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Force Generation in Glycerinated Insect-Fl ight  Muscles without ATP 

The  e l e m e n t a r y  con t r ac t i l e  process  in  muscle  invo lves  
p r e s u m a b l y  t h e  cyclic a t t a c h m e n t  a n d  d e t a c h m e n t  of 
cross-br idges  be tween  act• a n d  m y o s i n f i l a m e n t s l ,  2. 
Recen t ly ,  HUXLEY a n d  SIMMONS 3 proposed  a force genera-  
t i o n  m e c h a n i s m  accord ing  to  w h i c h  t en s i on  is g e n e r a t e d  
b y  m e a n s  of a ' s p o n t a n e o u s '  r o t a t i o n  of a t t a c h e d  cross- 
br idges .  Af te r  c o m p l e t i o n  of t he  r o t a t i o n a l  m o v e m e n t  
(power s t roke  of t he  br idge) ,  A T P  is requ i red  in o rder  to  
b r e a k  t he  ac t •  l inkages  r a t h e r  t h a n  for i m m e d i a t e  
force gene ra t ion  3. R e c e n t  resu l t s  4 f u r t h e r  sugges t  t h a t  
each  ATP-molecu le  c o m b i n e d  w i t h  m y o s i n  is i m m e d i a t e l y  
h y d r o l y s e d  - t h u s  sugges t ing  t h a t  A D P  r a t h e r  t h a n  A T P  
is b o u n d  to t he  c ross-br idge  in  t he  d e t a c h e d  s ta te .  I f  t h i s  
concep t  is correct ,  i t  shou ld  be  possible  to  replace  A D P  b y  
p y r o p h o s p h a t e  a n d  to induce  in g lyce r ina t ed  f ibres  a 
t en s ion  increase  b y  r e m o v i n g  it. P y r o p h o s p h a t e  is k n o w n  
to  be  b o u n d  to t h e  cross-br idges  5, 0 a n d  to  d issocia te  a c t i n  
f rom m y o s i n  7 (however  un l ike  A T P  or t r i p o l y - p h o s p h a t e )  
w i t h o u t  be ing  spl i t  b y  t he  m y o s i n  ATPase .  I n  t he  exper i -  
m e n t s  w i t h  p y r o p h o s p h a t e ,  i t  was  necessa ry  to  ' p r i m e '  
t h e  f ibres  b y  a p reced ing  ' r igor  c o n t r a c t i o n '  ~, o w h i c h  m u s t  
be  fol lowed b y  a p a r t i a l  r e l a x a t i o n  induced  b y  Mg-pyro-  
p h o s p h a t e .  

Methods.  F o u r  so lu t ions  (pH = 6.5) w i t h  basic  com- 
pos i t ion  (rigor solut ion)  20 m M  His t id in ,  10 m M  Na-  
azide,  4 m M  E G T A  and  50 m M  KC1 and  specific com- 
pos i t ion  as l i s ted  in t he  Tab le  were used. 

F ib re  bund l e s  of t he  dorsa l  l ong i t ud i na l  muscle  (DLM) 
of Lethocerus m a x i m u s  were s to red  for up  to  6 m o n t h s  in  
50% glycerol  and  m o u n t e d  on  a n  h igh ly  i somet r ic  t en s ion  
record ing  appara tus1~ 1~. T he  r igor  c o n t r a c t i o n  was 
induced  b y  t h e  m e t h o d  of WHITE o, wh ich  invo lves  f i r s t  
suspens ion  in A T P - r e l a x i n g  so lu t ion  and  t h e n  i m m e r s i o n  
in to  (2 ml) ATP- f ree  r igor  solut ion,  in  wh ich  cross-br idges  
are k n o w n  to  b e c o m e  a t t a c h e d  in t he  a r row h e a d  (angled) 
configuration12,  ~a. W e  also. ensured  t h a t  a n y  A T P  lef t  
w i t h i n  t he  f ibre  was  t h o r o u g h l y  washed  ou t  b y  severa l  
successive so lu t ion  changes  before  c o n t i n u i n g  t he  exper i -  
m e n t  w i t h  t h e  fol lowing sequence  : [ P P  re l ax ing  solution--~ 
r igor  solution~n -+ A T P - r e l a x i n g  so lu t ion  where  n was up  to  
14! S u b s e q u e n t l y  t h e  p r e p a r a t i o n  was aga in  i m m e r s e d  
i n to  r e l ax ing  so lu t ion  and  r igor  so lu t ion  for check ing  i ts  
condi t ion .  On ly  f ibres  w h i c h  ful ly re laxed  in all  A T P -  
r e l ax ing  so lu t ions  were used for eva lua t ion .  

The  s ta t i c  s t i f fness  (A f o r c e  per  un i t  change  of s t r a i n  
a n d  pe r  f ibre) was  d e t e r m i n e d  5 to  20 m i n  a f te r  a s u d d e n  
l e n g t h  decrease  (release - - 0 . 2 5 %  Lo). 

Results.  The  f ibres  developed,  a f t e r  dep le t ion  f rom 
A T P  b y  a n  i m m e r s i o n  in to  r igor  solut ion,  a t yp i ca l  r igor  
t ens ion  9 (in t he  m e a n  22.7 dyne / f ib re )  u n d e r  i somet r i c  

condi t ions .  This  t ens ion  d imin i shes  to  a b o u t  50% w i t h i n  
2 h .  

W h e n  t he  .fibres are b r o u g h t  f rom r igor  so lu t ions  in to  
t he  P P - r e l a x i n g  solut ion,  a fall  of t en s ion  is obse rved ;  
a f te r  3-5 m i n  i n c u b a t i o n  t i m e  t ens ion  becomes  p rac t i ca l l y  
s t e a d y  a t  30% (6.8 dyne / f ib re )  of m a x i m a l  r igor  tens ion .  
Th i s  r e l a x a t i o n  can  be  p a r t i a l l y  reversed  (Figure) :  The  
f ibres  c o n t r a c t  aga in  w h e n  they_ are t r an s f e r r ed  aga in  
in to  a (freshly m a d e  up) r igor  solut ion,  f ina l ly  r each ing  a 
va lue  of 46% (10.3 dyne / f ib re )  of m a x i m a l  t en s ion  in 
rigor,  and  t h e y  re laxe  aga in  w i t h  MgPP.  These  cycles can  
be  r epea t ed  m a n y  t i m e s  (up to  14 cycles). The  e x t e n t  of 
c o n t r a c t i o n  w i t h i n  these  cycles  did  no t  depend  on  t he  
d u r a t i o n  (range 3-30 min)  of i n c u b a t i o n  in P P - r e l a x i n g  
solut ion.  S imi la r  r eve r s ib le  t en s ion  changes  were obse rved  
w i t h  A M P - P N P  14 in s t ead  of M g P P  a n d  also be tween  
I m2VI M g P P / 9  m M  N a P P  as r e l ax ing  so lu t ion  a n d  10 m M  
N a P P  as c o n t r a c t i n g  solut ion.  B u t  a d d i t i o n  of inorgan ic  
p h o s p h a t e  (3 m M )  to  all  so lu t ions  d imin i shed  t h e  con- 
t r a c t i o n  responses  descr ibed  wh ich  were nea r ly  abo l i shed  
a t  p H  7. P y r o p h o s p h a t e  w i t h o u t  Mg d id  no t  cause  a n  
apprec i ab le  re laxa t ion .  W e  d id  no t  succeed in o b t a i n i n g  
s imi l ia r  c o n t r a c t i o n  cycles w i t h  g lyce r ina ted  r a b b i t  psoas.  

The  t ens ion  increase  p roduced  b y  wash ing  ou t  t h e  
p las t ic izer  p y r o p h o s p h a t e  is also associa ted  w i t h  a doub l -  
ing of st iffness,  whi le  p y r o p h o s p h a t e  i nduced  r e l a x a t i o n  
is assoc ia ted  w i t h  a decrease  in st iffness:  Note  also t he  
nea r  p r o p o r t i o n a l i t y  b e t w e e n  s t i f fness  a n d  t ens ion  (Table) ; 
t h e  l a t t e r  can  be  abol i shed  b y  a ' qu ick  re lease '  of less t h a n  
0.6% Lo. 
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Tension and stiffness of glycerinated fibres of dorsal longitudinal muscles from Lethocerus maximus in rigor-, pyrophosphate- and tripolyphos- 
phate-solutions (22 ~ pH = 6.5) 

Composition of relaxing solution In relaxing solution After transfer to rigor solution 

Resting tension Stiffness Tension increase �9 Stiffness 
(dyne/fibre) (dyne/fibre) (dyne/fibre • S.E.) (dyne/fibre) 

10 mM MgATPp 
0.5 mM MgC12, 5 mM NaPP o 
1 mM MgCI~, 1 mM NaPPP o 

0 250 +22.7 • 1.3 (I0) 3800 
6.8 1100 + 3.5 • 0.2 (38) 1800 
7.7 1200 + 2.8 • 0.2 (11) 1800 

a Number of experiments in parenthesis, b In addition to 20 inM Histidine, 10 mM Na-azid% 4 mM EGTA, 30 mM KC1. o In addition to basic 
solution (see text), Na-pyrophosphate (PP) (A.R. Merck), Na-tripolyphosphate (PPP) recrystallized. 
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Contraction cycles without ATP. a) A bundle of 8 fibres (DLM) suspended in ATP relaxing solution is transferred (at+ r ) into ATP-free rigor 
solution (pH = 6.5, 22 ~ in order to produce rigor contraction. At ~ (incomplete) relaxation is induced by immersing the preparation into 
PP-relaxing solution containing 0.5 mM Mg-pyrophosphate in place of ATP. b) 20 min later the fibres exhibit a resting tension Of about 7 
dynes (cf. Table, column 2). Note that repeatable contraction-relaxation cycles can be induced by removal (~) and readdition (~) of Mg-pyro- 
phosphate. 

Conclusions. The  e x p e r i m e n t s  j u s t  descr ibed  show t h a t  
i t  is poss ible  to  genera te  s t i f fness  a n d  a force c o m p a r a b l e  
to  t h e  ac t ive  t e n s i o n  (up to  5 dynes  pe r  f ibre) mere ly  b y  
r e m o v i n g  a p las t ic izer  (pyrophospha te ) ,  i.e. w i t h o u t  t h e  
presence  or sp l i t t i ng  of a nucleos ide  t r i p h o s p h a t e .  Since 
t h i s  effect  c an  be  reversed,  i t  m a y  be  conc luded  t h a t  
force is g e n e r a t e d  because  of t he  s p o n t a n e o u s  f o r m a t i o n  
of a c t i n - m y o s i n  l inkages  a f t e r  r e m o v a l  of t h e  a c t i n - m y o s i n  
d i ssoc ia t ing  agent ,  a n d  t h a t  ene rgy  (suppl ied b y  t h e  
b i n d i n g  of p y r o p h o s p h a t e )  is r equ i red  to  b r e a k  t h e  l inkage  
a n d  induce  re l axa t ion .  These  e x p e r i m e n t s  mus t ,  of 
course,  be  cons idered  in c o n j u n c t i o n  w i t h  morpho log ica l  
d a t a  15 sugges t ing  t h a t  m y o s i n  cross-br idge  o r i e n t a t i o n  
does undergo  a revers ib le  change  a f t e r  a d d i t i o n  of pyro-  
p h o s p h a t e  to  a n d  r e m o v a l  f rom ATP- f r ee  r igor  solut ion.  
I t  wil l  now be  i n v e s t i g a t e d  w h e t h e r  t h e  ene rgy  t r a n s -  
f o r m a t i o n s  caused  b y  p y r o p h o s p h a t e  can  be  used  to  
o b t a i n  m e c h a n i c a l  work-cycles,  a n d  w h e t h e r  i t  is r evers ib le  
in  t he  sense t h a t  chemica l  ene rgy  (free ene rgy  of d i lu t ion)  
c an  be  t r a n s f o r m e d  in to  m e c h a n i c a l  ene rgy  a n d  vice 
ve r sa :  such  processes  m i g h t  be  indeed  ana logous  to those  
occur r ing  in c o n t r a c t i n g  polyacr i l ic  acid gels ~6, i L 

Zusammen/assung. D u r c h  Zugabe  u n d  d u r c h  Aus-  
waschen  v o n  M g - P y r o p h o s p h a t  (0,5 m M )  oder  Mg- 
T r i p o l y - P h o s p h a t  (1 m M )  k o n n t e n  (in A b w e s e n h e i t  y o n  
ATP)  in g l y z e r i n e x t r a h i e r t e n  F a s e r n  v o n  f ibri l l / i ren 
I n s e k t e n m u s k e l n  (Lethocerus maximus) revers ib le  Kon-  
t r a k t i o n s z y k l e n  u n d  A n d e r u n g e n  des D e h n u n g s w i d e r :  
s t andes  b e w i r k t  werden.  
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Electron Microscope and 
Fibres Relaxed by Pyrophosphate  t 

D u r i n g  t h e  c o n t r a c t i o n - r e l a x a t i o n  cycle of muscle ,  
A T P  has  two  func t ions :  a p las t ic iz ing  func t i on  (dissocia- 
t i on  of a c t o m y o s i n  in to  ac t i n  and  myos in) ,  a n d  t he  p rov i -  
s ion of energy  b y  spl i t t ing .  Resu l t s  of TAYLOR et  a l )  sug- 
ges t  t h a t  t he  ene rgy  l i be r a t ed  b y  A T P  sp l i t t i ng  is used to  
b r i n g  b a c k  t h e  d e t a c h e d  m y o s i n  heads  ( =  cross br idges)  
i n to  t h e  re laxed,  r e c t a n g u l a r  pos i t ion  3. I f  t h i s  sugges t ion  
is correct ,  t h e  ang led  cross br idges  of a muscle  in  r igor  
shou ld  d e t a c h  f rom t h e  a c t i n  f i l amen t s  w i t h o u t  a change  

Optical Diffraction Studies on Glycerol-Extracted Insect Flight Muscle 

of c o n f o r m a t i o n  b y  t h e  ac t ion  of p y r o p h o s p h a t e  (PP) 
wh ich  is k n o w n  to  i m i t a t e  on ly  t h e  p las t ic iz ing  ac t ion  of 
A T P  ~. 

To t e s t  t h i s  hypo thes i s ,  t h e  r igor  s t a t e  of g lyce r ina t ed  
f ibres  of t h e  do r so long i tud ina l  f l igh t  musc les  of Letho- 
cerus spec) was used as a s t a r t i n g  condi t ion% To be  sure  
t h a t  no  A T P  was lef t  in t h e  fibre, t h e  r igor  so lu t ion  (50 m M  
KC1, 20 m M  h i s t id ine ,  p H  6.5, 10 m M  NAN3) was ch an g ed  
severa l  t imes .  W h e n  t h e  f ibres  were t r an s f e r r ed  to  t h e  


