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Summary 

The turbidity changes reduced by MgATP m suspensions of actomyosm gel 
partmles have been studmd systematmally over a wide range of  MgATP con- 
centratlons at different temperatures with and without  the regulatory proteins 
An analys:s of these changes distinguishes three separate protein-protein rater- 
actions m the gel 

(1) The transient cychc interactions between actm and myosin involved m 
the hydrolysis of MgATP and contraction 

(2) Cross-lmks that  cause turbidity m the original suspension. 
(3) Cross-links that  cause the high turbidity usually associated with super- 

prec~p~tatmn. 
In general, there was a good correlatmn between the half-time for reaching 

maximum turbidity dunng superpreclpltatmn and the rate of hydrolysis. On 
the other hand, the actual magnitude of the turbidity mcrease was progresswely 
dlmmlshed as the concentratmn of substrate was rinsed m the mflhmolar range. 
It appears that  some essential phase of the superpreclpltatlon process is hmlted 
by the same enzymatm step that  hmlts the rate of hydrolysis. However, 
whether or not  this phase leads to an mcrease m turbidity depends on the con- 
centratmn of MgATP. AplSarently, h:gh physmlogmal levels of MgATP (1--5 
mM) inhibit the formatmn of the speclfm cross-lmks that  cause high turbidity 
m the superprempltate. It is proposed that  MgATP interferes with these links 

Abbrevmtlon EGTA, ethyleneglycol bm(~-ammoethyl ether)-N,N'-tetraacetm acid 
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when it can brad to a low-affinity site on myosm that  is separate from the high- 
affinity achve sites for hydrolysis. Thus, m contracting muscle, mterfi lament 
mteractmns analogous to those that  increase turbidity and cause lsodlmensmnal 
shrinkage m the gel would be prevented by the high level of MgATP m the 
sarcoplasm. Observatmns relating the shortening of isolated myoflbnls  to thetr 
turbidity m suspensmn lend support to this mterpretatmn.  

Introduction 

Since the discovery by Albert Szent-Gyorgyl [1] that  actomyosm gels super- 
precipitate dunng the hydrolysis of MgATP, this phenomenon has been used m 
various forms as an m wtro model of muscle contraction. For example, H.H 
Weber and Portzehl [2] prepared filaments of actomyosm (partially dried to 
gave the structure more resistance to tearmg) and were able to measure the 
development of  some tension when the threads superpreclpltated and 
shortened. In many studms, superpreclpltatlon has been observed and measured 
by changes m the appearance or the volume of the gel [3--5]. More recent 
studms have focused on the turbidity changes that  occur during superpreclplta- 
tmn of actomyosm gel partmles m suspensmn, because of the ease by whmh 
this can be measured [6--20]. In general, over the years, It has been estabhshed 
that  superpreclpltatmn occurs dunng actm-actlvated hydrolysis of MgATP by 
myosm, and that  the condltmns for this physmal t ransformatmn are, for the 
most part, similar to those that  support muscle contractmn. 

Yet, there is no dtrect mdmatmn that  the primary contractile events m 
muscle or m model systems include reactmns analogous to the obwous physmal 
changes assocmted with superpreclpltatmn. In partmulax, superpreclpltatmn 
measured by a decrease m volume of the gel or an mcrease m turbidity of a gel 
suspensmn requtres much lower concentratmns of MgATP and lower mmc 
strength than are found m muscle. In the work reported here, we measured the 
turbidity changes reduced by MgATP m suspensmns of actomyosm gel partmles 
under a variety of  condltmns. Records of the turbidity change with time were 
obtamed at different temperatures, with and wi thout  the regulatory protems m 
the gel, over a wide range of MgATP concentratmn.  An analyms of  the results 
mdmates that  there is a pmmary coupling between hydrolysis and an essential 
step m the process of superpreclpltatmn, but  that  this leads to a secondary 
mcrease m turbidity only when the concentratmn of MgATP is relatively low. 

Experimental Procedures 

The experimental p.rocedures and preparations used m these studms are 
described m the preceding paper [22]. 

Results and Discussion 

In general, when MgATP is added to a mechanmally stirred suspension of 
ac tomyosm partmles, three different physmal changes can be dlstmgulshed that  
alter the turbidity of the mixture.  
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1. Clearing of the initial gel The hydrated opalescent particles of the original 
suspension swell, and dissolve in the extreme, causmg a fall in turbidity. 

2. Superprecipltation. The original particles, or those cleared by reactmn 1 
above, can shrmk to an opaque dense form, causing a large rise m turbidity. 

3. Swelling of the superprecipltate. The superpreclpltated partmles formed 
by reaction 2 above, can swell (as observed m the phase contrast microscope),  
causing a fall m turbidity. Although this reaction and reaction 1 cause the tur- 
bidity to change m the same direction, it ~s important to our analysis that we 
make a sharp distraction between them, therefore, we will arbitrarily refer to 
the one as clearmg and the other as swellmg. 

Figs. 1 and 2 show how the turbidity of  an actomyosln  gel suspension 
changed in response to various serial additions of ATP and Ca 2÷. The reactmn 
mLxture contained Mg 2+ (requtred for all the reactions) at 5 mM, and a low 
level of KCI, 25 mM. The sequence of additions was different for the various 
curves but the final condltmns were the same for all. The curves in Fig. 1 are 
typical of many that have been obtained with many preparations of acto- 
myosin m the course of varmus studms The partmular records were chosen to 
demonstrate certmn salient features of the system that are important to dlscus- 
stuns later. 

A 

OI 

3 

0 /'\ x 
• \ [ 

C ~ ", \  IOIA 
- ! ~ I - - \  I 

~ . .  _ _Sec 

'), ........ b_ ...... I /  

l// ~ ,~. 

l lO IA 
C°Z" C°Z" Co z" ~ec 

T I M E  (s) T I M E  (s) 

Fig 1 Records of turbldlty change wlth the addltlon of Ca 2+ and ATP m varying sequence (Curve a) 

With Ca 2+ present, ATP was added at tune 1. Superprempltatlon proceeded rapldly, followed by cleanng 

of the original gel turbldlty and swelhng of the superpreclpltate (Curve b) Wlth Ca 2+ absent, ATP was 

added at tune I In response, the gel cleared to a steady-state level When Ca 2+ was then added at time 2, 

the protein superpreclpltated and then swelled to the same end-point as m curve a (Curve c) A low level 

of MgATP (10 -5 M) was present wlthout Ca 2+ prlor to tlme approx 1, allowing a slow rlse m turbtdty 

(superprempltatlon) At approx 1. Ca 2+ together w~th the full complement of ATP was added and the 

turbld~ty then followed the same course as m curve a (Curve d) Wlth Ca 2+ present, a low (10 -5 M) con- 

centratmn of ATP was added to fully superpreclpltate the gel, at thls level of nucleotlde no swelhng of the 

superprempltate occurred Thus the peak turblchty was maintained until the full complement of ATP was 

added at tune 3, causing the superprempltate to swell to the same end-point as m curve a The gel con- 

tamed the regulatory protelns wlth or wsthout 10 -$ M Ca 2+ as described above The normal complement 

of ATP gave a concentratlon m the reaction mlxture of 2 5 10 -3 M General conchtlons 25 °C` 25 mM 

Trls-HC1 (pH 7 4), 5 mM MgCl 2 and 25 mM KCI 0 1 mg gel/ml was used When Ca 2+ was present, the 

mixture contained 1 mM CaEGTA and when Ca 2+ was absent the mixture contained 1 mM EGTA m 

excess of Ca 2+ 

Ftg 2 Typica l  r e c o r d s  of  turb lchty  change  s h o w i n g  the  i n d e p e n d e n c e  of  supe rp re c lp l t a t l on  f r o m  c l e a n n g  
of  t he  o r tgma l  gel (Curve  a)  Ca 2+ was  p r e sen t  m the  r e a c t i o n  m i x t u r e  w h e n  A T P  was  a d d e d  to im t t a t e  
s u p e r p r e c l p l t a t l o n  In th is  case,  t he  p e a k  t u r b i d i t y  a p p a r e n t l y  inc ludes  s o m e  turb lchty  f r o m  the  or ig inal  
gel (Curves  b. c a n d  d)  Ca 2+ was  absen t  w h e n  the  adcht lon of  A T P  c leared  the  or ig inal  gel Then .  a f t e r  
d i f f e r e n t  t t m e  p e r i o d s  m the  c leared  s ta te ,  the  adcht lon of  Ca 2+ caused  superprec tp l ta t~on ,  fo l lowed  by  
c lear ing  to  t h e  s a m e  e n d - P o i n t  I n  cu rve  b ,  A T P  was  a d d e d  2 m m  p r io r  to  t he  zero  t t m e  p o i n t  s h o w n  
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From records of the kind shown m Fig. 1, it has become evident that  the 
fmal turbidity reading, no matter how simple or complex the approach to it, 
depended on the final conditions and was mdependent  of the order m whmh 
Ca 2÷ and ATP were added. For example, m curve a of Fig. 1, Ca 2÷ was added 
to activate the regulatory system and then ATP was added to reduce superpre- 
clpltatlon. In response, the turbidity rose sharply to a transmnt peak and then 
fell to the final steady-state level. 

For comparison, m curve b the same amount  of ATP was added first before 
the calcmm. The initial effect of the substrate m the absence of calcmm was to 
clear the starting gel to a lower steady-state value. Then when calcmm was 
added to activate the system, the gel superpreclpltated rapidly, with the tur- 
bidity (as m curve a) first nsmg to a peak and then setthng to a final value. 
Although the peak value m curve b was lower than in curve a, because of the 
mltlal clearing of the gel, the fmal turbidity value was the same. 

In curve c, this same fmal turbidity value was reached by still another path- 
way. In this case, a low level of ATP was added first. Under these condltmns, 
even wi thout  calcmm, there was a very slow rate of superpreclpltatmn. Then, at 
the pomt  where calcmm was added to fully activate the system, rapid super- 
preclpltatmn started and followed the same course as m the other two curves 
(a and b). 

It was also possible to reach the same end-pomt by f~rst superpreclpltatmg 
the gel to a maximum turbidity with a low level of ATP that  did not  clear the 
gel or the superpreclpltate. This could be done with one addltmn of  suffmmnt 
ATP to complete the superpreclpltatmn (curve d), or as we have previously 
shown [6,7], by the serml addltmn of smaller amounts  causmg the turbidity to 
rise m steps. Whatever the procedure for reaching maximum turbidity,  the sus- 
pensmn could then be brought down to the fmal steady-state value by addmg 
ATP, all at once or m steps to the final concentratmn. However, there were cer- 
tam time hmlts on the reversibility of these changes. In partmular, the protein 
tended to lock mto a htgh-turbldlty state on standmg at low levels of MgATP or 
on being washed free of nucleotlde, and swollen partmles of superpreclpltate 
tended to aggregate with time causing a slow downward drift m the turbidity.  
Since these phenomena were relatively slow, taking minutes, we were able to 
avoid or correct for them m our analysis of the system 

It is often considered that  an initial clearing of the gel suspensmn, or some 
mmroscopm counterpart  of that  phenomenon,  might be a prerequisite for 
superprec~pltatmn. Th~s assumptmn stems from the fact that  superprec~pltatmn 
at moderate to h~gh concentratmns of MgATP, or h~gh salt, can be preceded by 
a clearing phase [5]. However, turbidity records at low mmc strength do not  
support this mterpretatmn. At 25°C and the low salt concentratmn of the 
experiments reported here, much higher concentratmns of MgATP (1--5 mM) 
were reqmred to clear the omgmal gel than to saturate the active sites and attmn 
the maximum rate and extent  of  superprec~pltatmn. At low concentratmns of 
MgATP, the turbidity of the starting gel appeared to persist after superpreclp~- 
ta tmn and contmbute to the maximum turbidity reading. At mtermedmte 
levels of MgATP, gel cleanng apparently occurred after superpreclpltatmn 
comc~dent w~th swelling of the superprec~p~tate. Only at h~gh levels of MgATP 
was any clearing ewdent prior to superprec~pltatmn. 
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Fig 3 T u r b i d i t y  changes  m the  a e t o m y o s m  gel wi th  and  w t t h o u t  the  r e g u l a t o r y  p r o t e i n s  (Curve a)  The  
gel c o n t a i n e d  the  r e g u l a t o r y  p ro t e in  c o m p l e x  wi th  Ca 2+ Supe rp rec lp l t a t l on  was  l m t m t e d  by the  a d d i t i o n  

of  ATP at  the  t i m e  i n d i c a t e d  (Curve  b)  S a m e  as for  curve  a, e x c e p t  the  r e g u l a t o r y  p ro t e in s  were  absen t  
Genera l  concht lons  were  the  s a m e  as for  Fig  1, e x c e p t  A T P  was  at  1 25 10 -3 M 

Fig 4 T u r b i d i t y  changes  at  10°C w i t h  and  w t t h o u t  the  r e g u l a t o r y  p ro te ins .  (Curve  a)  The  gel c o n t a i n e d  
the  r e g u l a t o r y  p r o t e i n  c o m p l e x  wi th  Ca 2+ Supe rp rec tp t t a t l on  was  in i t i a t ed  by  the  a d d i t i o n  of  ATP a t  the  
t i m e  ind i ca t ed .  (Curve b)  S a m e  as for  curve  a,  e x c e p t  t he  r e g u l a t o r y  p r o t e i n s  were  a b s e n t  The  genera l  

conch t lons  were  the  s a m e  as for  Fig 1 e x c e p t  the  t e m p e r a t u r e  was  I O ° C  and  the  ATP c o n c e n t r a t i o n  was  
10  - s  M The  b r e a k  m the  top  curve  r e p r e s e n t s  1 ra in ,  a t  the  u p p e r  a r r o w  the  r eco rd  speed  was  r e d u c e d  to 

one -e igh th  o f  t he  or ig ina l  B o t h  cu rves  c a m e  to  the  s a m e  e n d - p o i n t  

Swelling of the superpreclpitate, hke clearing of the mltlal gel turbidity, 
reqmred concentrations of MgATP well above those required to saturate the 
active sites for MgATP hydrolysis. When swelhng was extensive, at concentra- 
tions of MgATP above 1 mM, It appeared on the turbidity records as a fall from 
a high transmnt peak to the final steady state, and both the peak and the final 
turbidity were lower the higher the level of MgATP. 

The swellmg of superpreclpltate by high levels of MgATP is apparent m the 
records reported by Matsunaga and Noda [6]. They found a relatively low max- 

T A B L E  I 

E F F E C T  O F  T H E  R E G U L A T O R Y  P R O T E I N S  ON S U P E R P R E C I P I T A T I O N  AS M E A S U R E D  BY 
C H A N G E S  IN T U R B I D I T Y  

Values  are c luphcates  t a k e n  f r o m  t w o  d i f f e r e n t  r eco rds  

A T P  c o n c e n t r a t i o n  Ha l f - t ime  to Peak  t u r b i d i t y  End  tu rb ld t ty  

(raM) p e a k  t u r b i d i t y  (s) 

Wi th  T T  No T T  

With  T T  No T T  With  TT  No TT  

0 0 1  17 ,  19 19 45 ,  42 5 45 5 4 5 , 4 2  5 45 
0 025  6, 5 8 57 ,  53 49 5 4 , 4 3  48 
0 05  4 .  3 5 5 57,  56 50 40 ,  39 41 
0 1 5, 4 8 53 ,  51 5 44 33,  29 5 33 
0 25 3 5, 4 7 54 ,  47 39 5 30 ,  29 29 
0 5 3, 4 8 5 51 5,  50 36 27 ,  26 28 
1 0 4 ,  6 8 46,  43 5 31 5 2 2 , 2 2  27 
2 5  7 ,  5 16 38 ,  37 26 14,  16 24 
5 0  18 ,  20 * 24 ,  2 2 5  - - 6 * *  14 ,  9 5  6 

* C l e a n n g  and  very  slow rise 
** M m l m u m  value  d u r i n g  c l eanng  
TT ,  t he  t r o p o m y o s m - t r o p o m n  c o m p l e x  wl th  Ca 2+ 
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1mum turbidity reading when superpreclpltatlon took place m a high concentra- 
tion of MgATP and suggested that  the protem showing this was an intermediate 
form between the startmg gel and high-turbidity superpreclpitate formed m low 
salt. 

When EGTA was added to the suspension of regulated actomyosln after it 
had reached a steady state m the presence of calcium, the turbidity fell to a 
new steady-state level, the effect was reversed by calcium in excess of the che- 
lator. Apparently, the superprecipltate swells to a greater extent  when calcium 
is removed from the regulatory protein. Maruyama and Komlnz [7] some years 
ago presented records that  lndmated this mfluence of calcmm on the turbidity 
of superpreclpltate. They mterpreted the effect of  removing calcium as a partial 
reversal of the overall superpreclpltatmn process. 

The rate of superpreclpltatmn slows markedly when the temperature is 
lowered. On the other hand, low temperature apparently favors clearing of t h e  
gel and swellmg of the superpreclpltate. The net result of these effects can be 
summarized by descnbmg the changes apparent in the turbidity record when 
the temperature is set lower without  changing the MgATP concentratmn. (a) 
Gel clearmg becomes more apparent m the first part of the record; this is seen 
as an mltlal lag or even a fall m turbidity.  (b) The rate of superpreclpltatmn 
decreases, this is seen as a slower rose m turbidity (a longer t,~2 to the peak tur- 
bidity. (c) The rate of  superpreclpltate swelhng decreases; this is seen as a 
slower fall from the peak turbidity.  (d) The extent  of superpreclpltate swelling 
increases, this is seen as a lower fmal steady state turbidity reading. 

When the regulatory protein complex of t ropomyosm-troponm with Ca 2+ 
was added to the ac tomyosm gel, the effect depended on the level of substrate 
used. (a) At  low levels of MgATP when only the hlgh-afflmty active sites were 
saturated, the tropomyosm-troponln-Ca 2+ complex increased the rate of super- 
precipitation at all temperatures, (Fig. 3 and Table I) as we reported for 25°C 
[8]. (b) On the other hand, at far higher levels of MgATP (above 3 mM), espe- 
cially at low temperatures, the tropomyosm-troponin-Ca 2÷ complex inhibited 
superpreclpltatlon. When this occurred, it was associated with the substrate- 
mhlbltmn of hydrolysis discussed in the precedmg paper [22]. The turbidity 
changes observed m the gel suspensmn are summarized in Scheme I. 

Low-turbldlty H1gh-turbldlty Low-turbLdlty 
states states states 

Low MgATP Gel 1 2 Sppt " * S-Sppt 
pathway B ~ 1 B $ 2 B 

Gel MgATP * Sppt MgATP -, ~ S-Sppt MgATP 
High MgATP c Jl 1 c J~ 2 c ~I 
pathway Gel MgATP * Sppt MgATP ., ~ S-Sppt MgATP 

c c c 

Scheme I 

The MgATP mdicated m this scheme is bound to a hypothetical  low-affinity 
site; bmdmg to the high-affinity active sites for hydrolysm is Lmplicit. The 
reversible bmdmg of MgATP to the low-affinity sites (reaction B) has two 
effects mdicated by the thicker arrows it clears the turbichty present m t h e  
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original gel by reaction C and causes the superpreclpltate to swell (S) and lose 
Its turbidity by reaction 2. The final steady-state turbidity m this scheme is 
determmed by the relative proportions of the various protem forms. 

Thus, for example, at mtermedlate concentrations of MgATP, when the 
substrate is added to the gel, the suspension will partially lose its original turbid- 
Ity (by reaction C), superpreclpltate (by reaction 1) and then swell (by reaction 
2) to a degree dependent on the substrate level. When reaction 1 is relatively 
fast, e.g at high temperature with the t ropomyosm- t roponm~a  2÷ complex, 
then clearing (C) will be masked by a rapid accumulation of superpreclpltate 
(Sppt)  (to a peak turbidity) followed by Its swelhng (to a final steady-state tur- 
bidity.) On the other hand, when reactmn 1 is relatively slow, e.g at low tem- 
perature, then clearing by reactmn C will be the f~rst apparent effect of sub- 
strate, followed by the other reactmns In general, heat markedly mcreases the 
rate of reactmn 1; it also mcreases reactmn 2, but to a far lesser extent.  There- 
fore, high temperature records show a sharp transmnt peak reflecting the accu- 
mulation of Sppt. that  subsequently swells. At low temperature, the turbidity 
often shows no peak but rises monotomcally to the final steady state (Fig. 4). 
A transmnt peak m turbidity is also more evident m the presence of the regula- 
tory proteins since these increase the rate of reaction 1 while decreasing the 
rate of reaction 2 

Although gel clearmg and superpreclpltatmn are essentially separate reac- 
tions m this scheme, they are indirectly related because gel clearing is asso- 
crated with swelling or dlssolutmn of the original protein partmles. This exten- 
sion or dlsruptmn of the gel matrLx decreases the effective actm concentration 
around the myosm active sites. Up to a point, even after the ongmal turbidity 
has completely cleared, the swellmg that  occurs does not  sigmfmantly mhlblt 
hydrolysis or superpreclpltatmn. However, beyond that  point, with extensive 
expansion of the gel at high levels of MgATP, the rates of hydrolysis and super- 
preclpltatmn fall as these processes become hmlted by the low effective con- 
centratlon of actm m the reactmn mLxture 

In general, despite the apparent complemtms of the turbidity changes, there 
was a good correlatmn between the half-time for the turbidity increase asso- 
crated with superpreclpltatmn and the rate of hydrolysis. For example, m Table 
I although the peak turbidity and the fmal steady-state turbldtty declined pro- 
gresslvely as the concentration of MgATP was raised from 0 025--2.5 mM, the 
half-time for superpreclpltatmn did not  change slgmfmantly. Over this entire 
range, hydrolysis and superpreclpitatlon occurred at their maximum rate. At 
low levels of ATP, where the active sites for hydrolysis are unsaturated, the 
rates of the two processes were correspondingly lower; the same was true at far 
higher levels of MgATP when substrate-mhlbltmn occurred. 

It seems most probable that  some essential phase of superpreclpltatlon that  
determmes the half-time for the turbidity change is lumted by the same step in 
the enzymatic pathway [22] that  hmlts the rate of hydrolysis. However, 
whether or not  this leads to an increase m turbidity depends on the level of 
MgATP. 

At low salt concentratmn and low levels of MgATP that  just saturate the 
high-afhmty active sites for hydrolyms, the turbidity change assocmted with 
superpreclpltatlon is maximal. Under these condltmns, the actual rate of the 
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turbidity mcrease, 1.e the absorbance change with time, can be related to the 
rate of hydrolysis [10,11]. However, under conditions of high salt and high 
MgATP that  depress the extent  of the turbidity mcrease, it is the half-time for 
the turbidity change that  relates to hydrolysis, since this measure of the rate of  
superpreclpltatlon is not affected by its extent  Thus, m the work reported 
here, the minimum half-time for superpreclpitatlon, even at high substrate 
levels, and the V for hydrolysis changed m parallel with temperature (AH*----- 
25 kcal). 

At 25°C, the apparent rate constant of about 2--3 s -1 for superpreclpitatlon 
was close to the rate of approx 5 s -1 per myosin head for the actomyosm Mg 2+- 
ATPase during the burst phase of hydrolysis. This indicates that  the couphng 
between the two processes was tight with one molecular event of superpreclp- 
ltatlon occurring for every 2 or 3 molecules of MgATP hydrolyzed per myosm 
head. Our earher kinetic data suggest that  an essential step m superprec:pItatmn 
cannot occur unless both heads on a smgle cross-bridge of the myosin filament 
have MgATP at thetr active site with at least one of them mowng through the 
rate-hmitmg step of hydrolysis [9,10,18]. Apparently, the cross-bridge is not 
free to move m a way that  allows superpreclpltatIon unless MgATP brads to 
both heads of  the myosin molecule at the same time. 

It seems probable that  some essentml step that  leads to superpreclp~tatIon ~s 
closely related to a primary step m the mechanism of contractmn. However, 
the turbidity change that  follows that  step m vitro, when conditions allow, 
probably does not  normally occur m muscle with its high level of MgATP. This 
interpretation gams some support from observations we have made on the 
shortening of myoflbrils in relatmn to theLr turbidity m suspensmn. In general, 
it appears that  the turbidity change assocmted with contractmn of the myo- 
fibrils depends on whether or not  the cross-section of the sarcomere shrinks or 
swells For example, at low mmc strength and low ATP, the activated myo- 
flbnl not  only shortens but also shnnks by side-to-side mteractmns of its 
filaments, the fibrils appear m the phase contrast mmroscope as small dense and 
separated spots or sticks. And assocmted with these changes, the turbidity 
increases and the suspension takes on a crystallme look that  Is strikingly similar 
to a suspensmn of superpreclpltated partmles at high turb:dlty.  On the other 
hand, when the MgATP level is high (e.g. 3 mM) and the runic strength :s high 
(e.g. 0.1 M KC1) when conditions are closer to those that  prevail in hwng 
muscle, then the activated myoflbril shortens without  side-to-side shrinkage; 
instead, its cross-section swells and this is associated with a decrease m tur- 
bld:ty. Interestingly, the appearance of the short and swollen myoflbrfls in the 
phase mmroscope resembles the small clear bubble-hke elements that  result 
when superpreclpltated actomyosm particles swell at h:gh levels of MgATP. 
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