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Summary 

The hydrolysis of MgATP by ac tomyosm gel at low lomc strength is known 
to show two unusual features (1) an Arrhenms plot with a shallow slope m the 
higher temperature range (35--16°C) and a steep slope m the lower tempera- 
ture range (16--0°C), (2) a rate curve of  hydrolysis that  begins with a 'burst '  
and falls to a lower steady-state level. Both of these can now be mterpreted m 
terms of  a specific, relatively slow transformation m the gel (t~/2 = 9 s at 25°C), 
reduced by the bmdmg of MgATP to the achve sites of  the myosm filaments. 

In the rate curves, this transformation is reflected m the translhon from the 
burst rate (catalyzed by the original gel) to the steady-state rate (catalyzed by 
the modffmd gel) Importantly,  this transition does not  occur to a slgmfmant 
extent  at low temperatures. Thus, m the typmal nonlinear Arrhenms plot,  
where steady-state rates are used, the shallow slope m the high temperature 
range is a property of the modffmd gel, whereas the steep slope at low tempera- 
tures IS a property of the original gel. Consistent with this lnterpretatmn, when 
the burst rates (presumably due to the original gel) were used m the high tem- 
perature range (and when substrate lnhlbltmn of hydrolysis by high levels of  
MgATP was avoided), the Arrhenms plot was hnear over the entire temperature 
range (40--0°C), the steep slope of this plot gives a high apparent heat of ach- 
rat ion (25--30 kcal), similar to that  reported for actm-achvated hydrolysis by 
the soluble subfragment, heavy meromyosm.  It is the steady-state form of the 
gel at high temperatures that gives a low apparent heat of activation (6--10 
kcal). 

Abbrevmhon EGTA, ethyleneglycol bls~-ammoethyl ether)-N,N'-tetraacetlc a c l d  
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It was found that  the regulatory protems with calcium activate hydrolysis by 
the omgmal form but have no effect on the steady-state form of the gel. 
Oxygen exchange measurements made during the burst and steady state at 
250C mdmate that  the mechanism of hydrolysis Is essenhally the same for 
both,  but that  there is a higher effechve actm concentration around the myosin 
sites m the original form. 

Introduction 

The nonhnear Arrhenms plot of actomyosm Mg2÷-ATPase [1] and also of 
myosin under certam conditions led to the hypothesis some years ago [2] that  
myosm undergoes a temperature-dependent conformatlonal change. According 
to this concept, the stable form of actomyosm depends on temperature; above 
a narrow transltmnal range near 16°C, there ts one stable form that  catalyzes 
hydrolysis through a rate-hmltmg step with a low heat of actlvahon (6--10 
kcal) and below this nommal translhon temperature, there is a different stable 
form that  catalyzes hydrolysis through a rate-hmltmg step with a much higher 
heat of actlvahon (25--30 kcal), thus explaining the markedly greater slope of  
the Arrhenms plot at low temperatures. 

Actomyosm gel also consistently shows another unusual enzymatic feature. 
Hydrolysis, when it is started by the addltmn of  MgATP, begins at a relatively 
high rate and then, over a period of half a minute or so, falls to a lower steady- 
state level. This phenomenon of the actomyosm 'burst '  was discovered by 
Hasselbach and Weber m 1954 [3] It now appears, as we will discuss, that  this 
burst ~s a manifestation of the same transformation that  causes the nonhnear 
Arrhenms plot. Both phenomena can be explained by a relatively slow sub- 
strate-lnduced conformatlonal change m the myosin filaments of the gel that  
only occurs to a slgnffmant extent  at higher temperatures (1 e. above about 
16°C). 

Experimental Procedures 

Rabbit back and leg muscle were used for all the protem preparations. Actm 
was extracted from acetone-dried muscle powder by the method of Spudmh 
and Watt [4]. Myosin was prepared essenhally as descmbed by Mommaerts and 
Pamsh [5],  a step mvolvmg ammomum sulfate frachonatlon was added to 
obtam actm-free myosin. The pumfmd myosm was precipitated between 
40--60% saturahon.  Natural actomyosm with the regulatory system intact was 
made as descmbed by Levy and Flelscher [6,7]. To prepare reconshtuted acto- 
myosin free of regulatory protems, myosin was added to actm m a raho of 
4 . 1, slowly while stLrrmg m a solution of 2 mM Tris-HC1 (pH 7.4), 0.1 mM 
dlthlothreltol  and 0.5 M KC1. The gel was formed by a 10-fold dilution with 
the same solution containing no KC1. To remove the residual calcmm sensitiv- 
i ty,  whmh was always present, the gel was then washed repeatedly with the salt- 
free solutmn (usually 4--5 times with 10-tnnes the volume of gel) until the 
Mg2÷-ATPase at 25°C was completely msenslhve to either added EGTA or 
Ca 2÷. Myoflbrfls were prepared by the method of Perry and Zydowo [8]. 
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Tropomyosm and the t roponm complex were prepared by the methods of  
Greaser and Gergely [9].  Protein concentrat ions were de termmed by the bmret  
reactmn usmg bovine serum albumin as a standard. 

The turbidi ty changes m the ac tomyosm gel suspensmn were measured at 
545 nm. The mLxture was st~rred contmuously  with a magnetm stirrer and 
mamtmned at constant  temperature  m the sample cell (2 cm hght path) of  a 
Zelss PMQ II spect rophotometer .  The reactmn was started by adding a small 
volume (e.g. 0.1 ml) of an ATP solutmn to 12 ml of the gel suspensmn through 
a polyethylene tube at tached to a syrmge dispenser. The method,  routinely 
used m this laboratory,  has been descmbed m detail [6] .  

ATPase assays using the lsobutanol ext rac tmn method [10] were done m a 
medmm containing 25 mM Trls-HC1 (pH 7.4), 25 mM KC1, 5 mM MgCl:, and 
ATP as specffmd, with either 1 mM MgEGTA (virtually no free Ca 2÷) or 1 mM 
CaEGTA (about 10 -s M free Ca2÷). The regulated system, m most experiments,  
contained reconshtu ted  ac tomyosm with optimal levels of  t ropomyosm and 
t roponm,  this required a ratm of ac tm/ t ropomyosm of  7 • 1 and an actm/ 
t roponm ratm of 5 : 1. In some cases, as mdmated,  natural ac tomyosm was 
used as the regulated system, with closely snnflar results. 

In experiments where the substrate concentra tmn was m the mmromolar 
range, [32P]ATP was used for measuring the rate of hydrolysis,  as descmbed 
prewously [10] ,  with creatme phosphate and creatme phosphokmase added to 
recycle ADP and mamtam a constant  level of ATP. [32P]ATP was prepared by 
the method of  Glynn and Chappell [ 11]. Intermedmte oxygen exchange during 
ATP hydrolysis was measured as prewously descmbed [12].  To de termme this 
exchange during the burst, the reactmn was quenched with tmchloroacetm acid 
15 s after the addltmn of substrate, usmg a high concent ra tmn of  ac tomyosm 
gel. For  exchange during the steady state, the hydrolysis was allowed to go to 
comple tmn over a reactmn time of 1 h, usmg a low concentra tmn of acto- 
myosin. For  measuring the oxygen exchange by superpreclpltated ac tomyosm,  
the protein was hrst  superpreclpltated with unlabelled ATP at 10 -4 M under 
standard condltmns,  washed free of  substrate with reactmn solutmn and then 
used for the labelled experiments.  

Results and Dlscussmn 

The burst rate o f  hydrolysis 
Fig. 1 shows the characterlstm nonhnear  rate curve for hydrolysis of MgATP 

by ac tomyosm gel at 25°C. There is an mlhal relatively rapid rate (the burst) 
that  falls within half ~ minute or so to a slower steady-state level. 

The curve shown m Fig 1 is actually a composi te  of hve curves run at differ- 
ent  concent rahons  of ATP from 1 to 20 pM. Each of  the curves was normahzed 
to a relative rate of 1.0 at 20 s. The pomts for all the curves fell randomly 
within the bars shown at each hme  pomt.  Other curves obtained at ATP con- 
centratlons as high as 5 mM showed the same charactenstm change of slope 
with time. Thus, over a wide range of ATP concent rahon,  the raho of the ml- 
hal burst rate to the steady-state rate was constant ,  and the time for the tranm- 
hon  did not  change 

The rate curve was also the same when the reaction was stopped by rapid ffl- 
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SECONDS SECONDS 

Fi g  1. C o m p o s i t e  r a t e  c u r v e  o f  h y d r o l y s i s  by a c t o m y o s m  ge l  s h o w i n g  c u r v a t u r e  i n d e p e n d e n t  o f  M g A T P  

c o n c e n t r a t i o n  C o n d i t i o n s  2 5  m M  T n s - H C I  ( p H  7 4 ) / 2 5  m M  K C I / 5  m M  MgCI 2 The  r a t e  was  m e a s u r e d  a t  

f ive  d i f f e r e n t  A T P  c o n c e n t r a t i o n s  1. 2,  5, 1 0  a n d  2 0 / ~ M  T h e  c u r v e s  a t  e a c h  s u b s t r a t e  l eve l  we re  n o r m a l -  

l z ed  t o  a r e l a t i v e  r a t e  o f  1 0 a t  20  s. V a l u e s  a t  o t h e r  t i m e s  t h e n  fe l l  w i t h i n  t h e  i n d i c a t e d  ba r s  T h e  con -  

c e n t r a t m n  o f  a c t o m y o s m  gel  wa s  0 I m g / m l  

F tg  2 A p p a r e n t  f t r s t - o r d e r  r a t e  c o n s t a n t  f o r  the  gel t r a n s f o r m a t a o n  i n d i c a t e d  b y  t h e  b u r s t  ( e )  R a t e  o f  

h y d r o l y s t s  t a k e n  f r o m  the  s lope  o f  the  c o m p o s a t e  c u r v e  i n  F~g 1 ( c )  C o r r e s p o n d i n g  v a l u e s  m upper  curve  
m i n u s  t h e  f i n a l  s t e a d y - s t a t e  v a l u e  m d a c a t e d  b y  t h e  d a s h e d  l i ne  T h i s  c u r v e  g ives  an  a p p a r e n t  h a l f - t a m e  o f  

9 s f o r  t h e  t r a n m t a o n  (k = 0 0 8  s - 1 )  

tratlon (to remove gel from the reaction solution), or when the hydrolysm of  
[32P]ATP was quenched with unlabelled ATP. The results, m agreement with 
similar fmdmgs by Bowen et al. [13], show that  this burst is not  due to any 
protem-bound phosphate released by the acid-quenching normally used. 

Assuming that  the tranmtlon from the initial to the steady state is a first- 
order reaction, the half-time was estimated as shown m Fig. 2. The upper curve 
shows how the rate of  hydrolysm (the slope of the composite rate curve m 
Fig. 1) changed with time. For the lower lme, pomts were obtamed by sub- 
tractmg the final steady-state rate from each of the transitional rates, the slope 
of thin hne gives 0.08 s-' as the apparent rate constant for the transition (t,/2 = 
9 s). This is many times slower than any step m the pathway of actm-actlvated 
hydrolysis by myosin [22]. In the work reported here, the apparent rate con- 
stant for hydrolysis by actomyosm gel at 25°C was 2 s -1 durmg the steady state 
and 5 s -1 or more during the burst. 

Thus, neither the rate of MgATP bmdmg to the active site nor the rate of  
hydrolysm hmlts the rate of transltmn from burst to steady state. Instead, as we 
have suggested [6,7], thin appears to depend on a slow conformatmnal  change 
m the gel that  is mltmted by the bmdmg of substrate. Other observatmns on 
the burst phenomenon are all consmtent with this mterpretatmn. 

While hydrolysm followed its own course, the actomyosm gel, depending on 
the concentratmn of ATP, temperature and other condltmns, usually changed 
its form m some obwous way. The gel suspensmn might for example have 
cleared (shown a fall m tubld,ty) or superpreclpltated (shown a rise m turbid- 
ity) or, m some cases, first cleared and then superpreclpltated, or vine versa. 
(The details of  such turbidity changes will be presented and analyzed m the fol- 
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lowing paper [23].) In any case, the shape of the composite rate curve (m 
Fig. 1) was not  affected by these transformations. For example, m Fig. 1, the 
gel at the lowest concentration of ATP (1 pM) superpreclpltated so slowly that  
vu'tually all of it was m the startmg form during the ATPase measurements. At 
mtermedlate concentrations of ATP, the gel superpreclpltated completely m 
about 1 s so that  the protein was m the superpreclpltated form for most of the 
measurements, and at high physmlogmal levels of ATP (1--5 mM), a super- 
precipitate formed and then appeared to be cleared by the high substrate. The 
mdependence of the shape of the rate curve of hydrolyms from superpreclplta- 
tmn was further demonstrated by the presence of a burst rate of hydrolyms 
lmmedmtely after the addltmn of MgATP even when the protem had been 
superpreclpltated and washed free of substrate prmr to the ATPase measure- 
ment 

Fig. 3 shows that  MgATP bmdmg without  hydrolyms reduced the transfor- 
matron from burst to steady state. In the bot tom curve, ATP was added before 
calcmm and 15 s later the system was activated by the addltmn of calcmm 
The subsequent hydrolysis showed no burst, from the start, the rate was equal 
to the usual steady-state rate. As we interpret ~t, the transformatmn was com- 
plete before the addltmn of Ca 2÷. The same lmear rate was also obtained when 
actm-actwated hydrolyms was mltmted by the addltmn of actm to a mLxture 
contammg myosm and MgATP; and a loss of reductmn m the size of the 
burst can also be obtamed by prmr addltmn of morgamc pyrophosphate (un- 
published results), or by the addltmn of ITP prior to measuring the hydrolysis 
of [32P]ATP [7]. Agmn, as we mterpret it, the transformatmn m these cases has 
been completed before the rate measurements begin. 

Above 16°C, the burst became more prominent as the temperature was 
reused, that  is, the mltlal rate increased proportmnately more than the steady- 
state rate On the other hand, below 16°C much less burst was ewdent. For 
example at 2°C the rate curve showed no slgmflcant fall-off from the starting 
rate (Fig. 4). 

SECONDS 
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/ 

SECONDS 

Fig. 3 A c o m p a r i s o n  of  hydro lys i s  by  regu la ted  gel w h e n  t h e  r e a c t t o n  is s t a r t e d  b y  the  addi t ion  of  ATP o r  
b y  Ca 2+ Conchtlons w e r e  t h e  s a m e  as  f or  Fig 1 wi th  1 m M  ATP ( U p p e r  cu rve )  With Ca 2+ p r e s e n t ,  t h e  
r e a c t i o n  w a s  s t a r t e d  b y  t h e  a d d i t i o n  o f  A T P  at  z e r o  t ime  ( L o w e r  curves)  Wtth Ca 2+ a b s e n t ,  t h e  r e a c t i o n  
was s t a r t ed  by  the  add i t i on  of  ATP at  z e r o  t ime  No Ca 2+ ad d ed  su b seq u en t l y ,  Ca 2+ ad d ed  a t  ind ica ted  
t tme  

Fig 4 N o r m a h z e d  ra te  curves  of  hydro lys i s  at  high (25°C)  c o m p a r e d  to low (2°C)  t e m p e r a t u r e  t h e  
a b s e n c e  o f  a btLrst at  low t e m p e r a t u r e  Conchtlons s ame  as  f o r  Fig 1, wi th  20 ~M ATP (c)  2°C,  ( e )  
( 2 5  ° C )  
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Fig 5 T h e  e f f e c t  o f  the  r e g u l a t o r y  p r o t e i n s  o n  the  ra te  of  a c t o m y o s m  Mg2+-ATPase at  25°C  Condl t lons  
s ame  as for  Fig 1, wl th  1 m M  ATP  (a )  With the  r egu l a to ry  p r o t e i n s  a n d  c a l c m m ,  CO) w l t h o u t  t h e  
r egu la to ry  pro te ins ,  wl th  or  w l t h o u t  c a l c ium,  Co) wl th  the  r egu l a to ry  p ro te ins  in the  a b s e n c e  of  ea lc lum 

Fig. 6. Arrhenlus plots of regulated actomyosan Mg2÷-ATPase measured du~ng the burst and steady state 

General condltmns same as for Fig 1 The values for V at each temperature are extrapolated from 

measurements at substrate levels at or below K m Upper curve (4), the mltlal burst rate of hyctrolysls, 

l ower  curve  (m), the  s t eady-s ta te  rate  

Above 16 ° C, the regulatory proteins with calcmm increased the burst rate of 
hydrolysis, but had no slgnlfmant effect on the steady-state rate (Fig. 5). 
Although activation of  hydrolysm by the tropomyosm-troponm-Ca 2+ complex 
has been observed in a number of  studms, it has not  been ewdent that  this is 
limited to the burst phase. Below 16°C, the tropomyosln-troponln-Ca :÷ com- 
plex had different effects depending on the concentration of MgATP. At rela- 
twely low concentrations of MgATP, just suffmlent to saturate the high-affinity 
actwe sites for hydrolysis, the tropomyosln-troponln-Ca 2÷ complex activated 
hydrolysis; at much higher concentrations of MgATP, the t ropomyosm- 
troponm-Ca 2÷ complex mhlblted hydrolysis. It is known that  the Mg2+-ATPase 
of ac tomyosm is inhibited by high levels of MgATP. The rate of  hydrolysis 
becomes progressively lower as MgATP concentration is rinsed above an 
optimal concentration mto a much higher range. At each temperature, the level 
of  substrate requtred for this effect is an order of magnitude higher than the 
level requtred to saturate the active sites for hydrolysis and, at a constant fixed 
level of  MgATP, the mhlbltmn increases as the temperature is lowered. The 
t ropomyosm- t roponm~a  2÷ complex apparently potentmtes this effect. Thus, 
for example, at a low temperature with a high level of MgATP, the addition of 
the tropomyosln-troponln-Ca 2÷ complex (or t ropomyosm alone) inhibited 
hydrolysis. We assume that  substrate inhibition of  this type is caused by swell- 
mg or dissolution of the gel, reduced by the bmdmg of  MgATP to a hypo- 
thetical low-affinity site on myosin. The effect of such swelling is to decrease 
the effective concentration of actm around the myosin active sites within the 
gel. When thin concentration falls mto a range where it is rate-hmltmg, the 
hydrolyms is inhibited. Accordingly, the effect does not  occur at moderate to 
low levels of substrate simply because bmdmg to the low-affinity sites is negh- 
glble, and :t does not  occur in non-gel systems of actln-actlvated hydrolysis, for 
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example where soluble fragments of myosin are used, because m these cases the 
effective actm concentratmn is fLxed at the actln concentration m solution 

The nonlinear Arrhentus plot related to the burst 
In the past, when steady-state rates were used for the high temperature 

points, Arrhenlus plots for the Mg2*-ATPase of natural actomyosm have been 
non-lmear, resembling the bot tom curve of Fig. 6 [1,14]. When it became 
apparent that  the rate curves of hydrolysis below 16°C showed little or no 
burst, we reasoned that  the constant rates at low temperature might correspond 
to burst rates, rather than steady-state rates, at high temperatures. If so, on an 
Arrhenlus plot, these burst rates should fall in line with the low temperature 
points. The top plot m Fig. 6 shows that  this is the case. When the burst rates 
were used, the Arrhenms plot was linear. Thus, the low-temperature form of 
actomyosm exists for only a short time at high temperature after the addition 
of MgATP, and it is responsible for the burst. 

To obtain a hnear Arrhenms plot with regulated actomyosm, in addition to 
using the burst rates above 16°C, It was also necessary to avoid the use of 
MgATP at levels that  cause substrate inhibition. For example, the V values used 
for the lmear (upper) plot of Fig. 6 were obtained by extrapolatmn from mea- 
surements made at levels of MgATP no higher than the apparent Km at each 
temperature. When this was not  done and the rates were directly measured at, 
e.g., 1 mM ATP, the Arrhenms plot curved downward at low temperatures 
(Fig. 7, open mangles). Barany [15], m a comparative study on the tempera- 
ture dependence of actomyosln Mg2*-ATPase, observed a similar effect and also 
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Flgo 7 Adrthenlus plots of  aetomyosm Mg2÷-ATPase m the burst and steady-state phases of  hydzolysls wi th 
and wt thout  the regulatory proteins and ealemm. ( ) [mttal burst rates (wi th in the flzst 5 s of  reac- 
t ion)  ( . . . . . .  ) Steady-state rates (measul'ed between 30 and 60 s o f  the reaction) General eondittons as 
given m Fig. 1 ATP eoneen~atlon was I raM, exeept when indicated (e) Non-regulated gel, w i th  or 
wtthout  ealcmm (o) Regulated gel w i thou t  ealemm (~) Regulated gel w i th  calcium, note the substz~te 
mhlbtt ion at low temperatures, where the values fal l  below those for  nontegu]ated ge! (e) (A) Regulated 
gel w i th  calcium, wtth ATP at each temperature kept below K m a_nd the plotted values for V obtmned by 
extrapolatton Note that the V holds the [me at low temperatures w i thout  the substrate mhlbt t lon evident 
at 1 mM ATP (z~) ( i )  Steady-state values for  regulated gel w i th  calcium or non-regulated gel (~) Steady- 
state values fox' regulated gel in the absence of calcium 
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ascribed it to dissociation of  actm from myosm. He was able to mmlmlze this 
kmd of inhibition with certmn muscle proteins by using a very low salt con- 
centratlon. 

In general, when the burst  rates were used at higher temperatures and when 
substrate inhibition was avoided, the Arrhenms plots for ac tomyosm ATPase, 
were all lmear and all had the same relatively steep slope, glvmg the same high 
apparent heat of activation (about  25 kcal). The line for regulated ac tomyosm 
m the presence of  calcium lies above the lme for the nonregulated system, 
reflectmg the activation of the burst-type hydrolysis by the t ropomyosm-  
t r o p o n m ~ a  2÷ complex.  On the other  hand, the steady-state rates of  hydrolysis 
that  form the flat upper port ion of the usual Arrhenms plot (shown by the 
dashed lines m Fig. 7) were not  significantly different with or wi thout  regula- 
tory protem. The line for regulated gel In the absence of calcium lies below the 
others, mdmatmg the inhibitory effect  of the regulatory proteins under these 
conditions. In this work and m other published studies, however,  this inhibition 
is not  as complete  as it must be m relaxed muscle. The relatively high residual 
actlwty m the absence of  calcium, which has the same heat of  activation as the 
fully activated system, is partly due to the low salt concentrat ion It may also 
mdmate a certain amount  of  calcmm-msensltlve actm and/or myosm m these m 
vitro preparations. Beyond this, however,  we believe it indicates that  no t  all 
condit ions of  the natural control system are fully met m reconst i tuted acto- 
myosin models of  this kind. 

It Is now evident that  the degree of  curvature m the Arrhenms plots of acto- 
myosm ATPase will depend on factors such as (a) The integrity of  the original 
gel that  supports burst hydrolysis. (b) The time period for the measurement of  
the rates at higher temperatures,  the longer this time the more the estimated 
rate represents the slow steady-state value and the flatter the upper  part of the 
curve. (c) The concentrat ion of MgATP; the higher this concentration,  beyond  
a certam point, the greater is the extent  of  substrate inhibition, and at a fLxed 
concentration of  MgATP, this kind of  mhlbltlon increases as temperature is 
lowered, thereby causing a concave downward curvature in the plot. (d) The 
presence or absence of  the regulatory protems,  these proteins with calcmm 
potentiate substrate mhlbltlon and also specifically activate burst hydrolysis 
wi thout  affecting the steady-state, both of  which effects exaggerate curvature 
m the usual Arrhenms plot. These considerations are directly related to the 
findings of  Hartshorne et al. [14] that  Arrhenms plots for nonregulated acto- 
myosin are linear but  characteristically nonlinear for regulated ac tomyosm or 
fibrils. As a first approximation,  this would be expected under the conditions 
of  their experiments (a fixed high level of  MgATP of 5 mM and rates estimated 
from a single long time point  of  5 mm). 

Oxygen exchange and the mechamsm o f  hydrolyszs during the burst and 
steady-state 

During the hydrolysis of MgATP by myosin, there is an exchange of  oxygen 
between water and enzyme-bound nucleotlde of certam mtermedlates that  
form along the enzymatm phathway [16,17] .  Oxygen exchange is beheved to 
occur by a repeated cycle of cleavage and reverse cleavage of  the bound nucleo- 
tide. Durmg cleavage, an oxygen atom from water Is added to the P~ of bound 
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MgATP, durmg reverse cleavage an oxygen atom returns to the water. It is 
assumed that  at some stage the oxygens of P~ can change position m space, 
i.e. effectively rotate about the phosphorus atom. Because of  this scrambhng, 
the oxygen lost by reverse cleavage can, by chance, be different from the one 
that  enters durmg cleavage and each time this happens, an oxygen atom from 
water (labelled with 180) :s incorporated mto the bound phosphate that  is 
ult imately released as P,. Actm activation decreases the extent  of oxygen 
exchange by decreasing the lifetime of the exchanging intermediates. A fuller 
description of the effects of actm on oxygen exchange has appeared m recent 
papers on this subject [12,17--20] 

Our mare interest here m measurmg this reaction during the m:tlal phase of 
hydrolysis (within the ftrst 15 s after the addmon of MgATP) was to test 
whether there is any mtrmsm qualitative difference m the mechanism of hydro- 
lysls durmg the burst compared to the steady state. The results show that  this is 
not the case. There was no slgmflcant difference m the estimated rate of oxy- 
gen exchange catalyzed durmg the burst and steady-state periods, taking mto 
account the shorter turnover time in the burst phase Specifically, the phos- 
phate produced dunng the burst phase (the ftrst 15 s of reaction) contained an 
average of 1.9 1SO-labelled oxygen atoms (from water) per P, molecule, and 
that  produced dunng the steady state contained 2.3 'SO-labelled oxygens per 
P, The greater extent  of exchange in the steady state probably relates to the 
longer turnover time for hydrolysis, about 0.5 s, compared to the turnover time 
of 0.2 s during the burst. These same values for exchange were obtained when 
hydrolysis was catalyzed by actomyosm in the original gel form or by protein 
that  had been superprecipltated prior to the exchange measurements. Thus, 
superpreclpitatlon per se had no effect on the oxygen exchange mechanism. 

The results are consistent with the mterpretatmn that  the mechanism for 
actm-actlvated hydrolysis of MgATP by myosm is essentially the same for both 
phases but that  dunng the burst, because of the original conformation of the 
myosm filaments, there is a higher average effective actm concentration around 
the myosin active sites in the protein matrLx. For example, m the burst form, 
the myosin heads may on average be closer to actm, be better oriented for 
interaction, or have a greater affinity for the actm. In any case, a higher effec- 
tive actm concentration would allow a faster average rate of actm activation 
and, therefore, a shorter average lifetime for the exchanging mtermediates in 
the pathway of hydrolysis. 

In a study by Barouch and Moos [21], the V values for aetm-actlvated 
hydrolysis of heavy meromyosm in solutmn were obtained at different temper- 
atures by extrapolation to infinite actm concentratmn using double-reciprocal 
plots of the actm concentratmn vs. rate. With the V values estimated this way, 
the Arrhenms plot for the Mg~+-ATPase of acto-heavy meromyosm was lmear 
and steep through the entire temperature range between 5 and 30°C, giving a 
high apparent heat of activation of about 25 kcal. In these measurements with 
the soluble fragment, heavy meromyosm, the extrapolation to infinite actm 
determines that  actm concentration will not be rate-hmltmg. 

The high apparent heat of activation m this case, then must be the property 
of some step in the hydrolytic pathway [22] that  does not  mvolve the associa- 
tion of actm with myosm. Since hydrolysis by gel :n the ongmal form shows 
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the same high heat of achvatmn as acto-heavy meromyosln,  It may be hmlted 
by this same step. However, hydrolysis by gel m the steady-state form appears 
to be hmlted by a different step, one with a low heat of achvatmn. In this case, 
the rate-lLmltmg step could involve the assocmtmn of actm with myosin, 1.e. it 
could be limited by the effective actm concentratmn around the myosin heads 
m the gel. 
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