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SUMMARY

Granules sediimented in 2 h at 35,000 < g do not account for the relaxing activity
of a crude muscle extract on the ATP-induced tension of glycerinated single museie
fibres. Large amounts of granules, however, are able to produce maximal relaxation.
The combination of the granules and the 35,000 < g supernatant, or its dialysate,
reproduces the relaxation brought about by an equivalent amount of crude extract.
This suggests the participation of a dialyzable cofactor in the mechanism of relaxation.
The cofactor is not replaceable by phosphoenclpyruvate or creatine phosphate, cven
in the presence of the appropriate kinases. Carnosine inhibits relaxing activity.

INTRODUCTION

Makrsu® has observed that an cxtract of fresh muscle inhibits the ATP-induced
syneresis and the ATPasc activity of myofibrils. Subsequently, BExparLr? showed that
in the presence of ATP this extract (Marsh factor)® " * brings about marked lengthening
of loaded glycerinated fibre bundles. Following these initial observations various
attempts have been made to purify and characterize this factor. BENDALL® presented
evidence that the relaxing factor is identical with myokinase and, in view of his
observations on tbec relaxing effect of PP in the presence of ATP, postulated that
PP might somehow be formed by the enzyme.

The following abbreviations are used: AP, adenosinetriphosphate; ¥, pyvrophosphate;
DPN, diphosphopyridine nucleotide; TPN, triphosphopyridine nucleotide; FMX, flavin-mono-
nuclectide; FAD, flavin-adenine dinucleatide; C, creatine; CP, creatine phosphate; PED, phouspho-
enolpyruvate; RIFS, relaxing factor system; Tris, tris(hydroxymethyl)aminomethane,

* Present address: Department of Physiology, Tufts University School of Medicine, Boston, Mass.

** Present address: McArdle Memorial Laboratory, University of Wisconsin, Madison, Wis.
*** Several names have been suggested for the active principle or principles in a fresh muscle
extract that causes relaxation, in addition to this one coined by BexpaLL. They include GoonaLr
AND SZENT-GYORGY!'s X-factor and relaxing factor®, the MB {(MawrsH-BENparL) factor of the
WEBER schooll, and BozLER's relaxation factor®. In view of the by now apparent complex nature
of the factor, and in view of the fact that the above listed names have been appiied te rather

difierent substances, we prefer to use the more general term relaxing factor system and abbreviate
it RFS.
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The studics initiated by GooODALL axp SzZENT-GYORrRGYI®, and continued by
Loraxt?, led Loraxp to the conclusion that the CP-creatine kinasc system is
involved in the process of muscular relaxation, a conclusion adumbrated by BozZLER's
observations? on the effect of CP on the ATP-induced tension of fresh glycerinated
fibre bundles. Loraxn?® suggested that the Marsh factor acts by rephosphorylating
bound AP and that myokinase might serve the same function. What was taken to be
further evidence for this hypothesis was furnished by the obs2rvation of Moos AND
Loraxp! that the PEP -pyvruvate kinase system could relax glycerinated fibres.
KuaaGal, Esasner axp TAKEDAYN, however, showed thet myokinase or creatine-
phosphokinase and CP were unable to relax muscle fibre bundiles, and they found that
a particulate fraction obtained by ammonium sulfate fractionation, presumably
icdentical with or similar to the KizLLEY-MEVERHOF!! granular ATPase, was necessary
for relaxation together with myokinase and, in the case of well washed fibres, another
protein fractiont PogTzEHL'? and BRIGGS AND PorTZEHLY made a systematic study
of this problem using well washed myefibrils and single n:uscle fibres and concluded
that transphosphorylating systems are not, properly speaking, relaxing factors, and
suggested that, in the case of fibre bundles, these systems cause relaxation only by
nmaintaining within the fbres an ATP concentration sufficiently high to activate traces
of relaxing factor which had not been washed out. HassELeBacH AnD WEBERM had
previousiv shown that the factor is not active at low ATP concentrations.

The requirement for transphosphorylating systems having been ruled out,
PorTZEALI proceeded to show that granules sedimented at 35,000 < ginhibited myo-
fibrillar AT Pasc without any further addition. In view of the parallelism beiween the
cffeet of the original Marsh factor on contraction and on ATPase this was taken as a
demonstration of the association of the relaxing factor with the granules. BEnpaL.?®
has recently confirmed PorTzEHL's findings and has shown that the granules inhibit
myofibritlar syneresis, thus duplicating the effect of the original Marsh factor.

LorAxD, MoLxak AND Moos?” and Episa1®® investigated the relaxing activity
of granules isolzted by centrifugation from a crude muscle extract and found that
such granules had a limited capacity to rclax glveerinated muscle bundles. They
further observed that this relaxation was greatly increased by the addition of PEPY
and mvokinase or CI* and creatine kinase!®.

This somewhat complicated picture prompted us to reinvestigate the effect of the
granular relaxing factor on single glycerinated muscle fibres. These studies led us to
the conclusion that a dialvzable cofactor is involved in the RIS, The cofactor does not
appear to be identical with C, CP, or PEP. The requirement for the cofactor could also
he shown in the myofibrilur ATPase system (see the following paper). Finally it was
found that PP could replace the cofactor in hoth tension relaxation and ATPase
inhibition, but as shown in the third paper, PP is not identical with the cofactor.

METHODS

Psoas ibres were obtained from a rabbit, killed by fracturing the cervical vertebrae,
i which rigor had been allowed to develop at 77, Fibre bundles weve then removed and
extracted and stored at — 187 in 509, (v/v) glycerol containing 0.01 M phosphate
Lutfer, pH 6. The extraction meaium was changed on three successive days and the
fibre bundies were divided into progressively smaller bundles in order to facilitate
extraciion. A fow more changes of the medium were made subsequently at irregular

Ko icines 1o 3N,



vor. 34 {1959) RELAXING FACTOR SYSTEM OF MUSCLE. 1 413
intervals. At the time of the experiment the fibres had been stored for 40 to joo days.

Before each experiment a single muscle fibre swvas separated with ithe aid of a
dissecting microscope from a fibre bundle. The single fibre was then mounted on a
sensitive isometric tensiometer, placed in 100 mM KCI and its length adjusted to a
point where any further increase would just produce a raeasurable tension {1007,
in 5 maA ATP, 2 mf MgCl,, 20 mM Tris, 70 m:M KCl, pH 7. 5. Tension mes urements
were made at frequent intervals until cqubibrium was reached. After the addition of
any substance te the bath, a new series of recordings was made until equilibrium was
again reached.

The relaxing factor was usually preparced by homogenizing ground rabbit muscle
in a Waring blendor for ¥ min with 3 vol. of 5o m.l KCl, zo mA/ histidine, 2.5 maf
potassium oxalate, and 3zo0 md sucrose. The homogenate was spun at 3000 - g
for 45 min. The turbid supernatant, referred to in this and the following twoe papers
as crude extract, was hltered through ¢ layvers of cheesecloth and was centrifuged at
35,000 < g for 120 min. The precipitat« was taken up in 320 mM sucrose in 1/10 of
the volume of the original extract. This material will be referred to as granules, The
method of Porvtzi#ct®, which omits sucrese, was also used to prepare crude extract
and granules. Crystalline di-sodium ATP, DPN, TPXN, FMXN and FAD were obtainerd
from Sigma Chemical Co., St. Louis, Mo.; €P, PEP, and carnosine from California
Foundation for Biocheniical Research, Los Angeles, Calif.

RESULTS

The relaxing activity of a crude extract and that of the granules prepared from the
same extract are compared in Fig. 1a. The crude extract was much more active. This
was particularly striking when an amonnt of crude extract just safficient to produce
a maximal decrease in tension was used. A corcentration of 20 to 25 volume °, of the
crude extract was usually required to produce maximum relaxation, while the granules
in an cquivalent amount produced ounly an 8¢, decrease in tensiog. Addition of
granules, up to an amount corresponding to 3 times the crude extract necessary to

e
8] ] o

@ : ¥ 5° T » GRANULES

= d l = ® CRUDE EXTRACT

S 20 2 20

%] Ca** % 1 Ga**

é b & !y Co*

i 40 = 490 J

= - |

ut : |

2 60 % &0,

) “ GRANULES e !

x #® CRUDE XTRACT & -

A 80 & 80 —

e it i O ]
0 o a0 [=le] 80 100 o] 20 40 60 30 100
GONG, VOL % CONG., VOL %

Tig. 1, Influence of crude extract and granules on tension of single ghreerinated munscie fibres.

(a) Crude extract prepared with sucrose-salt solution. {b) Crude extract prepared according to

PortzeHLY, The concentration of the extract is expressed in vol. ¥, The concontration of granules

{vol. 2,) is expressed in terms of the volume of the crude extract trom which they were obtained.

®, Crude extract: A, granules. Muscle fibres had been extracted for 51 davs., ATP, 5 m\/;
Mg, 2 mM; g oote, room temperature. For other details see text.
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produce maximum relaxation, produced a full-—-about 70 to 80 % —drop in tension.
ifn some preparations the amount of granules required for maximum relaxation
corresponded to as much as 8-10 times the amount of crude extract required for an
uptimal effect.

The crude extract and granules whose relaxing activities are compared in Fig. 1b
were prepared according to PoRTZEHLYS, The results obtained with these preparations *
agreed qualitatively with those found with the sucrcse-extracted material. The
maximal relaxation, however, was less than with sucrose extracts, and the difference
betwecen the activity of the crude extract and that of the granules was reduced. For
these and reasons!” to be mentioned in the next paper, sucrose was used routinely in
the preparation of the crude extract and of the granules.

The greater activity of the crude extract, in comparison with the granules,
appears to be due to the presence of some substance in the crude extract not sedimented
in two hours by a force of 35,000 < g {Fig. 2). The addition of the 33,000 % g-
supernatant subsequent to the addition of granules produced a decrease in tension
comparable to that obtained by an equivalent am~unt of the crude extract (Fig. za).
Additien of Catt at the end of the experim~-:¢ almost completely reversed the
relaxation. In the experiment illustrated in Fig. 2b the scquence of additions was
veversed. The supernatant alone produced a negligible drep in tension, but further
addition of granules produced good relaxation. It will be notcd that in the first
experiment, where the granules were added first, the supernatant produced a very
rapid drop in tension. If the addition of the supernatant preceded that of the granules,
the relaxation occurred more slowly, This suggests that the reaction of the granules
with the fibres is the rate-limiting step ior relaxation. .

The influence of increasing amounts of supernatant on the relaxation brought
about by an amount of granules equivalent to the amount of crude extract which just
produces maximal relaxation is shown in Fig. 3. It can be seen that relaxation increased
with increasing volumes of supernatant, and it became maximal when the amount of
supernatant was about one halif the amount of crude extract just required to produce
maximal relaxation. A dialysate prepared [rom the supernatant was equally effective
in bringing the activity of the granules up to that of the crude extract*. The reversal
by calcium of the relaxation produced by granules plus supernatant was not complete,
but the relaxation praduced by granules Tlus dialysate could be completely reversed
by the addition of calcium. Fig. 3 also shows the influence of both supernatant and
dialysate on tension in the absence of granules. The supernatant seemed to have a
slight relaxing effect which was only partly reversed by calcium. The dialysate
produced no decrease in tension.

Table I summarizes results obtained with cight different preparations of relaxing
factor. The tension-decreasing activitices of the various fractions and their combinations
were compared with equi- al»nt amounts of crude extract. It is obvious that the
relaxing activitics of the combinations, granules and supernatant or granules and
dialysate, greatly exceed the sum of the activities of the individual fractions and are
comparable with the activity of the parent crude extract. Fig. 4 shows that when the
granules were mixed with supernatant or with dialysate in the proportion in which

* 1f instcad of the crude extract, the supernatant or the dialysate, the solution uscd for

preparing relaxing factor, and containing 2.5 mJd{ oxalate, was added no aciivation of the granules
occurred.
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Fig. z. InBuence of granules and supernatant, prepared from crude extract by centrifugation for
120 min at 35,000 X g, on tension. Fibres had been extracted for approximately 3oo davs. (a) At
o time the fibre was placed in the bath containing 5 m ATP (for other components see METHODS),
G indicates the addition of granules (final volume concentration, in terms of crude extract, 229);
SN indicates the addition of supernatant (final volume concentration, in terms of crude extract,
229,). At to min Ca*t was added, final concentration z m.M. (b) Additions as in (a), except that
the supernatant and granules were added in reverse order. For details see legend of Fig, 1.
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Fig. 3. Influence of supcrnatant and its dialv-  Fig, 3. Relaxing activity of reconstituted svs-
sate with and without granules on tension. tems. @, crude extract; A, granules and super-

Abscissa: Concentration of supernatant or dia-  natant mixed in the proportion in which they
lysate in terms of the wvolume of ithe crude  geecur in the crude extract; B granules and
extract from which they were obtained, With-  dialvsate mixed in the proportionin which they
ant added granules: A, supcrnatant; 0O, dia- acenr in the crude extract. Concentrations as
lysate. With added granules: 4, swpernatant; definad in the legend of Figs. 1 and 3. Fibres had
|, dialysate. The granules were added in a been extracted for 54 davs. For other details
concentration equivalent to z2 vol. 2 of crude see the legend of Fig. 1

extract. @ indicates the efiect of crucle extract, - .
2z vol. 2. Arrows indicate reversal by 2 mif Ca*t+. Fibres lmd been extracted for 71 davs. For

other details see the legend of Fig. 1

they occur in the crude extract, their relaxing activity was equivalent to that of the
crude extract at all concentrations tested. Thus, the relaxing activity of crude Marsh
factor can be accounted for only by combining the granules with a dialyzable cofactor.
Some preliminary work has been done to characterize the particulate granules and

the dialyzable component. The granuales™ could be stored in the frozen state for as
long as three weeks without loss of activity. Treatment of the granules with 19,
desoxycholate completely destroyed relaxing activity. The cofactor** at pH 2.5 0r 9.0
* The activity of the granules was tested in the presence of added cofactor, in an amount

sui'ﬁcnent to produce maximal relaxation with untreated granules.

*® Cofactor activity was tested in the presence of an amount of granules that, when fu]I\'
activated, would produce maximal relaxation.
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TABLE 1

RELAXING ACTIVITY OF VARIOUS MUSCLE FRACTIONS

Per cont docrease in lenston with
Experiment - e

Crude evtret 35000 N g- 35000 ¥ 3- Diulysate of Granitles and t’?mgmh's and
) craithies supernalant siperaiait stepernatan) dialvsale

1 54 1 4 5 38 47

z 53 8 14 3 56 64

3 70 —_ —_ —_— ar 56

EY g o 2 —_ {3,; —

50 ] 6 — 42 —

[0 13 —_ 5 — —— —_

7 40 Q — 11 —_ 48

5 33 I 4 o 39 50

The relaxing activity of each fraction was tested at a concentration equivalent to that of the crude
extract. The granules and supernatant or granules and dialysate were combined in the proportion in
which they occur in the crude extract. The decrease in tension was taken as the difference between
the per cent decrease nbtained 4 to 8 min after the addition of the fraction under investigation and
the percent decrease remiaining after reversal by 2 maf caleium. The fibres used in these experiments
had been extracted for about 300 davs. Other conditions as described in the legend of Fig. 1.

lost 50 % of its activity in 1 h at 0°. At pH 7 it was stable at 0°, but lost 1/3 of its
activity in 15 min at 60°. The cofactor could be adsorbed to charcoal. Work is now in
progress to utilize this property for the purification of the cofactor. A number of
substances have heen tested as substitutes for the cofactor. These included FAD,
FMN,TPN, DPN, PEP, PC and thiamine pyrophosphate, all of which were ineffective.
Inorganic pyrophosphate could replace the cofactor. However, the instability of the
cofactor at pH 9 and its adsorption to charcoal rule out its identity with pyro-
phosphate. Studies with pyrophosphate as a cofactor are the subject of another
communication®®. Addition of myokinase, CP and creatine kinase, PEP and pyruvate
kinase to granules did not result in relaxation. Carnosine in concentrations exceeding
6 mM was found to completely antagonize relaxing factor activity.

In view of the fact that the dialysate of the supernatant could act as a cofactor
for the granules we compared the activities of dialyzed and nondialyzed crude extract.
No appreciable loss of activity occurred on extensive dialysis. The 35,000 x g-
supernatant completely lost its cofactor activity on dialysis. However, after dialysis
against a small volume, cofactor activity could be demonstrated in the dialysate,

DISCUSSION

Our resuits show that although granules can relax glycerin-extracted muscle fibres,
they do not account for the relaxing activity of crude extract and in order to obtain
maximal relaxation with granules one has to add 3 to 5 times as much as would be
present in the amount of crude extruct sufficient to produce the same effect. These
observations appear to contradict PORTZERL’s'® conclusion — based on the study of the
inhibition of the myofibrillar ATPase by granules— that the relaxing activity of the
crude extract is entirely accounted for by the granules in the extract. Examination
of PORTZEHL's data, however, suggests that het conclusion is not borne out by them,
since in fact the granules appear to be only about half as active as the original extract.
References P 218,
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The activity of the granules could be brought to that of the parent crude extract
by adding dialysate prepaied from the 35,00¢ x g-supernatant. The reconstituted
system consisting of granules and dialyzable cofactor behaved in all aspects exatnined
exactly as the crude extract. Calcium and, as shown the first time in this paper,
carnosine reversed the relaxation brought about by the crude extract ot reconstituted
system. If the ATP enncentration in the bath was aliowed to drop below a critical level,
owing to he ATPase activity of the granules the relaxation was reversed. This
phenomenon is the counterpart of the observation made by HASSELBACH AND WEBERM
that no relaxation occurs upon addition of Marsh factor at low ATP concentrations.

The dialyzable cofactor is not identical with CP or PEP, since addition of CP or
PEP does not reactivate the granules.- This is in agreement with the conclusions of
PorTZEHL!? and BRIGGS AND PortzeHL!®, viz. that ADP phosphorylating enzyme
systems. aTe not required for relaxing activity. In the light of our data it is more
difficult to interpret the reports of LorRaND, MoLxak AND Moos!™ and Epasui'®
showing that the relaxing activity of a particulate fraction, tested on glycerinated
muscle fibres, is stimulated by phosphokinase systems. In view of the results of Bricos
AND PorrzeEHLY and PorTZEHL the simplest explanation of the above reports would
be that the fibres still contained small amounts of the RFS and their thickness and
ATPasc activity was such that, in the absence of kinase activity, the ATP concentra-
tion fell below that required for relaxation.

Our finding that the dialysis of the crude cxtract led to no appreciable loss of
relaxing activity —in spite of the dialysability of the cofactor, and loss of cofactor
activity of the 35,000 : g-supernatant on dialysis—is puzzling. The relationship
between granules and cofactor will be discussed after the presentation of our work
dealing with the inhibition of myofibrillar ATPasc by the relaxing factor.

NOTE ADDED IN PROOF

Since this communication was submitted for publication” the relaxing activity
of the RFS—crude extract or granules or granules and cofactor—has been re-
investigated in the presence of 2.5 mM oxalate. Under these conditions, essentially
identical with those used in the work described in the following paper, the amount
of RFS required for relaxation is 4—5 less than under the conditions which prevailed
in the experiments described in this report. It will be noted that in the presence of
2.5 mM oxalate the concentration of the RIS required to relax a single fibre is the
same as that required for the inhibition of the myofibrillar ATPase {(¢f. the following
paper, p. 2I8).

(Received March 13th, 1959)
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PARTICIPATION OFF A DIALYZABLE COFACTOR IN THE
RELAXING FACTOR SYSTEM OF MUSCLE

II. STUDIES WITH MYOFIBRILLAR ATP-ASE

J. GERGELY anp G. KALDOR™

Cardiac Biochentistry Reseaveh Laboratory, Departinents of Medicine, Massachusetts General Hospital
and Harvard Medical School,

AND ¥. NORMAN BRIGGS*"
Departineitt of Pharvinacelogy, Harvavd Medical School, Boston, Mass. (U.8.4.)
{Received Octaber 4th, 1958)

SUMMARY

Inhibition of myvofibrillar ATPase by granules sedimented at 35,000 x g often did
not account for the inhibitory activity of the crude extract from which they were
prepared. In such cases full inhibition could be obtained by combining the granules
with a dialysate prepared from the 35,000 > g supernatant. The requirement for the
dialyzable cofactor was particularly pronounced at low concentrations of granules.
In those cases where the granules manifested ne requirement for added cofactor,
incubation of the granules at 37° for 60 min produced a requirement for this cofactor.
Both calcium and carnosine were found to antagonize the inhibitory effect of the
relaxing factor system.

The following abbreviations are used: ATP, adenosinetriphosphate; ATPase, adenosinetri-
phoqphatase ADDP, adenosinediphosphate; RFS, relaxing factor system: TCA, trichloroacetic acid,

Present address: McArdle Memorial Laboratory, University of Wisconsin, Madison, Wisc,

* Present address: Dept. of Physiology, Tufts Umvursmy School of Medicine, Boston, Mass.
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