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Summary 

Myosins from rabbit white and red skeletal, rabbit heart, fish skeletal and 
chicken gizzard muscles, as well as from human platelets were subjected to tri- 
nitrophenylation by trinitrobenzene sulfonate and alkylation by N-ethyl 
maleimide which affected their amino and thiol groups, respectively. 

The blocking of amino groups was carried out  in the presence or in the 
absence of  Mg • ADP and was followed both spectrophotometrically and enzy- 
matically. Essential amino groups, whose modification thoroughly changes the 
enzymic characteristics of  myosin, were found in heart and in all skeletal 
muscle myosins but were absent in myosins from chicken gizzard muscle and 
from human platelets. The reaction of these amino groups was highly retarded 
in the presence of  Mg • ADP. 

Alkylation of thiols led to loss of the K÷-activated ATPase (ATP phosphohy- 
drolase, EC 3.6.1.3) in all myosins. However, the rate of loss of  activity varied 
from one myosin to another and, for a given myosin, was affected by the pre- 
sence of nucleotides and by the value of  the ionic strength. The change in Ca 2÷- 
activated ATPase activity (ATP phosphohydrolase, EC 3 .6 .1 .3)on  alkylation 
was influenced by the presence of Mg. ADP during the reaction. In the absence 
of this nucleotide, the Ca2*-ATPase activity increased and reached a plateau as 
a consequence of modification. The extent  of activation largely depended on 
the origin of the myosin. When alkylation was carried out  in the presence of  
Mg • ADP, the Ca2*-ATPase activity as a function of time exhibited a maximum 
but  the descending part of  the curve was absent in myosins from heart and giz- 
zard muscles. 

I n t r o d u c t i o n  

The best characterized groups which are involved in the ATPase (ATP phos- 
phohydrolase, EC 3.6.1.3) of  white skeletal muscle myosin are thiol [1--3] and 
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amino groups [4--7]. On blocking the SH~ thiol, which is characterized by high 
reactivity towards almost all -SH reagents, the K*-activated ATPase activity is 
abolished while the Ca 2.- and Mg2÷-mediated ATPase of  myosin is strongly acti- 
vated [3]. On reaction of  the SH2 thiol with -SH reagents which, in the case of 
MalNEt, can be performed only in the presence of nucleotides after the block- 
ing of SH1, the Ca2+-activated ATPase of myosin is also lost [2,3]. The effect of  
blocking the so-called essential amino group, which is localized in or near the 
active site of rabbit white skeletal muscle myosin is to abolish the K*-activated, 
to decrease the Ca2+-activated and to strongly increase the Mg2~-mediated 
ATPase [4,5]. 

Since physiological, immunological and structural studies showed [8--13] 
that  remarkable differences exist between different myosins and as practically 
all the work reported up till now on -SH and -NH2 groups of the active site of  
this protein were associated with myosin obtained from rabbit white skeletal 
muscle, we decided to carry out  a systematic comparative s tudy of  these func- 
tional groups in myosins from different sources. Profound differences were 
observed on comparing different myosins with respect to the reactivity of  the 
-SH and -NH2 groups, to the effect  of  chemical modification on the various 
ATPase activities and as regards the effect  of  ionic strength and temperature,  as 
well as the presence of  Mg. ATP or Mg. ADP, on the modification reaction. 
Such differences may reflect on the variation of the detailed mechanism of 
ATP splitting by myosins in different cells or cell organelles. 

Experimental Procedure 

Chemicals. All chemicals used were reagent grade. ATP, ADP and N3BzSO3 
were obtained from Sigma. 

Preparation of  proteins. White skeletal muscle myosin was prepared by the 
method of  Azuma and Watanabe [14] using rabbit white back muscle. Rabbit  
red skeletal, rabbit heart, chicken gizzard (smooth) and fish (the electric eel, 
Electrophorus electricus) muscle myosins were prepared according to the meth- 
of  of  B~irfiny [15]. Isolation of  human platelet myosin, which was a generous 
gift from Dr. I. Cohen, was performed by  the method of Pollard et al. [16]. 

Trinitrophenylation of  the amino groups of myosin. N3BzSO3 treatment of  
myosin was carried out  essentially as described earlier [5]. N3BzSO3 (final con- 
centration 83 pM) was added to a solution containing 1.6 mg/ml myosin in 0.6 
M KC1, 50 mM Tris/acetate buffer  pH 7.4 and in some cases also 1.5 mM ADP 
and 2 mM MgC12. The reaction mixture was incubated at 25°C in a thermostati- 
cally temperature-controlled Gilford spectrophotometer  cell where the reaction 
was followed on the basis of  absorbance change at 345 nm. The number of  tri- 
nitrophenylated amino groups was evaluated from the absorbance change 
(z~e34s = 14 500) according to Okuyama and Satake [17]. In due time, aliquots 
were withdrawn and the ATPase activity was measured. 

Alkylation of thiol groups of myosin. Alkylation was carried out  by  MalNEt. 
Two methods were employed.  

The first method was used for the determination of the extent  of  changes in 
both  K ÷- and Ca2+-dependent ATPases as a result of  the alkylation of the thiol 
groups of  myosin. Alkylation was performed by the addition of  MalNEt {final 
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concentration 150 pM) to a solution containing 1.6 mg/ml myosin in 0.6 M 
KC1, 10 mM Tris/acetate buffer  pH 7.4, either in the presence or in the absence 
of  2.5 mM ADP and 5 mM MgC12. Incubation was carried out  at 25°C in the 
presence of  Mg • ADP and at 0°C in its absence. Aliquots were taken in due 
course and their ATPase activities immediately measured after addition of  0.1 
mM dithiothreitol in order to prevent further alkylation. 

The second method was used in order to evaluate the rate of  inactivation of  
the K÷-dependent ATPase on blocking the essential -SH groups as described by 
Watterson and Schaub [18]. For this purpose, alkylation was performed by the 
addition of  MalNEt at different concentrations (5--20 pM) to 0.15 mg/ml 
myosin in 10 mM Tris/acetate buffer pH 7.4 under conditions given in the text.  
After  4.5 min incubation at 25°C, the K*-activated ATPase activity of  the sam- 
ples was immediately measured in the presence of  0.1 mM dithiothreitol. The 
rate of inactivation was expressed as the percentage loss in activity per pM 
MalNEt. 

ATPase assay. ATPase activity, expressed as pmol  Pi/min per mg of 
myosin, was measured in 4 ml of  solution containing 50--100 gg of  protein, 1 
mM ATP, 20 mM Tris • HC1 buffer, pH 8.0 and either 2 mM MgC12/0.4 M KC1 
or 5 mM CAC12/0.6 M KC1 or 5 mM EDTA/0.6 M KC1 for the Mg 2+-, Ca 2+- and 
K*-dependent ATPase activity determinations, respectively. The time of  incuba- 
tion was so chosen that less than 15% of the ATP present was hydrolyzed.  
Incubation was terminated by the addition of 0.75 ml of  1.65 M sulfuric acid 
and 0.0135 M ammonium molybdate .  As reported by  BAr~iny et al. [19], 
myosin does not  precipitate, and therefore does not  interfere with the determi- 
nation of Pi by the method of Fiske and SubbaRow [20],  if its concentration is 
less than 25 pg/ml. 

Protein determination. This was measured by the biuret method of Gornall 
et al. [21]. 

Results 

The reaction of  amino groups of different myosins with N3BzSO3 in the pre- 
sence and in the absence of  Mg.  ADP was followed spectrophotometrical ly.  
The course of  tr initrophenylation are given in Fig. 1. The reaction curves con- 
sisted of  two phases in all the cases studied. The rate of  reaction in the initial 
faster phase depended on the presence of Mg • ADP for all skeletal and for rab- 
bit heart myosins while no such dependence could be observed with smooth 
muscle and platelet myosins. 

The velocity of reaction at the slower phase could be evaluated from the 
20--40 min region of  the curves, after the termination of  the fast reaction. 
From this value the initial velocity (at t = o) of  the slow-reacting amino groups 
(v2) could be obtained by  taking into account  the change in concentrat ion of 
N3BzSO3 and of  e-amino groups during the first 20 min of  the reaction. From 
the initial slopes of  the curves in Fig. 1 we derived the initial velocity (v) of the 
overall process. The initial velocity of the fast reacting amino groups (vl) was 
calculated by subtracting the velocity (v2) of the slowly reacting groups from 
the initial velocity of the overall process (v) (Table I). The velocities of  the 
slow-reacting groups were found to  be nearly identical for all myosins studied, 
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Fig. I .  Kinet ics  of  tx in i t ropheny la t ion  of  m y o ~ n s  f r o m  d i f f e r en t  origins. To 1 ml  of  1.6 m g / m l  (3 .2  #M) 
m y o s i n  in 0.6 M KCI and  50 m M  Tr i s / ace ta t e  ( p H  7,4) ,  10 #l of 8 .3 mM N3BzSO 3 w a s  a d d e d  (f inal  con- 
c e n t r a t i o n  83  #M). T h e  r eac t i on  was  carr ied o u t  e i ther  in the  absence  (a)  or in the  p resence  (b)  of  1.5 mM 
A D P  a n d  2 m M  MgCI 2. T he  r eac t i on  was  fo l l owed  in a Gi l ford  s p e c t r o p h o t o m e t e r  at  345 n m  using a ther-  
rnos ta ted  opt ica l  cell (25°C) .  The  u p p e r m o s t  curves  r ep re sen t  the  initial change for  fish skeletal  m y o s i n  
i n  e x t e n d e d  scales. 

independently of the presence of Mg. ADP during incubation with N3BzSO3. 
However, large differences were observed for the v~ values, especially if Mg. 
ADP was absent during the reaction: in the latter case, v, decreased in the fol- 
lowing order: fish skeletal, rabbit white skeletal, rabbit red skeletal, rabbit 
heart, human platelet and chicken gizzard myosin. As can be seen from Fig. 1, 
the rate of reaction of the fast reacting amino groups was decreased by the 
addition of Mg • ADP, except for gizzard and platelet myosins where no Mg • 
ADP dependence was found. 

The effect of  tr initrophenylation on the Mg 2+- and K÷-moderated ATPases of 
myosins was also followed. The time course of the ATPase activities of red 
skeletal and of gizzard myosins are given in Fig. 2A and the activities of all 
myosins when two N3BzSO3 molecules per myosin molecule were incorporated 
are shown in Fig. 2B. The K÷-activated ATPase of heart and of all skeletal mus- 
cle myosins strongly diminished and their Mg2+-mediated ATPase activity 
increased and reached a plateau after several minutes if the reaction was carried 
out in the absence of Mg. ADP. The changes in activities in the presence of 
Mg-ADP were much more moderate. The activities of smooth muscle and 
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Fig. 2. Ef fec t  of  t r i n i t r o p h e n y l a t i o n  on  the  K+-and the  Mg2+-dependent  ATPase  act ivi t ies  of  my o s in .  
Myosin  was  a l lowed  to  r e ac t  w i th  N3BzSO 3 u n d e r  the  cond i t ions  desc r ibed  fo r  Fig. 1 an d  a l iquo ts  were  
w i t h d r a w n  for  ATPase  assay a t  t i m e  in te rva ls  i nd i ca t ed  o n  the  abscissa. For  deta i ls  on  ATPase  d e t e r m i n a -  
t ion  see E x p e r i m e n t a l  ProcedtLre. A: ATPase  act ivi t ies  of r abb i t  red  skele ta l  an d  ch icken  g izzard  m y o s i n s  
versus  t ime  of  i ncuba t ion  wi th  N3BzSO 3. B: ATPase  act ivi t ies  o f  all m y o s i n s  a f t e r  t w o  t r i n i t r o p h e n y l  
g roups  per  m y o ~ n  molecu le  have  been  i n t r o d u c e d .  Symbols :  A, Circles: m y o s i n  f r o m  r a b b i t  r ed  skele ta l  
muscle ;  tzhtn~les: m y o s i n  f r o m  chicken  gizzard.  A a nd  B, E m p t y  symbols :  in the  absence  of  Mg • ADP;  
filled symbol s :  in the  p resence  of  Mg • ADP.  Con t ro l  act ivi t ies  (in /~mol Pi" tug-1 " ra in- I )  were:  R a b b i t  

• 2 +  + 2 +  whi te  skeletal :  K -ATPase 2.06 and Mg -ATPase 0.005; fish skeletal :  K -ATPase; 0.92 and Mg -ATPase 
0.004. Rabbit red skeletal.' K÷-ATPase 0.92 and Mg2+-ATPase 0.005; rabbit heart: K+-ATPase 0.71 and 
Mg2+-ATPase 0.0055; chicken gizzard: K+-ATPase 0.53 and Mg2+-ATPase 0.004; human platelet: 
K÷-ATPase 0.49 and Mg2+-ATPase 0.006. 
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T A B L E  I 

I N I T I A L  V E L O C I T I E S  O F  T R I N I T R O P H E N Y L A T I O N  O F  V A R I O U S  M Y O S I N S  B Y  T R I N I T R O B E N -  

Z E N E  S U L F O N A T E  

Veloc i t i e s ,  in #tM per mhi ,  o f  e -amino  groups  tx in i t ropheny la ted  by  the  reagent  under  the  cond i t i ons  o f  
the  reac t ion  (see  E x p e r i m e n t a l  Procedure) .  

M y o s i n  S p e c t r o p h o t o m e t r i c  E n z y m i c  

w i t h o u t  Mg • A D P  w i t h  Mg • A D P  w i t h o u t  w i t h  
Mg • A D P  Mg • A D P  

v v 1 v 2 v v I v 2 

F i s h  s k e l e t a l  3 . 1 2  2 .38  0 . 7 4  1 . 3 6  0 . 6 4  0 . 7 2  2 . 0 6  0 . 0 6 6  

Rabbit  w h i t e  ske le ta l  2 . 9 7  2 . 3 5  0 . 6 2  1 .37  0 . 7 6  0 . 6 1  1 . 9 8  0 .41  

Rabbi t  red ske le ta l  2 .31  1 . 9 2  0 . 4 9  1 . 3 8  0 . 8 9  0 . 4 9  1 . 5 8  0 . 3 2  

Rabbit  heart  1 . 9 4  1 . 3 3  0 .61  1 . 3 4  0 . 7 4  0 . 6 0  1 . 3 2  0 . 1 9  

Chicken  gizzard 1 . 3 8  0 . 8 2  0 . 5 6  1 .31  0 . 7 5  0 . 5 6  - -  - -  

H u m a n  pla te l e t  1 .47  0 . 9 3  0 . 5 4  1 . 4 2  0 . 9 2  0 . 5 0  - -  - -  

platelet myosins were not  affected by trinitrophenylation. 
In the case of  heart and skeletal muscle myosins the rates of  trinitrophenyla- 

tion of  the essential amino groups could be evaluated from the plot against 
time of the logarithm of the K*-ATPase activity which gave a linear depen- 
dence, showing that the reaction was first order with respect to the active sites. 
Considering that the reaction rate was proportional also to the initial N3BzSO3 
concentration [7],  the rate constants for different skeletal myosins were calcu- 
lated and presented in Table II. The rate constants for the reactions carried out  
in the absence of  Mg • ADP were found to decrease in the following order: fish 
skeletal muscle, rabbit white skeletal muscle, rabbit red skeletal and rabbit 
heart muscle myosins. Smaller constants were obtained for myosins trinitrophe- 
nylated in the presence of  Mg • ADP. 

It is possible to evaluate the initial velocities in terms of  pmoles lysine 
reacted per min from the change with time of the K*-ATPase if one knows the 
number of  essential lysine residues per mole of  myosin. In order to find this 
value the percentage of  remaining K*-ATPase activity after N3BzSO3 treatment 
was plotted against the number of  trinitrophenyl groups incorporated per 
myosin molecule (Fig. 3). All skeletal myosins and heart myosin studied gave 
the same curve. Extrapolation of  the initial slope of  this curve gave a value of  

T A B L E  II 

R A T E  C O N S T A N T S  O F  T H E  T R I N I T R O P H E N Y L A T I O N  R E A C T I O N S  O F  V A R I O U S  M Y O S I N S  

M y o s i n  R a t e  c o n s t a n t  h I ( M - I  " r a i n - 1  ) 

S p e c t r o p h o t o m e t r i c  E n z y m i c  

w i t h o u t  w i t h  w i t h o u t  w i t h  
Mg • A D P  Mg • A D P  Mg • A D P  Mg • A D P  

Fish ske le ta l  4 4 6 3  1 2 0 1  3 8 8 0  1 2 4  

Rabbi t  shi te  ske le ta l  4 4 2 1  1 4 3 0  3 7 2 0  7 8 0  
Rabbi t  red ske le ta l  3 6 1 4  1 6 7 5  2 9 6 0  6 0 0  

Rabbi t  heart  2 5 0 0  1 3 8 0  2 4 6 0  3 5 8  
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skeletal;  X, rabbit white  skeletal; o, rabbit  red skeletal;  ~, rabbit heart. For contro l  activities see Fig .  2. 

2.3 for the number of  bound trinitrophenol groups in the fully modified myo- 
sin ATPase. This was taken as an indication that there are two essential amino 
groups per molecule for all myosins the ATPase activity of  which has been 
affected by trinitrophe,~ylation. We attributed the somewhat higher experi- 
mental value of  2.3 to the contribution of  lysine groups which react with 
N3BzSO3 without  this affecting the ATPase activity. 

The initial velocities of  the fast-reacting amino groups were evaluated on the 
basis o f  the change with time of  the K*-activated ATPase activity and are given 
on the right-hand side of  Table I. If one compares these values with those 
obtained from the analysis o f  the spectrophotometric curves (v,), a reasonably 
good agreement is observed, especially if trinitrophenylation was carried out  in 
the absence of  Mg.  ADP. However, there were discrepancies between the rate 
of  loss of  enzymic activity and vi if the reaction was carried out in the presence 
of  Mg • ADP, the vl values being larger. This fact, together with the finding that 
smooth muscle and platelet myosins also contain amino groups which react 
fastly with N3BzSO3 without  this affecting the ATPase activity, again indicates 
that besides the essential amino groups there might be other lysyl residues 
which are sensitive to N3BzSO3" 

Assuming that there are two fast reacting amino groups in the two  active 
sites of  myosin,  i.e., one such group per active site, one can calculate the 
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second-order rate constants (kl) of  the reaction of  these groups with N3 BzSO3 
(see Table II) from the vl values presented in Table I. 

The effect o f  alkylation of  the essential thiol groups on the K*-and Ca 2+- 
activated ATPase activity myosins from different sources was also studied. If 
the MalNEt treatment was carried out  at 0 ° C and in the absence of  nucleotide 
(i.e., conditions under which only the -SH1 thiols of  the white skeletal myosin 
were reported to react [2] ) ,  then a step decrease was observed in the K+-acti - 
vated and an increase in Ca2+-moderated ATPase which reached a plateau 5--6 
min after the beginning of  the reaction in all myosins studied (Fig. 4). How- 
ever, the maximal activation of  Ca2+-moderated ATPase depended on the source 
of  myosin.  The extent of  activation was observed to decrease in the fol lowing 
order: rabbit white skeletal, fish skeletal, rabbit red skeletal, rabbit heart, 
human platelet and chicken gizzard myosin.  

Alkylation was also carried out  in the presence of  MgADP at 25°C when 
both the -SHI and -SH2 thiols of  rabbit white skeletal myosin were claimed to 
react [2]. As a consequence of  the MalNEt reaction under the above condi- 
tions, the K*-activated ATPase was found to decrease (Fig. 5A) in all myosins; 
however, differences were found in the rate of  decrease, this being smallest for 
heart and smooth muscle myosins. The Ca2+-moderated ATPase activity initially 
increases for all myosins (Fig. 5B); however, in the later phase of  alkylation dif- 
ferences were observed in the behavior of  Ca2+-ATPase activities of  different 
myosins: the Ca2+-ATPase activities of  all skeletal myosins and of platelet 
myosin decreased, while heart and smooth  muscle myosins showed a plateau. 

Watterson and Schaub [18] suggested to use the rate of  alkylation of  the 
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Fig. 4. E f f e c t  o f  a lky la t ion  w i t h  MalNEt  on  the  K +- and the  Ca2+-activated ATPase  act iv i t ies  o f  m y o s i n .  
The  reac t ion  w as  carried o u t  at  O°C in the  ab se n c e  of  Mg • ADP, as described in  the  E x p e r i m e n t a l  Proce-  
dure.  Myos ins:  e ,  f ish ske le ta l ;  X, rabbit  w h i t e  skeletal ;  o0 rabbit  red  skeletal ;  zx rabbit  heart;  o, ch i cken  
gizzard; & h u m a n  plate let .  Con tr o l  act iv i t ies ,  in p m o l  Pi" mg-1 " min-1: f i sh  skeletal:  K+-ATPase 1.20 and 
Ca2+-ATPase 0.096;  rabbi t  w h i t e  skeletal :  K+-ATPase 2.06 and Ca2+-ATPase 0.21 ; rabbit  red  skeletal :  K +- 
ATPase 0.92 and Ca2+-ATPase 0.14; rabl'dt heart: K+-ATPase 0.71 and Ca2+-ATPase 0.16;  ch i cken  gizzard: 
K+-ATPase 0.53 and Ca~+-ATPase 0.15; h u m a n  plate let :  K+-ATPase 0.49 and Ca2+-ATPase 0.18. 



T
A

B
L

E
 I

II
 

IN
A

C
T

IV
A

T
IO

N
 

B
Y

 M
a

lN
E

t 
O

F
 T

H
E

 K
+

-A
C

T
IV

A
T

E
D

 
A

T
P

a
se

 A
C

T
IV

IT
Y

 
O

F
 V

A
R

IO
U

S
 

M
Y

O
S

IN
S

 

M
y

o
si

n
 

R
a

te
 o

f 
in

a
c

ti
v

a
ti

o
n

 p
e

r 
~

M
 M

a
lN

E
t 

a
d

d
e

d
 

R
a

ti
o

 o
f 

in
a

c
ti

v
a

ti
o

n
 r

a
te

s 

W
it

h
o

u
t 

W
it

h
 

W
it

h
 

M
g

 •
 A

D
P

 
n

u
c

le
o

ti
d

e
s 

M
g

 •
 A

D
P

 
M

g
 -

 A
T

P
 

M
g

 •
 A

T
P

 

N
o

 n
u

c
le

o
- 

ti
d

e
/M

g
 •

 A
T

P
 

N
o

 n
u

cl
eo

- 
ti

d
e/

M
g

 •
 A

D
P

 

in
 

in
 

in
 

in
 

in
 

in
 

in
 

in
 

in
 

in
 

in
 

in
 

6
0

 m
M

 
0

.6
 M

 
6

0
 m

M
 

0
.6

 M
 

6
0

 m
M

 
0

.6
 M

 
6

0
 m

M
 

0
.6

 M
 

6
0

 m
M

 
0

.6
 M

 
6

0
 m

M
 

0
.6

 M
 

K
C

1 
K

C
1 

K
C

1 
K

C
I 

K
C

1 
K

C
I 

K
C

1 
K

C
1 

K
C

1 
K

C
1 

K
C

1 
K

C
1 

F
is

h
 s

k
e

le
ta

l 
2

.3
 

R
a

b
b

it
 w

h
is

e
 s

k
el

et
al

 
4

.9
 

R
a

b
b

it
 r

e
d

 s
k

e
le

ta
l 

4
.4

 

R
a

b
b

it
 h

e
a

rt
 

3
.1

 

C
h

ic
k

e
n

 g
iz

za
rd

 
3

.2
 

1
.8

 
1

.3
 

1
.2

5
 

0
.3

4
 

0
.7

2
 

3
.8

 
1

.7
5

 
6

.8
 

2
.5

 
1

.8
 

1
.4

4
 

2
.2

 
4

.8
 

3
.2

 
0

.9
 

1
.1

 
5

.3
 

2
.9

 
5

.4
5

 
2

.0
 

1
.0

 
0

.6
9

 

1
.3

4
 

3
.3

 
2

.0
 

1
.8

 
1

.2
 

1
.8

5
 

1
.6

7
 

2
.4

5
 

2
.1

6
 

1
.3

3
 

1
.3

 

1
.3

4
 

1
.5

 
0

.5
0

 
1

.2
 

0
.1

0
 

1
.2

5
 

5
.0

 
2

.5
8

 
1

3
.4

 
2

.0
6

 
2

.6
8

 
2

.9
 

1
.9

 
2

.8
 

1
.7

 
2

.5
 

1
.1

1
 

1
.1

1
 

1
.9

 
1

.1
5

 
1

.7
 

1
.0

4
 

t~
 



236 

KtATP ose CoZ*"-ATPose 

 ,ooL- -t 

i +° 

J600 

500 

400 

300 

200 

I00 

0 I0 20 0 I0 20 
Incubation time(min.) with MaINEt 

Fig. 5. E f f e c t  o f  a l k y l a t i o n  wi th  M a l N E t  in the  p resence  of  Mg • A D P  on the  K +- and  the  Ca 2 +-ATPase acti-  

v i t i es  o f  m y o s i n .  The  r e a c t i o n  was  car r ied  o u t  a t  25°C in the  p resence  of  2.5 m M  A D P  and  5 m M  MgC12 
as d e s c r i e d  in  the  E x p e r i m e n t a l  P rocedu re .  Fo r  s y m b o l s  and  con t ro l  ac t iv i t ies  see Fig .  4. 

essential -SH groups of myosin as a measure of a conformational state of the 
protein during different stages of the steady-state ATP hydrolysis. This can be 
performed by alkylating myosin for increasing periods of  time at low protein 
concentration with subsequent measurement of the k*-activated ATPase. The 
alkylation was carried out with five different myosins at 25°C at low or high 
ionic strength, in the presence of either Mg. ADP or Mg-ATP  or in the 
absence of nucleotides (Table III). The difference in the rate of inactivation 
under different conditions reflects on the alteration of the structural state of 
the active site from one set of conditions to another. Our first concern was to 
see the differences which exist in the rate of inactivation in the K÷-dependent 
ATPases of myosin when either Mg • ADP or Mg. ATP was present during alky- 
lation. In the majority of cases, the rate of inactivation was smaller in the pre- 
sence of Mg • ATP than with Mg • ADP, suggesting differences in the conforma- 
tion of myosin. The only exception was the smooth muscle myosin at both 
ionic strengths and the heart myosin at low ionic strength, where differences 
hardly existed in the rates of inactivation observed in the presence of Mg • ADP 
and Mg • ATP. The addition of nucleotides generally decreased the inactivation 
rates except for Mg. ADP in the case of rabbit  white skeletal muscle (at low 
ionic strength} and smooth muscle myosins (at high ionic strength). In the 
latter case, Mg • ATP did not  significantly influence the rate of loss of enzymat- 
tic activity. The rate of  inactivation was also found to depend on ionic strength 
{otherwise under identical conditions): in the majority of cases higher rates 
were found at low ionic strength, with the notable exception of smooth muscle 
myosin in the presence of nucleotides, where the opposite trend was observed. 
However, independently of which ionic conditions favored more alkylation, the 
result clearly showed that  the conformation of the active site of myosin 
depends on the ionic strength of the environment. 
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Discussion 

On the basis of  the reaction with N3BzSO3 one could classify the e-amino 
lysine groups of  different myosins into three classes. To the first class belong 
two amino groups which react rapidly with N3 BzSO3, the reaction being highly 
retarded in the presence of  Mg • ADP and Mg • ATP [6,22] and whose modifi- 
cation causes fundamental  changes in the enzymic properties of  myosin. This 
class is absent in smooth muscle and platelet myosins as tr initrophenylation of 
these myosins does not  affect their ATPase activity and the presence of Mg. 
ADP does not  influence the rate of reaction with N3 BzSO3. The second class 
comprises of amino groups which although they react fastly with N3BzSO3, 
their tr initrophenylation does not  affect the enzymic properties and their rate 
of  reaction does not  depend on the presence of  Mg. ADP. Thus, in the case of  
platelet and smooth muscle myosins, spectrophotometr ic  measurements 
revealed the existence of a fast tr initrophenylation reaction; however almost no 
change could be detected in the enzymic behavior. This class could be found in 
essentially all myosins studied. The rest of  the e-amino groups of  lysine belong 
to the third class which reacts with N3BzSO3 with a slow rate and which com- 
prised the great majority of  amino groups of all myosins studied. No fundamen- 
tal differences could be detected between different myosin with respect to this 
class of amino groups. 

Two essential amino groups were observed in all skeletal myosins studied and 
in heart myosin. However,  quantitative differences were found between these 
myosins with respect to  the rate of  their reaction with N3BzSO3 (Table II) and 
to the effect  of their modification on enzymic activity (Fig. 2B). A correlation 
was found between these two properties, i.e. the higher the rate of trinitrophe- 
nylation the greater the change in enzymic activity. The study of  these charac- 
teristics shows that myosins from different animals (e.g., rabbit  white skeletal 
and fish skeletal) could be more similar to  each other than red and white mus- 
cle myosins from the same animal. Similar results were observed with respect to 
the effects of  blocking of  -SH groups on the Ca2+-dependent ATPase (Figs. 4 
and 5). In this case also, the highest activation was observed in myosins from 
rabbit white skeletal and from fish muscles. All this suggests that  the function 
of a muscle rather than the evolutionary distance could be the most important  
factor which determines the nature of  the active sites of  myosin. 

Contrary to the amino groups, the thiol residues were found to be essential 
at least for the K*-dependent ATPase of  all myosins studied. However, differ- 
ences were found in the Ca2+-dependent ATPase after alkylation of  -SH groups 
of  myosins from different sources. It  seems that  alkylation of  -SH affects the 
Ca2+-activated ATPase of  smooth and platelet myosins much less than that of  
myosins from skeletal muscles. 

If MalNEt treatment is carried out  in the presence of  Mg. ADP, the Ca 2+- 
ATPase of  skeletal and platelet myosins as function of time shows a maximum. 
The reason for the loss of activity at higher degrees of  alkylation is that  under 
these circumstances the -SH2 thiol groups, which is essential for the Ca 2+- 
moderated ATPase activity of  myosin, is blocked [2,3]. The -SH2 groups 
becomes accessible to MalNEt because of  a Mg • ADP-induced conformational  
change in the active site. We could not  find a decrease in Ca2÷-ATPase with 
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smooth and heart myosins which behave in the same manner whether or not 
Mg. ADP is present during alkylation (see Figs. 4 and 5). One may therefore 
assume that Mg. ADP does not induce the structural change which makes the 
thiols essential for Ca2*-ATPase accessible for the reaction or, alternatively, that 
these thiols do not exist in smooth muscle and heart myosins. Our finding, 
with respect to the cardiac myosin, is not in agreement with Pfisten et al. [1] 
who claimed the existence of two thiols essential for the Ca2+-ATPase. 

In conclusion, we suggest to use chemical modifications as a tool for the cha- 
racterization of  differences in the active sites of  different myosins. 
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