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ABSTRACT The vesicles of fragmented sarcoplasmic reticulum, i.e. the 
physiological relaxing factor, remove most of the exchangeable Ca bound to 
actomyosin and myofibrils. The extent to which they remove Ca and the 
extent to which they inhibit myofibrillar activity are closely correlated. Pre- 
vious work has shown that those in vitro reactions of actomyosin with ATP 
which are equivalent to its contraction, i.e. superprecipitation and a high 
ATPase activity, require the formation of a Ca-actomyosin complex, and that 
actomyosin after the removal of most of its bound Ca is inhibited by physi- 
ological concentrations of ATP. The evidence now suggests that the factor 
achieves its relaxing effect through the dissociation of the Ca-actomyosin 
complex and that it has no other direct influence on the biological activity of 
actomyosin. Experiments, showing that under similar conditions the vesicles 
of the factor are capable of reducing the concentration of ionized Ca in the 
surrounding medium to about 0.02 #M and less, suggest that the factor competes 
successfully with actomyosin for the available Ca through its mechanism of 
Ca accumulation. 

I N T R O D U C T I O N  

A number  of years ago Sandow (44) suggested that Ca might couple excita- 
tion to contraction in living skeletal muscle, a concept which meanwhile 
has acquired a considerable body of experimental evidence in its favor (5, 
6, 15, 16, 35, 38, 39). 

The  mechanism by which Ca, introduced into the sarcoplasm, changes 
the state of relaxation into the state of contraction has not yet been established. 
At the moment  two different possibilities are under consideration. On  the 
one hand, Ca might inactivate a relaxing substance (7, 8, 34, 36). I t  has been 
pos tu la ted--on  the basis of indirect ev idence- - tha t  in the presence of A T P  
a soluble relaxing substance is released by the sarcoplasmic reticulum which 
maintains actomyosin in the relaxed state (8, 27, 33, 52). 
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On the other hand, one of us (46) proposed several years ago--also on the 
basis of indirect evidence--that  Ca might combine with actomyosin. I t  was 
postulated that actomyosin hydrolyzed ATP at a maximal rate and super- 
precipitated under the influence of ATP only in the form of the Ca complex, 
whereas without Ca actomyosin had a very low ATPase activity and could 
not superprecipitate. Meanwhile it has been demonstrated directly (11, 
48-51) that the state of actomyosin in presence of ATP (i.e. contracted or 
relaxed) can be regulated by the concentration of ionized Ca in the medium. 
We showed that, after the removal of most of the Ca bound to myofibrils, 
superprecipitation does not occur unless about 1 mole of Ca per mole of 
myosin has been added (50). Most of the Ca bound to myofibrils or actomyo- 
sin is in equilibrium with the ionized Ca of the medium (49): with a con- 
centration of ionized Ca around 0.01 v~ very little Ca is bound in the presence 
of Mg and ATP, ATP does not induce superprecipitation, and is hydrolyzed 
at a very low rate. When the concentration of Ca is raised to a level of 2.0 
to 10 #~l, about 1 to 2 moles Ca per mole myosin are bound, and super- 
precipitation and ATPase activity are maximal. 

If in living muscle the transition from contraction to the resting state were 
caused by a shift in the equilibrium, Ca-actomyosin ~- actomyosin -b Ca ++ 
one might expect the concentration of ionized Ca in the cytoplasm to fall 
sharply during relaxation, from more than 5 I~M (necessary for contraction) 
to about 0.2 I~M required for the resting state. This could be achieved by the 
sarcoplasmic reticulum. The finding that the physiological relaxing factor, 
first described by Marsh (28) and Bendall (3), consists of fragmented sarco- 
plasmie reticulum (14, 32, 33, 40, 41) was followed by the discovery of Ebashi 
and Lipmann (12, 14) and of Hasselbach and Makinose (19, 20) that it is ca- 
pable of removing Ca from the medium. 

Therefore it seemed interesting to determine, first, whether the physiological 
relaxing factor can remove Ca from actomyosin to an extent sufficient to 
explain its relaxing effect on this basis and, second, whether the vesicles of the 
relaxing factor are capable through their mechanism of Ca accumulation of 
reducing the outside concentration of Ca to such low levels that the equi- 
librium between Ca and actomyosin is shifted towards dissociation. A pre- 
liminary account of some of these results has already been presented (50). 

E X P E R I M E N T A L  P R O C E D U R E  

Treatment of glassware, choice of reagents, preparation of solutions, myofibrils, 
and actomyosin have been described elsewhere (48, 49, 51). 

The Relaxing Factor (RF) This was prepared by a modification of Portzehl's 
procedure (42). Ground rabbit muscle was homogenized in a Waring blendor for 
40 see., at 0 °, in 3 volumes of 120 ham KC1-5 na~ histidine of pH 6.5 (histidine buffer 
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adjusted to pH 6.5 at 25 ° has a pH of about 7.0 at 0°). After removal of the myofibrils 
and the bulk of the mitochondria by two centrifugations at 3,000 and 8,000 g, we 
precipitated the RF by centrifugation at 20,000 or 36,000 g for 1 hour. The bottom 
layer of the precipitate, which was brown-green in color and probably consisted of 
the remaining mitochondria, was rejected and the white fluffy top layer resuspended 
and washed twice by thirty- to frftyfold dilution in 120 m~ KCI-I.0 mM histidine, 
pH 6.5, followed by centrifugation at 89,000 g. The final precipitate was suspended 
in the same medium to contain from 1.2 to 2 mg N/ml. 1 mg nitrogen corresponded 
to about 9 mg dry weight of H20-washed RF. Just prior to an experiment, the RF 
suspension was centrifuged for 7 rain. at 8,000 g to remove any precipitate which had 
been present initially or which had formed during standing. Aggregates which are 
spun down during 2 min. centrifugation at 3,000 g are continuously being formed 
during storage. RF was used at most for 3 days after preparation. However, in high 
concentrations RF was active even after more than 1 week at 4 ° (see also, reference 1). 

The Binding of Ca by Myofibrils or Aaomyosin This was determined with Ca 46 
as described elsewhere (49). The assay system (I 0 ml) contained 1.5 to 2.0 mg myofibril- 
lar protein/ml, or 0.8 mg actomyosin/ml, RF as indicated, 10 mM imidazole pH 6.5, 
ionic strength (r /2)  of 0.12 adjusted with KC1, 0.01 to 0.02 mM Ca4SC12 (0.04 to 
0.08 #curie/ml), 1.0 to 4.0 n ~  Mg-ATP, and other additions as indicated. When 
present, the concentration of creatine phosphate (CP) was 10 mM and that of creatine 
phosphokinase (CPkinase) 0.1 mg/ml. The suspension was equilibrated at 24.6 ° 
for 10 rain., with the exception of RF, Mg-ATP, and, if added, oxalate. (In the 
presence of Mg-ATP, Ca-oxalate was not precipitated by 60 rain. centrifugation at 
I00,000 g (see also reference 19).) RF was added 3 to 5 rain. prior to the assay which 
was started by the addition of Mg-ATP containing oxalate, if desired. The assay 
was terminated after 1 to 3 rain. (as indicated) by precipitating the myofibrils or 
actomyosin by centrifugation at 3,000 g for 2 rain. The radioactivities of supernatant 
and precipitate were measured as described elsewhere (49). 

Whereas the Calculation of the Isotope Bound to actomyosin is identical with that 
described previously (49), special considerations apply to the calculation of the isotope 
bound to myofihrils (examples of the calculation are given in Table III a) if RF is 
present. In that case, since most of the Ca is contained in the vesicles of the RF 
(compare Table VI) the isotope cannot be uniformly distributed throughout the solu- 
tion and must be absent from the interior of the myofibriis. The vesicles are too large 
to penetrate the space between the filaments (33). The fraction of the radioactivity 
of the precipitate which is not bound to the myofibrils and which must be subtracted 
from the total radioactivity of the precipitate, therefore must be restricted to the 
extra myofibrillar volume. The extra myofibrillar volume is obtained by subtracting 
the wet weight of the myoflbrils from the total weight of the precipitate, assuming a 
specific gravity of 1 for the weight of the remaining solvent (the specific gravity of a 
0.13 u KC1 solution is 1.005). We estimated the wet weight of myofibrils by weighing 
myofibril precipitates containing a known amount of myofibrillar protein after 
centrifugation at 100,000 X g for 5 rain. under various conditions. The wet weights 
thus obtained (Table I) are too large by the amount of extra myofihrillar space in the 
pellet. However, this error is probably small and furthermore its elimination would 
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increase the values for Ca removal  by  the relaxing factor f rom myofibrils, not  de- 
crease them. T h e  values for the wet weights of  myofibrils in the presence of 4 m_~ 
M g - A T P  were considerably increased if superprecipitation had been prevented 
as the result of removing Ca from the myofibrils by  2 m~t ethylene glycol bis (E-amino- 
e thyle ther)-N,N'- te t raacet ic  acid t (EGTA)  (48, 49). F rom these data  we estimated 
by interpolation the myofibrillar wet weight in our  precipitates according to the 
following expression: 

= F, VOlppt ."'__ VOIsppe (~)EGTA __ ~/.)sppo) -[- Wsppol  
Wext IVO1EOTA - -  VOlsppo 

T A B  L 1~. I 

WET WEIGHT OF MYOFIBRILS UNDER 
VARIOUS CONDITIONS AFTER 5 MIN. 

CENTRIFUGATION AT 100,000 G 

Myofibrils 
per gm 

Myofibril myofibrillar 
preparation Medium protein 

~m 
Cardiac Solution 1" 8.0 
Skeletal Solution 1 8.6 
Skeletal Solution 1 8.0 
Skeletal Solution 1 "4- 4 mM Mg-ATP 7.2 

+ 0.02 mM CaCI2 
Skeletal Solution 1 -4- 4 m~t Mg-ATP$ 11.3 

+ 2 mM EGTA 

* Ionic strength, 0.12, I0 m~t imidazole, pH 6.5. 
:~ 24 m~t CP and 0.1 mg/ml CPkinase present to prevent the reduction of 
ATP below 0.1 m~t with consequent superprecipitation (48). 

(wont, extrapolated wet weight  of the myofibrils in the assay; volppt, volume of the 
precipitate as read in the calibrated tube after centrifugation at  3,000 g for 2 rain.; 
vol~ppc, the volume of the same amount  of myofibrils when fully superpreeipitated; 
VO1EGTA, the volume of the myofibrils in the presence of A T P  when superprecipita- 
tion had  been fully inhibited by  E G T A ;  WEGTA, the wet weight  of the myofibrils 
after eentrifugation at 100,000 g for 5 rain. in the presence of A T P  when superpre- 
cipitation had been inhibited by E G T A  (see Tab le  I, row 5); w, ppo, the wet weight  
after maximal  superprecipitation). The  above considerations, and the value for the 
wet weight  of myofibrils with inhibited superprecipitation were confirmed by the 
following experiment. R F  alone was incubated with 0.02 n ~  Ca 45 in the usual 

1 The authors are indebted to Geigy Chemical Corporation for their generous gift of EGTA (trade 
name, Chel De). EGTA is similar in structure to ethylenediaminetetraacetic acid (EDTA), but 
binds Mg with an association constant 3 orders of magnitude smaller than EDTA, whereas the 
constant for Ca is identical with that of EDTA (43). Consequently, a system of EGTA + Ca-EGTA 
is an excellent Ca buffer also in presence of Mg. 
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assay system (see above) for 6 min. and myofibriis, prepared to contain very little 
exchangeable Ca (49), were added just prior to centrifugation at 3,000 g. The analysis 
for radioactivity (in four assays) showed that 0.66 to 0.71 gm precipitate contained 
from 82,000 to 93,000 cPM compared to 138,000 to 148,000 in the identical amounts 
of supernatant. Therefore, part of the volume of the precipitate (ppt), i.e. 0.254 to 

Total CPM in ppt 
0.264 gin, gm ppt- C P ~  ~ n t /  if no isotope were bound to the myo- 

fibrils, cannot have contained any isotope at all, Therefore, 0.25 to 0.26 gm pre- 
sumably represented the wet weight of myofibrils containing 21 m g  myofibrillar 
protein contained in each assay. This value, 12.5 gm per gm myofibrillar protein, 
compares fairly well with the value given in the 5th row in Table I. A control experi- 
ment (see below) established that RF bound 99.5 per cent of the isotope under similar 
conditions. 

C O N T E N T  

T A B L E  I I  

OF P C A - E X T R A C T A B L E  AND OF E X C H A N G E A B L E  
Ca IN V A R I O U S  RF P R E P A R A T I O N S  

Ca, ~moles/gm N of RF 

PCA-extractable Exchangeable 

Lowest value  105 33 
Highes t  value 270 190 
Average of 11 190 140 

prepara t ions  

The Calculation of the Exchangeable Ca Bound to Myofibrils or Actomyosin For this 
it is necessary to determine whether a reduction in the amount of isotope bound to 
aetomyosin or myofibrils following the addition of RF, might be caused by a dilution 
of the specific activity of the isotope as a result of the addition of more Ca 4° introduced 
with the RF preparation. Perchloric acid (PCA) extracts of RF contained I00 to 200 
Izmoles Ca per gram nitrogen as determined by titration with EGTA (49). However, 
some of this Ca might be tightly bound and non-exchangeable and therefore not 
contribute to the dilution of the isotope. Since we found that in a saturated thymol 
solution all Ca 46 was released from RF, we considered the fraction of Ca removed by 
thymol treatment from relaxing factor as the exchangeable Ca. (That this value for 
exchangeable Ca might still be too high, because the complete inactivation of RF 
by thymol (17) might result in the release of previously non-dissociable Ca, is not 
important since with lower values the calculated extent of Ca removal by RF would 
be increased.) This fraction was estimated in the following manner. A known volume 
of an extract of RF, heated in an aqueous solution of saturated thymol was incubated 
with myofibrils binding a known amount of Ca (as determined by isotope distribution) 
and containing a known amount of total Ca, with the concentration of ionized Ca 
above saturating level. If the concentration of Ca 2+ is above saturation, an increase 
in its concentration by the thymol extract cannot change the amount of Ca bound to 
the myofibrils. The amount of exchangeable Ca added with the RF extract (free of 
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active I~F after this treatment (I?)) was calculated according to the expression 
a/(b "k x) = c (a, exchangeable Ca bound to myofibrils; b, total exchangeable Ca 
before the addition of the extract; x, exchangeable Ca added with the extract; c, 
fraction of the total isotope bound to the myofibrils). The values thus obtained 
(Table II) were variable and usually lower than the total Ca titrated after PCA 
extraction. They were high enough to account for significant reductions in the amount 
of isotope bound to actomyosin, particularly if large amounts of RF were used (1 I). 
For the calculation of Ca bound to myofibrils or actomyosin in presence of RF, which 
requires the value for the concentration of total exchangeable Ca, the exchangeable 
Ca present in the RF was determined each time, in addition to the exchangeable 
Ca present in myofibrils and solutions (see reference 49). 

Discussion of Errors in the Calculation o/ Bound Exchangeable Ca The error in the 
procedures leading to the determination of the total radioactivities of the various 
fractions was highest for the precipitates where values differed maximally by 15 per 
cent. We estimated the amount of Ca contaminating myofibrils and solutions in a 
manner described in great detail elsewhere (49). These estimations may be inac- 
curate by as much as 30 per cent. These inaccuracies are not fully reflected in the 
final results because the contaminating Ca represents only 30 to 50 per cent of the 
total Ca, the rest consisting of added Ca. Eliminating this fraction from the calcula- 
tion decreases the calculated value for bound exchangeable Ca (compare in Table 
III  b the values of R1 and R~) and also decreases the calculated value for the fraction 

of the bound exchangeable Ca removed by RF [1 -- / (L  + N)(Ks/C)~ is smalle r 
L \ L (K--7-C5 ] 

than I -- ( (L  q- M + N) (K#C) )  ('L+I~)(K----~ ] as can be calculated from the data of Table 
\ 

"1 

III  b / .  However, the existence of contaminating Ca in our assays is assured by the 
--I 

titration of dissociable Ca bound to myofibrils (37) (2.5 to 3 tzmoles per gm which are 
fully removable by EGTA ~ and Mg ~+ (49)) and the titration of Ca contained in 
ATP solutions (as much as 2 ~moles Ca per millimole of ATP were found). 

If the values for exchangeable Ca introduced with the relaxing factor were in- 
creased to those of the total PCA-extractable Ca, the calculated values for Ca re- 
moved from the myofibrils would become smaller but not enough to significantly 
change the results 

I ° °1 ( L - i - M d - N ) ~ v s . ( L - I - M + O ) ~  . 

The interpolation of the values for the wet weight of myofibrils as described above 
presupposes that the wet weight of the myofibrils after centrifugation at 100,000 X g 
is linearly proportional to the variations in the precipitate volume after 2 rain. centrif- 
ugation at 3,000 X g, which is not proved. However, a comparison of the values for 
K1 and Ka (Table III  a) shows that the calculated removal of bound isotope by RF 
is not much altered if the interpolated wet weight of the myofibrils is substituted by 
their maximal wet weight resulting in a maximal figure for isotope bound to myofibrils 
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in the presence of RF. If it were assumed instead that the added isotope was not bound 
by the relaxing factor but was free in the solution, the calculated removal of ex- 
changeable Ca from myofibriis would greatly increase. 

The values for R3/R1 (Table III b) represent the highest binding of Ca in the 
presence of RF (or the least removal of Ca by RF) as calculated with a combination 
of all those assumptions which minimize the removal of Ca from myofibriis as the 
cause for the reduction of radioactivity in the myofibril precipitate after RF addition. 
These values deviate most from the R4/R2 values, which are presumably the more 
accurate ones, when the RF concentration is greatest; i.e., when the Ca introduced 
with the RF becomes a large fraction of the total (see Table III b, Experiment 2). 
In that case the calculated removal of Ca becomes quite small. Since with low con- 
centrations of RF, however, the R3/R1 values also indicate a substantial removal 
of Ca (Experiment 1, and 150 sec. incubation in Experiment 3) and are comparable 
to the R4/R~ values at high concentrations of RF, it seems justifiable to conclude 
that the assumptions and estimations underlying the R4/R2 values are essentially 
correct. 

A TPase Activity of Myofibrils This was measured in the same assay by which 
the binding of exchangeable Ca was determined as described elsewhere (49) by 
determining the inorganic phosphate released into the supernatant. Whereas the 
determination of the inorganic phosphate in the supernatant was precise, the esti- 
marion of the time interval during which it was liberated was less accurate. Since we 
had found that the liberation of inorganic phosphate into the supernatant ceased 
after the myofibrils had been fully precipitated by centrifugation at 3,000 g (12.1 
#moles P~ after 5 sec., 12.5/~moles after 120 sec. centrifugation for fully superprecipi- 
rated myofibrils), we calculated the rates on the basis of the time elapsed between 
ATP addition and full precipitation of the myofibrils. To obtain the precipitation 
times, we measured in control experiments the interval between the moment the 
centrifuge reached maximal speed and the time the volume of the precipitate had 
reached its final value (i.e. equaled the volume after 2 rain. centrifugation) within 
15 per cent. Since this interval varied with the degree of superprecipitation of the 
myofibrils, the precipitation times were estimated by interpolation from the following 
data: myofibriis precipitating to a final protein concentration in the precipitate of 
130 mg/ml, 5 sec.; 85 mg/ml, 22 sec.; 50 mg/ml, 45 sec.; 36 mg/ml, 45 sec. How- 
ever, the interval between ATP addition and full precipitation of the protein presents 
the maximum period for the liberation of phosphate. The rate at which phosphate 
was liberated into the supernatant presumably decreased appreciably before the 
protein was fully precipitated during the time when large aggregates were formed 
and part of the protein was concentrated in the bottom of the tubes because of a 
decrease in the concentration of ATP in the interior of aggregates. Fortunately this 
error is not as severe as one might fear because myofibrils with a high rate of ATP 
hydrolysis precipitate rapidly so that the precipitation time is small compared to the 
incubation period (when aggregation was prevented by rapid stirring), whereas the 
slowly precipitating myofibrils with inhibited ATPase were found to form much 
smaller aggregates with presumably a higher internal ATP concentration (steady 
state between ATP diffusion and breakdown). In one experiment, for instance, we 
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found an apparent precipitation time of 38 see. by dividing the inorganic phosphate, 
released into the supernatant after 2 rain. centrifugation, by the steady rate of ATP 
hydrolysis (as measured by a conventional accurate enzyme assay (46, 48, 51) 
PJPJmin . )  whereas the direct measurement of the precipitation time gave a 
value of 50 see. These uncertainties affect particularly the steep part of the ATPase 
curves in Fig. 2 where the precipitation times change to a larger extent (particularly 
curve 4). Nevertheless, the general relation between the curve for Ca binding and 
that for ATPase (curve 1 vs. 3 and curve 2 vs. 5) remains, i.e. the ATPase curve 
falls much more steeply than the curve indicating bound Ca, even if the values are 
recalculated for a 50 per cent decrease in the precipitation times. 

When the hydrolysis of ATP by myofibrils was determined in the presence of RF, 
the phosphate liberated by RF was determined in control experiments and subtracted 
from the total value. The range of ATP hydrolysis by RF was between 0.9 to 1.4 
/~moles ATP per rain. per mg N and was linear with RF concentrations from 0.013 
to 0.1 nag N/ml. The presence of 1.0 mM oxalate decreased the rate only slightly 
(compare references 19, 20). 

Superprecipitation We measured this as described previously (48, 51), but it 
is indicated here in milligrams of protein per milliliter of precipitate. 

The Removal of Ca from the Surrounding Medium by the Vesicles of RF  This was 
measured with Ca 4s. The assay system was identical with that for Ca binding by 
myofibrils, with myofibrils omitted. After the addition of Mg-ATP, the RF suspen- 
sion was, 10 to 25 rain. later, centrifuged for 60 rain. at 100,000 g at room temperature. 
The fraction of the total radioactivity remaining in the upper layers of the super- 
natant (0.5 to 1.0 ml) was determined, and the concentration of the total exchange- 
able Ca remaining in the supematant calculated on the basis: total exchangeable 
Ca = added Ca + exchangeable Ca present in the RF preparation. The concentra- 
tion of ionized Ca remaining in the supernatant was calculated with the association 
constants for MgoATP and Ca-ATP determined by Burton (I0), and for ATP s- by 
Martell and Schwarzenbach (30), and, if EDTA was present, with the various as- 
sociation constants for EDTA reported by Martell and Calvin (29). A calculation 
estimating the additional influence of I mM oxalate on the concentration of ionized 
Ca showed that it could be neglected. These calculated values for ionized Ca are 
approximations, since the reported association constants for complexes between 
ATP and divalent ions vary over a wide range. Burton's association constants are 
the highest reported so far. The concentration of protein remaining in the super- 
natant was determined by Lowry's procedure (26). 

E X P E R I M E N T A L  R E S U L T S  

Relaxing factor which inhibited superprecipitation removed bound, ex- 
changeable Ca from skeletal and cardiac (dog) myofibrils, as well as from 
actomyosin (Table IV). In the presence of 1.0 mM oxalate it was capable of 
reducing the amount  of bound exchangeable Ca to the same extent as 2.0 
mM EGTA. In the absence of oxalate, it usually removed less Ca 
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from myofibrils, but the reduction in bound Ca was still extensive enough 
to account for an inhibition of superprecipitation by Ca defciency (49). 

In decreasing concentrations the relaxing factor removed less Ca and 
inhibited myofibriUar activity less: more ATP was hydrolyzed and super- 
precipitation was increased (Fig. 1). Fig. 1 gives the impression that the 
relaxing factor inhibited the hydrolysis of ATP to a lesser extent than 2 
mM EGTA, even in concentrations which removed as much Ca ~6 as did 2 
mM EGTA. However, it should be noted that since the activation of the 

T A B L E  I V  

R E M O V A L  OF E X C H A N G E A B L E  Ca F R O M  V A R I O U S  A C T O M Y O S I N  
SYSTEMS BY RF W I T H  AND W I T H O U T  O X A L A T E  

Actomyodn Ca Superpr~- 
system RF Added Totals Bound Ca* cipitation 

m& N/ml I~x # x  iund*s/&m mgprotdn/n~ppJ 

Skeletal  M f  CP§ 0 20 34 2 .5  130 
Skeletal  M f  CP§ -[- 2.0 mM E G T A  0 20 34 0.5 37 
Skeletal  M f  CP§ 0.1 20 41 1.0[[ 26 
Skeletal  M f  1.0 m u  oxalate  0 20 33 2 .4  116 
Skeletal  M f  1.0 n m  oxalate  ~ 2.0 0 20 33 1.1 29 

mm E G T A  
Skeletal  M f  1.0 mM oxalate  0.26 20 60 I.  I 30 
Card iac  M f  1.0 mM oxalate 0 20 27 1.3 87 
Card iac  M f  1,0 mM oxalate  ~- 2.0 0 20 27 0 .4  43 

mM E G T A  
Card iac  M f  1.0 mM oxalate  0.08 I0 22 0.6 42 
Actomysin 1.0 mM oxalate  0 10 22 1.3 120 
Actomysin 1.0 m ~  oxalate  0.09 10 25 0.1 25 

* Ca bound  to 1 gm myofibri l lar  prote in  or actomyosin. 
Added -b contamina t ions  in solutions, actomyosin or myofibrils and  RF. 

§ CP -[- CPkinase, M g - A T P  only 1.0 raM. 
[I Max ima l  value, since this pa r t i cu la r  RF  had  not  been centr ifuged pr ior  to the  assay and  
some Ca bound  to prec ip i ta ted  R F  migh t  be  included. 

Myofibrils ('Mf), 1.5 to 2.0 mg pro te in /ml ,  actomyosin 0.85 m g / m l ;  r / 2  ffi 0.12 for Mf, 0.06 
for actomyosin,  4 m ~  Mg-ATP,  incuba t ion  wi th  A T P  130 to 200 s e c .  

relaxing factor requires incubation with ATP, the relaxing factor becomes 
fully active only after a lag period (33), whereas the chelation of Ca, the 
basis for the EGTA effect (49), occurs instantaneously. Consequently, in 
the presence of the relaxing factor, the rate of ATP hydrolysis (measured 
from the time of ATP addition) included the initial uninhibited rate, before 
the relaxing factor produced its effect. By contrast, the amount of bound 
exchangeable Ca indicated the final state reached at the end of the incuba- 
tion period. Therefore the data for ATPase activity and Ca-binding in Fig. 1 
are not quite comparable, and do not show the correct relationship between 
ATPase activity and the exchangeable Ca bound to myofibrils. 
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This relationship is described more accurately by the data  in Fig. 2. The  
amount  of A T P  hydrolyzed and the quanti ty of exchangeable Ca remaining 
bound to myofibrils were measured at successive intervals after the addition 
of A T P  (from 28 to 150 see.). From the quanti ty  of A T P  split during each 

interval, the average rate was calculated, and plotted at the time tl + t____~ 
2 

The  amount  of bound Ca and the extent of superprecipitation were referred 
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FIGu~ 1. Exchangeable Ca bound to myofibrils, ATPase, and superprecipitation 
of myofibrils as a function of the concentration of RF. Ca binding, left ordinate: curve 
I and, in presence of 2 rnM EGTA, filled square; ATPase, right ordinate: curve 2 and, 
in presence of 2 rm~ EGTA, double circle; superprecipitation, inset ordinate: open 
triangles and, in presence of 2 mu EGTA, inverted triangle. 1.98 mg/ml myofibrillar 
protein, 1.0 rnu oxalate, 0.02 m~ Ca4~ls, 4 mu Mg-ATP, incubation 110 to 130 sec. 

to the end of the time interval, which coincided with the time of complete 
separation of the myofibrils from the assay solution. This time could not  be 
determined quite accurately, bu t  was estimated by  interpolation from a 
series of experiments measuring precipitation times as described under 
Experimental  Procedure. Fig. 2 shows that the ATPase activity decreased 
sharply when relatively small amounts of Ca had been removed from the 
myofibrils, in a manner  similar to the fall in ATPase activity on removal of 
bound Ca by lowering the concentration of ionized Ca with Ca buffers 
(49). Fig. 2 shows that a reduction in the amount  of bound exchangeable 
Ca to about  75 per cent reduced the ATPase activity to about  20 per cent as 
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compared to about 40 per cent in the absence of factor (49). The difference 
between the values in the absence and in the presence of factor is within 
experimental error (see Experimental  Procedure). For the fall of ATPase 
activity with time in the absence of the relaxing factor shown in Fig. 2, see 
references 4, 47. 
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Exchangeable Ca bound to myofibfils, ATPase, and superprecipitation of 
myofibrils in the presence of RF as a function of the length of the incubation period 
with ATP. Ca binding, left ordinate, curves 1 (RF 0.03 mg N/ml) and 2 (RF 0.05 mg 
N/ml); ATPase, middle ordinate, curves 3 (RF 0.03 nag N/m/) and 4 (RF 0.05 mg 
N/ml); superprecipitation, fight ordinate, curve 5 (RF 0.03 mg N/m/). In the absence 
of RF: Ca binding without and with 2 m~ EGTA filled circle and square, respectively, 
on left ordinate; ATPase, without and with 2 mM EGTA, horizontal lines a and b, 
respectively; superprecipitation, without and with 2 m~ EGTA triangle and inverted 
triangle, respectively, on left ordinate. 1.9 rag/m/myofibfillar protein, 1.0 rnM oxalate, 
0.02 mM Ca~l~, 4 m~ Mg-ATP. 

Fig. 2 shows furthermore that  the relaxing factor not only inhibited ATPase 
and prevented superprecipitation but  actually reversed superprecipitation. 
Whereas after only 40 sec. incubation of myofibrils and relaxing factor with 
ATP  superprecipitation was still nearly complete, it was reversed by nearly 
50 per cent after incubation for 150 sec. Both the relaxing factor and EGTA 
in the presence of ATP not only relax contracted glycerol-extracted muscle 
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fibers (2, 13), but also are capable of partially reversing the superprecipita- 
tion of myofibrils (48) and both are capable of dissolving actomyosin gels 
(31,51). 

The relationship between the ATPase activity and the degree of super- 
EGTA 

precipitation with various ratios of (49, Fig. 1 and 2) on the one 
Ca-EGTA 

hand and after incubation with relaxing factor on the other is not quite 
comparable because superprecipitation had been prevented with EGTA 
whereas it had been reversed with the relaxing factor. Since superprecipita- 
don was found to be only partially reversible (also with EGTA (48)), the 
difference between the data of Fig. 2 and those published elsewhere (49) 

T A B L E  V 

PARALLELISM BETWEEN ADP I N H I B I T I O N  
OF R E L A X I N G  EFFECT AND RE MO V A L  OF EXCHANGEABLE 

Ca F R O M  MYOFIBKILS BY RF 

Ca 
Addition R.F Added Total Bound Ca Superprecipitation 

mg N/ml I ~  I ~  ionob:/gm mg pro#in/ml ppt 

None 0. I I I0 38.5 1.2 31 
0.5 mM ADP 0 . I I  I0 40* 1.5 45 
None 0.05 I0 32 I .  I 35 
1.0 mM ADP 0.05 I0 35 2.2 110 
1.0 n ~  ADP~ 0 I0 29 2.1 120 
2.0 mM EGTA~ 0 10 26.5 0.9 30 
0.5 mM EGTA:~ 0 10 26.5 1.4 30 

* ADP was contaminated by Ca. 
ADP was without influence in the absence of RF. 

Skeletal Mf  2.04 mg prote in/ml ,  1.0 mM oxalate, 4.0 rnM Mg-ATP. The incubation period with 
ATP of 70 to 120 sec. was preceded by an incubation wi th  ADP for 60 sec. 

should be expected. The reversibility of superprecipitation decreased with 
the length of time myofibrils had remained superprecipitated before the 
relaxing agent was added or took effect. 

Inhibition of the relaxing factor by ADP (12, 20) affected its relaxing effect 
and its capacity to remove Ca 4~ from myofibrils to a comparable degree 
(Table V). 

If most of the bound exchangeable Ca dissociated from the myofibrils in 
presence of the relaxing factor because the factor accumulated all Ca present 
(11, 14, 19), the factor must have lowered the concentration of ionized Ca 
to less than 0.1 #M (see Ca binding as a function of ionized Ca (49)). We 
found that in the presence and absence of oxalate (provided creatine phosphate 
and phosphokinase had been added to avoid the accumulation of ADP 
(21)), the relaxing factor was capable of lowering the concentration of total 
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exchangeable Ca from an initial concentration of 28 #M to a final value of 
0.05 #M, corresponding to a concentration of ionized Ca of about 0.008 / ~  
(Table VI). Five out of seven different factor preparations (from 0.17 to 0.018 
mg N/ml) reduced the concentrations of total exchangeable Ca from the 
initial concentrations of I0 to 30 #M to values of 0.05 to 0.3 #M with cor- 
responding concentrations of ionized Ca of 0.01 to 0.04 #M. (The final con- 
centrations of total and ionized Ca produced by the other two preparations 
were much higher with nearly 1 #M for total and 0.3 #M for ionized Ca.) 
When the initial concentrations of Ca were higher, 100 to 200 #M, only one 
preparation (0.19 mg N/ml) out of three (0.13 and 0.17 mg N/ml) lowered 

T A B L E  VI  

EFFECT OF V A R I O U S  ADDITIONS 
ON THE REMO V A L  OF EXCHANGEABLE Ca 

F R O M  THE M E D I U M  BY RF 

Preparation 

Total Ca in super- 
exchangeable natant Ionized Ca in 

RF Additions Ca Per cent of total supernatant 

1" 

2§ 

mg N/ml I~x # u  

0.065 CP$ + 1.0 mu  oxalate + 2 m s  28 0.17 0.008 
Mg-ATP 

0.065 CP$ + 2.0 m s  Mg-ATP 28 0.21 0.01 
0.065 1.0 m s  oxalate + 4.0 m s  Mg-ATP 28 0.37 0.018 
0.065 4.0 m s  Mg-ATP 28 38.0 1.8 
0.13 CP$ 28 0.3 0.02 
0.13 CP~ + 2.0 m s  Mg-EDTA 28 15.5 0.005 
0.13 CP~ + 0.2 m s  Mg-EDTA 28 3.8 0.01 

* P / 2  ~ 0.12. 
~t CP q- CPkinase; 1 hr. at 100,000 g. 
§ r / 2  = 0.15, 1.0 m s  Mg-ATP.  

the total Ca to 0.14 #M and the ionized Ca to 0.02 ]zM; the two others left the 
concentrations of Ca much higher, 4 to 5 ~M, 1 to 1.4 #~ respectively. 

The variability of the results might be explained by Table VII, which 
illustrates one of the difficulties inherent in the method of determination. 
To measure the Ca left in the solution by the relaxing factor, the factor must 
be completely removed trom the supernatant by a centrifugation of suffi- 
cient speed and duration. However, it appears that an adequate centrifuga- 
tion of 60 min. resulted in the partial inactivation of the factor, if its con- 
centration was low, possibly because the ratio Ca/relaxing factor was 
increased. On the other hand, a centrifugation of 30 min. might not be ade- 
quate to precipitate the last traces of the factor. After 30 min. the super- 
natant still contained a small amount of protein (about 3 to 5 per cent of 
the total) which was heavy enough to spin down during the second 30 min. 
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Some of this protein could conceivably have been relaxing factor. In that 
case some of the Ca remaining in the supernatant would not have been 
soluble Ca but Ca bound to vesicles. These findings suggest that a more 
adequate method of separating the factor from the solution might give more 
consistent and more accurate results. Attempts to use filtration methods 
(Millipore) failed: either a considerable fraction of the relaxing factor or 
no solution at all passed through the filters. 

T A B L E  V I I  

V A R I A B I L I T Y  IN T H E  E X T E N T  T O  W H I C H  Ca 
WAS R E M O V E D  F R O M  T H E  M E D I U M  A F T E R  T W O  D I F F E R E N T  

P E R I O D S  OF C E N T K I F U G A T I O N  

Total Time elapsed 
exchangeable Ca in supernatant Before* During 

RF Ca Per cent of t o t a l  centrifugation 

m& N/ml I ~  mln. rain. 

0.013 21 0.5 14 74 
0.013 21 1.2 12 42 
0.0065 21 18.5 14 74. 
0.0065 21 0.7 12 42 
0.0013 20 34 14 74 
0.0013 20 7 12 42 

* F rom the addi t ion of A TP  to the  m o m e n t  100,000 g was reached.  
P/2 = 0.12, 1.0 m ~  oxalate,  2.0 mlt  Mg-A TP ,  CP + CPkinase.  

T A B L E  V I I I  

C O M P A R I S O N  OF T H E  E X T E N T  OF T H E  R E M O V A L  OF E X C H A N G E A B L E  
Ca F R O M  M Y O F I B R I L S  W I T H  T H E  R E D U C T I O N  IN T H E  C O N C E N T R A T I O N  

OF I O N I Z E D  Ca BY RF 

Total 
Experi- exchangeable 

ment No. Additions EGTA RF Ca Ionized Ca Bound Ca* 

mM mg N/ml I ~  I~M #moles/&m 

1.0 m ~  oxalate  0 0 33 4 2.2 
1.0 mM oxalate  2 .0  0 33 0.02 0.7 
1.0 m ~  oxalate  0 0.065 41 0.02:~ 0.9 

None 0 0.065 41 1.8 5 2 .0  
1.0 m~t oxalate  0 0.013 35 0.04~ 1.6 
1.0 mM oxalate  0 0 32 4 1.6 
1.0 mM oxalate  2 .0  0 32 0.02 0.7 
1.0 mM oxalate  0 0.12 44 0.4§ 1.1 

* Bound to 1 gm myofibri l lar  protein.  
:~, § As de te rmined  in controls  in the  absence of Mf. 
~: 30 rain. centr i fugat ion.  
§ 60 min .  centr i fugat ion.  
Mr,  19 mg  p ro t e in /ml  (Exper iment  1) and 22 m g / m l  (Experiment  2), 4 mM Mg-ATP,  incuba t ion  
o f  RF  and  Mf  with ATP  120 to 140 sec. 
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In Table VI I I  a comparison is made between the extent to which the 
factor removed Ca from myofibrils and the extent to which it lowered the 
concentration of ionized Ca under similar conditions. The two were fairly 
well correlated in three out of four experiments. The exception occurred 
with the low factor concentration of Experiment 1 in Table VIII .  Whereas 
the factor lowered the concentration of ionized Ca to 0.04 #M, i.e. about as 
much as 2 mM EGTA, the binding of Ca by the myofibrils was nearly 70 
per cent complete. This result might be rationalized by assuming that the 
short period of incubation (2 min.) of the factor and myofibrils with ATP 
was inadequate for the accumulation of Ca by such a small amount of factor, 
particularly since the myofibrils liberated ADP to a final concentration of 
1.5 mM during this period. Although ADP is much less inhibitory if added 
after ATP than if added before (21), it still inhibits the rate of Ca accumula- 
tion by the factor considerably (21). The controls determining the lowering 
of the ionized Ca by the factor lasted much longer (12 rain. before centrifuga- 
tion, followed by 30 rain. at 100,000 g) and allowed much less ADP to ac- 
cumulate since the myofibrils had been omitted. 

D I S C U S S I O N  

Our results indicate not only that the relaxing factor removes as much ex- 
changeable Ca from actomyosin and myofibrfls as does EGTA, but they 
suggest also that the quantitative relationship between the ATPase activity 
and the amount of exchangeable Ca bound to myofibrils might be inde- 
pendent of the presence of the relaxing factor. Thus it appears that the re- 
laxing factor acts on actomyosin systems by causing the dissociation of Ca 
from actomyosin and not by directly affecting the ATPase activity or super- 
precipitation. This conclusion is corroborated by the finding that the super- 
precipitation of "non-relaxing" actomyosins (49, 51), which are insensitive 
to Ca removal, cannot be inhibited by the relaxing factor (50). 

The relaxing factor might achieve this dissociation of Ca from actomyosin 
in different ways. On the one hand, a soluble relaxing substance (produced 
by the relaxing factor (7, 8, 34, 36) might combine with actomyosin and 
lower its aifinity for Ca, or might act as a chelating agent for Ca. On the 
other hand, the vesicles of the relaxing factor might be able to accumulate 
Ca from the medium to such an extent that the concentration of ionized 
Ca falls to values lower than the dissociation constant of the Ca-actomyosin 
complex. Since the relaxing factor is capable of lowering the concentration 
of soluble and ionized Ca below 0.1 #M and 0.01 ~M, respectively, it does not 
appear necessary to postulate any additional mechanism---such as a soluble 
relaxing substance--to explain its effect on actomyosin systems. An un- 
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equivocal answer would be provided by a comparison of the time course of 
Ca removal from the medium with the time course of Ca removal from 
actomyosin. 

Hasselbach and Makinose (21) compared the ability of the relaxing factor 
to remove Ca from the medium with its ability to inhibit the ATPase activity 
of myofibrils under a variety of conditions. Whereas usually both effects of 
the relaxing factor are influenced to a similar degree, they found two notable 
exceptions. Caffeine prevented the depression of myofibrillar ATPase by the 
factor without impairing either the extent (personal communication) or the 
rate (21) of Ca removal from the medium by the factor. We cannot offer any 
explanation for this finding. We were unable to produce any effect of caffeine 
on the factor: even after 30 min. preincubation with 10 mM caffeine the factor 
still fully inhibited superprecipitation. In addition no correlation was found 
between Ca removal and relaxing activity by Hasselbach and Makinose 
with cardiac factor (21). Although cardiac factor inhibited myofibrillar 
ATPase, it removed only very little Ca from the medium. Since, however, 
each measurement of Ca uptake by the factor requires a prolonged centrifu- 
gation, it cannot be excluded that the cardiac factor, which is particularly 
labile (8), released previously accumulated Ca during this period (compare 
Table VII) .  It  should be pointed out that the critical parameter  for its re- 
laxing effect is not the factor's maximal capacity for Ca accumulation but its 
ability to reduce the concentration of ionized Ca present in the medium to 
below 0.5 to 0.25 /~M, the required value for the inhibition of superprecipita- 
tion and ATPase activity which varies in dependence on the ionic strength 
to which the myofibrils are exposed (48, 49, 51). The preparations of Hassel- 
bach and Makinose (20) from skeletal muscle lower the concentration of 
ionized Ca to 0.1 /~M, of soluble Ca to 1 /~M, which accounts for their in- 
hibitory action on myofibrillar ATPase activity. 

The tenfold difference between the preparations of Hasselbach and Maki- 
nose (20) and ours with respect to the extent to which they lower the Ca of 
the medium might be explained by a difference in experimental conditions: 
0xalate, ATP, and Mg, each 5 mM, in their experiments, versus no or 1 mM 
oxalate and maximally 4 rnM ATP and Mg in ours. Hasselbach and Makinose 
pointed out that in the presence of 5 mM oxalate, 5 rr~ ATP is overoptimal 
and somewhat inhibiting compared to 1 mM ATP (19). Furthermore, it 
cannot be excluded that the extensive precipitation of Ca oxalate (Hasselbach 
and Makinose, personal communication) in the interior of the vesicles of 
their factor impairs the ability of the vesicles to pick up Ca, when the Ca 
concentration in the medium fails to low levels. However, since our prepa- 
rations in this respect compare favorably also with those of Ebashi (11, 14), 
who did not use oxalate, we should like to mention that we consider it im- 
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portant  that we removed the mitochondria quite thoroughly, and assayed 
at pH 6.5 which we found to be more favorable than pH 7. 

The maximal ratio between Ca accumulated in the vesicles and Ca in the 
medium, in the complete absence of oxalate (CP and CPkinase present) 
was 10~ (three different preparations), 24 m u  Ca inside and 0.0003 mM Ca 
outside (ionized Ca 0.05 #M). The Ca concentration in the interior of the 
vesicles follows from the binding of 0.19 #mole Ca per mg dry weight of the 
factor which occupies maximally 8 #1 when wet. 2 Assuming Ca to be free in 
the vesicles it would require 6,900 calories per mole or the hydrolysis of 1 
ATP per Ca to move Ca against such a concentration gradient ff the effi- 
ciency were 100 per cent. However, the average value for the energy required 
to establish this concentration gradient must be smaller since Ca is transported 
against a gradient increasing from 1 to 10~. With a value of 1,000 in our 
experiments for the ratio of extra- to intravesicular volume (this ratio de- 
termines the increment by which the gradient increases per fraction of a 
mole transported) we arrived at an average value of 4,200 calories per 
mole Ca, i.e. the hydrolysis of 1 ATP per Ca (19), averaged over the whole 
period of transport, would provide more than sufficient energy. Since in 
these experiments the rate of ATP hydrolysis was such that per minute 10 
times more ATP was split than the total Ca transported (we have no direct 
data on the duration of the Ca transport, but  myofibril experiments suggest 
several minutes), the formation of such a concentration gradient cannot be 
excluded on thermodynamic grounds. To reduce the concentration ratio 
by one order of magnitude, 90 per cent of the accumulated Ca must have 
been bound, either by the substance of the vesicles (i mole Ca per 5,000 gm) 
or conceivably as a Ca-phosphate precipitate. 

The deduction that the vesicles might contain some substances which bind 
Ca very strongly, e.g. a carrier substance and possibly other components, 
might be used to explain the existence of a soluble relaxing substance (7, 
8, 34, 36) which can be inactivated by Ca. It is conceivable that under certain 
conditions some of the vesicular components might be solubilized and able 
to act as Ca-chelating agents. Evidence for a soluble relaxing substance was 
first obtained by Parker and Gergely (36) and independently by Briggs (8) 
and later by others (7, 34). Its presence was deduced from the fact that in 
the supernatant of ATP-incubated factor solution, glycerinated fibers relax 
(7, 8, 34) and myofibrillar ATPase is partially inhibited (34, 36). These 
effects must be caused by a soluble relaxing substance provided three other 
possibilities, which we should like to stress, have been excluded. Since the 
incubation with factor removes Ca from a solution, it has to be excluded 

Determined after 1 hr. centrifugation at  I00,000 g. 
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first, that the glycerinated fibers or the myofibrils were not inhibited just 
by a lack of Ca in these solutions, in contrast to untreated solutions con- 
taminated by Ca. This possibility is excluded in Briggs' experiments (8), 
because he introduced so much Ca with his myofibrils (49) that the Ca con- 
tent of his solutions was irrelevant. Second, after the pretreatment of his 
actomyosin systems with desoxycholate (25), no reactivation of intrinsic 
factor (frequently contained in actomyosin systems (3, 33) by soluble co- 
factor (9, 17) could have taken place. Nagai et al. (34), who found no protein 
connected with their soluble substance, thereby excluded only the third 
possibility, the presence of a very small contamination by the vesicles of 
the relaxing factor. 

In conclusion, we would like to speculate how Ca movements within the 
muscle might regulate its state of contraction or relaxation. This speculation 
is based largely on the results of studies on isolated actomyosin systems and 
relaxing factor which are applied to living muscle under the following as- 
sumptions. First, superprecipitation of actomyosin or syneresis of myofibrils 
is supposed to represent the in vitro equivalent of muscular contraction. 
Second, the reversal of the syneresis of myofibrils or the solubilization of an 
amorphous actomyosin gel is supposed to represent the in vitro equivalent of 
relaxation, a justifiable assumption since these phenomena occur under 
conditions which produce relaxation in contracted, glycerol-extracted (see 
Results) muscle fbers. Since any agent which produces relaxation or the 
reversal of superprecipitation logically must by the same mechanism prevent 
contraction of muscle fibers or superprecipitation of actomyosin, the degree 
of prevention of superprecipitation by agents which are known to produce 
relaxation, may be considered a result of their relaxing activity. (By contrast, 
the inhibition of superprecipitation or of ATPase activity (see below) as 
isolated phenomena by agents which have not been shown to reverse ATP- 
induced contractile processes does not indicate their relaxing activity.) 
If it has been established that the relaxing effect is accompanied by a simul- 
taneous inhibition of actomyosin ATPase activity (this has been shown for 
all known relaxing agents), this inhibition alone also may be considered an 
expression of its relaxing activity. It might be noted at this point that a 
plausible theory exists for the mechanism of this inhibition of ATPase activity 
which may be summarized as follows (27). The ATPase activity of actomyosin 
in the presence of Mg results from the effect of actin on myosin, whereby 
actin in the manner of an enzymatic cofactor greatly increases the very low 
rate of ATP hydrolysis by myosin alone (we found that on saturation with 
actin the rate increased twentyfold). Since it appears to be characteristic 
of the relaxed state of living and glycerol-extracted muscle that bonds be- 
tween actin and myosin are broken--thin and thick filaments may easily be 
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pulled apart (18)--relaxing agents presumably prevent actin from activating 
the myosin ATPase without necessarily influencing the ATPase activity of 
myosin alone. It has actually been found that the myosin ATPase activity 
is not altered by either the relaxing factor (27) or by the removal of Ca by 
EGTA (unpublished observations). 

Based on these premises, the following findings are applied to living muscle. 
In the presence of more than 10 -s M ATP actomyosin and myofibrils super- 
precipitate only if they have formed a complex with Ca (49). If the concentra- 
tion of ionized Ca has been lowered sufficiently for the complex to dissociate, 
ATP causes a partial reversal of the syneresis of myofibrils (48) and the 
dissolution of an amorphous actomyosin gel (51). It was shown in this paper 
that fragmented sarcoplasmic reticulum effects the dissociation of the Ca- 
actomyosin complex, presumably by lowering the concentration of ionized 
Ca through its mechanism of Ca accumulation (14, 19). It has been demon- 
strated (35, 38, 39) that the introduction of Ca into living muscle fibers 
results in a reversible contraction of myofibrils. 

Based on these findings, we would like to suggest the following as the 
sequence of events in living muscle. After stimulation, during the latent 
period, Ca is released into the cytoplasm and combines with actomyosin. 
The saturation of actomyosin with Ca would require the release of at least 
0.1 #mole of Ca per gm muscle. The intensity of the active state (45) begins 
to decrease when the sarcoplasmic tubules have reduced the concentration 
of ionized Ca in the sarcoplasm sufficiently for the Ca-actomyosin complex 
to begin to dissociate. Since the ratio of myofibrils to sarcoplasm is high, the 
interval from the beginning to the final state of dissociation, i.e. from the 
end of the plateau of the active state (23) to complete relaxation, could be 
relatively long. It would be determined by the rate of Ca accumulation by 
the tubules. During this interval, attending the accumulation of Ca by the 
tubules, about 0.1 /~mole of ATP per gram of muscle should be broken down 
according to the data of Hasselbach and Makinose (19), although from the 
point of view of energetics this amount could be considerably smaller, de- 
pending on the concentration gradient between cytoplasm and tubules 
during the removal of the bulk of the Ca. During rest, the concentration of 
ionized Ca would be low enough for maximal inhibition of actomyosin 
ATPase, presumably around 0.2 #M (depending on ionic strength, pH, etc. 
of cytoplasm). This implies that the cytoplasmic enzyme systems functioning 
during recovery should either not be Ca-activated or bind Ca strongly 
enough to remain saturated at such low concentrations of Ca. 
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R~eived for publication, August 10, 1962. 



7oo T I l E  J O U R N A L  O F  G E N E R A L  P H Y S I O L O G Y  - V O L U M E  4 6 • ~963 

B I B L I O G R A P H Y  

1. BAIRD, G. D., and PEggy, S. V., The inhibitory action of relaxing-factor prepa- 
rations on the myofibrillar adenosine triphosphatase, Biochem. J., 1960, 77, 
262. 

2. B~NDALL, J. R., Further observations on the factor (the "Marsh" factor) effect- 
ing relaxation of ATP-shortened muscle-fibre models, and the effect of Ca 
and Mg ions upon it, J. Physiol., 1953, 121, 232. 

3. BENDALL, J. R., Muscle-relaxing factors, Nature, 1958, 181, 1188. 
4. BENDALL, J. R., A study of the kinetics of the fibrillar adenosine triphosphatase 

of rabbit skeletal muscle, Biochem. J., 1961, 81, 520. 
5. BIANCm, C. P., Calcium movements in muscle, Circulation, 1961, 24, 518. 
6. BIANCHI, C. P., and SHANES, A. M., Calcium influx in skeletal muscle at rest, 

during activity, and during potassium eontracture, J. Gen. Physiol., 1959, 
42,803. 

7. BRXGOS, F. N., Observations on the nature of the soluble relaxing factor, Con- 
ference on the Biochemistry of Muscle Contraction, Dedham, Massachusetts, 
1962, to be published. 

8. BRIoos, F. N., and Fucm, F., The biosynthesis of a muscle relaxing substance, 
Biochim. et Biophysica Acta, 1960, 42,519. 

9. BRXOGs, F. N., KA~OR, G., and G~RGELY, J., Participation of a dialyzable co- 
factor in the relaxing factor system of muscle. I. Studies with single glycer- 
inated fibres, Biochim. et Biophysica Acta, 1959, 34, 211. 

10. BURTON, K., Formation constants for the complexes of adenosine di- or tri- 
phosphate with magnesium or calcium ions, Biochem. J., 1959, 71, 388. 

11. EBASm, D., Calcium binding activity of vesicular relaxing factor, J. Biochem., 
1961, 50, 236. 

12. EBASm, S., The role of "relaxing factor" in contraction-relaxation cycle of 
muscle, Progr. Theoretical Physics, 1961, 17, 35. 

13. EBASHI, S., EBASm, F., and Fujm, Y., The effects of EDTA and its analogues 
on glycerinated muscle fibres and myosin adenosinetriphosphatase, J. Biochem., 
1960, 47, 54. 

14. EBASm, S., and LIPMANN, F., Adenosine triphosphate--linked concentration of 
ealeinm ions in a particulate fraction of rabbit muscle, J. Cell Biol., 1962, 
14,389. 

15. FSmSTEXN, M. B., Inhibition by local anaesthetics of caffeine induced rigor and 
radiocalcinm movements in frog sartorins muscle, in preparation. 

16. FRANE, G. B., Effects of changes in extraeeUular calcium concentration in the 
potassium-induced eontracture of frog's skeletal muscle, J. Physiol., 1960, 
151, 518. 

17. G'~RQEL'Z, J., KALDOR, G., and BRxOGS, F. N., Participation of a dialyzable 
cofactor in the relaxing factor system of muscle. II. Studies with myofibriUar 
ATPase, Biochim. et Biophysica Acta, 1959, 34, 218. 

18. HANSON, J., and HuxLey, H. E., The structural basis of contraction in striated 
muscle, Symp. Soc. Exp. Biol., 1955, 9,228. 



Wv.BER et al. Mechanism of Action of Relaxing Factor from Muscle 7oI 

19. HAS.~L~ACH, W., and MAKINOSE, M., Die Calciumpumpe der "Erschlaffungs- 
grana" des Muskels und ihre Abh/ingigkeit yon der ATP-Spaltung, Biochem. 
Z., 1961, 333,518. 

20. HASS~.LBACH, W., and MAraNOSE, M., ATP and active transport, Biochem. and 
Biophysic. Research Communications, 1962, 7, 132. 

21. HASSELBACH, W., and MA~mos~, M., The calcium pump of the relaxing vesicles 
and the production of a relaxing substance, Conference on the Biochemistry 
of Muscle Contraction, Dedham, Massachusetts, 1962, to be published. 

22. HILL, A. V., The earliest manifestation of the mechanical response of striated 
muscle, Proc. Roy. Soc. London, Series B, 1951, 138, 339. 

23. HILL, A. V., The "plateau" of full activity during a muscle twitch, Proc. Roy. 
Soc. London, Series B, 1953, 141, 498. 

24. Kum~OAI, H., EBASHI, S., and TAra~DA, F., Essential relaxing factor in muscle 
other than myokinase and creatine phosphokinase, Nature, 1955, 176, 166. 

25. LORAND, L., MOLNAR, J., and Moos, C., Biochemical studies of relaxation in 
glyeerinated muscle, Conference on the Chemistry of Muscular Contraction, 
1957, Osaka, Japan, Igaku Shoin Ltd., 1958, 85. 

26. LowRY, O. H., ROS~.BROUOH, N. J., FARR, A. L., and RANDALL, R. J., Protein 
measurement with the Folin phenol reagent, J.  Biol. Chem., 1951, 193, 265. 

27. MAKmOSE, M., and HASS~LBACH, W., Die Abh~_ngigkeit der Granawirkung 
yon der Art des Aktomyosinsystems und Gergely's Co-Faktor, Biochim. et 
Biophysica Acta, 1960, 43,239. 

28. MARSH, B. B., The effects of ATP on the fibre-volume of a muscle homogenate, 
Biochim. et Biophysica Acta, 1952, 9, 247. 

29. MARTaLL, A. E., and CALV-~, M., Chemistry of the Metal Chelate Compounds, 
Englewood Cliffs, New Jersey, Prentice Hall, Inc., 1956, 489. 

30. MART~LL, A. E., and SCHWARZ~.NBACH, G., Adenosinphosphate und Tri- 
phosphat als Komplexbildner fiir Caleinm und Magnesium, Helv. Chim. 
Acta, 1956, 39, 653. 

31. MtrSL~R, H., The action of relaxing factor on aetomyosin, Biochim. et Biophysica 
Acta, 1960, 39, 93. 

32. MUSCATRLLO, U., AND~.RSSoN-C~.D~.RGREN, E., and AZZON~., G, F., The mech- 
anism of muscle-fiber relaxation, adenosine triphosphatase and relaxing 
activity of the sarcotubular system, Biochim. et Biophysica Acta, 1962, 63, 55. 

33. NAGAI, T., MAKINOSE, M., und HASS~.LBACH, W., Der physiologisehe Erschlaf- 
fungsfaktor und die Muskelgrana, Biochem. et Biophysica Acta, 1960, 43, 223. 

34. NAGAI, T., UCHmA, K., and YASUDA, M., Some further properties of the muscle 
relaxing-factor system and the separation of the effective substance, Biochim. 
et Biophysica Acta, 1962, 56,205. 

35. Nw.nErtGEgrm, R., Local muscular shortening by intracellularly applied calcium, 
J. Physiol., 1955, 128, 12 P. 

36. PARKER, C. J., JR., and G~.RO~.LY, J., Soluble relaxing factor from muscle, 
J. Biol. Chem., 1960, 235, 3449. 

37. PARKER, C. J., and GERGELY, J., The role of Ca in the adenosine triphosphatase 



702 THE JOURNAL OF GENERAL PHYSIOLOGY • VOLUME 46 ° I963 

activity and in the mechanism of the relaxing factor system of muscle, J. Biol. 
Chem., 1961, 236, 411. 

38. PODOLSKY, R. J., The structural changes in isolated myofibrils during calcium- 
activated contraction, J. Gen. Physiol., 1962, 45,613A. 

39. PODOLSKY, R. J., and HUa~.RT, C. E., Activation of the contractile mechanism 
in isolated myofibriis, Fed. Proc., 1961, 20, 301. 

40. PORTER, K. R., The sarcoplasmic reticulum, J. Biophysic. and Biochem. Cytol., 
1961, 10, No. 4, suppl., 219. 

41. PORTER, K. R., and PALAD~., G. E., Studies on the endoplasmic reticulum. III. 
Its form and distribution in striated muscle ceils, J. Biophysic. and Biochem. 
Cytol., 1957, 3, 269. 

42. PORTZSHL, H., Die Bindung des Erschlaffungsfaktors yon Marsh an die Muskel- 
grana, Biochim. et Biophysica Acta, 1957, 26, 373. 

43. RAAFLAUB, J., Komplexbildner ais Cofaktoren isolierter Zellgranula, Helv. 
Chim. Acta, 1955, 38, 27. 

44. SANDOW, A., Excitation-contraction coupling in muscular response, Yale J. 
Biol. and Med., 1952, 25, 176. 

45. SANDOW, A., A theory of active state mechanisms in isometric muscular con- 
traction, Science, 1958, 127,760. 

46. WEBER, A., On the role of calcium in the activity of adenosine 5'-triphosphate 
hydrolysis by actomyosin, J. Biol. Chem., 1959, 234, 2764. 

47. WEBrR, A., and HASSELBACH, W., Die ErhShung der Rate der ATP-Spaltung 
durch Myosin- und Aktomyosin-Gele bei Beginn der Spaltung, Biochim. et 
Biophysica Acta, 1954, 15,237. 

48. W~.BErt, A., and t-I~Rz, R., Requirement for calcium in the synaeresis of myo- 
fibrils, Biochem. and Biophysic. Research Communications, 1962, 6, 364. 

49. WEBER, A., and HERz, R., The binding of calcium to actomyosin systems in 
relation to their biological activity, J. Biol. Chem., 1963, 238, 581. 

50. W~B~R, A., and HERZ, R., On the physiological mechanism of regulating con- 
traction and relaxation of actomyosin, Conference on the Biochemistry of 
Muscle Contraction, Dedham, Massachusetts, 1962, to be published. 

51. W~.BgR, A., and WINICUR, S., The role of calcium in the superprecipitation of 
actomyosin, J. Biol. Chem., 1961, 236, 3198. 

52. WEB~.R, H. H., The relaxation of the contracted actomyosin system, Ann. New 
York Acad. Sc., 1959, 81,409. 


