal. Chem., 21 (1949) 965 . 

8 B. CaANCE, J. Biol. Chem., 151 (1943) 553. 
9 Y. TONOMURA AND F. MORITA, J. Biochem. Tokyo, 46 (I959) 1367. 

io  K.  M. NAUSS AND J. GERGELY, Federation Proc., 26 (1967) 2625. 
I i  L. SCHLISELFED AND M. B~R/~NY, Federation Proc., 27 (1968) 1695. 
12 M. YOUNG, J. Biol. Chem., 242 (1967) 2790. 
13 S. M. LUCK AND S. LOWEY, Federation Proc., 27 (1968) 1694. 
14 ]3. I~IELY AND A. MARTONOSI, J. Biol. Chem., 243 (1968) 2273. 
15 K.  IMAMURA, M. TADA AND Y. TONOMURA, J. Biochem. Tokyo, 59 (1966) 28o. 
16 M. EIGEN AND G. G. HAMMES, Advan. Enzymol., 25 (1963) I. 

Biochim. Biophys. Acta, 172 (1969) 319-327 


