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Cooperation Between the Two Myosin Heads Interacting with Actin in Presence of ADP in Myofibrils 

L e n g t h  changes  in muscle  t ake  place b y  a s l iding m o t i o n  
of the  two sets  of f i l amen t s  wh ich  m a k e  up  t h e  myof ib r i l  ~, ~, 
d u r i n g  which  p r o d u c t i o n  of force is a s sumed  to  occur  in  
t he  over lap  regions as a consequence  of t he  f o r m a t i o n  of 
m y o s i n - a c t i n  l inks  a, 4. T he  d i f fe ren t  c o n f o r m a t i o n a l  s t a t e s  
of such  l inks  be tween  ac t i n  a n d  m y o s i n  f i l amen t s  as can  be  
seen in muscle  ~, led to  t he  idea  of t h e  m o v i n g  crossbr idge  
mode l  of c o n t r a c t i o n  ". T he  m o v e m e n t  is t h o u g h t  to  be  
gene ra t ed  a t  t he  si tes of a t t a c h m e n t  b y  t h e  myos in  heads  
m o v i n g  t h r o u g h  a series of pos i t ions  of p rogress ive ly  
lower p o t e n t i a l  ene rgy  on  a c t i n L  One force gene ra t ing  
cross-br idge a t t a c h m e n t  can  be  p roduced  s imp ly  b y  
deso rp t ion  of a n  u n h y d r o l y z e d  A T P  ana logue  such  as 
adeny ly l  i m i d o d i p h o s p h a t e  ( A M P P N P ) ,  or even  pyro-  
p h o s p h a t e  (PP)  alone, f rom t he  m y o s i n  heads  8. As A D P  
gene ra t ed  f rom A T P  hydro lys i s  is k n o w n  to  r e m a i n  b o u n d  
in b o t h  myof ib r i l s "  a n d  re laxed  muscle  f ibres  ~~ i t  seems 
t h a t  t h e  A D P - l o a d e d  m y o s i n  h e a d s  o u g h t  to  h a v e  a 
r a t h e r  h igh  a f f in i ty  for  t he  combin ing  sJtes on  acfin.  W e  
the re fo re  e x a m i n e d  cond i t ions  wh ich  d e t e r m i n e  w h e t h e r  
myos in  is able  to  undergo  phys ica l  c o m b i n a t i o n  w i t h  
ac t in ,  a n d  how th i s  a t t a c h m e n t  m a y  be  r egu la t ed  b y  t r ace  
a m o u n t s  of Ca ~+ v ia  t h e  r e g u l a t o r y  p ro te ins  ( t roponin-  
t r o p o m y o s i n  complex) .  

Methods. Afte r  e x t r a c t i o n  of m y o s i n  f rom mixed  r a b b i t  
ske le ta l  muscles  n,  5 m M  E D T A  was inc luded  in  all  
so lvents  for p r epa ra t i o n .  Myofibr i ls  and  purif ied,  desensi-  
t i zed  a c t o m y o s i n  were p r e p a r e d  as descr ibed  ear l ier  ~,  ~a. 
A l k y l a t i o n  w i t h  N - e t h y l m a l e i m i d e  (NEM) was pe r fo rmed  
on 10 m g  p r o t e i n / m l  a t  0~ in 30 m M  KC1, 25 m M  tris- 
HCt p i t  7.6 a n d  0.05 m M  CaCla u n d e r  var ious  condi t ions  
as i nd i ca t ed  in  t he  t ex t .  A n  100-fold mo la r  excess of 
d i t h i o t h r e i t o l  over  N E M  was added  a f t e r  15 rain.  To 
r e m o v e  reagents ,  t he  p r o t e i n  was 15 t imes  d i lu ted  w i t h  
5 m M  E D T A  a n d  25 m M  tris-maleate p i t  7.0, cen t r i fuged  
a t  20,000 g and  t h e  sed imen ted  p ro t e in  dissolved in 10 m M  
E D T A ,  1 M KC1 and  25 m M  tris-HC1 p t I  7.6. S u b s e q u e n t l y  
t h e  K - A T P a s e  a c t i v i t y  was m e a s u r e d  on  a l iquo ts  con ta in -  
ing 0.2-0.6 m g  p ro t e in  in  2 m l  of t he  same m e d i u m  in t he  
presence  of 2.5 m M  t r i s -ATP for 5 m i n  a t  25~ The  
specific ac t iv i t ies  of t he  n o n - a l k y l a t e d  p ro te ins  were on  
ave rage  for  myos in  1.61, for desens i t ized  a c t o m y o s i n  0~74 
a n d  for  myof ibr i l s  0.49 Fmoles of P re leased/ rag  p r o t e i n /  
rain.  The  in i t i a l  slope of loss in  A T P a s e  a c t i v i t y  w i t h  

increas ing  e x t e n t  of a l k y l a t i o n  was t a k e n  as t h e  i n a c t i v a -  
t i on  r a t e  of m y o s i n  (Figure 1). F o r  desens i t ized  ac tomyo-  
sin a n d  myof ibr i l s  t h e  slope of t he  l inear  p o r t i o n  of t h e  
cu rve  occur r ing  a f t e r  a n  in i t i a l  lag phase,  was  used (Figure  
2). Re la t ive  i n a c t i v a t i o n  ra t e s  in  t he  Tab les  are ave rages  
of 2-6  expe r imen t s  each. P r o t e i n  c o n c e n t r a t i o n s  were  
d e t e r m i n e d  b y  a m i c r o m e t h o d  invo lv ing  ness le r iza t ion  ~. 

Results and discussion. F r o m  t h e  i n a c t i v a t i o n  r a t e  of t h e  
K - A T P a s e  a c t i v i t y  i t  can  be  ca lcu la ted  t h a t  b o t h  in  t h e  
presence  of M g - A D P  a n d  of M g - P P  1.8-2.0 moles of 
N E M  pe r  mole of m y o s i n  are suff ic ient  to  abol i sh  t h e  
a c t i v i t y  comple te ly  (Figure  1). T h e n  if b o t h  myos in  h e a d s  
c o n t a i n  a n  ac t ive  si te  wh ich  is able  to  b i n d  a d i p h o s p h a t e  
cha in  15-1v, t he re  is on ly  1 th io l  g roup  pe r  ac t ive  s i te  
exposed t h a t  is essent ia l  for t he  K - A T P a s e  ac t iv i ty .  One 
m u s t  also conc lude  t h a t  u n d e r  these  cond i t ions  t h e  a lkyla-  
t i on  goes to  v i r t u a l  comple t ion .  I f  a l k y l a t i o n  is, however ,  
pe r fo rmed  in t he  absence  of b o u n d  d i p h o s p h a t e  cha ins  
(Table  I) or a t  h igher  t e m p e r a t u r e  (25 ~ ~s, t h e  inac t iva -  
t i on  r a t e  is cons ide rab ly  slower. I n  desens i t ized  ac tomyo-  
sin in  t he  gel s t a t e  in  wh ich  r igor  t y p e  of i n t e r a c t i o n  
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Fig. 1. Inactivation of K-ATPase of myosin. Pretreatment with 
different NEM concentrations was performed in the presence of 
2.5 mM Mg-ADP for 15 min at 0~ and pH 7.6 as described in 
methods. 
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Fig. 2. Inactivation of K-ATPase of myofibrils. Pretreatment with 
different NEM concentrations was performed for 15 rain at 0 ~ and 
pi t  7.6 on 10 mg of rayofibrils in the presence of O---O, 2.5 mM 
MgC12 only; 0 - - -0 ,  2.5 ram Mg-PP; and A---A, 2.5 mM Mg-PP plus 
250 mM KC1. 
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"/'able I. Inactivation rates of K-ATPase of myosin by alkylation 
with NEM under various conditions as described in methods 

Conditions Loss in Relative 
K-ATPase per inactivation rate 
~zM of NEM 
(%) 

2.5 mM Mg-ADP 2.95 100 
2.5 mM Mg-PP 2.45 83 
2.5 mM MgC12 1.50 51 
2.5 mM MgCI 2 + 0.5/I./KC1 1.47 50 
10 mM EDTA 1.69 57 

Table II. Relative inactivation rates of K-ATPase of desensitized 
actomyosin by alkylation with NEM under various conditions as 
described in methods 

Conditions Relative inactivation rate 

no JKC1 250 mM KCI 0.5M KC1 

2.5 mM Mg-ADP 79 100 98 
2.5 mM Mg-PP 81 96 95 
2.5 mM MgC12 21 19 22 

Table III. Relative inactivation rates of K-ATPase of myofibrils by 
alkylation with NEM under various conditions as described in 
methods 

Conditions Relative inactivation rate 

no KC1 250ram KC1 

2.5 mM Mg-ADP 49 100 
2.5 mM Mg-PP 38 91 
2.5 mM MgC12 6 5 
10 mM EDTA 2 2 
2.5 mM Mg-ATP 93 100 

Table IV. Relative inactivation rates of K-ATPase of myofibrils by 
alkylation with NEM in the presence of ADP with and without 
ethanedioxybis (ethylamine) tetra-acetic acid (EGTA) 

prevails ,  the  thiol  group connec ted  wi th  K - A T P a s e  
ac t iv i ty  of m y o s i n  is well p ro t ec t ed  by  act in  19. However  
2.5 m M  Mg -A D P or M g - P P  which are known to br ing 
abou t  dissociat ion of ac tomyos in  in solut ion as judged  
f rom viscometr ic  m e a s u r e m e n t s  20, el lead to  a lmos t  
comple te  ioss of the  p ro tec t ive  effect  of act in  in the  pre-  
sence or absence of 250 m M  KC1 or even dissolved in 
0.5 M KC1 (Table II).  In  all cases t he  ra te  is as h igh  as' 
for myos in  alone in the  presence  of a bound  d iphospha te  
chain. This indicates  t h a t  a t  0 ~ in ac tomyos in  the  myos in  
heads  m a y  be fully dissociated even a t  low ionic s t rength .  
On the  o ther  hand;  f i rm in te rac t ion  of the  heads  wi th  
actJn in t he  gel, as we]l as in t he  dissolved s ta te ,  is re- 
f lected by  the  slow inac t iva t ion  ra te  wi th  Mg ~+ alone. 

In  myofibr i ls  Mg -A D P and M g - P P  also seem fully to 
dissociate the  myos in  heads  in the  presence  of 250 m M  
KC1 (Table III) .  But ,  in the  absence of salt,  in te rac t ion  of 
the  myos in  heads  wi th  ac t in  takes  place, a l though  this  
in te rac t ion  does no t  appear  to be as p ro tec t ive  as when  no 
d iphospha te  chains  were added  (Figure 2). ATP,  however ,  
which is known to  have  a h igh aff in i ty  to  the  act ive  site in 
the  dissolved ac tomyos in  sys tem 22, leads also to  full 
dissociat ion in myofibr i ls  even in t he  absence  of sal t  
(Table III) .  The ex t en t  of in te rac t ion  exis t ing in the  
presence of Mg -A D P exhibi t s  a concen t ra t ion  dependence  
below 0.2 m M  only (Table IV). At  ra t ios  of A D P  to 
act ive sites (assuming myofibr i ls  con ta in  50% myos in  by  
weight)  above 20-30, a s table  t y p e  of in te rac t ion  is 
es tabl ished which  is no t  fu r the r  af fec ted  by  a 50-fold 
increase of ADP.  However ,  th is  in te rac t ion  depends  on 
t race  amo u n t s  of Ca D+, since in the  presence  of e thane-  
d ioxybis  (ethylamine)  t e t ra -ace t ic  acid (EGTA) full 
dissociat ion takes  place as long as the  A D P  concen t ra t ion  
is h igher  t h a n  0.2 m M .  The lower the  A D P  concen t ra t ion  
below this  crit ical value, the  more  r igor complexes  form. 
Concomi tan t ly  the  regula tory  pro te ins  of t he  ac t in  
f i l ament  lose the i r  abi l i ty  to  p r ev en t  the  fo rma t ion  of such 
rigor complexes  in the  absence of Ca ~+. These di rect  
measu remen t s  of the  in te rac t ion  be tween  ac t in  and  myo-  
sin in myofibr i ls  thus  lends suppor t  to  similar conclu- 
sions of ]~REMEL and WEBER23 based on Mg2+-stimulated 
ATPase  act ivi t ies  of ac to -heavy  meromyos in - subf rag-  
ment -1  in solution. This v iew is also suppor t ed  by  X - r a y  
d i f f rac t ion  s tudies  of HASELGROVE 24 and  HUXLEY 25 on 
whole muscle  fibres in which  myos in  heads ,  forming  
rigor links in t he  absence of Caa+, change  the  pos i t ion  of 
the  regula tory  p ro te in  complex  on the  act in  f i lament .  

In  muscle,  myos in  is known  to  exist  p r e d o m i n a n t l y  as 
myosin  p roduc t  complex  26. To avoid rigor complex  forma-  
t ion  in the  absence of ATP,  h igh  concen t ra t ions  of A D P  
have  to  be used (Table IV). I t  is concluded t h a t  even  a t  
such high concen t ra t ions  of Mg-ADP,  a t  low ionic s t r en g t h  
and 0~ a specific in teract ion,  d i s t inc t  f rom t rue  rigor, 
occurs in myofibri ls ,  which  canno t  be p roduced  by  MgC12 
and KC1 alone. In  full rigor, bo th  heads  of each myos in  

Conditions Relative inactivation rate 

m M  ADP mM MgCI 2 no EGTA I mM EGTA 

0 2.5 6 4 
0.05 2.5 18 17 
0.12 2.5 28 28 
0.19 2.5 34 45 
0.83 2.5 46 81 
2.50 2.5 49 100 
5.00 5.0 47 92 

10.00 10.0 52 94 
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are supposed  to be a t t ached  and, as the  above results  
show, all essential  th iol  groups connec ted  wi th  the  
K-ATPase  of myos in  are p ro tec ted  f rom alkylat ion.  The 
in t e rmed ia te  inac t iva t ion  rate,  resul t ing f rom alkyla t ion 
in the  presence of h igh  Mg-ADP concent ra t ions ,  implies 
some ex ten t  of A D P  b ind ing  to  myosin.  I t  is unl ikely t h a t  
this  effect  is due to the  exis tence of d i f ferent  myos in  
species (e.g. some wi th  b o t h  heads  p ro tec ted  by  rigor 
a t t a c h m e n t  and others  inac t iva ted  because of dissociat ion 
of b o t h  heads  f rom actin) since it is no t  inf luenced by  a 
50-fold change  in the  A D P  cencent ra t ion .  Hence  i t  m a y  
be concluded t h a t  all myos in  molecules are in the  same 
state,  b inding  at  least  one A D P  and  in te rac t ing  a t  the  
same t ime  wi th  actin.  The addi t iona l  evidence t h a t  when  
m y o s i n - A D P  complexes  combine  wi th  actin,  A D P  
becomes l ibera ted  26, suggests  t h a t  th is  specific in te rac t ion  
occurring in myofibr i ls  comprises  one ADP-f ree  rigor-like 
in teract ing,  and  one ADP- loaded  non- in te rac t ing  head. 
F u r t h e r m o r e  th is  par t icu lar  t y p e  of coopera t ive  inter-  
ac t ion is regula ted  by  the  t ropon in - t ropomyos in  complex.  
In  the  con tex t  of act ive muscle,  th i s  view is in line wi th  
the  suggest ion of VINIEGRA-GoNzALBZ and MORALES 27 
t h a t  the  myos in  heads  of one cross-bridge b ind  a l te rna te ly  

on, and exer t  force at, two di f ferent  monomers  of t he  
ac t in  f i lament .  

Zusammen/assung.  Alkyl ierung yon 2 Thio lgruppen  pro  
Myosin mi t  NEM bei 0 ~ in Gegenwar t  einer Diphospha t -  
ke t t e  inak t iv ie r t  die K - A T P a s e  vollst~Lndig. In  Myofi- 
bri l len werden  diese Thio lgruppen  durch  Rigor- t in ter -  
act ion ~> beider  Myosink6pfchen mi t  Act in  vor  Alkyl ierung 
geschtitzt .  In  Gegenwar t  yon  Mg-ADP t r i t t  eine spezi- 
fische v o m  Rigor  verschiedene  <dnteraction~> zwischen 
Myosin und Act in  auf. Man muss  annehemen,  dass dabei  
nur  i MyosinkOpfchen ans Act in  b inder  und  dass das 
andere  KOpfchen ein A D P  gebunden  hat .  

M. C. SCHAUB, J. G. WATTERSON and  P. G. WASER 
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S t o r a g e  of  I n s e c t i c i d e s  in  t h e  Fat  B o d y  of  Spodoptera littoralis ( B o i s d . )  a s  a P o s s i b l e  M e c h a n i s m  of  
R e s i s t a n c e  

Storage of insect icides in the  insect  fa t  b o d y  has been 
shown by  m a n y  workers  to  be a con t r ibu t ing  factor  in 
developing resistance.  Lipids  m a y  act  as compet i t ive  si tes 
for toxic  agents ,  especially if the  la t t e r  are lipid soluble 
compounds  (MIJNSON et al. 1). The fa t  body  is also consid-  
ered to be one of the  mos t  act ive t issues in the  me tabo l i sm 
of some insect icides (FBwlCK 2; KUHRa). 

Res i s tance  of Spodoptera littoralis agains t  insect icides 
is now a comm on  p h e n o m e n o n  in Egyp t .  A m o n g  the  
factors  t h a t  migh t  con t r ibu te  to t he  to ta l  res is tance  of 

Storage of insecticides in the fat body of susceptible and resistant 
strains of the 6th instar larvae of S. littoralis 

Insecticides applied 
Time after 
treatment 
(h) 

Amount of insecticide stored 

S-strain (ppm) R-strain (ppm) 

DDT 0 Negligible Negligible 
(Amount injected 1.5 36 47 
200 btg/g) 3 280 533 

6 167 208 
12 144 197 
18 150 131 
24 150 125 

Methyl parathion 0 Negligible Negligible 
(Amount injected 1.5 17 43 
30 b~g/g) 3 28 48 

6 9 34 
12 7 15 
18 5 3 
24 0 0 

Carbaryl 0 Negligible Negligible 
(Amount injected 1.5 5 8 
400 b~g/g) 3 16 15 

6 10 11 
12 9 8 
24 7 8 

th is  pes t  is the  enhanced  ra te  of s torage of insect icides 
in the  fat  body.  This  poss ib i l i ty  was inves t iga ted .  

Materials and methods. Three R-s t ra ins  and 1 S-s t ra in  of 
S. littoralis were used. The R-s t ra ins  were reared under  
cont inuous  pressure  of the  cor responding  insecticides,  
DDT, m e t h y l  pa r a th ion  and/or  carbaryl .  By  injection,  
all the  R-s t ra ins  had  an a lmos t  ident ical  res is tance  level, 
i.e., 3-fold. By  topical  appl icat ion,  however,  t he  DDT 
R-s t ra in  was 25-fold, the  carbary l  R-s t ra in  was 13-fold, 
and  the  m e t h y l  pa r a th ion  R-s t r a in  was 3-fold. Total  fat  
con ten t  was de t e rmined  by  ex t rac t ing  the  dried larvae 
according to  BENNET and T~OMAS~. 

Analy t ica l  grade samples  of DDT,  me t h y l  pa ra th ion  
and  carbaryl  were used. All s t ra ins  were in jec ted  wi th  t he  
LD~0 of the  S-strain.  Ba tches  of 50 full grown larvae were 
dissected to r emove  tile fat  body  at  var ious  in tervals  af ter  
injection,  and  0.2-0.3 g. samples  were ex t rac ted  by  homog-  
enizing in the  appropr ia te  solvent .  

The ex t rac t ion  and clean up procedures  of KLEIN et  al. ~, 
MOLLtlOFF 6 and JOHANSON et al. 7 and those of SCHECHTER 
et al. s, COFFIN and McKINELY 9, and  MISKUS et al. 1~ for 
the  colourimetr ic  de te rmina t ion ,  w e r e - a d o p t e d  for the  
samples  conta in ing  DDT, me t h y l  pa r a th ion  and earbaryl ,  
respect ively .  
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