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Transformation of Chemical into Mechanical Energy by Glycerol-Extracted Fibres of Insect 
Flight Muscles in the Absence of Nucleosidetriphosphate-Hydrolysis 

Crossl inked gels of neu t r a l i zed  po lyacry l i ac id  wh ich  
were i n c u b a t e d  in sa l t  so lu t ions  d i sp layed  revers ib le  
isotonic  c o n t r a c t i o n  cycles a f te r  a d d i t i o n  of HC1 ~-8 a n d  
e x h i b i t e d  a t e inochemica l  effect  (re~ve,v = to  s t re tch ,  to  
d i la te ) :  W h e n  such  gels were m echan i ca l l y  s t r e t ched  
whi le  t h e y  r e m a i n e d  i n c u b a t e d  in  sa l t  solut ion,  a r evers ib le  
decrease  in p H  was obse rved  4, 5. T h e r m o d y n a m i c  ana lys i s  
led to  t he  genera l  t e i nochemica l  pr inciple*:  1. A comple te -  
ly  q u a n t i t a t i v e  t r a n s f o r m a t i o n  of chemica l  in to  m e c h a n i c a l  
ene rgy  is possible  w i t h  con t rac t i l e  sys t ems  p rov ided  t h a t  
t he  sys t em can  be  r eve r s ib ly  changed  b y  l e n g t h  changes  
a n d  b y  t h e  a d d i t i o n  of chemica l  r eagen t s ;  2. such  ene rgy  
t r a n s f o r m a t i o n s  are coupled  w i t h  a t e inochemica l  
effect :  r eagen t s  wh ich  induce  ( isometric)  r e l a x a t i o n  are  
abso rbed  b y  t h e  con t r ac t i l e  s y s t e m  w h e n  i t  is s t r e t c h e d  
a t  c o n s t a n t  a c t i v i t y  of t h a t  reagen t .  

G lyce ro l -ex t rac ted  insec t  f l igh t  muscles  showed  repea t -  
able  i somet r ic  c o n t r a c t i o n - r e l a x a t i o n  cycles a f t e r  addi -  
t i on  a n d  r e m o v a l  of such  A T P - a n a l o g u e s  as Mg-pyro-  
p h o s p h a t e  6 a n d  7 - i m i d o - A T P  ( A M P P N P ) 6 - s  w h i c h  are  
n o t  h y d r o l y s e d  b y  ac tomyos in .  I n  t h i s  p a p e r  i t  will  b e  
shown  t h a t  i t  is poss ible  to  o b t a i n  ex t e rna l  work  p r o v i d e d  
t h a t  t he  f ibres  are  s t r e t c h e d  in t h e  p resence  of a p las t ic izer  
a n d  reIeased in i t s  absence  a n d  t h a t  t he  f ibres  b e h a v e  l ike 
a t e i n o c h e m i c a l  sys tem.  

Methods.  Fib re  b u n d l e s  (6-8 fibres) of t h e  dorsa l  
l ong i t ud ina l  muscle  f rom Lethocerus m a x i m u s  were s tored  
for  u p  to  8 m o n t h s  in  50% glycerol  a n d  glued b e t w e e n  
2 glass rods  of a n  h igh ly  i somet r ic  t ens ion  record ing  
appa ra tusg ,  ~~ O n e  glass rod  was connec ted  to  a 5734 
RCA-force  t r a n s d u c e r  (compl iance  5 • 10 -6 cm/dyne) .  
The  o the r  rod  was f ixed on  a m i c r o m e t e r  dr ive  whose  
pos i t ion  could be  m o n i t o r e d  b y  t he  d i s p l acem en t  of a 
Grass-force t r a n s d u c e r  FTO3C.  L e n g t h  changes  were  
ca l i b r a t ed  w i t h  a n  ocular  m i c r o m e t e r  a n d  f rom t h e  repro-  
duc ib i l i ty  of s t i f fness  m e a s u r e m e n t s  of f ibres  in  r~gor, i% 
was conc luded  t h a t  l e n g t h  con t ro l  was  accu ra t e  w i t h i n  
4- I vm.  

St i f fness  (A force pe r  f ibre  a n d  pe r  u n i t  s t ra in)  was  
m e a s u r e d  i m m e d i a t e l y  a f te r  a release (0.25% L0) com- 
p le t ed  w i t h i n  0.5 sec ( ' i m m ed i a t e  st iffness ')  a n d  5 to 
10 ra in  a f t e r  t h a t  release (stat ic  st iffness).  

R igor  con t r ac t i ons  were gene ra t ed  b y  t he  m e t h o d  of 
WI~ITEn: The  b u n d l e  was f i rs t  suspended  in an  A T P -  
re l ax ing  so lu t ion  (15 m M  Mg-ATP,  p H  6.5, pCa > 7) and  
t h e n  i m m e r s e d  in  2 ml  of a n  A T P  free r igor  so lu t ion  

(20 m M  Imidazol ,  10 m M  N a N  8, 4 m M  E G T A ,  50 m3//  
I~C1, p H  6.5, 22-26~ in order  to  p roduce  r igor  tens ion .  
A T P  was t h e n  w a s h e d  ou t  f rom the  f ibres  b y  severa l  
succesive so lu t ion  changes .  Then ,  t h e  f ibres  were in- 
c u b a t e d  for up to 20 min in 2 ml of a Mg-AMPPNP 
solution (5 mM in addition to rigor solution) and were 
then immersed in a freshly made rigor solution, in which 
they contracted again. After this pretreatment the experi- 
ment was continued either by isometric tension experi- 
ments when the fibres were immersed into analogue 
solutions of increasing concentration (0.I mM to 16 mM) 
or by positive (or negative) length-tension cycles (see 
l egend to  F igure  3). 

Results.  After  dep le t ion  of ATP,  t h e  f ibres  c o n t r a c t  
i somet r i ca l ly  and  deve lop  t h e i r  t yp i ca l  r igor  cha rac t e r -  
is t ics  6,11 (Table).  ~ r h e n  t h e  f ibres  are  t r an s f e r r ed  in to  a 
5 m21~ r Mg-ana logue  solut ion,  t ens ion  a n d  st iffness fall 
a n d  r e a c h  a s t e a d y  va lue  5 m i n  a f t e r  i n c u b a t i o n  in  t h a t  
so lu t ion  (Table).  This  ana logue- induced  r e l a x a t i o n  can  
be  pa r t iMly  reversed  (Figure 1) : The  f ibres  c o n t r a c t  a n d  
b e c o m e  st i f fer  w h e n  t h e y  are  r e - immersed  in a r igor  
solut ion.  The  f ina l  va lues  are a b o u t  75% of t he  t ens ion  
and  st i ffness in  t h e  or iginaI  r igor  so lu t ion  (Table).  Such  
i somet r ic  t ens ion  cycles can  be  r epea t ed  m a n y  t imes  (up 
to  11 cycles) w i t h o u t  a n y  no t i cab le  change  in t h e  t en s ion  
a m p l i t u d e  (Figure  1). 

The  effect  of ana logue  c o n c e n t r a t i o n  u p o n  s ta t i c  
i somet r ic  f ibre  t ens ion  is s u m m a r i z e d  in  F igure  2: 
Inc reas ing  M g - A M P P N P  c o n c e n t r a t i o n s  resu l t  in  enhanc -  
ed r e l a x a t i o n  of t h e  f ibres ;  however ,  t h e  r e l a t ionsh ip  
b e t w e e n  t ens ion  a n d  c o n c e n t r a t i o n  is no t  a s imple  
hype rbo l i c  one;  t he  M g - A M P P N P  c o n c e n t r a t i o n s  neces- 
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Fig. 1. Contraction cycles without ATP. A bundle of 8 fibres (DLM, Lethocerus mtzximus) suspended in ATP relaxing solution is transferred 
(at ~) into ATP free rigor solution in order to produce rigor tension. At~ partial relaxation is induced by immersing the bundle in a 
5 mM Mg F-imido-ATP solution (AMP-P-N-P). 4 rain later tension is steady at 7.5 dyne per fibre. At ~ the fibres are transferred back 
into the rigor solution which generates a tension rise up to 15 dyne per fibre. Repeatable contraction-relaxation cycles can be observed 
after removal (~) and readdition (4) of Mg T-imido-ATP. 
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sary  to induce  50% a n d  90% r e l a x a t i o n  are 2.5 m M  a n d  
16 m M  respect ive ly .  A t  c o m p a r a b l e  c o n c e n t r a t i o n s  Mg ++ 
(added to r igor  so lu t ion  as MgC12) a n d  N a - A M P P N P  
h a v e  a m u c h  smal le r  i somet r ic  re lax ing  effect  t h a n  
M g ~ A M P P N P  (Figure  2). 

A pos i t ive  work  cycle was o b t a i n e d  w h e n  (af ter  t he  
p r e t r e a t m e n t  desc r ibed  above)  t he  f ibre  was  re leased b y  
0.5% L o in r igor  solut ion,  r e s t r e t c h e d  in r e l ax ing  so lu t ion  
c o n t a i n i n g  t h e  ana logue  (5 m M )  a n d  induced  to  c o n t r a c t  
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Fig. 2. The effect of Mg-AMPPNP concentration upon tension of 
glycerinated DLM fibres of Lethocerus maximus. Rigor tension was 
generated by the method of WroTE. Subsequent immersion of the  
bundIe (6 fibres) into a Mg-AMPPNP solution (5 raM) induces 
relaxation which is partialiy reversed after a reincnbation in rigor 
solution (compare Figure 1). After this pretreatment the fibres were 
immersedin solutionswith increasing Mg-A1KPPN P (O), Na-AMPPNP 
(~) or MgC12 (&) concentrations. Note that the N[g complex of 
AMPPNP has a stronger relaxation effect than its components. 
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Fig. 3. Reversible work cycles with DLM fibres (Lethocem~s maximus) 
After pretreatment which involved (see Figure 1) generation of rigor 
tension, analogue induced relaxation and partial regeneration of 
rigor tension by washing out the analogue, a bundle (8 fibres, 23 ~ 
was subjected to a positive and a negative work cycle. A positive 
work cycle starts at A when the fibres are immersed in rigor solution. 
While remaining in that solution the bundle is released stepwise 
(A-B) and steady tensions (ZX) recorded 5 min after those releases. 
At B, Mg-AMPPNP added to rigor solution induces partial relaxa- 
tion until 5 rain later tension is steady at C. The bundle, while it 
remains immersed in the analogue solution, is stretched stepwise to 
Lo (C-D) and tensions (~2) are recorded 5 rain after those stretches. 
At D the fibres were immersed into rigor solution to induce isometric 
contraction. At the end of this positive work cycle, tension (E', V) 
did not differ notiecably from the tension at the start (A) of the cycle. 
A negative work cycle (b) was performed by reversing the steps 
E'-D'-C'-B'-A ' of the positive cycle. Tension at the end of the 
negative cycle (A0 is virtually the same as in the beginning of the 
positive cycle (A). 

( isometr ical ly)  b y  i m m e r s i o n  in r igor  solut ion.  F igure  3 
shows t h a t  f ibre  t ens ion  a t  t h e  end  of a pos i t ive  cycle (E) 
was nea r ly  t he  same  as a t  t he  beg inn ing  (A). D u r i n g  
5 pos i t ive  cycles t he  f ibres  h a v e  pe r fo rmed  pos i t ive  work  
([16.5 :k 1 6  (S.E.) merg/ f ibre/cycle] ,  e q u i v a l e n t  to  t he  
a rea  c i r cumscr ibed  b y  t h e  cycles), Such  cycles could also 
be performed in t h e  reverse (negative) direction. During 

3 n e g a t i v e  cycles t h e  same  f ibres  a b s o r b  m e c h a n i c a l  work  
(18.3 ~= 2.0 merg/ f ibre /cycle) .  A t  t he  end  of t h e  las t  neg-  
a t ive  cycle t h e  f ibre  was in  t h e  same s t a t e  as a t  t he  be- 
g inn ing  of t he  f i rs t  pos i t ive  cycle. I t  was  no t  possible,  
w i t h  t he  same  bundle ,  to  get  no t i ceab le  work  perfor-  
mances  w h e n  a 5 m M  MgC12 so lu t ion  was used in s t ead  of 
t h e  5 m M  Mg A M P P N P  solut ion.  A M P P N P - i n d u c e d  work  
pe r fo rmances  (14.5 ; 15.3 ; 16.5 ; 18.3 merg/ f ibre /cyc le)  were 
essent ia l ly  r ep roducab le  for t he  four  f ibres  tes ted .  

App l i c a t i on  of t h e  t e i nochemicM pr inc ip le  to  glycerol-  
e x t r a c t e d  fibres.  A M P P N P  is n o t  spl i t  b y  a c t o m y o s i n  12; 
even  the  m a x i m u m  sp l i t t i ng  r a t e  c o m p a t i b l e  w i t h  
YOUNT'S e s t ima te s  12 (less t h a n  2% in  16 h u n d e r  condi-  
t ions  in  w h i c h  A T P  is 90% c leaved  in  10 rain) would  
supp ly  to  t he  f ibres  less t h a n  2% of t he  free ene rgy  neces-. 
s a ry  to p roduce  t he  obse rved  m e c h a n i c a l  work  (Figure 3). 
Hence,  t h e  ev idence  t h a t  t he  same  s t a t e  (same t ens ion  a t  
same  l eng th  and  concen t r a t i on )  of t he  f ibres  is o b t a i n e d  
a f te r  pos i t ive  and  a f t e r  n e g a t i v e  work  cycles d e m o n s t r a t e s  
t h a t  t h e  chemica l  r eac t ions  b e t w e e n  A M P P N P  a n d  
crossbr idges  as well  as t he  m e c h a n o - c h e m i c a l  responses  to  
l e n g t h e n i n g  are revers ible .  Thus ,  t h e  p re requ i s i t e  of t he  
t e inochemica l  pr inc ip le  ~ is fullfilled. 

S t a t e m e n t  1.18 of t he  t e inochemica l  p r inc ip le  impl ies  
t h e n  t h a t  a comple t e ly  q u a n t i t a t i v e  t r a n s f o r m a t i o n  of 
chemica l  (free) ene rgy  in to  m e c h a n i c a l  work  a n d  vice 
versa  is possible  w i t h  g lyce ro l -ex t rac ted  D L M  fibres  of 
Leehocerus max imus .  

S t a t e m e n t  2. of t h a t  princil~le is t h e  t e inochemiea I  
effect. I t  d e m a n d s  t h a t  t h e  obse rved  M g - A M P P N P  
induced  ( isometric)  r e l axa t ion  is coupled  w i t h  a n  absorp-  
t i on  of M g - A M P P N P  b y  t he  f ibres  w h e n  t h e y  are s t r e t c h e d  
a t  c o n s t a n t  a c t i v i t y  of t h a t  analogue.  The  q u a n t i t a t i v e  
aspec ts  of t he  t e inochemica l  effect  were  a l r eady  g iven  b y  
GIBBS l~,15; t h e y  were l a t e r  e x p e r i m e n t a l l y  ver i f ied  for  
ar t i f ic ia l  con t rac t i l e  sys t ems  4,5,16 and  for a d e n a t u r a t e d  
a c t 0 m y o s i n  s y s t e m  17 : 

- -  0log(a) 2.303 R T  (1) 

where  N is t he  n u m b e r  of mole  A M P P N P  abso rbed  b y  
t he  f ibre ;  L is t h e  f ibre  l eng th ;  (a) is t h e  a c t i v i t y  of 

i2 R. G. YOUNT, D. OJALA and D. BABOCK, Biochemistry 70, 2490 
(1971). 

Is This formulation is typical for the 'engine approach' in thermo- 
dynamics as. The meaning of the statement 4-7 is that under 
isothermal and reversible conditions the cyclically affected work 
performances must be compensated by the supply of an equal 
amount of free energy. In the absence of energy providing reactions 
(and of contamination processes) free energy is to be supplied from 
immersion solutions (corresponding to reservoirs of the 'engine') 
while AIKPPNP is transported from the 5 mM solution via the 
'engine' to rigor solution. It is the (equivalent) osmotic work 
released by this dilution process which is quantitatively trans- 
formed by the 'engine' into mechanical work ~9. 

1~ j .  W. GIBBS, The seier papers o] J. W. GibBs (Dover publica- 
tions Inc. New York 1961) Transactions of the Connecticut 
Academy 1875. 

15 A. KATGHALSKY in Contractile Polymers (Ed. A. WASSERMANN; 
Pergamon Press, Oxford 1959) p. 1. 

16 W. G. POUL, H. J. KIJHN and W. KuH~, Z. Naturf. 6, 756 (1966). 
17 W. I{UHN, I. TOTH, t-I. J. I{UHN, Helv_ china. Acta ,15, 2327 (1962). 
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Tension and stiffness of glycerinated DLM fibres (Lethocerus maximus) 
in rigor solution and Mg-AMPPNP solution 

Solution Tension yield Immediate Static 
point stiffness stiffness 

(dyne/ (dyne/ (dyne/ (dyne/ 
fibre) fibre) fibre) fibre) 

A rigor ~ 21.5 21.5 3600 3500 
B rigor + 

5 mM 
Mg-AMPPNPb 7.3 8.0 1700 1100 

C rigor 15.2 18.3 2300 2200 

50 mM KC1, 20 mM Imidazol, 10 mM Na-azide, 4 mM EGTA, pH 
6.5. b aequimolar in MgC1 e and adenyl imidodiphosphate (purchased 
by Serva, Heidelberg). 
The fibres were first suspended at room temperature (22~ in a 
ATP relaxing solution (15 mM MgATP, pH 6.5, pea 7). After immer- 
sion in a rigor solution tension was generated (A); tension drops 
after analogue addition (B) and is partially regenerated after reim- 
mersion in rigor solution (C). 

M g - A M P P N P  in t he  i n c u b a t i o n  so lu t ion ;  / is t he  force 
ac t ing  on t he  f ibre ;  R T  is equa l  to  2.45 • 10 -1~ e rg /mole  
a t  r oom t e m p e r a t u r e .  

Neglec t ing  t he  differences be t w een  ac t iv i t i es  (a) and  
concen t ra t ions ,  i t  is easy  to  eva lua t e  (0//0log a )L = - -7  
d y n / f i b r e  f rom t h e  slope a t  5 mdkr of t he  force - ana logue  
c o n c e n t r a t i o n  cu rve  (Figure 2). Accord ing  to e q u a t i o n  (1) 
t h e  a m o u n t  of t he  s t r e t c h  i nduced  A M P P N P  a b s o r p t i o n  
(0N/0L)~ is 120 p m o l / c m  f ibre  a t  c o n s t a n t  A M P P N P  
c o n c e n t r a t i o n  (5 raM),  which  m e a n s  t h a t  a s t r e t c h  of 
1% Lo should  induce  a n  e x t r a  A M P P N P  a b s o r p t i o n  of 
1.2 pmole  pe r  cm f ibre  length .  

A direct ,  b u t  sti l l  lacking,  e x p e r i m e n t a l  ve r i f i ca t ion  of 
t h e  t e inochemica l  effect  [ equa t ion  (1)] would  give re- 
inforced ev idence  t h a t  t he  descr ibed  s y s t e m  is ful ly 
revers ib le ;  b u t  would  Elf t he  resu l t s  f i t  e q u a t i o n  (1)] 
o the rwise  give no  new i n f o r m a t i o n  upon  t he  sys tem.  

I t  is i n t e re s t ing  to discuss t he  effect  of ana logue  addi-  
t i on  u p o n  a c t o m y o s i n  l inkages  in connec t ion  w i t h  ev idence  
o b t a i n e d  b y  b iochemica l  s tud ies  t2, m e c h a n i c a l  s tud ies  u 
(Table),  a n d  opt ica l  s tud ies  (e lectron mic rograph ics  ~6, 
X - r a y  d i f f rac t ion  p a t t e r n s  ~9, 2o a n d  f luorescen t  polar isa-  
tion2~). As will be  d iscussed f u r t h e r  elsewhere, such  
resul t s  sugges t  t h a t  ana logue  b i n d s  to  crossbr idges  
w h e n  i t  induces  re laxa t ion ,  a n d  t h a t  in  comple te  r e l a x a t i o n  
br idges  are re leased f rom t he  a r r o w h e a d  pos i t i on  on  t he  
ae t in .  F ree  ene rgy  (added b y  increas ing  t h e  A M P P N P  
concen t r a t ion )  m u s t  be  suppl ied  ill o rder  to  b i n d  t he  
A M P P N P  to t he  crossbr idges  a n d  in order  to  release 
crossbr idges  f rom the i r  a t t a c h m e n t  to  ac t i n  in  t h e  ar row- 
h e a d  c o n f o r m a t i o n  2~. R e m o v a l  of A M P P N P  causes 
c o n t r a c t i o n  a n d  removes  free energy  f rom t he  con t rac t i l e  
sys tem.  Hence,  i t  is l ikely t h a t  t h e  c o n t r a c t i o n  a n d  t he  
f o r m a t i o n  of r igor  l inkages  is t he  s p o n t a n e o u s  process  
in  t he  crossbr idge  cycle, whi le  t h e  d e t a c h m e n t  is t he  
energy  requ i r ing  step.  

Af te r  a (reversible) comple te  i somet r ic  c o n t r a c t i o n  - 
r e l a x a t i o n  cycle, no work  is pe r fo rmed  b y  t h e  f ibres  a n d  
t h e  free energy  suppl ied  for t he  b i n d i n g  m u s t  be  exac t Iy  
equal ized  b y  t h e  free energy  re leased due to  t h e  r e m o v a l  
of t h e  analogue.  However ,  in  do ing  m e c h a n i c a l  work  as 
descr ibed  in t h i s  paper ,  e x t r a  free ene rgy  is requ i red  a n d  
is suppl ied  to  t he  con t rac t i l e  s y s t e m  b y  t h e  s t r e t c h  
induced  ana logue  absorp t ion .  I t  is t h a t  e x t r a  free ene rgy  
associa ted  w i t h  ana logue  b i n d i n g  which  is q u a n t i t a t i v e l y  
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  d u r i n g  a work  

cycle:  a cycl ical ly  ef iec ted t r a n s f o r m a t i o n  of chemica l  
in to  m e c h a n i c a l  ene rgy  is on ly  possible,  if a s t r e t c h  de- 
p e n d e n t  ana logue  a f f in i ty  enables  t h e  s to rage  of free 
b i n d i n g - e n e r g y  w h e n  t he  crossbr idges  are s t re tched .  The  
ca lcu la ted  1.2 pmole  ana logue  wh ich  are abso rbed  d u r i n g  
a 1% Lo s t r e t c h  of t he  f ibres  cor responds  to  a s t r e t ch  
induced  ana logue  b i n d i n g  of 2 0 % - 4 0 %  of t h e  t o t a l  
n u m b e r  of crossbr idges  zz p r e sen t  in  1 cm f ibre  length ,  
wh ich  is t a k e n  to  m e a n  t h a t  t h e  a f f in i ty  of t he  cross- 
br idges  for t he  ana logue  is m a r k e d l y  increased  b y  t he  
s t re tch .  

F r o m  the  ev idence  sugges t ing  a s t r e t c h - d e p e n d e n t  
a f f in i ty  of crossbr idges  to  A M P P N P ,  i t  is t e m p t i n g  to  
specula te  a b o u t  one possible  role of t he  h y d r o l y t i c  
p r o d u c t s  of A T P - s p l i t t i n g  24,~5 in ac t ive ly  c o n t r a c t i n g  
muscle.  If  t h a t  p r o d u c t  b e h a v e d  ana logneous ly  to t he  
A M P P N P  w i t h  respec t  to  a c t o m y o s i n  b i n d i n g , a  s h o r t e n i n g  
of t he  crossbr idge  would  decrease  t h e  a f f in i ty  of cross- 
br idges  to  t he  p roduc t s ,  whi le  a s t r e t c h  would  cause  i t  to  
increase.  The  t h e o r y  of processes  26 impl ies  t h a t  t he  de- 
creased p r o d u c t  a f f in i ty  induces  a n  e n h a n c e d  r a t e  of 
p r o d u c t  d i ssoc ia t ion  ( the r a t e  l im i t i ng  s tep  of A T P -  
spl i t t ing) .  

Hence,  t h e  A T P - s p l i t t i n g  r a t e  would  be  e n h a n c e d  w h e n  
crossbr idges  are released, and, r e t a r d e d  w h e n  t h e y  are 
s t re tched .  Such  a n  effect  m i g h t  a c c o u n t  for  t he  e x t r a  
A T P - s p l i t t i n g  obse rved  in ac t ive ly  s h o r t e n i n g  muscle  27. 

Zusammen/assung. Glyce r in - ex t r ah i e r t e  Fase rb i inde l  
yon  fibrill~iren I n s e k t e n f l u g m u s k e l n  (Lethocerus maximus) 
le i s ten  revers ib le  mechan i s che  Arbe i t ,  w e n n  sie in  Rigor-  
16sung e n t d e h n t  werden,  d u r c h  Zugabe  yon  A M P P N P  s 
i somet r i sch  re laxieren,  in  der  A M P P N P - L 6 s u n g  g e d e h n t  
werden  u n d  d u r c h  E n t z u g  y o n  A M P P N P  zur  isome- 
t r i s chen  K o n t r a k t i o n  g e b r a c h t  werden.  D a b e i  wi rd  die 
mechan i s che  A r b e i t  q u a n t i t a t i v  aus  chemischer  Ene rg i e  
(Verd i innungsenerg ie  des Analogs)  p r o d u z i e r t ;  dies is t  
n u t  m6gl ich,  w e n n  A M P P N P  d e h n u n g s i n d u z i e r t  y o n  
den  F a s e r n  a b s o r b i e r t  wird.  
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