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SUMMARY 

The influence of pyrophosphate during modification of myosin byfl-hydroxy- 
ethyl-2,4-dinitrophenyl disulphide (HEDD) was studied. 

Pyrophosphate influenced the inhibitory phase of the action of HEDD on 
myosin Ca2+-ATPase (ATP phosphohydrolase, EC 3.6.1.3), and protected the ability 
of myosin to form the actomyosin complex. Superprecipitation of actomyosin obtained 
from native actin and myosin, modified in the presence of pyrophosphate,  was delayed. 

Other HEDD-induced changes of properties of Ca2+-ATPase were not influenced 
by pyrophosphate. Independent of the presence or absence of pyrophosphate during 
modification, the Ca2+-ATPase activity of HEDD-modified myosin, in contrast to 
the Ca2+-ATPase activity of native myosin (I) increased with increasing pH, (2] de- 
creased only slightly with increasing concentration of KC1, (3) was inhibited at higher 
concentrations of Mg 2+. The aetomyosin complex obtained from myosin, modified 
by HEDD in the presence or absence of pyrophosphate, dissociated at higher con- 
centrations of ATP than the actomyosin obtained from native myosin and actin. 

INTRODUCTION 

Since KIELLEY AND BRADLEY 1 observed the biphasic effect of organic mercurials 
on Ca"+-ATPase of myosin (ATP phosphohydrolase, EC 3.6.1.3) the influence of thiol 
reagents has been studied in more detail. I t  is now well known that  blocking of tlle 
rapidly reacting myosin sulphydryl groups leads to the activation of myosin Ca 2*- 
ATPase, which is consistent with the characteristic changes in the response of tile 
enzyme to variations in pH, temperature and ionic strength 2 ~. However, if myosin 
was modified by iodoacetamide, the pH-ac t iv i ty  curve of carboxyamidomethyl 
myosin was very similar to that  of untreated myosin, although the Ca2+-ATPase 
activity increased considerably as compared with native myosin ~. 

The effect of asymmetric fi-hydroxyethyl-2,4-dinitrophenyl disulphide (HEDD) 
on Ca2+-ATPase of myosin is similar to that  of other thiol reagents. This effect, how- 
ever, could be changed by the presence of pyrophosphateL The aim of the present 

Abbrev ia t ion :  H E D D ,  f l -hydroxye thy l -2 ,4 -d in i t ropheny l  disulphide.  
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study was to examine in detail the influence of pyrophosphate on the modification 
of myosin by HEDD and on the properties of such modified myosin. 

MATERIALS AND METHODS 

Myosin was obtained from skeletal rabbit muscle by io-min extraction with 
Edsall-Weber solution, and purified as described by PORTZEHL et al. s. After 5-fold 
precipitation, myosin was dissolved in 0. 5 M KC1 and 0.02 M Tris acetate buffer 
(pH 6.9) , centrifuged at 150o00 × g in a Spinco L-5o preparative ultracentrifuge for 
I h, and stored at o °. The myosin preparation used for experiments was never older 
than 5-7 days. 

Actin was extracted from acetone-dry muscle powder prepared by the method 
of BXRXNa" et al?. Extraction was performed at o °, and the product was purified 
further by the method of MOMMAERTS TM. 

HEDD was obtained according to the method of BOHME AND STACHEL 11. The 
0.25 inM standard solution of HEDD was freshly prepared before each experiment 
in the following way: I ml of 0.025 M HEDD solution in ethanol was added to ioo ml 
of o.05 M Tris-acetate buffer (pH 6.9) containing 0. 5 M KC1. The 0.25 mM HEDD 
solution was then filtered through VEB 388 h filter paper. 

The ATP preparations were checked for purity by paper chromatography 
using e thanol - I  M acetic ae id - I  M NH4OH (75:28:2, by vol.) as described by 
BERGKVIST 12, and the preparations of pyrophosphate by paper chromatography 
according to the method of VOLMAR et al. la. 

Modification of thiol groups 
In order to obtain myosin with different numbers of blocked thiol groups, a 

myosin solution in 0.5 M KC1, 0.05 M Tris-acetate buffer (pH 6.9) was incubated 
at I8 ° for 2 h with varying amounts of HEDD. Pyrophosphate, MgC12, or other 
reagents were added to the myosin solution 5 rain before treatment with HEDD;  
the concentrations of these reagents are given in tile table and figures. Modified 
myosin was separated from the reaction mixture on a Sephadex G-5o column. 

The number of thiol groups of myosin blocked by HEDD was calculated as 
the difference in the amount of sulphydryl groups of native and of HEDD-modified 
myosin, both determined by the method described by WRO.KtSK114 or with the use of 
HEDD as described previously 15. 

Estimation of A TPase activity 
o.5-1 mg of myosin was incubated at 25 ° in a solution containing, if not other- 

wise stated, o.17 M KC1, o.I M Tris-acetate buffer (pH 6.9) and 5 mM CaCI  2 and 
3 mM ATP. The ATP solution and the incubation mixture before addition of ATP 
were adjusted to a definite pH with Radiometer PHM-22 (Kopenhagen). The reac- 
tion was stopped after 5 rain by adding I ml of IO Oo trichloroacetic acid. 

The activating effect of actin on the ATPase activity of native or modified 
myosin was estimated in a medium containing 0.05 M KC1, i mM MgC12, 2 mM 
ATP, 20 mM Tris-acetate buffer (pH 6.9) and about I mg/ml of the mixture of myosin 
and actin. The incubation time was 5 rain, and the reaction was stopped by addition 
of trichloroacetic acid. Myosin and actin were mixed at o ° in a ratio of 3 : i in 0.5 M 
KC1 solution I h before ATPase estimation. 
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Orthophosphate liberated by myosin or actomyosin from ATP was determined 
either by the method of FISKE AND SU~BARow ~ or that of MARTIX AXD I)OTV ~r. 

Determi~mtio~z of aclomyosi,z formatioJ~ 
1.5-2.5 mg/ml native or modified myosin were mixed with o.6-1.o mg/ml of 

actin in o.5 M KC1 and o.o5 5I Tris-acetate buffer (pH 6.9). After a I-h incubation at 
o °, the viscosity of the complex formed and that of the myosin and actin solutions 
used were measured in an Ostwald viscosimeter at o°. Flow time for buffer was 4o-6o 
see. For the determination of viscosity three to six readings were taken if the difference 
between them was not more than i s ec  ( to  eliminate the effect of thixotropy). The 
ability of modified myosin to form a complex with actin was expressed as percentage 
of the ability of native myosin to form actomyosin. Calculation was done according 
to the equation given by BAR.iN~" AXD BARXXY is. 

S,~berprecipitatio** (sw~eresis) of actomyosi~z 
This was deternfined by following the absorbance changes at 660 nm as de- 

scribed by EBASH119. The change in absorbance of 2 mg of actomyosin gel suspended 
in a solution containing 0.05 M KC1, 0.05 M Tris-acetate buffer (pH 6.9), I mM 
MgC12; the final volume (4 ml) was measured after addition of ATP up to a con- 
centration of 2 mM. 

Protein. estimatio,~ 
The concentration of actin, native and modified myosin was determined either 

by protein estimation by the biuret method 20 or, in the case of native and modified 
Els~ ...... myosin, by measuring their absorbance at 28o nm. The extinction coefficient % 

- -  5.60. 

RESULTS 

Fig. I shows tile ATPase activity of myosin with a varying equivalent of snl- 
phydryl groups blocked by increasing amounts of HEDD in the absence and presence 
of pyrophosphate. As in tile case of other thiol reagents, the Ca2+-ATPase of myosin 
is first activated and then inhibited during the action of HEDD. The influence of 
pyrophosphate during the modification of myosin sulphydryl groups by HEDD 
is significant in tile inhibitory phase of HEDD action. The Ca2+-ATPase activity 
decreased slowly with increasing amounts of HEDD during modification when pyro- 
phosphate was present, as compared with the rapid decrease of enzynfic activity of 
myosin modified in the absence of pyrophosphate. ATPase activity of myosin deter- 
mined at pH 6. 9 and o.5 M KC1 increased during the activating phase of HEDD 
action only twice. 

The protective effect of pyrophosphate was also observed when modification 
occurred in its presence without added Mg 2+ (Table I). On the other hand, the protec- 
tive effect of pyrophosphate was almost completely absent when myosin was modified 
in the presence of pyrophosphate and EDTA. 

The modification of myosin by varying amounts of HEDD was carried out in a 
medium containing o. 5 M KC1 and 5 ° mM Tris acetate buffer (pH 6.9), o.i mM 
pyrophosphate at I8 o for e h. The amount of sulphydryl groups blocked in the presence 
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or absence of pyrophosphate  was found to be similar. The difference was ± 0.3 equix: 
of sulphydryl  groups per IO ~ g of myosin. 

The catalytic properties of myosin modified by H E D D  in the presence of p y r o  
phosphate were also studied, and it was found that  some of the HEDD-induced  
changes in properties of Ca2+-ATPase were not influenced by pyrophosphate.  
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Fig. ~. Ca2+-ATPase a c t i v i t y  and  n u m b e r  of blocked su lphydry l  groups  of myos in  modified by 
va ry ing  amoun t s  of H E D D .  Myosin was modified in the  presence of i mM Mg 2+ and o. i  mM 
p y r o p h o s p h a t e  or w i thou t  pyrophospha te .  ATPase  a c t i v i t y  was measured  a t  p H  6.9 and in the 
med ium con ta in ing  o. 5 M KC1, io  nlM Ca 2+ and 2 mM ATP. ATPase a c t i v i t y  of myos in  modified 
bv  H E D D  in the  presence ( O - - O )  and  in the  absence of p y r o p h o s p h a t e  ( O - - © ) .  The number  
of su lphyd ry l  groups blocked by  H E D D  in the  presence ( l  I - - I t )  and  in the  absence of pyro-  
phospha te  ( D - -  [] ). 

T A B L E  [ 

ATPase A C T I V I T Y  O F  M Y O S I N  M O D I F I E D  B Y  H E D D  U N D E R  V A R I O U S  C O N D I T I O N S  

2o mg of myos in  solut ion in o. 5 M KCI and 5 ° mM Tr i s - ace t a t e  buffer (pH 6.9) was incuba ted  
for 2 h a t  I8 ° w i th  o.72 #moles  H E D D  and  wi th  the add i t ions  given in the  table.  ATPase  a c t i v i t y  
was measured  in the presence of o. 5 M KC1 a t  pH  6.9 af ter  separa t ion  of modified myos in  on 
a Sephadex  G-5o co lumn (for deta i ls  see MATERIALS A N D  M E T I I O D S ) .  The ATPase a c t i v i t y  of na t ive  
myos in  de t e rmined  under  the same condi t ions  was o.32o/~niole Pi per rain per mg myosin.  

,4 dditions during modification Blocked A TPase activity 
sulpkydryl groups (Hmoles Pi per rain 
(equiv/zo 5 g myosin) per mg myosin) 

i mM pyrophospha t e  
i mM pyrophospha t e  and  i mM Mg 2+ 
I nlM pyrophospha te  and  i mM E D T A  

nlM 3Ig 2+ 
I mM E D T A  

3.4 0-540 
3.I 0.675 
3.3 0.242 
3.2 o.192 
3.2 o.2o8 

Only a negligible decrease of Ca2+-ATPase activity of HEDD-modified myosin 
can be noted with increasing KC1 concentration, whereas the ATPase activity of 
native myosin decreased rapidly and that of N-ethylmaleimide-modified myosin 
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increased at higher KC1 concentration. This effect of KC1 was tile same in all examined 
preparations of HEDD-modified myosin independent of the absence or presence of 
pyrophosphate during modification. 

The specific Ca2+-ATPase activity of HEDD-modified myosin at pH 7.6 was 
higher than that determined at pH 6.9, despite the fact that native myosin has tile 
lowest activity at pH 7.6. In this respect, myosin modified by HEDD in the presence 
or absence of pyrophosphate was found to be similar to myosin treated with low con- 
centrations of some other thiol reagents3-5,21, 22, and different from that modified 
by iodoacetamide 6. 

Independent of the presence or absence of pyrophosphate during modification 
of myosin sulphydryl groups, the Mg2+-ATPase activity of modified myosin increased 
in a manner similar to that described by SEKINE .aND KIELLEY 5 and by (]AETJENS 

et al. ~3. 

The antagonistic effect of Mg 2+ and Ca 2+ on the catalytic activity of native 
myosin observed by MOMMAERTS AND GREEN 24 was reduced when myosin was modi- 
fied by HEDD. The ATPase activity of native myosin determined in the presence of 
o. 5 mM Mg 2+ and IO mM Ca 2+ decreased to a value of 3o °o of the specific ATPase 
activity determined in the presence of Ca 2+ only. The decrease of Ca2+-ATPase 
activity of myosin modified by HEDD in the presence or absence of pyrophosphate 
caused by the presence of o.5 mM Mg 2+, was only about IO % of the value obtained 
when ATPase activity of HEDD-modified myosin was determined in the presence 
of I0 mM Ca 2. only. 

The ability of myosin modified by varying amounts of HEDD in the presence of 
pyrophosphate to form an actomyosin complex was compared with that of myosin 
modified by HEDD without pyrophosphate (Fig. 2). The values are expressed as 
percent of the ability of native myosin to form an actomyosin complex. They were 
calculated using the equation of BJ, R/~NY AND Bfi.R:~NY TM after measuring the viscosity 
of the mixture of actin and native or HEDD-modified myosin, and of actin and native 
and modified myosin solutions separately, in the concentrations used in the mixture. 
As seen from lqg. 2, the ability to form an aetomyosin complex decreased slowly 
with increasing amount of blocked sulphydryl group equivalents if modification occur- 
red in the presence of pyrophosphate, as compared with the rapid decrease of the 
ability of myosin, the sulphydryl groups of which were blocked in the absence of 
pyrophosphate. 

Actomyosin formed from actin and HEDD-modified myosin dissolved in o.5 M 
KC1 undergoes dissociation at higher ATP concentrations than actomyosin formed 
from actin and native myosin. This occurred whether myosin was modified in the 
presence or in the absence of pyrophosphate. 

It is well known that actin significantly enhances the ATPase activity of myosin 
in the presence of Mg 2+ at low ionic strength. The activation is reduced by various 
agents which interfere with the interaction of myosin and actin. GAETJ ENG et al. 23 have 
shown, that the activating effect of actin on myosin modified by dithioglycolic acid 
dimethyl ester is partially abolished. 

Fig. 3 shows the ATPase activity of myosin modified by HEDD in the presence 
or absence of pyrophosphate determined at low ionic strength in the presence of Mg 2. 
and actin. As can be seen, the activating effect of actin decreased rapidly if myosin 
was modified in the absence of pyrophosphate, and the value of ATPase activity 
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Fig. 2. Actomyosin formation from actin and myosin modified by H E D D  in the presence or 
absence of pyrophosphate .  The ability to form an actomyosin complex is expressed as percentage 
of the ability of native myosin (see MATERIALS AND METHODS). Actomyosin formation by myosin 
modified by  H E D D  in the presence ( O - - 0 )  and in the absence of pyrophospha te  ( © - - © ) .  

Fig. 3. Mg 2+-ATPase activity of HEDD-modif ied myosin determined in the presence and absence 
of actin at  low ionic strength.  ATPase activity was measured at p H  6.9 in the presence of o.o 5 M 
KCI, i mM MgCls and 2 mM ATP (for details see MATERIALS AND METHODS). ATPase activity of 
myosin modified by  H E D D  in the presence of pyrophosphate  determined in the presence of actin 
( 0  0 )  and wi thout  actin (A--~k) .  ATPase activity of myosin modified by  H E D D  without  
pyrophospha te  determined in the presence of actin ( © - -  O ) and wi thout  actin ( A - - A  ). 
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Fig. 4- Superprecipitat ion of actomyosin formed from native or HEDD-modif led myosin and actin. 
Superprecipitat ion of actomyosin was determined by following the absorbance change at 66o nm 
after addition of ATP (for details see MATERIALS AND METHODS). Actomyosin obtained from actin 
and ulyosin modified by H E D D  in the presence of pyrophosphate :  0 - - O ,  1.6 equiv of sulphydryl  
groups blocked per lO 5 g of myosin;  @ - - @ ,  4.2 equiv of sulphydryl  groups blocked per lO s g of 
protein. Aetonlyosin obtained from actin and myosin nlodified by H E D D  wi thout  pyrophosphate :  

. . . .  ©, ~.6 equiv of sulphydryl  groups blocked; E l - - D ,  actomyosin obtained from actin and 
native myosin. 
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became of the same order as that of myosin modified by HEDD and estimated at low 
ionic strength in the presence of Mg 2+ without actin. These results are iii good agree- 
ment with those obtained with myosin modified by dithiodiglycolic acid dimethyl 
ester 2~. The activating effect of actin on ATPase activity of myosin niodified in the 
presence of pyrophosphate decreased with increasing number of blocked sulphydryl 
group equivalents, but this decrease was not rapid. 

Fig. 4 shows the superprecipitation of actoniyosin complexes obtained from 
native myosin and from myosin modified in the presence or absence of pyrophosphate. 

Superprecipitation of actomyosin obtained from myosin with 1.6 equiv of 
sulphydryl groups per zo 5 g protein blocked by HEDD in the presence of pyro- 
phosphate, occurs later than that of actomyosin formed from native myosin and actin. 
Syneresis of actomyosin froni myosin modified by HEDD without pyrot)hosphate 
with the same number of blocked sulphydryl group equivalents, was much lower. 
The ATPase activity of both modified myosins estimated in the presence of Ct e+ 
was higher than that of native myosin. 

An actomyosin complex obtained from myosin with about 4.5 equiv of sup 
phydryl groups per IO ~ g protein blocked by HEDD in the presence of pyrophosphate 
superprecipitated 3o min later than actomyosin from native myosin and actin, and 
the absorbance increase measured at 66o nm was lower. The ATPase activity of 
HEDD-modified myosin used to form this actomyosin complex, estimated in the pres- 
ence of Ca 2+, was about 5o % of the ATPase activity of native myosin. 

D I S C U S S I O N  

Pyrot)hosphate present during modification of myosin by HEDD mainly in- 
fluences tile inhibitory phase of the action of HEDD. The effect of pyrophosphate 
protecting Ca2+-ATPase activity against the inactivation by HEDD is correlated with 
the binding of pyrophosphate by myosin, as previously described 2'~. 

The presence of pyrophosphate during the action of HEDD does not prevent 
changes resulting in the modification of the more reactive sulphydryl groups of nivosin 
by HEDD. 

Myosin in which about ~ equiv of sulphydryl groups per zo ~ g of protein have 
been blocked shows maximum activation of Ca2+-ATPase, irrespective of whether 
the reaction with HEDD occurred in the presence or in the absence of pyrophosphate. 

The characteristic response of the enzymic activity of myosin modified by 
HEDD to variations in KC1 concentration and pH is independent of the absence or 
presence of pyrophosphate during modification. 

The inhibitory effect of Mg ~+ on ATPase activity of both HEDD-modified 
myosins (in the presence or absence of pyrophosphate) is diminished as compared 
with native myosin. 

All these facts seem to suggest that the changes in the characteristic response 
of enzymic activity to the pH and KC1 concentration as well as to the presence of 
Mg ~+ are connected with the changes induced by sulphydryl reagents around a part 
of the ATP-binding sites near the adenine moiety of ATP if we assume that the ATP 
and pyrophosphate binding sites of myosin are the same. 

The presence of pyrophosphate during modification of myosin sulphydryl 
groups by HEDD does not prevent the change connected with the influence of Mg ~ 
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on  t h e  Ca2+-ATPase  a c t i v i t y  of m y o s i n  a n d  t h e  d e c r e a s e  of t h e  d i s s o c i a t i n g  effect  of 

A T P  on t h e  a c t o m y o s i n  f o r m e d  f r o m  a c t i n  a n d  H E D D - m o d i f i e d  m y o s i n .  

O n  t h e  o t h e r  h a n d ,  t h e  p r e s e n c e  of p y r o p h o s p h a t e  d u r i n g  m o d i f i c a t i o n  of 

m y o s i n  p r o t e c t s  t h e  a b i l i t y  of m y o s i n  to  f o r m  a n  a c t o m y o s i n  complex .  T h e  a c t o m y o s i n  

c o m p l e x  f o r m e d  f r o m  m y o s i n  m o d i f i e d  in t h e  p r e s e n c e  of p y r o p h o s p h a t e  u n d e r g o e s  

d e l a y e d  s u p e r p r e c i p i t a t i o n  in t h e  p r e s e n c e  of A T P  a n d  Mg 2+ a t  low ionic  s t r e n g t h .  

T h e s e  o b s e r v a t i o n s  s u g g e s t  t h a t  t h e  c h a n g e  i n d u c e d  b y  m o d i f i c a t i o n  of t h e  m o r e  

r e a c t i v e  m y o s i n  s u l p h y d r y l  g r o u p s  l eads  to  a l t e r a t i o n  of t h e  c h a r a c t e r i s t i c  p r o p e r t i e s  

of t h e  a c t o m y o s i n  c o m p l e x ,  a n d  t h a t  t h e  d e c r e a s e  of A T P a s e  a c t i v i t y  of a c t o m y o s i n  

is c o n n e c t e d  w i t h  t h e  m o d i f i c a t i o n  of m y o s i n  s u l p h y d r y l  g r o u p s  w h i c h  c a n  be  p r o t e c t e d  

b y  p y r o p h o s p h a t e  a g a i n s t  r e a c t i o n  w i t h  H E D D .  T h e  n a t u r e  of t h e s e  a l t e r a t i o n s  re- 

q u i r e s  f u r t h e r  d e t a i l e d  s t u d y  of t h i s  p r o b l e m .  
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