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SUMMARY 

Binding to single glycerol-extracted rabbit psoas muscle fibres at a low calcium 
concentration was measured in the presence of radioactive ATP and ADP. 

In the presence of ATP, the fibres bound a maximum of 230/zM ADP and 
Pi and smaller amounts of  ATP. The total amount of  bound ADP and Pi, the rate of  
ADP and Pi efflux from the fibres and the K m of bound ADP were consistent with 
ATP being cleaved by myosin in the fibres to form a m y o s i n - A D P - P  i complex, 
whose decomposition was the rate limiting process of the myosin ATPase. The 
ATPase and the rate of bound ADP decomposition were activated in parallel by 
increasing concentrations of free calcium. The binding of ADP was associated with 
relaxation of the muscle fibres. 

In the presence of ADP the fibres bound a maximum of 230/~M ADP, con- 
sistent with the ADP being bound to myosin. This complex differed from the ATP- 
generated complex since binding was not associated with relaxation of the fibres, 
and the rate of  decomposition was faster than the ATPase. 

INTRODUCTION 

Much progress has been made in recent years in the investigation of the enzymic 
mechanism of myosin ATPase and the effects of actin upon it. Taylor and his associ- 
ates ~,2 have shown that the bond between the terminal phosphate groups of ATP 
is rapidly cleaved by the globular head portion of myosin, heavy meromyosin, 
and the products held in an intermediate heavy meromyos in-ADP-Pi  complex 
whose decomposition is slow and limits the overall ATP hydrolysis rate. Actin in- 
creases the rate of  heavy meromyos in-ADP-Pi  decomposition whilst not significantly 
affecting the rate of  cleavage of the terminal phosphate bond of ATP 3. Trentham 
et aL 4 have shown that although the decomposition of heavy meromyos in -ADP-P t  
intermediate is rate limiting at 23 °C the dissociation of ADP and Pi bound directly 
to heavy meromyosin is fast. On the other hand, at low temperatures the dissociation 
of bound ADP from myosin may be rate limiting 3°. 

Abbreviations: PIPES, piperazine-N,N'-bis-(2-ethanesulphonic acid); EGTA, ethylene- 
glycol-bis-(fl-aminoethyl ether) N,N'-tetraacetic acid. 
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The object of this study has been to relate the observations on purified proteins 
to the events which take place in the intact, nonactivated muscle. For these experi- 
ments single glycerol-extracted rabbit psoas muscle fibres have been used. These 
fibres closely resemble those of intact muscleS; they contain an intact myofibrillar 
matrix 6 which is sensitive to Ca 2+-activation and capable of exerting tension and 
doing work when incubated in the appropriate ATP and Ca 2+ containing medium 7. 
Single glycerol-extracted fibres are, in effect, miniature dialysis bags of actomyosin 
and as such permit rapid manipulation and easy measurement of the steady-state 
intermediates a and their rates of dissociation. In this work the binding, kinetic and 
mechanical properties of the two forms of nucteotide-myosin complexes formed 
in glycerol-extracted fibres in the presence of ATP and ADP respectively, have 
been investigated. 

MATERIALS AND METHODS 

Materials and solutions 
Thin strips of psoas muscle were dissected out from a freshly killed rabbit 

and kept at - 15 °C in glycerinating solution (50% glycerol, 100 mM KCI, 20 mM 
phosphate buffer, pH 7.0, 2.5 mM mercaptoethanol). Preparations were kept up 
to 4 months, and single fibres were dissected out as required. 

Fibres were incubated in PIPES/EGTA buffer, unless otherwise stated (5 mM 
piperazine-N,N'-bis-(2-ethanesulphonic acid) (PIPES) buffer, pH 7.t, 5 mM ethyl- 
eneglycol-bis-(/~-aminoethyl ether) N,N'-tetraacetic acid (EGTA), 5 mM MgCI2, 
50 mM KCI, 1.5 mM sodium azide, ionic strength 0.095). Free calcium levels in the 
buffer were adjusted by adding the appropriate amount of CaC12 (ref. 9). The con- 
centration of the ionic species MgATP, MgADP and free Ca 2+ were calculated 
using a modified version of the computer programme of Perrin and Sayce 1°. 

Radioactive nucleotides, [U-14C] ATP, [~,_32p] ATP, [U-14C]ADP and [8-3H ]- 
IDP were obtained from the Radiochemical Centre Ltd, Amersham, Bucks. Specific 
activities were calculated from the manufacturer's data; these were checked by the 
absorbance at 260 nm and found to be correct. 

When the [14C]ATP-generated binding or dissociation rate was measured 
the [~C]ADP formed due to hydrolysis by myosin was kept at a level <0 .5 /zM 
by addition of 2 mM creatine phosphate and 5 mg/ml creatine kinase (EC 2.7.3.2) 
as an ATP-regenerating system. When [y_32p] ATP-generated binding was measured, 
~2P i formed due to hydrolysis was removed by addition of 5 mM inosine and 2 mg/ml 
nucleoside phosphorylase (EC 2.4.2.1). 

Binding measurements 
The binding of nucleotides to glycerol-extracted fibres was measured by in- 

cubating the fibre at 1.5 °C in 30-50#1 of PIPES/EGTA buffer containing the ap- 
propriate radioactive nucleotide and [1-14C]mannitol (1 mM) as a volume marker. 
The fibres were incubated for 1-2 rain and then carefully withdrawn and rapidly 
transferred to 5 #1 of 5% trichloroacetic acid to stop further reaction. The trichloro- 
acetic acid was subsequently neutralised and the labelled compounds eluted from the 
fibres were separated and assayed. 

In control experiments it was found that the fibre volume determined by the 
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a m o u n t  of  rad ioac t ive  mann i to l  incorpora ted  in the fibre, 25 nl/cm, co r responded  
closely to the physical ly  measured  volume,  based on an observed mean d iamete r  
o f  55/~m. The concent ra t ion  o f  'excess'  14C-labelled nucleot ide or  32P i was calcula ted 
f rom the cpm in the fibre per  unit  volume in excess o f  that  in the incubat ing  solut ion 
(see Table  I). 

Separation and assay of  labelled compounds 
The radioact ive  compounds  in the neutral ised t r ichloroacet ic  acid extracts  

of  fibres and in al iquots  o f  the incubat ing  solut ion were separa ted  by c h r o m a t o g r a p h y  
on polye thyl imine  impregna ted  cellulose thin layers. C h r o m a t o g r a m s  were run first 
in 50% methanol  and  then, after drying,  in 0.25 M l i th ium chlor ide  plus 2% formic  
acid  1~. The separa ted  compounds  were assayed by l iquid scinti l lat ion count ing  
(Table  I). 

Dissociation rate measurements 
A single glycerol-extracted fibre was moun ted  in a f rame between two needles 

7 m m  apar t .  The moun ted  fibre was incubated  at  1.5 °C in a 10/4 d rop  o f  the ap-  
p ropr i a t e  rad ioac t ive  solut ion (Fig. 1). Af ter  1-2 min incubat ion  the fibre was rap id ly  
t ransfer red  (in abou t  0.5 s) to the first o f  a series o f  six 10/A drops  conta in ing  P IPES/  
E G T A  buffer plus 2 m M  non-rad ioac t ive  A T P  and A D P  ( A D P  only for  dissociat ion 
o f  ADP-gene ra t ed  complex).  The fibre was incubated  for 5 or  10 s in each d rop  
and  then rapidly  t ransferred to the next one. The radioact ive  nucleot ides and manni to l  
washed out  into the drops  in each 5 or  10 s interval  were separa ted  by polyethyl -  
eneimine impregna ted  cellulose c h r o m a t o g r a p h y  and counted.  

l c m  

Fig. 1. Determination of the rate of release of radioactive materials from a single glycerol-ex- 
tracted psoas fibre. The muscle fibre was fixed between the two needle points in the frame with 
a quick drying cellulose acetate glue. A 10-/4 drop of the incubating solution and six 10#4 drops 
of washout solution were placed on a brass block coated with cellulose acetate which was main- 
tained at 1.5 "C by contact with a 2 cm thick cooled aluminium plate containing a heating element 
regulated by a thermistor circuit. The fibre was incubated in the drop by holding the frame as 
shown, so that the points of the needles did not come into contact with the incubating solution 

A TPase measurements 
The m a x i m u m  ATPase  o f  a single fibre for  a given concent ra t ion  o f  free Ca z+ 

at 1.5 °C was  de termined by incubat ing  f ibres ' in  5 m M  [ IgC]ATP for 1-2 h. The 
[14C]ADP released was separa ted  by c h r o m a t o g r a p h y  and counted.  F ib re  volume 
was de te rmined  by pre incubat ion  in [~4C]mannitol and hence ATPase  per  unit  
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volume was determined.  The ATPase  per  A D P - b i n d i n g  site ( turnover  number)  was 
ca lcula ted  f rom the observed value o f  the concent ra t ion  o f  b ind ing  sites within the 
fibres (see Table  II). 

Mechanical  experiments 
To measure  fibre stiffness dependence  on nucleot ide concent ra t ion  bundles  

o f  3 or  4 muscle fibres were moun ted  with one end a t tached to an RCA.5734 mechano-  
electr ical  t ransducer  and  immersed  in the app rop r i a t e  solution.  Tension changes 
were recorded  by a Devices M2 pen recorder .  The fibres were quickly s t re tched by 
0 .4 -2% of  thei r  rest length, held for  700 ms and then re turned  to rest length. The  
tension changes when the fibres were released were p lo t ted  against  the extension,  
Fig. 7a. The slope of  the plot  was es t imated by a regression analysis  o f  the data ,  f rom 
which the fibre stiffness was calculated.  

RESULTS 

Fibre binding in the presence o f  [14C]ATP 
When  psoas fibres were incubated  with [14C]ATP and 10 -9 M free Ca z+ 

at  1.5 °C, in the presence o f  an A T P  regenerat ing system they were found  to conta in  
[14C]ADP and smaller  amounts  of  [14C]ATP and [14C]AMP in excess of  that  in 
the solut ion (Table I). 

TABLE I 

DETERMINATION OF EXCESS NUCLEOTIDE IN GLYCEROL-EXTRACTED RABBIT 
PSOAS FIBRES 

The first column shows the cpm of radioactive mannitol, AMP, ADP and ATP separated from 
a 33-nl portion of incubating solution containing approximately 15 #M ATP. In the second column 
is shown the cpm of mannitol, ADP and ATP separated from an approx. 1.5 cm long rabbit 
psoas fibre; the calculated fibre volume is 33.5 nl. The number of moles of nucleotide is calculated 
from the cpm and specific activity, 810 cpm/pmole, and the concentration is determined from 
the volume and the number of moles. Columns 3-5 show the calculated concentrations of AMP, 
ADP and ATP in the incubating solution, in the fibre and the excess nucleotide in the fibre, 
respectively. 

Solution Fibre Concn in Conch in Excess 
(cpm) (cpm) solution fibres conch in 

(I~M) (I~M) fibres 
(#M) 

Mannitol 989 1001 
AMP 4 76 0.2 3.8 3.6 
ADP 3 3668 0.2 134 134 
ATP 411 1275 15.3 46.8 31.5 

U n d e r  the condi t ions  of  this exper iment  the dissociat ion rate exper iments  
(described below) showed that  the diffusion rate of  nucleot ides  between fibres and 
solut ion was rap id  c o m p a r e d  with the ATPase ,  and  hence the concent ra t ion  gradients  
o f  A T P  and A D P  across the fibres were l ikely to be too  small  to account  for the ex- 
cess A D P  (see discussion for  numerica l  argument) .  The gradients  would  be fur ther  
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reduced by the presence o f  the A T P  regenerat ing enzyme, creat ine kinase,  inside 
the fibres. A cont ro l  exper iment  showed that  after incubat ion  for  2 rain at 1.5 °C 
with  5 mg/ml  creat ine kinase,  the enzyme act ivi ty within the fibres was 10#moles /min  
per  ml o f  fibres. This was approx ima te ly  the same as the enzyme act ivi ty  present  in the 
incubat ing  solution,  which was 11/~moles/min per ml, and  th i r ty  t imes the m a x i m u m  
A T P a s e  act ivi ty of  the fibres; thus the free A D P  formed by myosin  ATPase  within 
the fibres would  be effectively removed.  F o r  the purposes  o f  this discussion all the 
excess A D P  and A T P  is assumed to be bound.  

Bound nucleot ide was measured  at  M g A T P  concent ra t ions  f rom 1 to 200/~M 
(Fig.  2). The 5% fiducial limits of  bound  nucleot ide in a set o f  4 -10  fibres at a given 
A T P  concent ra t ion  were in the region o f  10%. Bound  A D P  increased with concen- 
t ra t ion  of  M g A T P  in a roughly  hyperbol ic  manner  but  the b o u n d  A T P  did not  fit 
a hyperbol ic  plot  since it cont inued to increase a lmost  l inearly at high concent ra t ions  
o f  M g A T P .  Bound  A M P  was low (2-5 /~m) at A T P  concentra t ions  up to 200 # M .  
A similar  result  was ob ta ined  when nucleot ide  b inding  was measured  in glycerol-  
extracted Lethocerus flight muscle fibres (Table II). 

TABLE lI 

BINDING IN GLYCEROL-EXTRACTED MUSCLE FIBRES 

Incubation conditions: pH 7.1, •=0.095, 5 mM Mg 2+, 10 _9 M free Ca 2+, 1.5 °C except where 
otherwise stated. The mean and standard errors of the constants K,,, and Bm were calculated for 
the statistical best fit of the assay results to the Michaelis-Menten equation. 

Muscle Nucleotide Species Bm (#M) Km (l~M) No. of 
in incubating bound assays 
medium 

Rabbit psoas [14CJATP ADP 233 ± 6 15 + 1 105 
[y-32P]ATP Pl 226 _ 13 122 ± 26 42 
[14C]ADP ADP 231 ± 15 40 ± 6 98 
[14C]ADP* ADP 227 ± 15 32 ± 4 26 
[ZHIlDP IDP 236 ± 32 280 ± 90 80 

Lethocerus flight [14C]ATP ADP 183 ± 14 12 + 4 22 
[14C]ADP ADP 204 ± 8 11 ± 2 51 

* 21 °C.  

The da ta  for  A D P  binding  as a funct ion o f  M g A T P  concent ra t ion  were analysed 
to give a stat ist ical  best  fit to the M i c h a e l i s - M e n t e n  equat ion ~2. The Michael is  
cons tan t  (K,,) of  the bound  A D P  in psoas  muscle was 15+  1/~M, s t andard  er ror  
and the m a x i m u m  a m o u n t  bound  (Bin) was 2 3 3 - + 6 # M .  Thus,  if  A D P  is bound  
in a s imple hyperbol ic  manner ,  the de te rmina t ion  o f  the constants  for  the curve is 
accurate.  The possibi l i ty  o f  he terogeneous  b inding  or  coopera t iv i ty  was considered.  
At  low subst ra te  concent ra t ions  the L ineweave r -Burke  plot  (Fig. 2B) shows a de- 
viat ion from the l inear  which might  be due to posi t ive coopera t ive  b inding  o f  A D P ;  
there was no evidence for  heterogeneous  binding.  This observed devia t ion  f rom line- 
ar i ty  at A T P  concent ra t ions  below 1 0 p M  may,  however,  be an ar tefact  due to an 
inadequa te  act ivi ty o f  ATP-regenera t ing  enzyme result ing in the A T P  concent ra t ion  
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Fig. 2. Excess [14ClATP and [14C]ADP in glycerol-extracted rabbit psoas fibres incubated with 
[14C]ATP. (A) The dependance of excess nucleotide on MgATP concentration: The vertical 
bars are the 5~ fiducial limits calculated by Student's t test. The line represents the best fit of 
the data to the Michaelis-Menten equation. (B) Lineweaver-Burke plot for ADP binding. The 
vertical bars are 5 ~ fiducial limits. The line represents the statistical best fit to the Michaelis- 
Menten equation. 

being lower in the fibres than in the incubating solution. In support of this it was 
found that when ADP binding was measured with myofibrils embedded in 1% 
agarose gels, where the concentration of ATPase sites was 1/10 that in fibres, no 
deviation from linearity occurred even at 0.5 #M ATP. 

Binding in the presence of [y-32P ]ATP 
When fibres were incubated with [?-32P]ATP at 10 -9 M Ca 2+, using nucle- 

oside phosphorylase and inosine to remove any free P~ formed by ATP hydrolysis 
in the fibres, little or no excess [v-Z2P]ATP was found in the fibres, but there was 
a large excess of 32p i over that in the solution. Owing to the comparatively rapid 
rate of diffusion of small molecules from fibres, discussed above, only part of this 
excess could have been due to diffusional lag in the removal of phosphate from the 
fibres. With 2 mg/ml nucleoside phosphorylase the enzyme's activity within the 
fibre was at least 4 times the ATPase activity so it is likely that nearly all the excess 
Pi was bound. This is supported by the observation that the excess Pi is released 
from the fibres slowly (Fig. 3B) with no evident rapid release phase such as might 
be expected if unbound Pi were released. The graph of bound Pi in fibres against 
ATP concentration (Fig. 3A) is roughly hyperbolic and the calculated fit to the 
Michaelis-Menten equation gives reasonably precise values for K,, and B m (Table II). 
Bm is about the same as Bm for ADP bound in the presence of ATP, but K,, is 8 
times greater. 

Binding in the presence of ADP 
Glycerol-extracted fibres bound [~4C]ADP when incubated with [~4C]ADP 

(Fig. 4). Binding appeared to be simple, since no curvature of the Scatchard plot 
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Fig. 3. Binding and release of  s2pI by glycerol-extracted rabbit psoas fibres incubated with 
[F-szP]ATP. (A)iThe dependance of  excess phosphate on MgATP concentration. The vertical bars 
are 5%0 fiducial limits. The line represents the best fit of  the data to the Michael is-Menten equa- 
tion. (B) The release of  asP1 from fibres pre-incubated in 1.1 mM[y-3zP]ATP at 1.5 'C with 
10 -~ M free Ca 2+. The rate constant calculated from the slope of  the semi-log plot is 0.020 s -a, 
correlation coefficient as + 0.99. 
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Fig. 4. Excess [14C]ADP in glycerol-extracted rabbit psoas fibres incubated with [14C]ADP. 
(A) The dependance of  excess A D P  on total A D P  concentration. O, in the presence of  5 mM 
MgeF; O, no added Mg 2+. The vertical bars are the 5 ~  fiducial limits. The line shows the best 
fit of  the data to the Michaelis Menten equation. (B) Scatchard plot of  A D P  binding with 5 mM 
Mg s 6. The line represents the best fit of  the data to the Michaelis-Menten equation. 

c o u l d  be  o b s e r v e d  w i t h i n  the l imi t s  o f  the  e s t i m a t i o n  (Fig .  4B) .  T h e  d i s s o c i a t i o n  c o n -  
s tant  c a l c u l a t e d  f r o m  the  best  fit to  the  M i c h a e l i s - M e n t e n  e q u a t i o n  w a s  4 0 + 6 # M  
and  the  m a x i m u m  a m o u n t  b o u n d  w a s  very  s imi lar  to  the  m a x i m u m  a m o u n t  o f  
b o u n d  A D P  in the  p r e s e n c e  o f  A T P  ( T a b l e  II). O n l y  70°,,o o f  the  to ta l  free A D P  
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was complexed with magnesium in the PIPES/EGTA buffer used, which contained 
5 mM MgCI2, but complexing of Mg z+ with ADP seemed to be unnecessary for 
ADP binding, since the amount of ADP bound was not altered when Mg 2+ was 
absent (see Fig. 4A). The dissociation constant of ADP-binding to fibres was almost 
independent of temperature over the range 1-21 °C (Table II). 

The possibility that the bound ADP might be an artefact caused by conversion 
of ADP to ATP by endogenous myokinase instead of direct binding of ADP was in- 
vestigated. The maximum initial myokinase activity of the fibres was l0 times the 
maximum activity of the ATPase. However since myokinase has a high K,, (ref. 13) 
the initial myokinase activity would have been about 1/40 to 1/4 of  its maximum 
activity over the concentration range where ADP is bound (10 to 100/~M). The rate 
for formation of AMP from ADP in fibres at 20 #M ADP was measured and found 
to be less than one-tenth of the maximum ATPase rate; therefore the effect of 
myokinase was expected to be small. This was confirmed by the observations that 
the addition of 5 mM AMP, to 20#M [14C]ADP, which would have reduced 
ATP to less than l /zM if myokinase had been at equilibrium, reduced the binding 
of ADP by only 20%, while the addition of 1 mg/ml hexokinase and 2 mM glucose 
to remove ATP, had no effect. The binding of ADP in the presence of ADP is, 
therefore, a direct binding and not due to a prior formation of ATP. 

The binding of [3H]inosine diphosphate was also measured. Its dissociation 
constant was much greater than for ADP, but the maximum amount bound was 
the same (Table I1). IDP reacts with myokinase at least 100 times slower than ADP, 
therefore the binding of [3H ]IDP to fibres must also be direct. 

Dissociation rates 
The efflux of radioactive nucleotides and mannitol from glycerinated fibres 

approximated to a single exponential decay (Fig. 5). Results were analysed by least 
squares fit to the equation In (C/Co)= - r t  where C is the cpm remaining inside the 
fibre at time t (s), Co is the initial cpm, and r the rate constant for release of  the radio- 
active material from the fibres (s-l). The correlation coefficients were usually about 
+0.99 for ATP and ADP but mannitol release appeared to be more erratic, the 
mean correlation coefficient being +0.94. The total amount of mannitol released 
from the fibres was that expected from the length of fibre used and the total amount 
of  bound nucleotide relased (Figs 5A and 5C) was similar to the amount of  nucleotide 
bound in the steady state experiments at the same substrate concentration (Figs 
2A, 4A). 

In fibres preincubated with 25 #M [14C]ATP an ATP-regenerating system 
a n d  10 -9  M free Ca z+ at 1.5 °C, the rate of release of ADP was slow: r=0.020 s -1 
(Fig. 5A). The Pi bound when fibres were preincubated in [V-32p]ATP with a 
Pi-removing system was released at the same rate as the bound ADP (Fig. 3B) 
(Table Ill). This rate agreed closely with the maximum ATP hydrolysis rate per 
ADP binding site (turnover number ) k 3 =0.021 s -1. The mannitol and ATP were 
released rapidly and with a common rate constant of 0.086 s -1 (Table IlI). This 
rate of release was limited by the rate of diffusion from the fibres; a rate constant 
of  0.086 s -1 for a 55 #m diameter fibre corresponded to a diffusion coefficient of 
1.1.10 -7  cmZ/s (ref. 14), in accord with previous estimates 15. 

It should be noted that the diffusion process from fibres also retards the rate 
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Fig. 5. Release of ADP, ATP and mannitol from rabbit psoas fibres at 1.5 °C. (A) Release of 
ADP ( © ), ATP (O)  and mannitol (A) from a single muscle fibre preincubated in 26 ibM [14C]ATP 
with 10 _9 M free Ca z+. The rate constants were: ATP, 0.082 s--l ;  ADP, 0.021 s--l;  mannitol 
0.076 s -1 .  The correlation coefficients were 0.99, 0.99 and 0.93, respectively. The fibre volume 
determined from the mannitol counts was 19.8 nl and the amount of ADP released corresponded 
to a concentration of 135 ffM in the fibre. (B) Release of ADP, ATP and mannitol from a single 
muscle fibre preincubated in 26 ffM [14C]ATP with 10 _8 M free Ca 2+. The rate constants were: 
ATP, 0.096 s--~; ADP, 0.097 s--l;  mannitol, 0.112 s--L Correlation coefficients were 0.99, 0.99 
and 0.96, respectively. The symbols are the same as in (A). (C) Release of ADP and mannitol 
from a single muscle fibre preincubated in 16 ffM ADP with 10 _9 M Ca 2+. Rate constants were: 
ADP, 0.077 s--Z; mannitol, 0.083 s - ~  and the correlation coefficients were respectively 0.99 and 
0.87. The fibre volume determined from the mannitol counts was 12.4 nl and the calculated total 
amount of ADP released was equivalent to 66 ffM in the fibres (of which 16/~M, or 24% of the 
total ADP is free ADP). The symbols are the same as in (A). 
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TABLE III 

RATE CONSTANTS FOR THE RELEASE OF LABELLED COMPOUNDS FROM GLY- 
CEROL-EXTRACTED PSOAS FIBRES 

Conditions: PIPES/EGTA buffer, pH 7.1, 1= 0.095, 1.5 °C. Rate constants shown are the mean 
and 5 ~ fiducial limits of 8-12 determinations. 

Preincubation medium Compound Rate constant 
released of  release, r, 

(8 - 1  ) 

26#M [14C]ATP, 10 -9 M Ca z+ 

1.1 mM [y-3~P]ATP, 10 _9 M Ca 2+ 
26/~,M [14C]ATP, 10 -6  M Ca 2+ 

7/~M [a4C]ADP, 10 --9 M Ca ~+ 
16/zM [14C]ADP, 10 -9  M Ca 2+ 
1 mM [14C]ADP, 10 --9 M Ca 2+ 
19/~M [aH]IDP, 10 _9 M Ca z+ 
1 mM [14C]mannitol 
0.8 mM [a2p]phosphate, 10 -9  M Ca 2+ 

[14C]ATP 0.087 +_ 0.013 
[14C]ADP 0.020 _+ 0.003 
32P1 0.020 
[14C]ATP 0.086 _+ 0.016 
[laC]ADP 0.088 + 0.012 
[14C]ADP 0.084 _+ 0.020 
[14C]ADP 0.080 + 0.010 
[14C] ADP 0.089 _+ 0.017 
[3H ]IDP 0.083 _+ 0.010 
[14C]mannitol 0.086 _+ 0.015 
[z2P]phosphate 0.089 _+ 0.012 

of release of material  from fibres even when that rate is less than the rate of diffusion. 
On  the assumption that  the decomposi t ion of bound  A D P  and its diffusion out 
of the fibre are consecutive first-order processes the time course for the release of 
A D P  into the solution was calculated 16. With a diffusion rate of 0.087 s - ' ,  the model 
for A D P  release gave a best fit to a single exponential  decay with r = 0 .020  s - '  
if the rate of decomposi t ion of bound  A D P  was 0.022 s -1. Therefore in the case of 
non-activated muscle the retarding effect of  the diffusion on the rate of release of 
A D P  from the fibres was probably small. 

The myofibril lar  ATPase was activated as the free calcium concentra t ion in- 
creased. The max imum turnover  number  which was obtained at calcium con- 
centrat ions above 5-10 -7 M, was 0.14 s -1 (Fig. 6). The rate of release of bound  
A D P  from fibres likewise increased as the free calcium concentra t ion  was raised 
(Fig. 5B) and over the range 10-9-10  -7 M free Ca 2+ the rate constant  is similar 
to that for ATP  hydrolysis (Fig. 6). Unfortunately,  the rate of A D P  release is limited 
by the rate of diffusion in activated fibres and no increase in the rate constant  can 
be observed at free calcium concentrat ions above 2.10 -7 M. 

In contrast,  the rate of  release of A D P  from fibres pre- incubated in [14C]ADP 
was fast at 10 -9 M Ca 2+ (Fig. 5C). At  7, 16 and 1000/zM A D P  where bound  A D P  
was 80, 70 and 20% of the total  ADP,  respectively, the rate constants  for A D P  
release were the same (Table III) ;  hence the direct ly-bound A D P  was released 
at the same rate as free ADP,  both  being limited by the rate of diffusion. The release 
of bound [3H] IDP was also rapid at low calcium concentra t ions  (Table III). 

The effect o f  A T P  and A D P  on f ibre stiffness 
When bundles  of 3 or 4 glycerol-extracted psoas muscle fibres were incubated 

at 2 °C in P I P E S / E G T A  buffer with t0 -9 M Ca z+ and stretched by 0 .4-2% of their 
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Fig. 6. Dependance of the rate constant, r, for bound ADP release from fibres ( O ) and the ATPase 
turnover number, k3, (O) on free calcium concentration. The bars are 5% fiducial limits. The 
dotted line is the diffusion-limited rate of efflux of materials from fibres; 0.087 s--L 

length, the tension increased approximately linearly with their extension (Fig. 7A); 
thus for short extensions the fibres behaved elastically. The elastic modulus (stiffness) 
was calculated as about 5.4 N/mm z (Fig. 7B). 

When ADP at concentrations up to 2 mM was added, no change in stiffness 
occurred (Fig. 7A). However when low concentrations of ATP with an ATP-re- 
generating system were added the stiffness decreased (Fig. 7B). Stiffness dropped 
to about half its initial value at 10-20ffM ATP (Fig. 7B), which is similar to the 
ATP concentration where ADP is 50% bound (Fig. 2). Indeed the fall in stiffness 
closely mirrored the binding of ADP. At high ATP concentrations the residual 
stiffness was very low (about 0.7 N/mm2). 

~200  ~ . 
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Fig. 7. Dependance of fibre stiffness on ATP and ADP. (A) Change of fibre tension with extension 
in rapidly stretched 6, mm long bundles of glycerol-extracted psoas muscle fibres at 2 ~C. in- 
cubation media: 0 ,  PIPES/EGTA buffer, 10 - 9  M Ca2+; x ,  2 mM ADP, PIPES/EGTA buffer, 
10 -~) M Ca2+; + ,  10ffM ATP, PIPES/EGTA buffer, 10 -'a M Ca 2+, 5 mg/ml creatine kinase, 
1 mM creatine phosphate; ©, 360ffM ATP, P1PES/EGTA buffer, l0 -'~ M Ca 2+, 5 mg/ml creatine 
kinase, 1 mM creatine phosphate. The lines are least squares fits obtained by a regression analysis 
of the experimental points. (B) Dependance of elastic modulus (stiffness) of glycerol-extracted 
psoas muscle fibres on ATP concentration at 2 °C with 10 -,9 M Ca 2+. Elastic modulus, defined 
as the ratio of stress (tension/unit area of fibre) to strain (length change per unit length), was 
calculated from the slopes of the length-tension plots. The vertical bars are 5 % fiducial limits. 
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The stiffness changes with ATP concentration were fully reversible and the 
elastic modulus of a fibre bundle returned to its initial value when incubated in the 
absence of ATP. 

DISCUSSION 

Characteristics of the myosin-ADP-Pi intermediate complex 
The maximum amount of excess ADP in fibres incubated in ATP was 233/~M. 

Diffusion calculations predict that, at a maximum, less than one-third of this could 
be free ADP. The release of free nucleotide and mannitol from fibres approximated 
to a single exponential decay with a rate constant of 0.087 s -~ (Table III) and if 
one assumes the fibre to behave as if it were an infinitely tong cylinder of  diameter 
55 #m the diffusion coefficient may be calculated from the equation r=5 .8  D/a z 
where r is the rate constant for diffusion and a is the radius of  the cylinder 14. The 
value obtained is 1.1.10 -v cmZ/s which is similar to previous estimates 15. The con- 
centration gradient between the solution and the centre of  the fibre, AC, can now 
be determined from the equation A C= m. a2/4D, where m is the rate of the ATPase 
within the fibres, a is the fibre radius, and D is the diffusion coefficient ~7. It was 
calculated that at the maximum ATPase rate (4.3 nmole -ml -a - s  -1) the ADP or 
ATP concentration gradient would be 70/~M. This was a maximum value; it would 
be reduced at ATPase rates less than the maximum and assumed that no ATP 
regeneration could occur within the fibres. 

Since recent reports indicate that large molecules and proteins can be diffused 
into the interior of glycerinated fibres 18, it might be expected that creatine kinase 
can diffuse into the fibres and remove any free ADP present, and indeed it was found 
that the creatine kinase activity within glycerinated fibres approached the activity 
in the incubating medium after 2 rain incubation at 1.5 °C. The absence of significant 
free ADP in the fibres was confirmed by the rate experiments (Fig. 5A); unbound 
ATP and mannitol were released from the fibres rapidly (r=0.087 s -~) and the semi- 
10g plot showed that all the excess ADP in the fibres was released slowly; it follows 
that all the ADP in the fibres was bound, since if some of it were free the ADP 
release plot would have an additional fast phase. This argument is also valid for the 
binding of the v-phosphate moiety of ATP (Fig. 3B). Since the free ADP concen- 
tration was too low for direct binding of ADP, the bound ADP must have originated 
from the ATP in the solution. 

There are in muscle a large number of proteins to which the ADP might be 
bound. Actin is an unlikely candidate because the ADP exchange of F-actin takes 
several hours 19. Mitochondria are also unlikely because Lethocerus flight muscle, 
which contains a large mass of mitochondrial protein, bound no more ADP than 
rabbit psoas muscle, which contains little. No other proteins have been excluded, 
but the maximum amount  of bound ADP is much greater than the other myofibrillar 
proteins/° , except for myosin. 

It is believed that the ADP and Pi bound in the presence of ATP are bound 
to the active site of myosin since they exhibit the characteristics expected of the 
myos in -ADP-Pi  intermediate complex first postulated by Taylor and co-workers l"z. 

Km k3 
Myosin + ATP ~ myos in-ADP-Pi  -~ myosin + ADP + Pi 
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I f A D P  and Pi are bound in an myos in -ADP-Pi  complex then the maximum amount 
b o u n d ,  B m, should equal the concentration of myosin active sites in the fibres, the 
K,, values for binding should be the same as the K,, of the myofibrillar ATPase and 
the ATPase turnover number, k3 ,  should be the same as the rate constant for de- 
composition of bound ADP and P~, r. 

According to recent estimates 33 the concentration of myosin molecules is 
120/zM in rabbit psoas fibres and 100/zM in Lethocerus flight muscle fibres. Thus 
the a m of ADP and P~ in rabbit psoas muscle (Table I1) corresponds to two molecules 
bound per myosin molecule, or one per myosin active site. There is also approxi- 
mately one ADP bound per active site in Lethocerus flight muscle (Table II). 

The Michaelis constant for ADP binding, 15#M, was larger than the K,, 
of the myofibrillar ATPase which was about 6/~M with 10 - 9  M free Ca 2+ and excess 
Mg 2+ (refs 8, 21). Theoretically the two values should be the same, and the higher 
K,, for ADP binding may be due to the ATP-regenerating enzyme being unable 
to maintain the ATP concentrations in the fibres when the concentration of ATP 
in the incubating solution was low. 

The apparent K,, for the binding of the 9,-phosphate, 120 ktM, was much greater 
than that for ADP binding. However, the binding of the v-phosphate of  ATP had 
to be measured without an ATP regenerating system and consequently the concen- 
tration of ATP within the fibres would have been less than that in solution, due 
to a diffusional lag in ATP entry 15. Thus at an ATP concentration in solution of 
120~tM (where bound P~ is l l 0 # M  (Fig. 3)) there is an excess Pi concentration of 
210/~M within the fibre if the nucleoside phosphorylase is not present. Hence the 
diffusional lag in free P~ release causes a concentration difference of 100 #M between 
the fibre and the solution. If one may assume that the concentration gradient of  ATP 
between the solution and fibre is equal and opposite to the P~ concentration gradient 
(this is a reasonable assumption, since small molecules diffuse from fibres at the 
same rate (Table Ill)), then the concentration of ATP inside the fibre is about 20/zM. 
The Km observed was therefore probably not the true K,,, which must be in the region 
of 20/z M. 

The rate constant for release of  bound ADP and P~, r, was the same as the 
ATPase turnover number, k 3, at 10 - 9  M Ca z+ (Table Ill) and both bound ADP 
release and the ATPase were activated by free calcium over the same range of con- 
centrations (Fig. 6). 

From these experiments it is concluded that in relaxed glycerinated fibres, as 
in isolated myosin 1,2, the terminal phosphate bond of ATP is rapidly cleaved 
by myosin and the ADP and v-phosphate moieties are retained as a m y o s i n - A D P - P  i 
intermediate complex. The decomposition of this complex is slow compared with 
the other steps in the reaction, and limits the overall ATP hydrolysis rate. 

Similar results have been obtained by Maruyama and Weber in myofibrils 22. 
They found that activated or non-activated myofibrils incubated in radioactive ATP 
bound 2 moles of  isotope per myosin molecule, though they did not distinguish 
between bound ATP and ADP. The major part of the isotope was bound with a 
Km similar to the K,, of  the ATPase, but a fraction binding at higher affinity was 
also observed. This was not found for ADP bound to glycerol extracted fibres, but 
its occurrence cannot be ruled out since such heterogeneous binding might have been 
masked if the ATP regenerating system had not been sufficiently active; on the 
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other hand, the difference may be due to the different preparations investigated. 
In the absence of ATP, glycerol extracted fibres are in rigor and have a high 

elastic modulus (Fig. 7). It is believed that in rigor nearly all the myosin molecules 
are attached to actin in the thin filaments 6'23'24, whereas in relaxed fibres, when 
the stiffness of the fibres is very low, most of the myosin molecules are dissociated 
from actin. It is therefore reasonable to assume that the fibre stiffness gives a measure 
of the proportion of myosin molecules attached to actin. 

The mechanical experiments (Fig. 7B) showed that at 10 - 9  M Ca z+ stiffness 
fell over the same ATP concentration range as that in which ADP was bound. Thus, 
under these conditions, the binding of actin and ATP (with formation of myosin-  
ADP-P~) to myosin appears to be mutually exclusive and relaxation takes place 
as a consequence of ATP reacting with the myosin ATPase active site, thereby dis- 
placing the actin. 

In addition to ADP, ATP was also bound in fibres in the presence of ATP 
(Fig. 2A). It is not known where this is bound, but some of it may be bound to myosin, 
since a small amount of myos in-ATP in addition to m y o s i n - A D P - P  i has been ob- 
served in heavy meromyosin in the presence of ATP 34. 

Evidence for an actomyosin-ADP complex 
The maximum excess [14C]ADP found in fibres incubated with [14C]ATP 

was 231 #M (Fig, 4; Table II). ADP is not metabolised by the myosin ATPase and 
it has been shown (see results section) that there was no significant reaction of ADP 
with myokinase in the glycerol extracted fibres. As a result there should be no con- 
centration gradients of ADP between the fibre and the incubating solution due to 
diffusional lag, so any excess ADP found within the..fibres must be bound . . . . . . . . .  

The ADP is apparently bound to a single class of sites (Fig. 3B) with an 
affinity which is almost as great as the affinity of the m y o s i n - A D P - P  i complex. 
However, the accuracy of the assays does not permit the complete exclusion of 
heterogeneous binding or cooperative effects. The estimated maximum amount 
of ADP (or IDP) bound (Table II) was the same as the maximum amount of  the 
ADP and Pi bound in the presence of ATP, which as has been already discussed 
approximates to the number of myosin active sites present in the fibre; consequ~rrtly 
it is proposed that the ADP-generated bound ADP is bound to myosin 

ADP has been reported to be a competitive inhibitor of  actomyosin ATPase 
in both rabbit psoas and insect flight m u s c l e  25'26 which suggests that the bound 
ADP may be closely associated with the active site of myosin ATPase. It was not 
possible to measure the effects of  ADP on ATP-generated binding since myosin-  
ADP-PI  could only be measured in the absence of free ADP. However, it was found 
that adenylyl imidodiphosphate, a competitive inhibitor of myosin ATPase 31, 
inhibited both ATP- and ADP-generated binding, K i being about I mM in both 
cases. The simplest explanation for these observations is that ADP binds to the active 
site of myosin ATPase in fibres; it is possible that the ADP could bind to a separate 
site, but if this were so the interaction between the ATPase site and the ADP-binding 
site must be very strong 27. 

The stiffness measurements (Fig. 7) showed that there was no relaxation of 
the glycerol extracted fibres, even in the presence of 2 mM ADP. Similarly it has 
been observed that ADP does not dissociate actomyosin except at very high concen- 
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t ra t ions  28. It must  be concluded that  A D P  can b ind  to glycerol-extracted fibres 
wi thout  dissociat ing the ac t i n -myos in  links. 

In  summary ,  it  is p roposed  that,  in the presence o f  A D P ,  ac tomyos in  is in 
rapid  equi l ibr ium with a complex  in which A D P  is bound  to myosin,  whilst  the a c t i n -  
myosin  links remain  intact.  

Ac tomyos in  + A D P  ~ a c t o m y o s i n - A D P  

It  is uncer ta in  whether  or  not  the a c t o m y o s i n - A D P  complex is an in termedia te  
in the decompos i t ion  of  m y o s i n - A D P - P  i in the myosin  ATPase  cycle in non- 
act ivated fibres. Since pure  myosin  and its subfragments  hydrolyse  ATP,  apparen t ly  
in the same way as myosin  in fibres ~'2'4, ac t in-conta ining complexes are not  neces- 
sari ly included in the cycle. The dissociat ion of  a c t o m y o s i n - A D P  is fast (Table III),  
therefore if a c t o m y o s i n - A D P  is par t  of  the ATPase  cycle in non-ac t iva ted  fibres, 
its decompos i t ion  is not  the ra te- l imit ing step. 

The proper t ies  of  the a c t o m y o s i n - A D P  complex differ substant ia l ly  f rom those 
o f  A D P  bound  to myosin  alone ( m y o s i n - A D P ) .  The dissociat ion constant  o f  ac-  
t o m y o s i n - A D P  is cons iderably  greater  than that  of  m y o s i n - A D P  which is 0.7/~M 
at low ionic strength and 2 . 5 - 7 # M  at high ionic s t rength with high Mg 2+ concen- 
t ra t ions  zg"3z. The high Kd is p robab ly  due to the presence of  actin in the a c t o m y o s i n -  
A D P  complex,  since actin is known to inhibit  A D P  binding to myosin  29. Unl ike  
m y o s i n - A D P  whose dissociat ion cons tant  increases 6-fold over t empera ture  range 
6-25 °C 3°, the dissociat ion constant  of  a c t o m y o s i n - A D P  is not  great ly affected 
by t empera tu re  (see Table  lI). 
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