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T H E  E F F E C T S  OF A D E N O S I N E  T R I P H O S P H A T E  ON T H E  

F I B R E  V O L U M E  OF A MUS CLE H O M O G E N A T E  

by 

B. B. MARSH* 
Low Temperature Station/or Research in Biochemistry and Biophysics, University o~ Cambridge 

and Department o~ Scientific and Industrial Research, Cambridge (England) 

Observations in many  laboratories during recent years leave little doubt, even if 
they provide no final proof, that  actin, myosin, and adenosine tr iphosphate (ATP) are the 
essential components for muscular contraction. The striking contraction-like synaeresis 
caused by addition of ATP to actomyosin gels or threads at low salt concentration 
(SZENT-GY/)RGYI1), and, on a more organised system, t:he rapid shortening of glycerol- 
t reated muscle fibres in presence of ATP (KoREY2), have been taken to support  those 
theories which assume tha t  relaxation o f  muscle coincides with energy release to the 
contractile machine by  the enzymic dephosphorylation of ATP. On the other hand, the 
heat measurements of HILL (summarisect by HILL 3) cannot easily be reconciled with an 
active relaxation theory, while several observations on model systems would appear  to 
find a more ready interpretation in terms of active, rather  than passive contraction; in 
particular there may  be noted the prevention of shortening of washed fibres (KOREy2), 
and of "contract ion" of actomyosin gels (KusCHINSKY AND TURBA¢), by sulphydryl re- 
agents, and the lengthening of loaded actomyosin threads caused by inorganic pyro- 
phosphate and other pyrophosphate  compounds which are not enzymically split (ENGEL- 
tIARDT AND LIUBIMOVA5). The relation between contraction-like effects and the presence 
or decomposition of ATP is thus obscure, and indeed the supposedly int imate connection 
between synaeresis of actomyosin and contraction of muscle is by  no means firmly 
established (PERRY, REED, ASTBURY AND SPARK6). 

The present investigation was commenced to s tudy the effect of ATP on the water  
retention of a muscle homogenate, and was suggested by the familiar observation that,  
when fresh muscle is minced, the sarcoplasmic fraction becomes more readily extractable 
as glycolysis proceeds, while the extraction of fibrillar protein becomes more difficult. 
Although fluid retention is greatly diminished by a fall in pH (EMPEY~), this does not 
appear  to be the whole explanation since the expression of muscle juice is facilitated by 
post-mortem glycolysis even when acid production is minimised; furthermore, the strik- 
ing effect of ATP on actomyosin suggests that  hydrolysis of ATP might alter the water  
relations of muscle during the onset of rigor mortis. The investigation has proved un- 
expectedly fruitful in revealing the presence in muscle of a labile factor which profoundly 
affects the volume response of muscle fibres to added ATP. A brief account of this work 
has already appeared s. 

* Present address: Dominion Laboratory, Department of Scientific and Industrial Research, 
Wellington, New Zealand. 
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EXPERIMENTAL 

The modified centri/uge 
I t  was sugges t ed  b y  Dr  K. BAILEY t h a t  a l a b o r a t o r y  cen t r i fuge  m i g h t  be modif ied  in  some  w a y  

to  p e r m i t  c o n t i n u o u s  read ing  of t h e  v o l u m e  of t he  fibre l ayer  of a musc le  brei du r ing  cent r i fuga t ion .  
Th i s  was  ach ieved  qu i te  s i m p l y  in  t h e  following m a n n e r ,  

A 6o w a t t  l a m p  was  p laced  below a s l i t  in  t he  base  of t he  centr i fuge,  ve r t i ca l ly  below the  hori-  
zon ta l  pos i t ion  of t h e  sp i nn i ng  tube,  a n d  a co r respond ing  s l i t  (for viewing) was  c u t  in t he  l id  of 
t he  machine ,  ve r t i ca l ly  above  t he  l i gh t  source.  Two sl i ts  were m a d e  in  a m e t a l  cen t r i fuge  cup,  each  
a b o u t  5 cm  )< I cm,  d i ame t r i ca l l y  oppos i te  a n d  in  l ine w i th  t he  axis  of t h e  cup,  a n d  in such  pos i t ions  

t h a t ,  when  t he  cup  was  sp inn ing  hor izonta l ly ,  l i gh t  pas sed  f rom 
_ _  t he  source,  t h r o u g h  b o t h  s l i ts  a n d  ou t  of  t he  v iewing s l i t  in t he  

lid, once du r i ng  each  revolu t ion .  The  coun te r -ba l anc ing  cup  was  
n o t  modified,  

W h e n  a g r a d u a t e d  cen t r i fuge  t u b e  con ta in ing  l iqu id  was  
s p u n  in t h i s  a p p a r a t u s ,  no t  on ly  t he  g r a d u a t i o n  l ines,  b u t  also 
t h e  e tched  n u m b e r s  were c lear ly  vis ible  t h r o u g h  t h e  fluid, W h e n  
t he  t ube  con ta ined  b o t h  solid and  l iqu id  layers ,  t h e  heav ie r  ma -  
te r ia l  appeared  as  a u n i f o r m  b lack  a rea  while  t he  s u p e r n a t a n t  
fluid a l lowed t h e  t r a n s m i s s i o n  of l i g h t  to t he  observer .  There  was  
a v e r y  sha rp  b o u n d a r y  be tween  t he  two phases ,  a n d  t he  v o l u m e  of 
t h e  more  solid phase  could  be r ead  c o n t i n u o u s l y  b y  reference to  

Fig. I. The  modi f ied  cent r i fuge .  
Cas ing r e m o v e d  to  i l l u s t r a t e  
pos i t i on  of l i gh t  source  and  

p a t h  of l i gh t  bea m.  

a b 

Fig. 2. a : The  cen t r i fuge  cup,  showing  pos i t i on  of t h e  s l i t s  re la t ive  to t he  g r a d u a t i o n s  on t h e  cen t r i fuge  
t u b e ;  b :  Appea rance  of t he  s ame  cup  when  s p i n n i n g  a t  iooo r .p .m.  The  d i rec t  b e a m  f rom t h e  l igh t  

source  ha s  been r e m o v e d  by  a sh ie ld  (centra l  b l ack  area) du r ing  p h o t o g r a p h i c  exposure .  

t he  lowest  g r a d u a t i o n  l ine  vis ible  t h r o u g h  t he  l iqu id  layer .  The  effect  was  i n d e p e n d e n t  of cen t r i fug ing  
speed,  a n d  was  as  clear  w h e n  direct  c u r r e n t  rep laced  A.C. m a i n s  to s u p p l y  t he  l i gh t  source.  The  
a p p a r a t u s  hears  no r e semblance  to t h e  s t roboscopic  microscope-centrifuge of HARVEY 9. 

The  cen t r i fuge  is i l l u s t r a t ed  in  Fig.  I ,  a n d  t h e  a p p e a r a n c e  of a t u b e  du r ing  a n d  a f te r  sp inn ing  
is  shown  in  Fig. 2. 

Materials 
The  psoas  a n d  a d d u c t o r  musc les  of r abb i t s  were u sed  t h r o u g h o u t  t h e  inves t iga t ions .  Mos t  of 

t he  a n i m a l s  were wel l  fed a n d  were ki l led b y  decap i t a t ion  a f te r  t h i r t y  m i n u t e s '  comple te  r e l axa t ion  
p roduced  b y  in t r ape r i t onea l  or  i n t r a v e n o u s  in jec t ions  of m y a n e s i n  (BATE*SMITH AND BENDALLI0). 

Adenos ine  t r i p h o s p h a t e  (ATP) was  p r epa red  b y  t h e  m e t h o d  of LOItMANN as  descr ibed b y  
NEEDHAM 11. 
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Technique 
Following the  example  of the SZEG~D ~ ' 

school 1, po tass ium chloride (o.16 3I) was ~25 
the  medium generally used in the present  
work. Abou t  2 g muscle were homogenized ~. 
in 8 ml of th is  solut ion for 1~-3 minutes ,  
using the appa ra tu s  of MARSH AND SNOW 12, 
and the  brei was quickly t ransferred to a 
graduated  centrifuge tube  (IO ml, o.I ml 
divisions) in the  modified centrifuge, 2.0 
which was rap id ly  accelerated to abou t  
2,800 r .p.m. (relative centrifugal force a t  
t ip  of tube  abou t  1750). Taking zero t ime 
at  the  commencemen t  of centrifuging, the  
volume of the  heavier  fibre layer  was re- 
corded against  t ime as i ts  surface level 1.5 
reached each gradua t ion  mark.  

A considerable decrease in fibre vol- 
ume occurred due merely to centrifugal  
packing, bu t  th is  could be pract ical ly  
e l iminated in one of two ways,  depending 
on the initial s ta te  of the muscle. Ca) 
W h e n  fresh, pre-r igor  muscle was cxamin-  t.0 
ed, the  complex curve relat ing volume to 
t ime of centr ifuging was "cor rec ted"  for 
the s imple packing effect by  dividing the 
observed volume by  tha t  of a brei of r igor 
muscle a t  the same t ime of spinning.  
Trials  showed t h a t  the  fibre volume of a 
homogena te  of muscle in full r igor de- 
creased smooth ly  wi th  t ime of centrifu- 
ging, no fur ther  change being detected 
af ter  abou t  80 minutes ,  and the volume 
a t  any  o ther  t ime was expressed as a 
mult iple  of the  8o-minute  volume (e.g. 3- 3.0 
minute  volume = 1.2o; 2o-minute  volume 

1.o9, etc.). This  series of values was 
used to "cor rec t"  o ther  curves for s imple 
centrifugal  packing. The method  is illu- 
s t ra ted  in Fig. 3. (b) W h e n  the  effect of 
added reagents,  no t ab ly  ATP, was exam- 
ined on muscle homogenized af ter  the de- 25 
ve lopment  of rigor mortis ,  i t  was found 
s impler  to obta in  first a "cont ro l  curve"  
for t h a t  par t icular  brei. The smal l  fibre 
plug was then  re- incorporated wi th  the  
s u p e r n a t a n t  fluid b y  stirring, the reagent  
was added to the suspension of fibre 
pieces, and the  fibre volume was again 2.0 
observed in the centrifuge. The second 
curve obtained was  then corrected for 
s imple packing b y  dividing the observed 
values by  those of the control  curve a t  cor- 
responding t imes  of spinning.  This  is illu- 
s t ra ted  in Fig. 4. I t  wi l lbe  observed that ,  
while method  (a) provides a final curve 
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Fig. 3. The fibre volume of a homogenate  of fresh 
muscle as a funct ion of t ime of centrifuging. 
a: curve obta ined by  direct observat ion;  b: the 
same after  dividing each observed value by  a 
correction factor (derived from the s tandard  cor- 
rection curve) to el iminate simple centrifugal 

packing. 
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Fig. 4. The swelling effect on fibre volume 
of added ATF. Upper :  Fibre volume be- 
fore and after  addi t ion of ATP to a brei 
of rigor muscle. Lower:  Volume behaviour  
af ter  correcting for s imple centrifugal 
packing. I mg A T P - P  added a t  t ime o. 
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express ing  v o l u m e  in ml, m e t h o d  (b) gives a curve  in wh ich  v o l u m e  is r ep resen ted  as a pe rcen tage  
of t h a t  in absence  of t h e  added  reagent .  

RESULTS 

Fibre volume and rigor mortis 

When the fibre volume of a fresh actively-glycolysing muscle brei was examined as 
a function of t ime of centrifuging, a curve resembling (a) in Fig. 3 was obtained, and on 
correction for packing this was transformed to curve (b) in tha t  diagram. Three more 
corrected curves are illustrated in Fig. 5, selected at  random from over fifty such obser- 
vations. In  all these experiments each curve consisted of three distinct phases which for 
convenience will be described as pre-rapid, rapid, and post-rapid, respectively. The fibre 
volume at commencement of the rapid phase may  be considered as unity to permit  cal- 
culation of rate and extent of volume diminu- 
tion, and to aid these determinations, the three 
linear phases may  be extrapolated to give precise 
values at their points of intersection for volume 
and t ime at the beginning and end of the rapid 
phase. 

The pre-rapid phase occupied up to 5 ° 
minutes, its duration being markedly affected 
by glycogen reserves (regulated by  control of 
feeding) and by the degree of exhaustion of the 
animal at death (controlled by myanesin). In  
these respects it may  be compared with the 
delay period preceding the elasticity changes 
which accompany the onset of rigor morris in 
whole muscle (BATE-SMITH AND BENDALLI3) .  

Thus, well-fed animals t reated before death with 
myanesin almost invariably had muscles which, 
taken soon after death, showed a pre-rapid 
phase of at least 20 minutes, and occasionally 
over 4 ° minutes, duration, while at  the other 
extreme the muscles of two insulin-treated 
animals with negligible glycogen content (ulti- 
mate  pH 7.16, 7.18) showed in one case a pre- 
rapid phase of three minutes and in the other 
this phase was complete before observations 

$-*.6 

4 f 
~2 

o 2b ,'o 6'o 
I~inutes 

Fig.  5. The  fibre v o l u m e  of a f resh 
musc l e  h o m o g e n a t e  as a f unc t i on  of t i m e  
of cent r i fuging ,  a f te r  app l i ca t ion  of 
pack ing  correc t ion curve.  I l l u s t r a t i ng  
t h e  th ree  phase s  i n v a r i a b l y  seen on cen-  
t r i fuga l  obse rva t ion  of a brei of f resh  

muscle in o.16 M KC1. 

could be commenced. There was little or no volume decrease during the pre-rapid phase, 
the observed diminution being almost exactly accounted for by  the packing effect, and 
except in two cases the rate of decrease did not exceed o. 5 % per minute, calculated on 
the volume at commencement of the rapid phase. 

The rapid phase commenced quite suddenly, the rate of volume diminution some- 
times increasing ten-fold within five minutes after a pre-rapid phase occupying severat 
times this period. The rapid phase showed wide variations in velocity and extent, the 
briefest lasting only 31/2 minutes and the longest 2 1 ~  minutes, while the volume de- 
crease in the fibres varied from 17 to 46% of the value at  commencement of the rapid 
phase. The rate  of volume diminution varied from I - 8  % per minute, which, on individual 
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curves, represented an increase over the rate of shrinkage in the pre-rapid phase of 
5-1o times. 

The post-rapid phase. The decrease of fibre volume ceased quite abruptly at the end 
of the rapid phase, and the volume thereafter remained constant or decreased only 
slowly at about the same rate as in the pre-rapid phase. No further change in volume 
behaviour occurred, this phase being linear for as long as observations were continued. 

Relation between velocity and extent o/synaeresis. A large volume decrease was associ- 
ated with a rapid phase of short duration, and some degree of control over these variables 
was possible in that  tissue homogenized for a longer period exhibited greater synaeresis, 

the rapid phase occupying a shorter time 
0 o interval. Thus a fibre volume decrease of 

o 20% and occupying 20 minutes was ob- 
served in a brei, the preparation of which 

o involved homogenizing for 30 seconds" 
while muscle reduced by treating for 3 

o minutes diminished in fibre volume by 
® about 40% in 6 minutes. This is better 

expressed in Fig. 6, in which each of the 36 
o ® points represents the relation between the 

o~  ~ o  o velocity and extent of synaeresis in the 
~ rapid phase of one homogenate. Analysis 

in this way was sometimes impossible 
2 o ~ ~ o ° since the pre-rapid phase was occasionally 

® ® ® 

oo o o ~ too brief to permit accurate determination 
of its linearity and slope, while sometimes 
the post-rapid phase was obscured by a 

2b 3'0 ~o sy,ooro,i, light precipitate, presumably denatured 
Fig. 6. The extent and velocity of fibre synaeresis myogen, which descended from the super- 
in centrifuging homogenates of fresh muscle. 
Extent: Fibre volume decrease, during rapid natant  liquid to blur the boundary and 
phase, as a percentage of initial volume. Velocity: prevent further observation. Nevertheless 
Extent of synaeresis per minute during rapid there are sufficient points to indicate a 

phase, definite relation. 
Effect o/varying KCl concentration. The three-phase diagram relating fibre volume 

to time of centrifuging was observed when homogenates were prepared in water or in 
KC1 solutions of concentrations up to 0.4 M. The turbid supernatant liquid and blurred 
boundary obtained when molarities of more than 0. 3 were used made volume observation 
difficult, but in all cases the same type of behaviour was recognizable. The pre-rapid 
phase was shortened considerably when the molarity was low; the duration of this phase 
in water was only 3 ~ minutes compared with 12 minutes when another sample of the 
same muscle was examined in o.16 M KC1. 

Effect o/other ions. Centrifugal examination of a brei prepared in RINGER-TYRoDE 
solution (Na +, K +, Ca ++, Mg++, CI-, H2PO~-, HCO~-) revealed a volume/time relation- 
ship very different from the normal three-phase behaviour. An immediate synaeresis 
occurred, the fibre volume decreasing very rapidly to only one half the expected value. 
There was no suggestion of a pre-rapid phase, and within a few seconds of commence- 
ment of centrifuging the fibres had packed so tightly that their volume remained almost 
unaltered despite prolonged spinning. Further investigations, using solutions of TYRODE 
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constituents either alone or in various combinations as homogenizing fluid, showed that 
calcium was the ion responsible for the new type of volume behaviour. When calcium 
was omitted from the TYRODE solution the usual three-phase diagram was observed, but 
the presence of 0.02 % calcium chloride, either alone or with other salts, invariably per- 
mitted only the sudden synaeresis. 

Effect o/ iodoacetate. Several homogenates were examined after preparation in 
o.16 M KC1 + 0.002 M sodium iodoacetate to prevent completely the formation of 
lactic acid. On centrifuging, the three-phase diagram was obtained in all cases, but the 
duration of the pre-rapid phase was shortened considerably. Thus in one pair of experi- 
ments this phase lasted only Io minutes in the presence of iodoacetate while the control 
(without inhibitor) showed a delay of 26 minutes. On another occasion the corresponding 
times were 7 and 22 minutes respectively. The observed synaeresis is not conneced 
directly, therefore, with post-mortem acid production, but must obviously be intimately 
associated with a change occurring fairly early post-mortem. 

The effect o /added A T P  on fibre volume 

To test the hypothesis that  the dephosphorylation of ATP was related to the rapid 
phase of volume diminution, the ester was added back to the shrunken system in amounts 
of about I m g  labile-P (in I ml solution) per io ml brei (containing about 2 g muscle). 
One or other of two large and very different effects was caused by this treatment - a 
freely reversible increase in fibre volume or an irreversible synaeresis. 

Reversible volume increase 

ATP addition to a muscle brei which had passed through a rapid phase of shrinkage 
only shortly before almost invariably produced the effect illustrated by Fig. 4. The fibre 
volume as read, before applying the correction factors for simple centrifugal packing, 
was observed to remain fairly constant, or to decrease less than that of the fibres of the 
control brei, for some minutes. This phase was followed by a rapid volume decrease 
which ceased when the volume was about equal to that  of the fibres of the control homo- 
genate after the same time of centrifuging. After applying the control curve to eliminate 
the packing effect the volume changes resembled the lowest curve of Fig. 4, consisting 
of a brief period of rapid volume increase of I5-25%, a phase of up to five minutes du- 
ration during which this high level was maintained or slightly increased, and another 
brief period during which the fibre volume decreased rapidly to about its original value. 
This series of changes usually occurred when ATP was added to a rigor brei prepared on 
the same day as the animal was killed, and the same effect was observed in about two of 
every three experiments when this procedure was applied to a brei prepared from rigor 
muscle after storage for 24 hours at o ° C. Volume reversal could often be repeated several 
times on the same brei by further additions of ATP, although maxima and minima 
tended to be slightly lower with each repetition. 

The effects of the presence of other salts on this volume behaviour was examined. 
ATP was added to homogenates prepared in solution of TYRODE constituents, and with 
one exception, fibre volume increases were observed in all cases where the fibres of a 
control brei in KC1 showed the swelling effect. In the presence of 0.02 % CaC1 v however, 
this was replaced by irreversible synaeresis. The volume response to added ATP therefore 
paralleled exactly that of homogenates of fresh muscle prepared in various solutions as 
previously described. 
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Homogenates of rigor muscle in isotonic KC1 were unaffected by the addition of 
inorganic phosphate (4 mg P) or of inorganic pyrophosphate (4 mg acid-labile P). 

Irreversible synaeresis 

Addition of ATP to a brei of rigor muscle frequently caused an immediate and con- 
siderable synaeresis instead of the fibre swelling previously described. This shrinkage 
was extremely rapid and was almost in- 
variably complete within about 20-3 ° 
seconds. Its onset could often be recog- 

oa 

nised, before centrifugal observation was 
recommenced, by a characteristic increased 
whiteness of the fibre particles. The volume 2.5 
behaviour is illustrated in Fig. 7. The ap- 
parent slight swelling which followed the 
large synaeresis, as shown in the lowest 
curve of that  figure after correcting for 
centrifugal packing, was observed in all 2.a 
cases of considerable shrinkage, and would 
appear to be due merely to the extremely 
"superpacked" nature of the particles. The 
appearance of these pieces was very dif- 
ferent from that  of the fibres of the control ~Io0 
brei, and their density, after losing almost 
half their water content during synaeresis, ~ 90 
must have been greater than before ATP 
addition, so it is not surprising that  the 
particles failed to follow exactly a course ~ oo 
related linearly to that  taken by  the fibre 
pieces of the control homogenate. The zo 
slight volume increase following synaeresis 
is considered, therefore, to be of no real 
significance. 

Well over fifty volume shrinkages of 
this type were observed in the course of 
the investigation, and by comparing the 
volumes before and after ATP addition 
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Fig. 7. The  sh r i nk ing  effect on fibre v o l u m e  of 
added  ATP.  Uppe r :  F ib re  v o l u m e  before a n d  
af te r  A T P  add i t i on  to a brei of r igor  muscle .  
Lower :  Vo lume  behav iou r  a f te r  cor rec t ing  for 
s imp le  cen t r i fuga l  packing .  I m g  A T P - F  added  

a t  t i m e  o. 

after one minute's centrifuging in each case, a mean volume diminution of 23% was 
calculated, with extreme limits of I i  % and 43 %. No method of reversing this shrinkage 
was found. Washing the fibres to remove ATP or further addition of ATP proved equally 
ineffective, the volume/time relationship remaining unchanged from that  of the first 
large shrinkage. 

Intermediate behaviour 

In addition to the very distinct effects described above, many experiments produced 
volume/time curves of greater complexity. In some, for instance, a volume increase of 
5-1o% above the control was followed after 2-3 minutes by a rapid phase during which 
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the volume decreased to 3-6% below tha t  of the control. In other cases an immediate 
synaeresis of about  8 % was followed by  a swelling which increased the fibre volume 
almost to tha t  of the control, and a second synaeresis then reduced the volume to a 
steady value about 8% below that  of the control. These curves were at first mistaken for 
other quite distinct types of volume behaviour, but  it later became obvious that  the 
systems were all displaying effects intermediate between reversible swelling and irreversi- 
ble synaeresis. By graphically compounding these two effects in varying ratios it was 
possible to reproduce even the most complex curves obtained in centrifuge experiments. 
All the observed effects were therefore the resultant of two volume changes of similar 
magnitude but  opposite in direction and of different rates. While one was clearly a 
reversal of the synaeresis observed when the fibre volume of a fresh, actively-glycolysing 
muscle brei was examined, the other appeared to be directly related to the synaeresis of 
extracted actomyosin and the shortening of glycerol-treated muscle fibres induced by 
added ATP. 

The/actor controlling volume changes 

To this point, the only clues to the possible nature of the factors influencing the 
response of the fibres were the apparent  sensitivity to calcium of the volume-swelling 
mechanism, and the increased tendency toward fibre shrinkage with increasing age of 
the preparation. Other factors were investigated. 

The effect o/pH. The volume response to added ATP was found to be unaffected by 
the presence of 0.002 M iodoacetate. In  order to prepare homogenates of fixed pH a 
sample of muscle was homogenized in o.16 M KC1, and when the pH had attained the 
required value iodoacetate was added. Creatine phosphate and ATP decomposition were 
complete within a few minutes, after which the centrifuge test could be performed with 
no possibility of pH shift. In the pH range 7.2-5.8, to which observations were confined, 
pH had no consistent effect on volume response to ATP, and both swelling and synaeresis 
were found at any pH within this range. However, the extent of volume change was 
markedly dependent on pH, the total  change (maximum increase above control + 
max imum decrease below control) decreasing from 20--25% at pH 6.7-7.2 to 8-1o% 
at pH 5.8-6. 3. 

The effect o/A TP concentration. Although immediate synaeresis could be produced 
by adding lesser amounts of ATP, it became clear that  this was not the essential difference 
between the two volume effects since on many  occasions immediate synaeresis followed 
the addition of very appreciable amounts of ATP. Nevertheless the results were of some 
interest;  in those systems which displayed fibre swelling on the addition of appreciable 
amounts  of ATP, the minimum concentration of tha t  ester required to cause a full vol- 
ume increase was found to be 0.07 mg ATP-P per g muscle (assuming tha t  the distribu- 
tion of added ATP was uniform throughout both  fibre pieces and suspending medium). 
Maximum immediate synaeresis was brought  about  by the addition of o.02 mg labile 
P per g muscle. 

The sarcoplasmic /actor. Replacement of the supernatant  liquid of a centrifuged 
homogenate by  fresh o.16 M KC1 solution altered entirely the volume response to ATP. 
In those systems which swelled on addition of ATP, the intermediate type of volume 
behaviour was obtained merely by  re-suspending the fibres in fresh KC1 solution, and 
when the fibre pieces were twice washed in KC1 solution with alternate centrifuging, 
they responded to ATP addition by  shrinking immediately.  Some degree of control over 
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the volume effects was now possible in tha t  synaeresis could be brought about at will by 
a s tandard procedure, as illustrated by Fig. 8, but  of greater significance was the indica- 
tion of the existence of a substance, soluble in o.16 M KC1 solution, which must  be 
int imately concerned in volume increase effects. This will be referred to as the " fac tor"  

m 

fO~ 

! 

I 
I 
I ,( 

Minutes 

Fig. 8. Reversible volume increase, and the  irreversible synaeresis  observed after  washing the  homo- 
genized fibres. Fibre  volume expressed as a percentage of the control  volume after  the  same t ime 

of centrifuging,  o.76 mg A T P - P  added at  each arrow. 

Nature o/the [actor 

Solutions suspected to contain the factor were examined by observing in the centrifuge 
the volume response to added ATP of washed fibres suspended in the solution. Absence 
of the factor was shown by an immediate  synaeresis, and presence of the factor by  
reversible volume swelling, while intermediate b e h a v i o u r - - a  slight swelling followed by 
appreciable synaeres i s - -was  interpreted as an indication of the presence of the factor 
in diminished quanti ty.  

Evidence/or protein nature. The constituents of TYRODE solution, either separately 
or in combination, permit ted only irreversible synaeresis when they were tested with 
washed fibres. The supernatant  fluid from a spun homogenate lost all factor activity 
after  removal  of heat-coagulated material  (2 minutes at 6o°), or by removal of the pre- 
cipitate formed after neutralization to pH 7 of an acidified aliquot (pH 3.6, HC1). These 
demonstrations of the lability to heat and acid of the factor suggested tha t  it consists, 
at  least in part,  of protein material,  and extracts (known by the centrifuge test to contain 
the factor) were therefore dialysed at o ° C for 16 hours in cellophan sacs against either 
distilled water  or o.16 M KC1. Of six such experiments, four showed tha t  no factor 
act ivi ty remained within the sac, while the other two showed partial  activity est imated 
from the positions of their centrifuging curves to be about  25% and 50%. In no case 
could any activi ty be detected in the outer dialysing fluid, and when this was concen- 
t ra ted and added to the inner solution no enhancement of act ivi ty was observed. In all 
these experiments a small amount  of precipitated protein failed to redissolve in KC1 
solution. A rapid dialysis (4 hours) against ice-cold distilled water, with frequent changes 
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of fluid and continual agitation of the sac did not inactivate the volume-reversing factor, 
full act ivi ty remaining wi th in  the sac. On this occasion all the precipitated protein 
readily redissolved in o.16 M KC1 solution. 

Fractionation with ammonium sulphate failed to provide any information, possibly 
because of the necessity of prolonged dialysis, and elution by  phosphate buffer of 
proteins adsorbed on calcium phosphate also failed, no fraction showing any factor 
act ivi ty after dialysis. 

The magnesium-act ivated ATP-ase described by KIELLEY AND MEYERHOF 14 was 
prepared, but  showed no activity.  The same result was obtained when tests were made 
using several relatively pure glycolytic enzymes (phosphorylase, lactic dehydrogenase, 
aldolase, enolase, creatine phosphokinase, and triose phosphate dehydrogenase) kindly 
supplied by Dr. B. A. ASKONAS 15. 

Function o[ the [actor. I t  was found tha t  the rate of dephosphorylation of ATP by 
the fibres of a muscle brei varied over a wide range, being considerably higher, in general, 
when the fibres were washed before incubation with ATP. A closer examination re- 
vealed a correlation between presence of the volume-reversing factor and diminution 
in the ability to split ATP. Those systems, the fibres of which increased in volume on 
ATP addition, released inorganic phosphate from excess ATP at a rate of only about  
4 ° ~g P/minute/g muscle, while in those homogenates which responded to added ATP by 
immediate fibre synaere~is, inorganic phosphate appeared at the rate of about 3o0-400 
/~g P/minute/g muscle. (All measurements were made at  17 ° C). Since almost IO ~g P 
were produced per minute per g muscle by  soluble enzymes in the former case, the ratio 
of fibrillar ATP-ase activities in the two systems was about I : IO. No separation of this 
apparent  ATP-ase inhibition from the fibre-swelling factor has been achieved. The 
former effect was not due to aerobic resynthesis of ATP since the presence of o.oi M 
cyanide did not alter the rate of production of inorganic phosphate. Neither was it due 
to a preferential diversion of ATP to other reactions (for instance, the phosphorylation 
of fructose-6-phosphate), since more complete analysis showed tha t  the amount  of ATP 
removed during incubation agreed with the amount  of inorganic phosphate produced, 
and no accumulation of other phosphate esters was detected. 

Changes in micro-structure 

Although the volume changes reported above suggest tha t  changes in fibre length 
were involved, the swelling and synaeresis might conceivably have been caused merely 
by changes in rigidity of the fibre pieces, or by  alterations in fibre diameter at fixed 
length. Changes in systems displaying either increased or decreased volume immediately 
on ATP addition were examined microscopically ( × IOO). A drop of a suspension of fibre 
particles in either o.I6 M KCI solution or in an extract  containing the swelling factor 
was placed within a wax circle of 4 m m  diameter mounted on a glass slide. ATP solution 
was added by pin-point and stirred into the suspension, and measurements were made 
at  intervals. 

Those fibres suspended in KC1 solution responded very rapidly to added ATP and 
within a few seconds had at tained their ult imate shape. Their length decreased by  about  
60 % and their breadth increased by about 40 %, causing an overall volume decrease of 
approximately 20%. In presence of the volume-increasing factor the effect was very 
different, the fibre lengthening by  about  20 % during the first minute, and by a further 
20% in the next  ten minutes when shortening did not intervene before this time. Short- 
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ening then occurred at a rate of lO-2O% per minute till the particle had returned to 
within IO% of its initial length, after which no further change occurred. No alteration 
in diameter  was detected, but  as at tention was directed towards length changes, the 
possibility of breadth alterations is not excluded. The duration of the phase of increasing 
or high volume was long compared with the corresponding phase in the centrifuge tests, 
possibly because ATP removal  in the former case was achieved solely by  enzynfic de- 
composition while in the centrifuge this process was augmented by centrifugal transfer 
of ATP from the fibres to the supernatant  fluid. Apar t  from this, the observations on 
micro-structure were entirely consistent with the volume behaviour of the fibres during 
observation in the centrifuge. In particular, fibre swelling corresponded to lengthening, 
and synaeresis to shortening. 

DISCUSSION 

I t  may  be argued, with some justification, that  the volume and length changes in 
muscle fibre pieces described in this work are related only to the onset and reversal of 
rigor mortis. Certainly the slowness of the changes and the fact that  fibre shortening and 
synaeresis occur only at low ATP concentrations might be taken as evidence that  the 
observations have no connection with muscular contraction. Nevertheless the magnitude 
of these changes and their obvious dependence on an int imate relation between fibre 
proteins and ATP suggest that  the system may  be regarded as a model muscle under- 
going contraction and relaxation. Indeed, the physiological completeness, high degree of 
fibrillar organisation, and ready reversibility of volume changes in the present work 
suggest that  the muscle homogenate is more nearly a true model system than actomyosin 
threads or glycerol-treated fibres. 

From the evidence of electron micrographs, PERRY et al. 6 concluded that  the syn- 
aeresis of actomyosin under the influence of ATP is not the process underlying the act 
of muscular contraction. The present work seems in no way incompatible with this con- 
clusion. The partial  dehydration of the fibres of the muscle homogenate is regarded, not 
as the fundamental  cause, but  ra ther  as one effect, of fibre shortening; the volume 
changes are merely a useful guide to the extent of those fundamental  changes in molecu- 
lar configuration which affect the state of hydration. That  such large volume changes 
are not observed in living muscle is no argument  against the validity of comparing the 
homogenate with intact  muscle for, whereas the fibre pieces have been so extensively 
damaged as to permit  the ready outflow of fluid, this change is paralleled in the intact  
muscle by an appreciable increase in pressure during contraction (HILL) 16. Thus, while 
agreeing with PERRY et al. 6 that  an actomyosin system cannot, " b y  a process of al ternate 
dehydration and rehydration, reproduce the mechanical properties of the cell", we 
consider that  synaeresis may  still provide, in certain circumstances, a valuable index to 
more deep-seated changes of molecular configuration. 

The relaxation-like effect observed in those systems which swelled on ATP addition 
appears to be a new phenomenon in muscle models, the only comparable effect being a 
lengthening of actomyosin threads, when loaded, under the influence of the pyrophos- 
phate  group. Since fibre swelling has been shown to depend upon the presence of an extre- 
mely labile factor, it is not surprising that  other model systems show no similar response 
to ATP; solubility of the factor in water  and low salt concentrations would ensure its 
absence from actomyosin threads or gels, while due to its instability it would be absent 
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from glycer01-treated fibres. As reported here, the factor appears to be accompanied by  
an ability to suppress the ATP-ase activity of the fibril, and it will be assumed that  the 
fibre-swelling effect is associated with this enzymic inhibition. I t  must  be admitted, 
however, tha t  the only reason for supposing the identi ty of the volume-increasing factor 
and the ATP-ase-inhibiting factor is the simultaneous disappearance of both from an 
extremely complex system, and the components responsible for the two effects may  
prove to be different substances, alike only in their instability. Should only one com- 
ponent be responsible for both effects, it is suggested that  the rate of ATP decomposition 
will be a much more sensitive guide to presence or absence of the factor than the cent r i -  
fuge test, which in the present work provided only a semiquanti tat ive determination of 
factor activity, and might conceivably have failed to record relatively appreciable 
amounts of the component. 

Assuming that  fibre-swelling and enzyme inhibition are int imately re la ted--poss i -  
bly by  a masking of essential groups of myosin, or by formation of a "protect ive con- 
j ugation" between factor and ATP, as suggested by E NGELHARDT 1 7 -  how are the changes 
in fibre length and volume to be explained in relation to the presence or decomposition 
of ATP ? In  those systems which displayed fibre swelling on addition of ATP, presence 
of the ester in appreciable concentration was greatly prolonged, and an increase of 
volume and length is therefore to be associated with the presence, rather  than with the 
rapid breakdown, of ATP. On the other hand, in those homogenates which exhibited 
immediate synaeresis, the relatively high ATP-ase activity ensured that  presence of the 
ester in appreciable amount  was maintained for no more than a very brief period of time. 
I f  ATP-ase act ivi ty exceeded the rate of ATP diffusion into the fibre pieces, ATP could 
not attain, even momentarily,  a significant concentration at the site of its interaction 
with the contractile proteins, yet  energy release proceeded at a high rate. A volume 
decrease is thus to be associated with the near absence of ATP, coinciding with, or pre- 
ceded by, its rapid breakdown. This explains why the presence of calcium permit ted 
only synaeresis on ATP addition; calcium is a powerful act ivator  of myosin ATP-ase 
(BAILEY) Is and its presence would be expected, therefore, to exert an effect opposite to 
tha t  of the labile factor. 

Similarly the effect of adding smaller amounts of ATP, in presence of the factor, 
finds a simple explanation. Addition of the ester in large amount  causes fibre swelling 
since an appreciable concentration of ATP can be maintained. Addition of small amounts 
of ATP causes only synaeresis because, even at a low rate of dephosphorylation, energy 
is being supplied to the contractile system whiJe at the same time ATP is present in 
insufficient amount  to maintain saturation of the relevant centres. The conditions for 
synaeresis---low concentration of ATP and breakdown of the e s t e r - - a r e  thus satisfied. 
Since 0.07 mg ATP-P per g muscle is required to permit  a complete reversible cycle of 
fibre swelling, while 0.02 mg ATP-P causes max imum immediate synaeresis in I g 
muscle, it is justifiable, on the above reasoning, to assume that  0.02 mg ATP-P is that  
amount  which just saturates the ATP-reacting groups of I g muscle, while 0.05 mg 
ATP-P is the minimum amount  required to maintain this saturation while max imum 
increase in, volume is being attained. Since ATP decomposition proceeds, in presence of 
the factor, at a rate of about  4 °/~g P/minute/g muscle, the duration of the phase of 
rapidly increasing fibre volume should be about  Ii/4 minutes, and it was indeed found 
tha t  this phase lasts about  1-2 minutes in all cases. 

I t  is also of interest that ,  assuming IOO mg myosin/g muscle, 0.02 mg ATP-P per g 
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muscle corresponds to I mole of ATP per 31o,ooo g myosin. This may be compared with 
the ratio of I mole of ATP per lOO-3OO,OOO g myosin required to dissociate completely 
the actomyosin complex in 0. 5 M KC1 (MOMMAERTS) 19. Interpreting these observations 
on the intermolecular level, it is considered that the contractile proteins of relaxed 
muscle are maintained in the dissociated (actin + myosin) state because of the greater 
affinity of the sulphydryl groups of myosin for ATP than for actin (BAILEY AND PERRY2°). 
Because of the presence of the labile factor reported above, the rate of ATP breakdown 
is slow, and consequently a state where ATP is temporarily absent does not occur; hence 
actomyosin cannot be formed. Contraction involves a transformation to the actomyosin 
condition, due to (a) an increased rate of energy release from ATP, and (b) a temporary 
absence of ATP from the vicinity of the - S H  centres of myosin- - these  changes are 
caused by increased ATP-ase activity, as a result of either Ca++ release TM, or a temporary 
inactivation of the labile factor, or both effects. Relaxation is regarded as a return to 
a low ATP-ase activity by reversal of factor inactivation or by removal of Ca ++, this 
permitting accumulation of ATP which dissociates actomyosin to its component proteins, 
and the structure imbibes water. This swelling may be due to the greater water-retaining 
ability of the dissociated protein, or to the relatively greater freedom of the component 
proteins, or perhaps to the elastic properties of the sarcolemma which, on disruption of 
the actomyosin structure by ATP, might at tempt to regain its normal resting length. 

The above demonstration that ATP-ase activity in muscle fibres can be greatly 
diminished by the factor directs attention to the relatively high rate at which ATP de- 
phosphorylation proceeds in other model systems. Analysis merely of the medium con- 
taining such systems after "contraction" induced by ATP might well indicate that only 
a small amount of the ester has been decomposed, but it by no means follows that "con- 
traction" is due to the presence (as distinct from the decomposition) of ATP. Provided 
that, in the model itself, and not in the medium, ATP dephosphorylation can keep pace 
with inward diffusion of the ester, contraction-like effects will necessarily be observed. 

The author is grateful to Dr K. BAILEY, under whose guidance and supervision this 
work was carried out, and to Dr E. C. BATE-SMITH AND Mr J. R. BENDALL for valuable 
discussions. The latter undertook the experimental treatment of the rabbits used during 
the investigation. Dr t3. A. ASKONAS kindly provided the enzymes tested for factor 
activity. The photographs were taken by Mr D. P. GATHERUM. 

The work described in this paper was carried out as part of the programme of 
the Food Investigation Organisation of the Department of Scientific and Industrial 
Research. 

SUMMARY 

I. By means of a centrifuge simply modified to permit continuous reading of the fibr~ volume 
of a spinning muscle brei, a decrease in the fluid-retaining ability of fresh homogenized fibres has 
been detected. This synaeresis, amounting to I7-46 % of the initial volume, occurs after an interval 
of up to 5 ° minutes commencing when ATP has virtually disappeared. 

2. Addition of ATP to the shrunken system causes either a volume increase of lO-25 ~o followed 
by a decrease to about the original volume, or an immediate irreversible synaeresis of lO-4O %. 
The former effect is accompanied by reversible fibre lengthening, and the latter by irreversible 
shortening. 

3. The essential difference between the two effects is due to the presence in the former system 
of a labile component, probably a protein, in the absence of which ATP addition invariably causes 
irreversible synaeresis. 
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4- The labile factor appears  to exer t  i ts  effect by  diminishing great ly  the  ATP-ase act ivi ty of 
the homogenized fibres. 

5. The resul ts  are discussed in relat ion to the  behaviour  of other  model sys tems  and to muscula r  
contract ion.  

RJ~SUMt~ 

I. Une modification 16gSre apport6e a une centrifugeuse nous a permis  de nlesurer sans inter- 
rup t ion  le volume pendan t  sa centr i fugat ion des fibres d 'un  "bre i"  de muscle. On signale par  ce 
moyen  une syn6r~se de fibres fratches et  homog6n6is6es qui varie de 17% a 46% de leur volume 
primit i f ;  cette syn6r~se commence lorsque I 'ATP est v i r tue l lement  61imin6 et s 'accompli t  en 5 ° 
minutes  au plus. 

2. L 'addi t ion  d 'ATP aux  fibres r6tr6cies cause, soit une augmenta t ion  en volume de lO-25%, 
que suit  un  retour, ou ~ peu pros, au volume primitif ,  soit une syn6r~se nouvelle de lO-4O%, celle-ci 
ins tantan6e et irr6versible. De ces r6sultats,  le premier  s 'accompagne d 'un  a l longement  r6versible, 
le second, d 'un  raccourcissement  des fibres. 

3. La diff6rence capitale entre  ces r6sul tats  s 'expl ique par  la pr6sence, dans le premier  cas, 
d ' un  cons t i tuent  labile (et probablement ,  prot6inique) : en l 'absence de ce cons t i tuan t  I 'ATP cause 
toujours  une syn6r~se irr6versible. 

4. I1 para i t  probable  que l 'act ion de ce cons t i tuan t  labile consiste en une impor tan te  r6duction 
de l 'act ivi t6 ATP-asique des fibres homog6n6is6es. 

5. Ces r6sul tats  sont  discut6s par  r appor t  au compor temen t  d ' au t res  syst~mes modules et au 
probl~me mSme de la contract ion musculaire.  

ZUSAMMENFASSUNG 

I. Durch  eine geringe Onderung an einer Zentrifuge konnte  das Volumen der Fasern  eines 
Muskelbreies kontinuierlich abgelesen werden. Auf diese Weise wurde eine Verminderung der Flfissig- 
kei ts-Retent ion yon frisch homogenis ier ten Fasern  festgestellt.  Diese Synerese, welche I 7 - 4 6 %  des 
Anfangsvolumens  betriigt, beginnt,  wenn das ATP prak t i sch  verschwunden ist  und dauert  bis zu 
50 Minuten.  

2. Zugabe yon ATP zu dem geschrumpf ten  Sys tem bewirk t  entweder  eine Zunahme des 
Volumens yon lO-25%, welche yon einer Abnahme  bis zum urspri inglichen Volumen gefolgt ist, 
oder eine sofortige irreversibele Synerese von lO-4O %.  Der ¢rs tgenannte Effekt ist  von einer rever- 
sibelen Faserverl~ngerung, der le tz tgenannte  von einer irreversibelen Faserverki i rzung begleitet. 

3- Der wesentliche Unterschied zwischen den zwei Effekten wird durch die Gegenwart  einer 
labilen Komponente ,  wahrscheinlich eines Proteins,  im ersten System, bewirkt,  in Abwesenheit  dieser 
Komponen te  ha t  die Zugabe yon ATP immer  eine irreversibele Synerese zur Folge. 

4. Der labile Fak to r  scheint zu wirken, indem er die ATP-ase-AktivitAt der homogenis ier ten 
Fasern  bedeutend verminder t .  

5. Die Ergebnisse werden im Verh~ltnis  zu dem Verhal ten anderer  Modellsysteme and  zur 
Muskelkont rakt ion  er6rtert .  
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