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Abs t rac t  

Enzymatic hydrolysis of e-ATP by F-actin with and without application 
of sonic vibration at various pHs was investigated and compared with 
that of ATP. There was no significant difference on enzymatic activity 
between F-actin-bound e-ADP and F-actin-bound ADP. The hydrolysis 
rate of e-ATP under sonic vibration decreases monotonically with 
decreasing pH, similar to that of ATP. The magnitude of e-ATP 
hydrolysis rate was, however, about one third of that of ATP hydrolysis 
rate in the pH range between 6.3 and 8.5. Enzymatic hydrolysis of e-ATP 
without sonic vibration at room or higher temperatures decreases 
monotonically with increasing pH and becomes almost negligible at pH 
8.5. The pH profile and the magnitude of enzymatic hydrolysis without 
sonic vibration were similar with ATP. Since the fluorescence intensity of 
e-ATP at 410 nm is enhanced by the binding with G-actin, the exchange 
binding affinity of e-ATP to G-actin which can be measured 
fluorophotometrically was about one third of that of ATP. 

In t roduc t ion  

I t  is wel l  k n o w n  t h a t  A T P  b o u n d  to  G-ac t in  is d e p h o s p h o r y l a t e d  i n t o  
A D P  a n d  o r t h o p h o s p h a t e  du r ing  t h e  p o l y m e r i z a t i o n  o f  G-ac t in  
m o l e c u l e s  to  F -ac t in  f i l a m e n t s  in t he  p r e s e n c e  o f  n e u t r a l  salts [ 1 ] .  
F u r t h e r m o r e ,  F - ac t i n  is k n o w n  to  c a t a l y z e  also t h e  h y d r o l y s i s  o f  A T P  at 
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high temperature [2] or under sonic vibration [3]. The ATPase activity 
at acid pH range between 4.0 and 6.0, where F-actin forms paracrystalline 
aggregates, is especially high [4]. The complex of actin molecule with 
the substrate product  (ADP) in a neutral salt solution is much more 
stable than a usual enzyme-subst ra te  complex [2].  Since ATP or ADP 
bound to G-actin exchanges freely with ATP and ADP in the medium 
and also the hydrolysis of  ATP requires the formation of a bond between 
actin molecules, it has been supposed that structural changes such as the 
breaking or loosening and the reformation of bonds between actin 
molecules must take place during the enzymatic behavior of F-actin [2]. 
However, the structural and functional properties of the active site in the 
actin molecule for nucleotide binding or splitting are entirely unknown. 
For their investigation, a comparative study using ATP analogs may be 
valuable. 

Recently, synthesis of  a strong fluorescent analog of ATP, 1-N 6- 
ethenoadenosine triphosphate (e-ATP) was reported [5]. Therefore, with 
a special reference to ATP hydrolysis, it was a t tempted to investigate the 
profile of e-ATP hydrolysis by F-actin with and without application of 
sonic vibration and at various pHs. The catalytic properties of myosin 
and heavy meromyosin for e-ATP were similar to those for ATP [6].  
Stoichiometric binding of e-ATP to G-actin was investigated by Miki et 
al. [7] and also independently by Thames et al. [8]. Martonosi [9] 
studied the binding of various nucleoside phosphates (ATP, ITP, UTP, 
and d-ATP) to the ATP-binding site of  G-actin. His results indicated that 
the base ring and especially the ribose moieties play an important  role 
for the binding affinity of  such nucleoside triphosphates. On the other 
hand, it was reported by Kuroda and Maruyama [4] that the enzymatic 
hydrolysis of  these ATP analogs by F-actin at acid pH is similar to that 
of ATP; nevertheless at pH 8.3, 57 ° C, such triphosphates are hydrolyzed 
to a much smaller extent  than ATP. 

In this paper, it is shown that  e-ATP hydrolysis by F-actin is similar to 
that of ATP over a wide pH range, and therefore it is suggested that 
e-ATP or e-ADP can be used as excellent fluorescent probes for 
structural and functional studies of G- and F-actin under various 
conditions. 

Materials and Methods 

e-ATP was synthesized from ATP and purified by DEAE-cellulose 
chromatography according to a slight modification of the method of 
Onishi et al. [ 10]. The ultraviolet absorption spectrum of purified e-ATP 
as compared with that  of  ATP is shown in Fig. i .  ATP has no absorption 
at the wavelengths near 300 nm, so various spectral studies of e-ATP plus 
actin solutions can be performed in the presence of ATP. As seen in 
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Figure 1. The absorption spectra of e-ATP and ATP: solid line, e-ATP; broken line, 
ATP. An absorption maximum is seen clearly near 295 nm where there is practically 
no absorption for ATP. 

Fig. 1, e-ATP has a clear abso rp t ion  m a x i m u m  at the wavelength of  
295 nm. In o rder  to ob ta in  pure  e-ATP which is e lu ted  by  a salt and HC1 
solut ion ,  one mus t  first exhaus t ive ly  wash the synthes ized  p r o d u c t  of  
e-ATP adso rbed  on DEAE-ce l lu lose  b y  a sl ightly lower  salt and  HC1 
solut ion.  If  e-ATP is n o t  highly pur i f ied ,  then  the e-ATP so lu t ion  has no  
abso rp t ion  m a x i m u m  at 295 nm,  b u t  ra ther  the  abso rp t ion  pa t t e rn  is a 
p la teau  or  decreases gradual ly  wi th  increasing the wavelength  at or  near  
295 nm [see ref. 5, 11] .  

Ace tone  p o w d e r  o f  r abb i t  skele ta l  muscle  was p repa red  with  a m e t h o d  
similar to tha t  o f  S t raub  and Feuer  [1 ] .  G-Act in  is ex t r ac t ed  in cold  
water  and p o l y m e r i z e d  in the presence of  30 mM KCI. A suff ic ient  
a m o u n t  o f  e-ATP is added  to pellets  of  the  cent r i fuged F-act in  and 
depo lymer i zed .  The same cycle  of  po lymer i za t i on ,  cent r i fugat ion ,  and 
d isso lu t ion  for  act in pur i f i ca t ion  is r epea ted  once more.  If  necessary,  the  
excess e-ATP and ADP n o t  b o u n d  to G-act in  are e l imina ted  by  the 
add i t ion  of  1/20 vol. o f  Dowex-1 suspension.  Then,  a so lu t ion  of  e-ATP, 
all of  which  is b o u n d  to G-act in ,  is ob t a ined  b y  paper  f i l t ra t ion  of  the 
above solut ion.  To e l imina te  act in f rom a so lu t ion  conta in ing  e-ATP or 
e-ADP, the  so lu t ion  was hea ted  for  10 min at  70°C in the  presence of  3 
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or 5 mM MgC12, leading to the prec ip i ta t ion  of  dena tured  actin [12] .  
G-Actin which binds ATP instead o f  e-ATP was also prepared in a similar 
way. The F-actin prepara t ion  which originally binds e-ADP bu t  no t  ADP 
was used for enzymat ic  study,  unless otherwise  indicated.  

For  measurements  o f  f luorescence spectra, a Shimazu RF-501 
spec t ro f luo rome te r  was used. A Tominaga  TI-100 sonic v ibra tor  was 
used for sonica t ion  o f  F-actin solutions.  ATP was obta ined  f rom Kyowa  
Hakko Kogyo  Co. The o ther  chemicals  used were reagent  grade. 

Results and Discussion 

When a so lu t ion  of  G-act in-bound e-ATP is po lymer ized  to F-actin by 
the addi t ion of  0.1 M KC1, the f luorescence intensi ty  decreases 
considerably (see the top b roken  line and the solid line in Fig. 2). The 
qual i ta t ive features o f  the exc i ta t ion  and emission spect rum are, 
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Figure 2. The excitation spectra at fluorescence wavelength of 410 nm and the 
emission spectra at the excitation wavelength for maximum fluorescence: The top 
broken line indicates e-ATP bound to G-actin. The lower broken lines are the 
excitation spectra of e-ATP plus G-actin solutions to which ATP is successively 
added. The solid lines are the excitation and emission spectra O f e-ADP bound to 
F-actin. The dotted lines are the excitation and emission spectra of free e-ATP. The 
concentrations of e-ATP or e-ADP in the above solutions are all the same. 
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however ,  n o t  changed  b y  the po lymer i za t i on .  The b r o k e n  lines in Fig. 2 
show the decreases of  f luorescence  in tens i ty  b y  successive add i t ion  of  
ATP in a G-act in  plus e-ATP solut ion.  Such decreases in f luorescence 
in tens i ty  are, of  course,  due to the  r ep l acemen t  of  or iginal ly b o u n d  
e-ATP with  added  ATP. Thus, the  amounts  of  the replaced  ATP at 
various concen t ra t ions  o f  a d d e d  ATP can be es t ima ted  b y  measur ing  the 
ex ten t  of  f luorescence decreases.  Since the  concen t ra t ions  of  G-act in  and 
e-ATP are or iginal ly known,  the  relat ive af f in i ty  cons t an t  of  e-ATP to 
G-act in is ca lcu la ted  easily.  The af f in i ty  cons tan t  was abou t  one th i rd  
tha t  of  ATP. Of course,  the add i t ion  of  ATP to G-act in plus e-ATP 
so lu t ion  does n o t  d is turb  the  f luorescence measurements  at the  
wavelengths longer  than  300 nm, as d e m o n s t r a t e d  in Fig. 1. Thames  et  
al. [8] have also s tud ied  the b ind ing  cons t an t  of  e-ATP to G-act in  by  
fol lowing the inac t iva t ion  of  e -ATP-G-ac t i n  complex  [12] .  They  have 
found  tha t  the  af f in i ty  o f  e-ATP for G-act in  is a b o u t  half  of  tha t  of  ATP 
in the  absence o f  EDTA. 

The exc i t a t ion  and emiss ion spec t ra  of  free e-ATP at a concen t r a t i on  
ident ica l  to tha t  o f  e-ATP b o u n d  to G-act in  are also ind ica ted  b y  the 
d o t t e d  lines in Fig. 2. The emission m a x i m u m  of  free e-ATP at 410 n m  is 
also observed in e-ATP b o u n d  to G-act in  and in e-ADP b o u n d  to F-act in.  
On the o the r  hand,  the  exc i t a t ion  m a x i m a  o f  e-ATP b o u n d  to G-act in  
and to free e-ATP are 325 and 310 nm, respect ively  (Fig. 2). The fact  
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Figure 3. pIi dependence on sonically activated e-ATP hydrolysis by F-actin in which 
preparation e-ADP but not ADP originally hinds. Medium conditions: 2.9 mg/ml 
F-actin, 60 mM KC1, 20 mM Tris-HC1 or Tris-maleate, 24 ° C, 600/aM e-ATP, 1 hr 
sonication. 
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that t h e  binding of e-ATP to G-actin causes an enhancement of 
fluorescence intensity and a red shift in the excitation maxima has been 
also observed independently by Miki et al. [7] and by Thames et al. [8]. 
They also reported the experimental results on the stoichiometry of 
e-ATP binding to G-actin and its binding affinity. 

Figure 3 shows the pH dependence of sonically activated hydrolysis of 
e-ATP by F-actin which binds e-ADP but not ADP. With decreasing pH 
from 8.5 to 6.3, the activity is monotonically decreased. A similar pH 
dependence of sonically activated hydrolysis of ATP by F-actin was 
obtained. However, its absolute value at each pH was about three times 
that of e-ATP hydrolysis. The replacement of e-ADP with ADP in 
original F-actin preparation and the use of F-actin which originally binds 
ADP did not cause any significant change in activity of ATP hydrolysis. 
This fact suggests that the structure and dynamic features of 
double-helical F-actin filament (breaking and reformation of bonds 
between actin molecules), is not altered by the replacement of ADP with 
e-ADP. 

The e-ATPase activity of F-actin without application of a sonic field 
was measured at various pHs and a temperature of 24.6 ° C. As seen in 
Fig. 4, the activity decreases with increasing pH and becomes very small 
at a pH higher than 8.0. At a pH lower than 6.3, F-actin forms 
aggregates, and turbidity of the solution increases abruptly. However, 
there is no abrupt change in the hydrolysis rate of e-ATP in the vicinity 
of such critical pH, as indicated by the solid triangles in Fig. 4. The pH 
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Figure 4. pH dependence on enzymatic hydrolysis of e-ATP by F-actin at 24.6 ° C. 
Medium conditions: 0.9 mg/ml F-actin, 60 mM KC1, 20 mM Tris-HC1 or Tris- 
maleate, 300 mM e-ATP, and 2.5 hr incubation at 24.6°C. The solid triangles mean 
that at these pHs F-actin formed a turbid aggregate. 
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dependence  and the magn i tude  o f  ATP hydro lys i s  b y  F-act in at the same 
t empera tu re  were similar,  as in the  case of  e-ATP hydrolys is .  K u r o d a  and 
Maruyama  [4] observed very high ac t iv i ty  o f  ATP hydro lys i s  b y  F-act in  
in the p H  range be tween  4.0 and 6.0, where  F-act in  forms parac rys ta l  
aggregates, and p o i n t e d  ou t  t ha t  such high enzyma t i c  sp l i t t ing  of  ATP is 
a c o m m o n  p r o p e r t y  of  pa rac rys ta l l ine  F-act in  aggregates exposed  to acid 
pH. However ,  this i n t e rp re t a t i on  is un l ike ly ,  and it seems ra ther  that ,  no t  
the aggregated state ,  b u t  the  rates of  b reak ing  and r e fo rma t ion  of  bonds  
in single F-act in  f i lament ,  which  reflects  k inet ic  cons tants  of  the  ATPase 
act ivi ty,  is specif ical ly  d e p e n d e n t  on  pH. 

It  was r e p o r t e d  in the  previous  paper  [2] that ,  unl ike  the sonical ly  
ac t iva ted  hydro lys i s  of  ATP, the  ATPase ac t iv i ty  at high t empe ra tu r e  in 
the absence of  free d ivalent  ca t ions  is great ly  d e p e n d e n t  on the subs t ra te  
concen t ra t ion .  This is also t rue  for  e-ATP as seen in Fig. 5. The rates of  
e-ATP and ATP hydro lys i s  measured  at  37°C, p H  6.9, in the  presence of  
free magnes ium ions are a lmost  cons t an t  dur ing 7 hr. On the o the r  hand,  
the rates of  bo th  e-ATP and ATP hydro lys i s  in the absence of  free 
magnesium ions decrease great ly  wi th  decreasing the subs t ra te  concen-  
t ra t ion.  This means  that ,  con t r a ry  to those  in the presence of  free 
divalent  cat ions,  the  r m a  x and the Michaelis cons tan ts  for  b o t h  e-ATP 
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Figure 5. Demonstration of the time courses of e-ATP and ATP hydrolysis in the 
presence and absence of 1 mM MgC12. The concentration of e-ATP or ATP was 
300/aM. The solutions of 3.4 mg/ml F-actin in 60 mM KC1, 20 mM Tris-maleate (pH 
6.9) were incubated at 37°C. The circles indicate e-ATP; the triangles, ATP; solid 
marks, in the presence of 1 mM MgCI2 ; open marks, in the absence of MgCI2. 
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and ATP in the absence of free divalent  cations are very large under  the 
pH cond i t ion  employed,  as reported in the previous paper [2] .  The 
straight line of the solid circles in Fig. 5 suggests again that  the 
replacement  of e-ADP b o u n d  originally to F-actin with ADP during ATP 
hydrolysis does no t  alter the rate of subsequent  ATP hydrolysis.  

From the above experiments ,  it is obvious that  the s tructural  and 
funct ional  p roper ty  of F-actin is no t  altered significantly by the use of 
the f luorescent  ADP analog, e-ADP, as a prosthetic group of F-actin, and 
that such prosthet ic  group can be used as a f luorescent  probe for a 
variety of in vitro investigations on the molecular  mechanisms of 
muscular  cont rac t ion ,  e.g., the in teract ion of F-actin with heavy 
meromyosin .  Such research is now in progress and will be reported soon 
elsewhere. 
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