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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  
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P P - s o l u t i o n  (50 m M  KC1, 20 m M  his t id ine ,  p H  6.5, 5 m M  
MgCI~, 5 m M N a ~  P207, 10 m M  NAN3) t h e  t ens ion  d ropp ed  
down  a p p r o x i m a t e l y  to t he  r e l a x a t i o n  level. T h e r e a f t e r  
t he  f ibres  were f ixed in g l u t a r a l d e h y d e  a n d  OsO 4 so lu t ions  
a n d  p r e p a r e d  for e lec t ron  microscopy.  Opt ica l  d i f f rac t ion  
p a t t e r n s  of e lec t ron  mic rog raphs  f r0m t h i c k  sec t ions  7 were 
p h o t o g r a p h e d  in a P o l a ron  d i f f rac tomete r .  The  p r e p a r a t i o n  
p rocedures  for e lec t ron  mic roscopy  caused  s imi la r  sh r ink-  
age a r t i f ac t s  as descr ibed  b y  REEDY et  al. s. Fo r  t he  sake  
of c lar i ty ,  t h e  discuss ion of t he  opt ica l  d i f f rac t ion  p a t t e r n s  
will  be  s impl i f i ed  b y  neg lec t ing  these  a r t i f ac t s  a n d  us ing  
the  va lues  m e a s u r e d  b y  X - r a y  d i f f rac t ion  s . 

The  op t i ca l  t r a n s f o r m  of a re laxed  sa rcomere  is Charac- 
te r ized  b y  a s t rong  146 A layer  l ine  a n d  shows on ly  weak  
per iods  of  388 a n d  194/k  (Figure 1). Accord ing  t'o REEDY 7, 
t he  146 /k l ayer  l ine  is caused  b y  successive cross b r idge  
pa i r s  r e p e a t i n g  a t  ax ia l  i n t e rva l s  of 146 /k  a n d  a z i m u t h a l  
i n t e rva l s  of a p p r o x i m a t e l y  60 ~ . The  d i f f rac t ion  p a t t e r n  
of a sa rcomere  f ixed in r igor  is d o m i n a t e d  b y  s t rong  layer  
l ines a t  388 a n d  194 A a n d  shows only  a v e r y  weak  per iod  
of 146 ~ (Figure  3). Th i s  r e d u c t i o n  of t he  146 ~ per iod  
d u r i n g  r igor  c o n t r a c t i o n  ha s  been  assoc ia ted  7 w i t h  t h e  
ang l ing  of cross br idges :  I n  t he  r igor  s ta te ,  t he  ac t i n  end  
of one b r idge  v e r y  of ten  over laps  t he  m y o s i n  end  of t h e  
n e x t  a n d  t h e r e b y  weakens  severe ly  t he  t r a n s v e r s e  l a t t i ce  
p lanes  r e p e a t i n g  a t  146/k.  On t he  o the r  h a n d ,  t he  per iods  
of 388 a n d  194 ~ shou ld  be  in tens i f ied  b y  t he  a t t a c h m e n t  
of cross br idges  a t  t h e  ac t in  f i l aments ,  occur r ing  in per iods  
of 388/k  in t he  p l a n e  of sect ioning.  This  pe r iod  is demons -  
t r a t e d  in F i g u r e  4. The  m i c r o g r a p h  shows a ' t h i n '  
l ong i t ud ina l  sec t ion  t h r o u g h  a p a r t  of a sa rcomere  w i t h  a 
single ac t i n  f i l a m e n t  layer.  A c t i n  ends  of cross br idges  are 
a t t a c h e d  to  t he  a c t i n  f i l amen t s  in regular  d is tances .  I f  t h e  
m i c r o g r a p h  is s igh ted  p e r p e n d i c u l a r  to  t he  f i l a m e n t s  a t  a 
g lanc ing  angle  to  t he  page  7 l ines can  be  obse rved  cross ing 
t he  f i l a m e n t  axis  a n d  cons i s t ing  of myos in  heads  a r r a n g e d  
one a f t e r  t he  o ther .  The  d i s a p p e a r a n c e  of these  l ines 
d u r i n g  r e l a x a t i o n  of a f ibre  b y  A T P  so lu t ion  p r o b a b l y  
causes  t h e  w e a k e n i n g  of t he  388 a n d  194 7t per iods  in 
op t ica l  t r a n s f o r m s  and  a d m i t s  of t he  a p p e a r a n c e  of t h e  
146 /k  layer  l ine  m e n t i o n e d  above .  

F igure  2 shows a n  op t ica l  t r a n s f o r m  of a sa rcomere  
f ixed in  P P  solut ion.  The  s t r i k ing  dif ference to  t he  p a t t e r n  
of a r igor  muscle  (Figure  3) is t he  a p p e a r a n c e  of a s t rong  
146 /k  per iod,  t yp i ca l  for A T P  re laxed  sa rcomeres  (Figure  
1). The  di f ference be tween  sa rcomeres  re laxed  in P P  
so lu t ion  a n d  in A T P  so lu t ion  consis ts  of s t ronger  layer  

l ines a t  388 an d  194 X, t h e  i n t e n s i t y  of wh ich  can  be  
g rea t e r  or less, b u t  causes  a p a t t e r n  s imi la r  to  t h a t  of a 
r igor  muscle .  These  f ind ings  sugges t  t h a t  t h e  op t ica l  
t r a n s f o r m s  of P P  re laxed  sa rcomeres  c o m b i n e  in some way  
t h e  a t t r i b u t e s  of A T P  re laxed  an d  r igor  fibres. These  resu l t s  
would  f i t  r a t h e r  well t h e  h y p o t h e s i s  a d v a n c e d  in t h e  in t ro -  
duc t ion .  T h e  m y o s i n  h e a d s  could be  de t ached  f rom t h e  ac- 
t i n  f i l amen t s  r e su l t ing  in t h e  a p p e a r a n c e  of t h e  146 X layer  
l ines as s t a t e d  above,  whereas  t h e  per iods  of 388 a n d  194 
could  be in tens i f ied  b y  t h e  ang led  pos i t ion  of t h e  cross 
b r idges  wh ich  were n o t  ab le  to  r e t u r n  in to  r e c t a n g u l a r  
pos i t i on  because  of t h e  lack of energy.  

However ,  r ega rd ing  e lec t ron  mic rog raphs  of P P  re laxed  
sarcomeres ,  l i t t l e  ev idence  could be  found  t h a t  t h i s  in te r -  
p r e t a t i o n  is correct .  I n  t h i s  respect ,  a second a r t i f a c t  
caused  b y  t h e  f i xa t i on  m e d i u m  is of i n t e re s t :  d u r i n g  t h e  
f i xa t i on  w i t h  g l u t a r a l d eh y d e ,  d e t a c h e d  cross br idges  of 
A T P  re laxed  f ibres  seem to be  r e a t t a c h e d  to  t h e  ac t i n  
f i l a m e n t s  s. T h u s  t h e  d e t a c h e d  an d  poss ib ly  ang led  cross 
b r idges  of t h e  P P  re l axed  sa rcomeres  l ikewise should  be  
a t t a c h e d  to t h e  a c t i n  f i l amen t s  d u r i n g  the  f i xa t ion  pro- 
cedures.  In  th i s  case, s imi la r  l ines cross ing t h e  f i l a m e n t  
axis  as d e m o n s t r a t e d  in F igure  4 Should be obse rved  in 
F igure  5. However ,  t h e  a r t i f a c t u a l  r e a t t a c h m e n t  of t h e  
m y o s i n  heads  to t h e  ac t i n  f i l amen t s  failed to res tore  a 
per iodic i ty .  The  l a t e ra l  p ro j ec t ions  of the  ac t in  f i l amen t s  
in  F igure  5 d e m o n s t r a t e  t h e  a t t a c h m e n t  of myos in  heads  
b u t  obv ious ly  a t  i r r egu la r  d is tances .  The  per iod ic i ty  could 
be  res to red  if t h e  P P - r e l a x e d  f ibres  were t r an s f e r r ed  f rom 
P P  so lu t ion  b a c k  in to  r igor  so lu t ion  before f i xa t ion  
(Figure  4). This  t r a n s f e r  h a s  been  associa ted  w i t h  a n  
increase  of t ens ion  9 sugges t ing  a m o v e m e n t  of cross 
b r idges  in to  the  r igor  pos i t ion  of F igure  4. 
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n D. C. S. WHITE, J. Physiol., Lond. 208, 583 (1970). 

iV[. K. REEDY, Am. Zool. 7, 465 (1967). 
8 M. K. REEDY, K. C. HOLMES and R. T. TREGEAR, Nature, Lond. 

207, 1267 (1965). 
9 H. J. KUHN, H. SCHR(JDER and J. C. ROEGo, Experientia, in press. 

Fig. I 3. Optical transforms of sarcomeres fixed in ATP- (1), Mgopyrophosphatc- (2) and rigor solution. The values of the layer lines arc con- 
verted into those measured by X-ray diffraction s (details see text). 
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Fig. 4. 'Thin' longitudinal section through a fibre which had develop- 
ed tension in a rigor solution, was relaxed by Mg-pyrophosphate, 
transferred back into the rigor solution and fixed there. The center 
of the micrograph shows a single layer of actin filaments with lateral 
projections consisting of the actin ends of cross bridges. If the micro- 
graph is sighted at a glancing angle perpendicular to the filaments, 
the projections form lines with regular distances. (Z = Z-line). 

Fig. 5. 'Thin' longitudinal section through a fibre fixed after relaxa- 
tion by Mg-pyrophosphate, showing a single layer of actin filaments. 
The lateral projections of the filaments are attached in irregular 
distances (Z = Z-line). 

Unt i l  now the  resul ts  have  been discussed as if all cross 
br idges behaved  in the  same m a n n e r  dur ing  P P  re laxat ion.  
However ,  i t  is no t  ye t  clear if th is  s impl i f ica t ion is 
pe rmi t t ed .  Regard ing  single ac t in -myos in  layers of P P -  
re laxed fibres, mos t  of t he  mic rographs  indeed show 
similar  o r ien ta t ion  of the  myos in  heads  to  t h a t  of f ibres 
re laxed wi th  A T P  ~, s On some micrographs ,  however ,  the  
cross br idges  appear  to  prefer  an angled posi t ion.  F u r t h e r  
exper iments ,  t oge the r  wi th  X - r a y  d i f f rac t ion  controls  {in 
con junc t ion  wi th  Mrs. PHYLLIS ARMITAGE and  Dr. R. T. 
TREGEAR, Oxford) will be necessary  to exclude the  pos- 
s ibi l i ty  t h a t  a r t i fac tua l  cross br idge  m o v e m e n t s  are hap-  
pen ing  dur ing  the  f ixa t ion  procedures .  But ,  in any  case, 
the  p resen t  expe r imen t s  suggest  t h a t  P P  is capable  of in- 
ducing a reversible  change of cross br idge conf igura t ion  10 

Zusammen/assung. Elek t ronenmikroskop i sche  Aufnah-  
men  von e infachen F i l a m e n t - L a g e n  M g - P y r o p h o s p h a t -  
e rschlaf f te r  Fasern  der  dorso longi tud ina len  F lugmusku-  
la tur  yon  Lethocerus spec. gleichen we i tgehend  dem Bild 
ATP-ersch la f f t e r  Muskeln. Opt i sche  Trans fo rmat ionen  

scheinen dagegen die Charakter i s t ika  yon  ATP-erschlaff -  
t en  Fase rn  und solchen, die sich im Rigor  morr is  bef inden,  
zu k o mb i n i e r en . 'D i e  ~be r f i i h rung  der  Fase rn  aus einer  
M g - P y r o p h o s p h a t -  in eine Rigor -L6sung  stell te das 
Rigor -Muste r  wieder  her. 
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3 ' -5 ' -  c A M P  a n d  L y s o s o m e  M e m b r a n e  L a b i l i z a t i o n  

In  our  p re l iminary  expe r imen t s  1 i t  was sugges ted  t h a t  
3 ' - 5 ' - cAMP produces  an endogenous  ac t iva t ion  of phos-  
phol ipase  A enzyme in t issue homogena te .  The a im of the  
following expe r imen t s  would be to  inves t iga te  the  effect  
oi exogenous  3 ' - 5 ' - cAMP on the  u l t r a s t r uc tu r e  of lyso- 
some m e m b r a n e  prepared  f rom ra t  liver t issue, s tudy ing  
the  release of lysosomal  enzymes :  acid phospha t a se s  and 
fl-glucuronidases f rom lysosomes.  

The labi l izat ion of the  lysosome membrane  and  an 
increased level of lysosomal enzymes  m ex t ra lysosomal  
space indi rec te ly  indicates  a subs tan t ia l  t r an s fo rma t i o n  
of lysosomal  m e m b r a n e  s t r u c t u r e  p resumably  the  pre-  
dominance  of micellar conf igura t ion  2. 

Material and methods. Male ra t s  of the  Wis t a r  s t r a in  
were used;  7 g of the  chil led l iver  were  weighed ou t  and  
lysosomes were p repa red  according to  WEISSMANN a 

The following procedure  was a modif ica t ion  of [{ARES- 
SON'S techniques  4. The l y sosome- r i ch  sed imen t  ob ta ined  

af ter  washing  wi th  sucrose was resuspended  in 10.0 ml  
of ice-cold sal t  p h o s p h a t e  buffer  solut ion (pH 7 .4  5 
con ta in ing  0 .25M sucrose and  5 g h u m a n  se rum a lbumin  
( resuspended sediment~. In  order  to de te rmine  the  to ta l  
ac t iv i ty  of lysosomal  enzymes  per  ml  of suspenmon, 0.7 ml  
of the  suspens ion  was mixed  wi th  2.3 ml  of the  above  
m e n t i o n e d  sucrose - H SA buffer  wi th  added  Tr i ton  X-100 
(final concen t ra t ion  0.15%). 
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