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Abstract

Radiocactive adenine is readily taken up by muscle and
is incorporated into nucleotides as an intact unit. The
rate of uptake is independant of the duration of incubation
and increases with temperature,

About 1/6 of the actin-bound ADP is rapidly exchangeable
with free nucleotide in resting muscle.

In isometric contraction there is a slight loss of
tritium label from the 2 position of the actin-bound ADP.

In loaded contracture there is a slight exchange of
the actin-bqund nucleotide over and above the resting
exchange, The extent of this additional exchange seems
to parallel the peak power output of the muscle. For a
muscle contracting at maximum power, the probability that
a bound ADP will exchange during a single interaction with
myosin is about 0,0005.

Experiments in vitro show thgﬁ, at high temperatufes,
the F-actin-bound ADP is labile and that the ATPase of the
actin is dependent on the preparation of the protein.

It is possible to calculéte tﬁe length (along the thin
"filament) between the points at which any one cross bridge
makes successive attachments, | For the purposes of this .
calculation it is only necessary to know certain mechanical,
energetic and geometric properties of muscle; no particular
model of muscular contraction need be éssume&. The length

in question is about 28 nm, the length of the half turn of

the thin filament.
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INTRODUCTION

The structure of skeletal muscle

A muscle 13 composed of fibres; individual fibres are
about 20-100 um in diameter and their lengths vary from muscle
to muscle, FEach fibre is coated with connective tissue and
the fibres are tied together in bundles of about 30 with further
connective tissue., The bundles themselves are bound together
to form the whole muscle and covered with more connective tiszue,

Bach fibre is htounded by the sarcolemma or cell memtrare
and has nuclei spaced at 5 um intervals along its iength.

Each fibre also contains several thousand myofibrils, These
zre 1 to 2 m in diametef and rur the whole length of the fibre,
WDveﬁ around the myofibrils is the sarcoplasmic reticulum,

& structure which conducts the electrical impulsg from the
surface of the muscle to the myofibrils, Mitochondria are

packed in rows between the myofibrils,

The structure of myofibrils

A myofibril contains arrays of thick and thin filaments.
In most muscles these filaments are arranged in the hexagonal
pattern shown in fig,., 1.l1. Longitudinally the filaments are
organized into compartments, limited by the Z-discs, known
as sarcomeres, A single thick filameht is about 1.5 um long
and 12 nm in diameter and is an ordered aggregate of the protein
ryesin, Starr sad Offer (1971) report that the thick filament -

also ccntains a second protein component - C-protein,



The proteins actin, troponin, tropomyosin and actinin
make up the thin filament, the main component being actin,
A thin filament is typically 2.2 um long by 8 nm in diameter,
Neighbouring thin filaments are attached to each other by the

Z-discsee

The structure of the thick filament

The gross structure of a myosin molecule is shown in
fig 1.2. The tail region is a rigid structure, The twin
heads are the site of an ATPase and they show actin binding
properties (Mueller and Perry, 1962), The myosin molecules
ere arranged sa that the tails point toward the centre of the
filament., The heads project from the surface of the filament
and can form cross bridges to the thin filaments. These bridgzes
are arranged in paire% the members of each pair emerging on
diametrically opposite sides of the filament, The spacing
between pairs of bridges is 14.3 nm and each pair is rotated
by 120°.with respect to its neigbours., Each bridge in a resting

<

muscléizz;: 14 nm from the centre of the thick filament, i.e,
just under half the distance-tc a neighboufing thia filament.

It is a consequence of the above structure that each thick
filament has a region in its centre from which no bridges project,

The above picture of myofibrils and myosin has been built
up by the electron microscopy, X-ray diffraction and chemical
investigations of numerous authors including Hanson and Huxley
(1957); Hanson and Lowy (1964)3 Huxley (1963 and 1963a); Huxley
and Brown (1967); Ohtsuki et 21.(1967); Page (1963); Pepe (1967);

Perry (1967) and Morimoto and Harrington (1974),

l, See also discussion
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The structure of the thin filament

The thiﬁ filament is composed of "“the proteins actin,
tropomyosin and troponin, In addition a-actinin is present at
or around the Z-disc (Masaki et al, 1967; Briskey and Fukazawa,
1970); B-actinin, aﬁother protein, seems to act as a terminator
for the actin polymer (Maruyama, 1965 and 1971).

The actin monomers are ellipsoidal (5.5 x 5 x 3.5 nm) and
form a double helix, in the grooves of which lies tropomyosin
(Moore et al, 1970), Troponin (itself a three-component protein)
has a specific binding site every 40 nm along the filament
(Ohtsuki et al, 1967), TropomyosinAis a completely helical
two stranded coiled coil molecule of length 40 nm . (Woods, 1967
and 1969), a-actinin has a molecular weight of 180,000
(Robson et al, 1970), and has an amino acid composition distinct
from that of actin, whereas B-actinin has a similar amino acid
composition to that of actin and a molecular weight of 60,000
(Maruyama, 1971); Troponin is the protein which confers calcium
sensitivity on the contractile arparatus and has a molecular
wveight of 80,006 (Ebashi and Endo, 1968), This proteiﬁ consists
of three components (Ebashi et al, 1971);

_ The double helix of the thin f;lament is right handed (Depue

and Rice, 1965) and has a pitch of about 72 nm (Hanson, 1967;
Elliott et al, 1967). There are therefore between 13 and 14
actin monomers per completé turn (in each chain);‘

A paper by Potter (1974) gives the molar ratios of the muscle
proteins actin/myosin/tropomyosin/troponin as 7/1/1/1; This
paper also states that the three components of troponin are

present in equimolar proportions, The actin/troponin ratio

¢
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together with the known periodicity of troponin suggests that
the latter molecules are attached (or co-polymerized) to the
helix in pairs. The thin filament is shown in fig. 1.3,

The sliding filament theory and the motion of the filaments

durine contr.iction

Hanson and Huxley (1955) first advsnced the sliding filament
model of muscular contraction, which has since become uvnivesrsally
accepted, The main feature of the model is that in coﬁtraction
the filaments slide past each other with no change in their
individual lengths, X~-ray diffraction studies on living mus¢le
have shown that there is no gross change in the length or
structure of either filament (Elliott et al, 1967; Huxley et al,
19€5; Huxley and Brown, 196%),

Apart from the sliding of the filaments there is soma
information about the detailed molecular movements involved,

As a muscle contracts its volume remains nearly constant,

Rome {1967) has shown that changes in the length of & muscle are
accompanied by lateral motion of the filaments, just sufficient
to maintain constant volume, This fact has become tlie basis of
a theofy of contraction (Elliott et al, 1970) which does not
demand direct contact between thick and thin filaments. Most
other theories, e.g. those of Huxley (1966); Huxley and Simmons,
(1971); FHarrington (1971) and Loewy {1968) postulate direct
contact between the cross bridgss and the thin filaments. There
is some evidence in vivo to support this postulate (Miller and
Tregear, 1972; Huxley and Brown, 1967) and some indication

that the cross bridges are, in vivo, the site of an ATPase

*



" Fig. 1.1
Schematic cross-séctidn of @hé muscle filaments,
The unit cell from Huxley and Brown (1967).

(For alternative possible arrangements of the bridges see discussion)

' The boundary of the unit cell,

Myosin filament; the numbers refer to

i the level at which the bridges project.
Those labeled '2' are 14,3 nm above
those labeled '1', etce

Actin filamentj note those filaments
() shown with and without dots have

different arrangements of bridges

;
{
o ] around them,



Fige 1.2

The myosin molecule

Heavy meromyosin subfragment 1.

The head region of the molecule,

This is8 the site of the ATPase

and of the light polypeptide chains,
Molecular weight 120,000 {each head).
15 x 4,5 x 3 nme

Flexible region,

Heavy neromycsin subfragment 2.
Molecular weight 60,000,
4L7.5 x 1.8 {(approx) nme

Flexible 'hinge' region,

Light meromyosin,

The tail region.

This is the section of the
molecule which polymerizes to
form the backbone of the thick
filament,

Molecular weight 150,000,

84,5 x 2 nm,
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The thin filament
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Troponin

Tropomyosin
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(Tice and Barrnett, 1962; Tice and Smith, 1965). There iz
overwhelming evidence in vitro for direct contact and for ths
ATPase (Moore et al, 1970; Engelhardt and Ljubimova, 193%j.

On contraction the cross bridges move radially and azimuthally
(witkh respect to the thick filament) and the motion is accompanied
by a loss of regularity in their arrarngement (Haselgrove and
Huxley, 1973; Huxley and Brown, 1967), Thé Jatter autnore
did not exclude the possibility of a slight structural change
in the thin filament on contraction, Such a change was reported
bty Vibert et al, (1972), who found that the change related to

the stimulation of muscle rather than to its coantraction,
Ge=actin

Under conditions of low ionic strengthk actin exista in
the monomeriec form and this is known as G-actin, It is a
globular protein (single poiypeptide chain) of molecular weight
&% .000 (Akakibara and Yagi, 1970), The amino acid sequence
of rabbit actin has been determined. (Elzinger and Collins, 1972).
Various actins vary little in their amino acid compesition and
physical properties (Carsten, 1965; Carsten and Katz, 1964) and
contain the rare amino acid 3-methylhistidine (Johnson,1957).
iyosin also contains this acid.

Each actin monomer binds one molecule of ATP ard one divalent
cation (Tsuboi, 1968), These are both freely exchangeable with
the medium (Barany and Chrambach, 1962; Barany et al, 1962;
Drabikowski and Strzelecka-Golaszewska, 1963); These authors
found that the 'natursl' bound cation was calcium, although
Strzelecka-Golaszswska (1973) found that the affinity constant

of actia for magnesium was much higher than previously reported,



The affinity constant for ATP has been measured by West (1971)
as about 3 x 108 M-l; This work also suggests that (althougx
nucleotide and cation exchange separately) in the ternary
complex there is interaction between the cation and the f= and ¥ «
phosphate groups of ATP,

'In addition to the tight cation-~binding site of actin

there are about seven weak binding sites (Martoncsi et al, 1%64j,

The polymerization of actin

At moderate ionic strength (typically KC1l S0 mM, Hgfla 2 uwM)
G-actin polymerizes to fibrous or F-actin, The polymerizaticn
proceeds with hydrolysis of the bound ATP, and the resulting
ADP is the bcund nucleotide_of F-actin, The polymer does not
have a well defined length (Arisaka et al, 1973), but in other
respects it resembles the thin filament, If the ionic strength
is lowered F-actin will depolymerize exchanging its bound ADP
for ATP from the medium, If no ATP is available depolymerizatién
still occurs and G-actin with bound ADP is formed (Gruthoffer
and Weber, 1961), However, the affinity of G-actin for ADP is

only about 1.6 x 10~2

of that for ATP (Iyengar and Wsber, 1964}
and normally the nucleotide is lost and denaturation of the protein
occurs, (Nucleotide~free G=-actin can be prepared and is stable
in 50 % sucrose (Kasai et al, 1965),)

Feuer et al. (1948) discovered that there were two distinct
ionic effects on the polymerization of actin, Firstly, there
was & non-epecific effect due to monovalent cations; no
difforences were observed between the effects of Na' and K' when

actin was polymerized in the presence of these ions. This

non-specific effect is probably due to Debye-Huckel screening of
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the electrostatié charge of the protein rather than any special
property of monovalent ions. Secondly, the authors found that,
in the presence of 100 mM KCl, the polymerization Qas accelerated
> and retarded by 3 mM CaClZ.
can

G- and F-actinjfco=-exist in a dynamic equilibrium (Kasai et al,

by 10 mM MgCl

1962), VUnder any given conditions there is a critical concentration
of G-actin, If thé actual concentration of Geactin is below

this critical value then there can be no Fwactin, In the

presence of F-actin, G-actin will exist at the critical concentration,
The. polymerization process is analagous to a phase change. The
authors also found that the equilibrium couid be shifted to

favour the F- form by increasing the moﬁovalent ioﬁ concentfation,
the magnesium concéntration or the temperatufe or By decreasing

the pH, The G~ forﬁ could be favoured by increasing the

calcium concentration (in the pregence of monovalent ions),

Neither divalent ion, however, had a lagge effect at high
temperatures or at low pH.

The rate limiting step of the polymerizatioﬁ process is
the formation of a nucleus of three or four monomers (Kasai et al,
1962), These authors also found that, for éctiﬁ concentrations
above the cri?ical limit, the initial rate of polymerization
‘ vﬂ-:ﬁc G-actirﬂn . Where 3 < n < li» and the constant k was
dependent on the ionic conditions::=
ko (1 + 1.5 [a™]/ [ug™*] )33,

However, Kasai (1959)'found that neither the nature of the
ibns'present, their concentration nor the pH affected the
activation enthalpies §f the nucleation or growth reactions
of the polymer (both about 20cha1/mole);

Martonosi gi‘gl. (1964) found that the polymerization

rate was half maximal when half the weak binding sites for divalent
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cations were occépied.

The polymerization of actin is highly pH-dependent (Tsuboi
et al, 1965). At pH 9 actin is virtually unpolymerizable,
whereas at low pH it can be polymerized by the addition of acid
alone. Interestingly, at pH 5.5 the bound nucleotide can be
hydrolysed before polymerization occurs, but the resulting
polymer has an abnormally high viscosity.

Most actins behave similarly in their response to their ionic
environment, but an actin-like protein extracted from the slime
mould plasmodium will polymerize to an F-actin-like structure
in the presence of monovalent ions alone and to a globular
structure if divalent ions are added (Hatano et al, 1967).

Although polymerization of actin is accompanied by hydrolysis
of the bound ATP, this hydrolysis is not necessary for polymerization;
Ge~actins prepared with other nucleotides, or even nucleotide~free
actins, will polymerize (Kasai et a1, 1965; Iyengar and Weber,
1964;  Cooke and Murdoch, 1973). Nor is the nucleotide |
absolutely essential for the structure or stability of the
polymer (Barany et al, 1966; Cooke and Hurdoch, 1973).

The ADP and tightly bound cation of F-actin can only be
removed with difficulty (Barany et al, 1966)., 1In addition
?o the tight binding site for ADP, fhere seems to be a weak

binding site for ATP (Suzuki et al, 1973).

Is the polymerization of actin linked to the contraction process ?

The hydrolysis of ATP is known to provide the immediate -
energy supply for muscular contraction. As polymerization
and depolymerization of actin would result in the hydrolysis of

ATP, it is-tempting to speculate that this process (or a similar

]
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one) might take élacé in contracting muscle. Straub and Feuer
(1950) andAMémmaerts (1951,1952) pointed out that if one ATP
vwere hydrolysed for each actin in a‘muscle, then the energy
released would be that of a single twitch, For convenience
this calculation is repeated here,

Using the figures of Potter (1974) together with the dimensions
of the filaments, the cbncentration of actin is 5.5 x 10-7
moles (monomer) / ml of myofibril, This figure is in agreement
with the.concentration of bound ADP in muscle., Taking the
overall reaction to be phosphocreatine > creatine + phosphate
and the free energy of this reaction (under‘physiological
conditions ) as 10 Kecal / mole, then the energy released would
be 5.5 x 1072 cal / ml of myofibril or about 4.5 mcal / g of |
muscle. Carlson EE,El (1963) give the energy output of frog
sartorius muscle as 2,6 mcal / g (unloaded), 4.8 mcal / g (maximum)
and 3,3 mcal / g (isometric) for a single twitch,.

Oosawa et al,(1961) and Asakura et al.(1963) advanced a
theory of muscular contraction baséd on the concept of an
interrupted polymer of-actih, which they.called f-actin, This
polymer was thought to be longer than F-actin (for the same
number of monomers) and to be capable of binding ADP or ATP,

Qhe following was the proposed cycle of events:-
i. Myosin binds to an actin filamént, causing the F- 3 fa
transformation and leading to a localised stretch of the

thin filament,

2.. There is an exchange reaction between f-actiA-ADP and

free ATP, £-ADP + ATP > f£-ATP + ADP .
3 There is myosin binding to the other end of the extended

section.

b, There.is hydrolysis of the bound ATP and reconversion of
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the thin filament to its ngrﬁal form, with a return to its

natural lengfh. The first myosin link breaks at this time,
f-ATP > F-ADP + Pi

Such a process would result in the relative movement of thin

and thick filaments by the difference between the lengths of the

extended and unextended thin filament.

A similar process had been amongst those postulated by
Hanson and Huxley (1955). This theory, however, was not so
detailed and involved neither the depolymerization of actin nor
the.change of polymer form.,

More recently Laki (1971) has proposed another mechanism
which depends on a length change in the thin filaments, In
this model the thin filaments are likened to flagellavand fhe
z=disc to the basal body. The individual thin filaments are
able to contract by up to a few percent, utilizing the hydrolysis
of ATP and a linked conformational change in actin. Those thin
filaments which are in a fovourable orientation to myosin are
able to pull it toward the z-disc (but not push). It is also
postulated that the conformational change of actin is co-operative,
and capable of propagating down the filament after initiation
in the z-disc,

. If a polymerization-depolymerization cycle were fo occur in
ﬂ ﬁﬁscle there would probably be an eichange of bound and free
nucleotide on contraction; there is no evidence for the

direct phosphérylation of ADP while it is bound to actin, -
There would also be exchange if the Oosawa model ;ere correct
"and an exchange is likely under the Laki hypothesis with its
conformational change;

The evidence for or against such an exchange reaction

in vivo is, sparse (see below), but under certain conditions
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in vitro such a reaction has been observed.

F-actin as an ATPase

F-actin is not normally considered to be an ATPase, but
under some conditions it will catalyse the hydrolysis of ATP,

At low concentrations of magnesium it is possible to
achieve roughly equal concentrations of G- and F-actin in
dynamic¢ equilibrium, ATP is hydrolysed by a cyclic polymerization=
depolymerization process (Asakura and Ocsawa, 1960),

At a pH of 4,7 (the isoelectric point), actin will hydrolyse
many nucleoside triphosphates, arnd this prccess is probably
associated with the formation of actin paracrystals (Kurola
and Maruyama, 1972).

Asakura (1961) found that if F-actin was sonicated it became
an ATPase and that the hydrolytic activity persisted for’a short
time after the removal of the sonic field, He attributed the
phenomenén to the loosening of the rigid F-actin structure under
sonication, The transient polymer he called f-actin (see above),
However, Nakaoka and Kasai (1969) produced results implying that
sonication caused a true depolymerization to G-actin, and they
explained the ATPase as the result of a polymerization=
depolymerization c¢cycle.

At elevated temperature (50 = 60°C) F-actin is an ATPase
(4sai and Tawada, 1966), Again a transient f-actin pelymer
was postulated, This result is especially interesting as an
ATPase is observable at #500, a temperature approached by working
mammaliar muscle,

Ikkai et a1.(1966) reported that the transiormation of G-



to Fe-actin was accompanied by & volume increase of 301 wl / Mol
(mcnomer) ., It would be expected therefore that hydrostatie
pressure would favour depolymerizaticn. This effect has be:zn
recorded (Ikkai and Ooi, 1966), but the authors also found other
interesting behaviour, At pressures in the range 500 = 15CC
Kg / cm2 the bound calcium of F-actin became exchangeable, and
the actin depolymerized at 1500 - 3500 Kg / cn® and denatured at
pressures above 3500 Kg / cmz. An ATPase activity was obzerved
at pressurés between 5CO0 and 3000 Kg / cm®, At the low end

of this pressure range there was no evidence of depolmerization
of the actin,

Nakaoka (1972) feound that if salyrgan (wersalyl, rertal) were
allowed to react with =SH groups in Ge-aciin (in molar ratic o?f
2 or 3¢ 1) the resulting protein would polymarize and the
regulting polmer was an ATPase, The precceedure gave, however,

a mixture of different polymeric forms of actin and the polyuer
responsible for the ATPase was not identified,

The Feactin used in all the above experimants had teen
purified by polymerization-depolymerization cycles, Laki (1971}
is of the opinion that intact thin filasments might have a very
much higher ATPase, He consicders that the rate limiting =step
of the ATPase reaction is the release of phosyhate from an
active site and that one of the regulatory proteins could labilize
the actin-phosphate bond,

Parrish and Mommaerts (1951) have provided some evidence
that the rates of polymerization and depolymerization of actin
are not always low, . They freeze dried solutions of F-actin
and dissolved the product in XKC1-ATP solutions, The actin

depolymeriéed instantaneously and immediately repolymerized,
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Table 101
A comparison of the rates of enzymic and non-enzymic ATP splitting
by actin,.

1) Enzymic or continuous ATP splitting

Method Turnover  ATP MgC12 KC1l Temperature pH
numbef
min-1 mM mM mM °c

low Mg't 0.001 0.5 0.5 0 20 9
sonication 0,22 1.0 0.0 100 20 8.3
high 0.32 0.8 1,0 - 60 60 8.2
temperature :

" 0,11 0.8 1.0 60 53 8.2

" 0,37 ~ 5.0 1 mM EDTA 60 53 8.2
salyrgan(3:1) 0,04 1.0 3,0 60 24 . 747
high |
pressurg
Kg / cm . _
2400 0.1 0.5 0.0 60 25 8.1
1000 - 0,02 0.5 0,0 60 25 8.1

2) Non-enzymic or single-polymerization ATP splitting

- Method ‘Reaction  ATP MgCla KC1 Temperature pH
rate '
min™~t mM mM mM °c _
normal | ‘. 0.1 - 2,0 60 25 8.2

The references on which this table is based are to be found in the

text .



The authors conclusion was that the;e existed a machanism
cortrolling the rate of the polimerization-depolymerization
reaction and that this mechanism operated imn vivo,

The rates of the various ATP splitting reactions are given
in table 1.1, These rates should b2 contrasted with thess from

++
activated myosin has a turnove:r number

other systems, Ca
of (typically) 1000 min-1; mycofibril preparationst~ 50 moles
ATP / mole actin. min and intact muscle at 0%°C:= 200 moles ATP /
mole actin, min (calculated on the total energy productiom ¢7

a muscle),

Actin, as normally prepared, is not a good ATPase bul it.
cannot be regarded as inert in this respect, The resting
metabolic rate of frog sartorius at 20°C is about 2.5 wcal /
ge min (aerobic); if this heat were produced solely by an
actin ATPase it would correspond to a turnover number of shbout

0.3 min~T,

Exchanee of the Feactin nucleotide in vitro

Under the conditions in which Feactin is an ATPase there
is excbangebof the bound nucleotide with ATP of the medium,
Martonosi et al.(1960) reported that the ADP of F~actin was
inexchangable, but Moos et al. (1967) state that half ths hound
nucleotide is slowly exchangeable. Kitagawa et al. (19€3)
found that the nucleotide was exchanged and that the rate of
nucleotide release from F-actin was greatly reduced by
tropemyosin,

3zent~Gyorgyi and Prior (1996) found that .half the boﬁnd

ADF was exchangeable during superprecipitation of natural or
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(3]

synthetic actomyosin gels, superprecipitation being recuscary
for the exchange. They also found a similar exchangs using
myofibrils, Moos and Eisenberg (1970) found that the rate of
nuclectide exchange was increased by the binding of F-actin to
myogin filaments; however, the effect seemed uncorrelatesd

with either ATPase activity or superprecipitation. In addition
they found that the bound nucleotide would exchange with free
ADP as well as with ATP,. Exchange in an actomyosin has also

been reported by Moos et al. (1967).

Exchznge of the F-zctin bound nucleotide in vive

Martonosi et al, (1960) treated radbtits, pigeons and
rats with 32Pi and found that the activity of the ectin-tound
nucleotide took 24 hours or longer to equilibrate with that ef
the pool, Exercise had no effect on the incorpoation of 32?1
into bound ADP, The authors concluded that there was ro {transient)
G-actin in muscle, The 'test' animals were forcibly exercisad,
but muscular activity was not prevented ih the control group,
Moreover, inorganic phosphate enters muscle cells slowly aad
this may have contributed to the long apparent equilibdratiocn
times,

Evidence for nucleotide exchange in vivo is provided by
Cheesman et al., (1969}; Cheesman and Priston (1970) and
Priston (1970). In these experiments the free ATP of muscles
was labeled by the‘injection of 140-g1ucose into live frogs,
pre-curarized to prevent muscular astivity. On electrical
stimulation or potassium contracture there appeared to be some

exchange of the bound nucleotide, However, the use of IAC-



glucose in whole animals resulted irn very low levels of labsi

in the nucleotides and there was much scatter in the experimental
results, There were also problems of interpretation srising
from test-control asymmetry and from the unknown degree of

labelling in the nucleotide precursors.

Purpoee of the present study

The purpose of ths present study was to investigate nucleotide
exchange in resting and stimulated muscle in a system allowiug

improved accuracy and relatively simple interpretation.
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MATERTALS AND METHODS

MATERTALS
Animals

The frogs used were of the species Rana temporaris and

Pana pipiens, they were cold-acclimatized and unfed, o

attempt was macde to ensure a reproducible physiological conéition.

Chemiceals

Colvents and chemicale were of analytical grade where
available, Other solvents were redistilled, (+)-tubocurarine
was supplied by Wellcome Ltd. and insulin (80 I,U, / ml) was

obtained from The Boots Co. Ltd.,, Nottingham,

Radioastive chemicals

The following carrier free substances were obtained from
the Radiochemicel Centre, Amershamit-

D-(U=-14C) glucoee

D-(1-14C) ribose

(8-14C) adenine

(2-3H) adenine

Enzzmes

- The following enzymes were obtained from Boehringeri-
_1.1.1.27 lactate dehydrogenase (from pig heart)
1.,1.1,49 glucose-5-phosphate dehydrogenase (from yeast)
2.7.1.1 hexokinase (from yeast)

2.7+1.,40 pyruvate kinase (from rabbit muscle)

2.7s4e3 myokinase (from rabbit muscle)



Firefly lantern extract was supplied by Sigma Ltd..

Coenzymes and nucleotides

NADH and NADP' were supplied by Sigma Ltd.. British Irug
Houses supplied ADP and AMP, The ATP was obtained froa Kyowa
Hakko Kogyo Co, Ltd., Tokyo, Japan, Phospho=arol-pyruvate

was supplied by Sigma or Boehringer,

Rineert*s solution

This had the following composition:«

NaCl 650 /1 111 mH
KC1 O.,lb g / 1 1,83 oM
CaCl2 0.15 g / 1 (anhydrous) 1,35 mM
Nafico, 0.20g /1 2.4 mM

(+)-tubocurarine 40 mg / 1

The Ringer's solution was oxygenated with 95 % 0, =5 % co,

METHODS
Silvlation

Glassware was silylated by filling with 5 - 10 % dimethyl~
dichlorosilane (DMCS) in toluene, After 2 = 24 hours at room
temperature, the DMCS solution was poured off and the tubes
were rinsed quickly with toluene, filled with metharol and
allowed to stand for at least ¥ hour, The glassware was then

thoroughly rinsed with distilled water,

Preparation of the cliromatograrhky vapers

Whatmen no. 1 papers were washed with 0.2 % EDTA (pE 8,5

with NaOH) and rinsed twice with distilled water and dried in

fo
=3



cold air before use,

PEI (polyethyleneimine) ion-exchange paper was produvcad
by the method of Randerath (1963), modified to give & highe
capacity paper,

Polymin P (a solution of polyethyleneimine, about 5C %)
wasg treated with 3 volumes of water, Concentrated hydrochloriz
acid was added to give a pH of 1 - 2, and the solution made uy
to 6 volumes with water,

Half sheets of Whatman 2MM (with machine direction marked
in pencil) were washed (as with Whatman no, 1 above) and dried.
They were dipped into the PEI solution for 10 seconds, 4drained
and dried in cold air. They were then washed iwice in distilled
water and dried in cold =air,

On standing these papers turn brown (presumably by oxidatioa
of PEI), The brown substance, which interferes with *the running
of the chromatogram, was removed immediately before use; two
glass rods were used to clamp a leader strip of 2MM paper to
the origin end of the PEI paper (fig. 2.1). The rods then
served as support while running the paper as a descendirg
chromatogram with water for 24 hours.  The paper was finally
dried in cold air, If a brown colouration remainsed at the
edges of the paper it was cut off, During the coating process
the weight of the paper increased from about 17.4 mg / cm2
to 21,0 mg / cmz, indicating that the concentration of the PEI

moncmer (exchange capacity) is about 50 nmole / cmz.

Characteristics of PEI paper

There is some batch to batch variation in the PEI paper but

the order of separation is:=
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(tast) NAD®
NADH, NADPY, AMP
NADPH, ADP
(slow)  ATP
Compounds separated by a comma run close together, but NADPH

and ADP are well separated by Whatman no. 1l.

Typical R, values, obtained by the method on pe. 28 , are:~
1.4 M LiCl 1.9 M LiCl
AMP 0.9 1.0
ADP Ok 0.7
ATP 0.1 0.3

These values apply to paper run in the open sair, In a
tark the concentraticns of LiCl shculdvbe increamed slightly to
ootain the same separation, The use of a tank also reduces
somewhat the streaking of the sgpots, but the resclution is
sufficiently good that streaking is not a problen.

The nucleotides cannot be eluted from the paper with water,

2 M NaCl or 1 M MgCl_ will remove the compounds, For elution

2
in moderate ionic strength, the presence of a divalent cation
and polyvalent anion are desirable, with as low a pH as possible,
For this work 70 mM (Na’) phosphate buffer (pH 7.4) containing

10 mM MgClZ was used, as this medium does not interfere with

esucceeding stepa (occasionally there was precipitation in the

scintillation fluid on long standing).

Ircubation of muscles

Muscles were incubated in oxygenated Ringer's solution.

Fige 2,3 iz a diagram of the bath, In practice twelve batks

were used, with their water jackets connected in series,
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After equilibra£;on £he temperature difference between the first
and last ba£h never exceeded 2°C.

The muscle support is shown in.fig. 2.4, and its use during
loaded contracture in fig. 2.5 In the experiments with the
gastrocnemius, the muscle was removed with its connections to 'the
bones intact. The points on the stainless steel wires were
driven down the centres of the bones to support the muscle,

In isometric experiments the muscle was stimulated with
the buiit—in electrodes. In experiments whefe the muscle
shortened, a separate hand-held pair of electrodes was found to
be more convenient, These electrodes were'platinum wires held

about 3 mm apart by a perspex block.

Preparation of nucleotide-containing extracts from muscle

Silylated glassware was used throughout the nucleotide
isolation,

Muscles were moistened with cold Ringer's solution in a
chilled beaker and finely rminced Qith disseqting scissors,
This process was completed.within 30 seconds.,

1) Total ATP fraction

About 1/8 of the mince was fransferréd to 1 ml of ice-cold
10 % (w/v) trichloroacetic acid and sonicated for 1 minute,
The residue was centrifuged down aﬂd the supernatant shaken with
about 5 ml of ice-cold ether. The washing was repeated with
fresh ether, 10 times in all, The pH of the solution was
adjusted to 8,5 - 10 (see Appendix 1) with 0.1 %\ﬁaOH and 0,3 ml
of 10 % (w/v) barium écetatg::dded. After standing overnight

in the cold, the precipitate was centrifuged down and dissolved

in 20 #1 of 2 N formic acid for chromatography,
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2) Bound ADP fraction

The rest of the mince was treateé with 3 ml of cold
50 mM Na2003 / 50 mM NaHCO3 §nd allowed to stand for 30 minutes,
It was then washed 10 times with 3 ml portions of ice-cold water,
over a period of between 2 and 4 hours, The mince was
transferred to 3 ml of cold TCA and sonicated for 1 minute.
The residue was centrifuged down and the supernatant washed 10
times with cold ether, The resulting solution was freeze-=dried

overnight. The dried material was dissolved in 20 1l of water

for chromatography.

Chromatography of nucleotides

Nucleotides were initially isolated by the method §f Krebs
and Hems (1953). A sheet of Whatman no. 1 was folded in half,
and an origin line drawn parallel to the fold and 4 cm from it,
The nucleotide solutions were applied as spots, and the chromatogram
developed (ascending) with isopropyl ether: formic acid (5:‘3, Viv)e
Complete tank saturation is essential at this stage. The '
nucleotides remained at the origin while glycolytic intermediates
migrated, ’
After 4 hours the paper was dried in cold air and cut about
4 cm above the origin line, The cut end and a fresh sheet of
paper were folded together ahd clamped between two glass rods
(fig. 2.2),
The nucleotides were then separated by an overnight descendlng
run with isobutyric acid 3 1 N NH,OH : 0,1 M EDTA (100 : 60 : 1.6, v.: f)j
The paper was then dried at 60 - 80 °C and washed with !
ether to remove the last traces of butyric acid; The nucleotide

spots were located upder UV light, cut out and shaken with

€
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1 ml of water for 1 hour,
The eluates were concentrated by freeze«drying. T.e residues
were taken up in 20 Bl of water and further purified by
chromatography on PEI paper,
The PEI chromatograms were developed with 1,% M LiCl for
ADP, or with 1,9 M 1iCl for ATP, The solvent run was 15 cm
ascending in the open air; The papere were dried in warm air
and washed with methanol to remove the LiCl, The spots were
located under UV light, cut out and eluted with 1 ml of 10 mM MgCl

2
70 uM (Na®) phosphate buffer, pH 7.4 (shaking for 1 hour).

Estimation of adenine nuclectides

The technique used for nucleotide estimation wvaried with
the particular sgolution,

Solutions known to ccntain one nucleotide only and to be
free from interfering substances were estinmated photometrically
using a molar extinction coefficient of 15.4 x 10° at 260 nm
sand neutral pH,

1) ATP

Solutions of ATP containing less than an equimolar amount
of ADP were estimated by the method of Izzo (undated), This
technique was used for all PEI eluates. 20 11 of solution
(1L = 40 1M in ATP) was added to reconstituted firefly lantern

extract in 20 oM MgCl, - 50 mM (Na’) arsenate buffer pH 7.4,

2
The mixture was stirredbthoroughly and the light output followed
with an Axinco 'Chem Glow' photometer and chart recorder, The
emisgion at 30 seconds after mixing was taken as a messure of

ATP concentratian, Standards were run on every occasion, For

concentraticns of ATP telow about 10 UM the standard line was
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curved (coencave upward), but reproducibly so, For ATP
concentrations outside the range 1 - 40 uM, the amount of
solution added was varied appropriatelye.

Solutions of ATP containing large.amounts of ADP were
estimated fluorimetrically, by the method of Estabrook et al.
(1967)., This method was also used exclusively in some of the
esrlier experiments, It utilises the following reactions:=

hexokinase
gluccse + ATP ———— > glucose-b6-phosphate « ADP

glucose-b-phosphate
dehydrogenase
N

glucose-6-phosphate + NADP > 6-phosphogluconate
+ NADPH + EHY

The fluorescence of the NADPY was followed with a Locarte
fiuorimeter Mk. 4 and a chart recorder (filters: primary 340 -
380 nm, secondary 440+ nm)., The buffer was prepared fresk and
prewarmed to the block temperature, It kad the f2ilowing

terpesition :-

Triethenolamine / HC1 50 m¥  pH 7.4
KC1 10 mM
MgCi., 10 mM
F A
EDTA 5 mM
glucos? 2 mM
NADPY 0.1 mM

Dust was removed by millipore filtration,

L suitable amount of ATP solution was made up to 1.5 ml
with bduffer, 10 ul of glucose-b-phosphate dehydrogenase
(0.2 mg / wvl) was addizd to remove any endogenous glucdse-G-
vhosphate, When a stable base2line had beer achieved, 10 ml

of hexokinase (O.4 mg / ml) was added, The increase in fluorescence



wvas nainly due to ATP. A second 10 %l of hexckinzse was added
to measure any fluorescence due to the enzyme. An ATP standard
was then =added,

This technique is limited by two factors., There is a
slow eide reaction between glucose énd Napp* mediated'by the
dehydirogenase, The mensitivity falls off with increasing ATP

concentration.

2) ADP

Ir the absence of ATP, ADP solutions were assayed by
incubating 200 w1l with 50 11 of myokinase (0,03 mg / ml). 100 Rl
samples of the mixture were then assayed by the firefly method,
ADP standards were incubated concurrently,

In the presence of ATP, ADP was assayed by the =msthod of
Estabrook et al. (1967)., Fluorescence changes were followed

as above, The reactions were carried out in a buffer corprising :=

(x*) phosphate 30 or 50 mM  pH 7.k
KC1 10 mM
MgClz ‘ 5 mM
NADH 10 M

phospho-enol~-pyruvate (PEP) 0,8 mM

The buffer was prepared fresh, freed from dust by millipore
filtration and theﬁ warmed to the block temperature,

The reactions are :=-

pyruvate kinase
ADP + PEP > ATP 4+ pyruvate

+ lactic dehydrogenase
pyruvate + NADH > lactate + NAD




A suitable amount of solution was made up to 1.5 ml with
prewarmed buffer and 10 »l of LDH (0.2 mg é/ ml) added, any
fluorescence change being due to pyruvate (either endogenous
or formed by decomposition of PEP), iO 1l of pyruvate kirase
(2 mg / ml) was added; the decrease in fluorescence was due
to ADP, A second 10 1l portion of pyruvate kinase was added
to determine enzyme fluorescence, Successive 10 pl portions of
ADP etandards were then added (usually five in all)e. A least
enuaresg line was fitted to these internal standard readings.
The slope of this line (change in fluorescenca / unit ADP) was
used to determine the unknown,

There seems to be a slow reaction between ADP and PEP in
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the absence of added pyruvate kinase (poseibly due to an impurity

in the lactate dehydrogenase), If this reacticn is confused
with a drifting baseline fevere errcrs can result.,
The readings of both fluorimetric techniques were corrected

for the dilntions occuring as enzymes and standards were addad,

Comrparison of nucleotide measurements

1)_aTp

Fig, 2.6 shows the agreement between the firefly and
flvorimetric methods of ATP determination, The points are
for muscle extracts, not constructed standards.

Analysis by the firefly method was normally performed in
duplicate, 178 pairs of readings were statistically analysed
to determine the precision of the method, The standard error
of the mean (of two duplicate readings) is directly pr0portioﬁa1

to the ATP coxceatration, and is 3.4 % of it.
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2) ADP

A solution of ADP will cause light emission from reconstituted
firefly lantern extract, However, the time course of the
output is different to that of ATP, In particular ADP gives
an output which i8 increasing at 30 seconds after mixing, while
that of ATP is fglling. The deflection due to ADP at an added
concentration of about 50 UM (a relatively high concentration)
ie only about 2 % ¢f that of an equivalent aAount of ATP,

It seemed probable that the ADP wase convertad tc¢ ATP by
an impurity in the lantern extract, Fig. 2.7 shows that the
deflection at 30 seconds is roughly pfoporticnal to the square
of the ADP concentration, This indicates that a myokinase is
th” main impurity, but the curvature of the line suggests'
that there is also a pseudo-monémolecular rhosphorylation
obeerveble at low ADP concentraticns.

For measurement ADP was converted tc ATP by incubation
with myokinase at room temperature, for zbout one hour, The
reactioﬁ is complete in a much shorter time,

Writing N for the total concentration of nucleotide, and

K for the equilibrium constant of wyokinase,

[arp] x [aMe] = ¥ x [app]?

ard ¥ = [are] + [avp] + [aDP]
Tt [arp] = [anr] 7 .
so K=2x [are] + [ADP] and [aTP] = k¥ x [apP]

giving [ATE] = K¥ / (1 + 2 x k%) x N

for K = 2.26, [ATP] = 0.38 x N

The ratio of the sensitivities of the technique to ADP and
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ATP should thergfore'be 0.38.

In.praétice a ratio of 0;285 + 0,016 was observed. This
is probably due éo a mass action effect in the luciferase
reaction, Product inhibition would not lead to an almost
straight standard curve. A typical standard curve is shown
in fig. 2.8. It is very similar in shape to that obtained

with ATP.

Radioactivity counting

Liquid scintillation counting was employed, The scintillant
was that of Patters~rn and Greene (1965), The detergent
Triton X 100 was purified by shaking with 1/10 volume of coarse
silica gel for # hour and filtraﬁion through glass wool., One
volume of detergent was added to two volumes of toluene containing
0.4 % (w/v) 2,5-diphenyloxazole (PPO) and 0.01 % 1,4-bis-2- |
(4=methyl-5-diphenyloxazolyl)-benzene (POPOP),

The scintillation counter used was a Packard 'Tri Carb'.
fhis machine will count up to three fadionuclides simultaneously
and offers an automatic standardisation facility, which was used
tb correct for variable quenching, |

As the particlg energies of the external standard and the
B-emitters gsed were different, thevrelatibnship between the
;tandard count and sample count rafe was determined experimentally.

Vials were set up containingAideptical amounts of scintiilant
and 3H or th or both; Tﬁey also contained varying small
amounts of nitromethane, The count rates on the\BH or 140
channels were plotted against the standardisation count (quenéh .
curve), Over the range of quenching found in practice, these

lines were almost straight (though not through the origin).

(3
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The method of counting experimental samples was as follows.,
Vials were set up containing 10 ml of scintilliant, These were
standardised and counted for (at least) 50 minutes. Any
showing a high background were rejected. + ml of each radiocactive
solution was added to the corresponding vggi; and to one vial
(blank) was added % ml of solvent, The vials were allowed to
equilibrate at 4°C in the dark for at least 4 hours and then
restandardised and recounted,

A convenient value of standardisation count, in the middle
of the observed range, was selected, All count rates were corrected
to this value using the quench curve, The increase in count
rate for the blank vial was then subtracted from the increase
for each gample vial. This method of calculation was preferred
for low count rates, as the increase in rate is found before

the larce (and possibly slightly inaccurate) correction to 100 %

efficiency is made (to the separate readings).

Purification of nucleotides

Small quantities of ATP and ADP for use as standards
were purified by PEI chromatography, Larger amounts of ATP
w#ere freed from ADP by precipitation from cold agueous solution

with ¢91d ethanol,

Phosphate determination

Phosphate was estimated by the method of 4mes (1966),

Protein estimation

A modified Folin-Ciocalteu procedure was used to determine

protein (Hartree, 1972), It was standardised (on actin) by



micro-Kjeldahl nﬁtrogen determination,
Titrations
Titrations were performed with a Radiometer 5BR 2C

Titrigraphe.

Preparation of actin

Acetone powders of muscle were prepared from freshly
killed fabbit by the method of Szent-Gyorgyi (1944). The
acetone powders were degreased with chloroform, Actin was
prepared from these powders following the method of Spudich
and Watt (1971). 0.2 mM ascorbate was used as the protective

reducing agent. . v
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RESULTS

PART 1, Experiments on isolated muscle

Preliminary experiments

1) The upntake of adenine

Prieton (197C) injected whole frogs with ll’c--glucose.

The radioactive lab2l was taken up by the muscle nucleotides,
but low specific activities resulted (about 0,2 - 40 counts /.
Mol .min).

Count rates as low as 3 % above background weres measured,
Itis very difficult to measure such low rates accurately, so a
method was needed to introduce more label into the nucleotides,

A rajioactive label, (especially in glucose) injected into
a whole animal will tend to become distributed throughcut the
animal.. However, if an isolated muscle is superfused with

label no such dilution can occur (it 1e of course possible
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that the label will not be taken up by the muscle). Accordingly

it was decided to search for a label which would enter an
izolated muscle and be incorporated into nucleotides with high
efficiency, |

A label originating in glucose and entering an adenine
nucleotida must follow a relatively long paéhway. Also a
label from glucose can potentially enter many otker pathways.
Thus radicactive giuccse could give rise to rgétively unspecific
labelling, with adenine nucleotides no wore highly 1abelléd

than wmany othsr compounds,



There 18 a biosynthetic reaction between adenire and
S-phospho=a~D=-ribosylpyrophosphate to form AMP, If this
reaction were to be found in frog muscle, it would provide =
means of introducing a label into the adenine nucleotides
with fewer side products, (assuming adenine will enter a muscle).
Once AMF is labeled, the label should spread throughout the
frees nucleotides via the myokinase and phosphorylation reactions,

An experiment was designed to test adenine as a means
of introducing a radi0a0f1§e label.,

The gastrocnemii, sartorii and rectus abdominis were
digsected from a freshly killed frog, The rectus was split
alcngy the median line, Each of tke six muscles was incuﬁated
in 5 ml of Ringer's solution containing 10 uCi of 2-3H-adenine
(carrier free).

fer 1 hour at 4°C one muscle of each pair received
an electrical stimulus: 0.5 ms single pulse at 15 V from platinum
electrodes about 5 mm apart,

The nucleotides were isolated and their specific activities
determined, The results are expressed in table 3,1.

In this experiment the nucleotides were purified by the
method of Krebs and Hems (1953) only. The nucleotides were
aszayed by the flucrimetric method of Estébrook et al. €(1967).

The following conclusions can be drawn:

a) The radioactive label is easily incorporated into ATP,

A typical gastrocnemius of about 0.3 g might be expected

to contain about 1 uMol ATP, If all the radioactive

lavel were incorporated into this nucleotide, a specific

activity of about 6000 counts / nMole.min would result

(at 25 % counting efficiezcy)., Observed values are about



TABLE 3.1
Specific activities and amounts of nucleotide recoverad

after incubation of muscles with 10 uCi of 2-3

H-adenine for
1 hour at 4°cC, The test muscles also received a single

electrical stimulus of 15 V for 0.5 ms.

Specific activities, counts / nMol..min

Muscle Frog total ATP bound ADP
test control test control
Gastrocnemiuvs 1 570 600 28 28
n 2 240 780 130 60
Sartorius 1 660 680 49 46
u 2 1%00 2400 57 53
Rectus 1 1400 2600 100 230
" 2

7100 5000 X2 110

Nucleotide recovered, nMol

Mugcle Frog total AT? bound ALP
test contrel test control
Gastrocnemius 1 1.5 1.6 4,0 7.1
" 2 12 27 1.4 byl
Sartorius 1 0.45 0.32 - 0.85 1.2
" 2 0.64 0.%0 2.1 1.2
Rectus 1 1.1 0.70 2.4 1.8
i 2 0.33 2,0 2.4 13 '



b)

c)

a)

e)

f)

1
10 % of this.
The lagel is incorporated into ADP, this is in accord
with the results of Priston (1970) and demonstrates that
at least some of the ADP is not irreversibly bound to
actin,
There is no obvious consistent change in the specific
activities on stimulation,
Recoveries of ATP were poor and variable, 1/8 of a
gastrocnemius should yield about 125 nMol of ATP, Actual
recoveries were 1 - 20 % of.this,
In no case did the specific activity of ADP épproach that
of ATP, Ihis is in marked disagreement with the results
of Priston (1970),. A general feature of this present
study was that the ADP activity never approached that
of ATP. This, together with the radiocactive contamination
found on nucleotide chromatograms using the method .of
Krebs and Hems €1953), leads me to think that some of
Priston's resulfs may be artifacts: This is likely as‘
she used glucose as a source of radiocactive label,
Although the results derive from only two animals, it seems

that asymmetry between test and control muscles is no

- worse for the gastrocnemius than for the other muscles,

This again is in conflict with the results of Priston
(1970). As the gastrocnemius can be dissected out with

little chance of damage to its membrane it was used in

~

" subsequent experiments., (Damage to the membrane might

be expected to affect the rate of uptake of label,)
The rectus can also be dissected without damage, but must
be split for incubation. The gastrocnemius also provides

L]
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nore material,

The low recoveries of ATP were intolerable, By carryia#
pure ATP through the isolation process the losses were trassd
to the barium precipitation, The conditions of precipitation
were changed to ensure good recoveries (see Appendix 1). All
subsequent experiments included the improved precipitation

Btep.

2) Electrical stimulation of frog muscle

Priston (1970) found that on stimulation the specific
activity of the bound ADP charged to approach that of the ALFE
pool. Large changes in activity were found with the =ztimvlus
of a single twitch, To check thig observation the following
experiment was performed,

The gastrocnemii were dissected from a freshly killed
frog and suspended in 10 ml of Ringer's solution at 4°C.

After 10 minutes, 10 uCi 2-3H-adenine were added and the incutatiocn
continued for a further nour, One muscle of each pair then
raceived an electrical stimulus (isometric). The nucleotides

vere extracted and their specific activities determined,

Table 3.2 shows the results and table 3,2a & statistical analysis
thereof. There seemed to be no statistically significant

changes brought about by stimulation.

If the specific activities of the test and coatrol ATPs
are plotted againat each other (fig. 3.1), the resulta for
the different etimuli fall on the =ame line. However, the
line does nct pass through the origin, ner does it have unit

gradient, One possible explanation for this phenomenon is as



Tatle 3,2

The specific activities of the nucleotides of gastrocnecii
incubated for one hour with 10 pCi of Z-BH%adenine at 4?0
and then electrically stimulated.

Stimulus

single
pulse

15 Vv
0.5 msec

1"

"

pulse

as akove
repeated
10 times
at 5 sec
intervals
5 sec
tetanus
isv

0.5 msec

rulses

at 50 / sec

Specific activities, count / nMol . min

Frog

1
2
3(RJP,)

O 00 N3 o\

10

11
12
13
14
15
16

Total ATP
test control
554 Lok
Lol L25
450 Lok
885 526
456 327
333 357
327 387
178 212
104 194
138 165
220 259
216 228
385 350
52 0
61 126
112 124
144 193
111 122
121 156
63 122
35 186
132 106

tes

4400

200

162
202
122
L
25
102

46
25
28
25
2k
43

Bound ADP

t ccntrol

o0&

43

(R.P,) = Rana pirniens,,the cther animals were Rana temporaria
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. Table 3,2a

r

Analysis of the data given in table 2,2
The results of Student's t test on various functions of the

data, ignoring the ADP figures on animals no. 1 and 10,

1

Function Stimulus t number of animals
ADP, - ADP_ ‘st -0,91 8
tt 0.04 6
tet ~0,95 6
all -1,20 20
ATPt - ATPc st 0.78 10
tt . 0,47 6
tet -1.91 6
all 0.25 22
ADP, - ADP_ st -0.43 8
ADP tt | 0.16 6
¢ tet 0.15 6
all -0,03 20
ATP, = ATP_ st 0.22 . 10
tet -1 .85
all =1.04 22
ADPt ADPc st -0,06 8
ATP,  ATP tt 0.09 6
: ¢ tet - 0,09 6
all 0.03 20
Stimuli:= st single twitch ADP, = The specific activity
tt ten twitches of ADP in the test
tet tetanus muscle, and similarly

all all stimuli
taken together

Note, none of these functions are significantly different from zero
b The t ;alue has been given a sign to indicate the di;ection '

of change



Fig. 3.1
The change in specific activity of the free ATP of gastrocnemii
on electrical stimulation. The radioactive label was introduced

by incubation of the muscles with 10 nCi of 2~3§-adenine at

4°Cc for 1 hour,

The units on both axies are counts / nMol , min

The broken lines indicate one standard deviation about the sclid

line,

5009 test / / /
lwo-« | ,
300~

L 200- /
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)
follows. !
a) Assume'that in a muscle stimulated to contract, the metabolic
pathways leading to adenine nﬁcleotides are also stimulated.
b) The degree of labelling is dependent on the condition of
the muscle, Specifically, a muscle from an animal captive -~
for a long period is depleted of nucleotides. The specific
activity in such a muscle will be higher than in that of
a freshly caught animal, This effect was in fact observed
(seep. 67)
c)‘ Muscle depleted of nucleotides is also depleted of stores
of energye.
Then on stimulation a 'fresh' (low specific activity)
muscle will generate ATP from the normal metabolic pathways
(virtually unlabelled), while an 'old' (high specific activity)
muscle will rely heavily on the scavenging (highly labelled)
pathway.
On the above argument it might be expected fhat the more
intense the stimulus the greater Qould be the change in
labelling. This may well be what is happening (at high specific-
activities), but the differences are certainly not statistically
significant,
A graph of the test specific activities vs. the control
éctivities for ADP (fig. 3.2) shows no tendency to deviate
from a unit gradient line through the origin, In a muscle
there is roughly five times as much ATP as bound ADP, If a
change in the ATP activity were brought about by\interaction
with ADP, there should be a larger changé in ADP activity
than in that of ATP. . So the effect of stimulation on the

specific activity of ATP is not mediated by the bound ADP,



Fig. 3.2

The specific activities of actin~bound ADP with and without

electrical stimulation, The label was introduced by incubation

f the gastrocnemii with 10 uCi of (Z-BH)-adenine at 4°C for

one hour, The activities were determined after'purificaticn

of the nucleotides by the method of Krebs and Hems (1953).

Using thie purification procedure, no changes in specific sactivity

can be observed,
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The specific aétivities of ADP are poorly correlated
(correlatioﬁ coefficient = 0,32) with those of the corresponding
ATP (fige 3.3).
This, toéether with the presence of freak high readings
(nos. 1 and 10) indicated that the ADP might be contaminated

with radioactive material.

Refinement of technigues

1) Precipitation of ATP

As already mentioned (p. 42) losses of ATP were traced to
the barium precipitation step in the isolation proceédure. The
original barium precipitation had been based on the method of
Cardini and Leloir (1957).

‘As a consequence of the results given in Appendix 1 this
proceedure was modified to give better yields by a) minimizing
the smount of divalent cation preéent (less Ringer's solufion)

and b) working at a higher pH,

2) Contamination of nucleotides with radioactive material

After descending chromatograpﬁy by-the method of Krebs and
Hems (1953), the Whatman no, 1 papers were examined for radio-
activity. Each chromatogram was cut into 1 cm2 sections,

Each section was eluted with 1 ml of water and tﬂe soluble
radioactivity determined, The 3 x 1 cm section éontaining
the visible spot (needed for specific activity determination)

was eluted in one piece. From fig. 3.4 it can be seen that
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Fig’. 303
Scatter«plot showing the lack ¢
2509 App
correlation batween the specific
counts /n-moleemin
sctivities of free ATP and zciine
bound ADP, after purificaticn of the
rucleotides by the method of Krebs
and Hems (1953).,
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there is considerable activity outside the visible nuzleotide
5p0t, Also, at least in the case of ADP, tihere seexs to be
a radicactive peak or peaks overlapping the visible spet,.

The contaminants were thought likely to be adenine-derived
nucleotider and dinucleotides, Accordingly a method was
sourht which gave good rgsolution of these compounds,
Chromatography on PEI paper was the only suitable mathod of thoss
tried, -

Pairs of muscles were incubated in Ringer's solution
containing (Z-BH—)adenine and (S-IAC-)adenine, The nucleotides
were extracted and run on Whatmen no., 1 paper. One visible .
srot from each pair was eluted with water, freeze~dried and
re-run on PEI paper, Figs. 3.5a and 3.6a show the patterns
of radioactivity found on the Whatwan no, 1 chromatograms,
while 2,5b and 3,6b show the pattern on PEI,

The tritiated ATP and ADP spots appear cleaner on PEI
DAPET . The shapes of the 1uC-ATP and the 3H’-—ATP peaks are
similar, but even after PEI chromatography thke 1hC background
ig relatively higher than, and may not be the same shape as,
the 3H'background. The same is probably true of the ADP spots
but the L¥C-ADP spot is lost in the background.

The ready appearance of the 2 and 8 positions of the
adenine molecule in ATP suggest that adenine is incorporated
as & whole, while the differences in shape and size of
bacikground suggest that adenine is degraded and resynthesised
into the compounds which form the background, Carbon 8 is

more widely distributed than hydrogen 2,
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The details of lahel uptake

1) Introduction

The experimants described in the previous egections
established that adenine was a suitable vehicle for introducing
a labtel into the adenine nucleotides, They also tested ths
purification and assay techniques,

The experiments in this section were designed to investigate
factore affecting the uptake of label by the gastrocnemius,
A knowledze of these factors is necessary for the confideat
intsrpretation of later experiments involving stimulation of
muscles,

The following experiments were all of the same general
form, The gastrocnemii were dissected from a freshly killed
frog and each was suspended in 7 ml of Ringer's solution,
After 10 minutes a radioactive label was added and the incubation
continued for a further period, The nuclectides were extracted,
rurified and their specific activities determined.

*Test! and 'control' muscles were always derived Irom the
same anima1.~ Frequently an experiment was designed to investigate
two or more points simultaneously. The following results

are groupsd according to the points illustrated,

2) The uptake of adenine

S0 far it had teen sssumed that azderine was incorporated
into nucleotides as an intact unit, However, other mechanisns

were possible, The adenine moleculs might be broken down
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and resynthesised as nucleotide, Alternatively, tritium
might enter the nucleotide by exchange,

In this experiment the rsdicactive label was a mixture
of (2-7H)-adenine and (8-140)-adenine (molar r;tio 6 : 1),
If adenine were incorporated as a unit, the labelsz should
appear in the nucleotides in this ratio, In either alternative
cage it would be expected that the two labels would appear
in the nucleotide at different rates, The rates would alzo
vary from muscle to muscle, They would possibly wvary with
the duration and temperature of incubation, and perhaps be
dependent on stimulation.
ATP  The ratio of tritium to 1l+C counts is in fact independent
of time (ses table 2,3), and stimulation (see table 3.4),
From theze tables it can also be seen that the muscle to muscle
variation is no larger than the experimental error,

ADP 1In the case of ADP the results are less clear cut, since,
even with fairly extravagant use of 1“0 adenine, the bound
nucleotide count was not much above background. However,
some experiments showed a high incorporation of both labels
into both nucleotides, Table 3,5 compares the average 35’/ lkc
ratio in ATP, ADP and the incubation medium in these high-yield
experimente, Despite the low count there is fair agreement,
Al) the ratios for ADP are low, but thias could be due to a
small syvatematic error rather than a selective mechanism,

The obviou§ conclusion is that the adenine molecule is
incorgorated into a&eélgg%ée as a single unit, There is
no sigu of preference for hydrogen over itritium, It is possible

that the 2-hydrogez in actin bound ADP may be very slightly

exchangeable,
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Tablé 3.3
The count rateuratig (3H /‘140) in ATP isolated from gastrocnemii
‘after incubation with labelled adenine. The label was a
mixture of (Z-BH)-adenine and (8-140)-adenine, both carrier free.
The incubations were carried out at 2°C.

Duration of Experiment number

incubation
minutes 1 2 3 L 5
5 6.2 + 1.4 6.0 + 0.8
.10 10 7 7.6 0.6 15 +5
15 10 v 6.6 0+ 7 N2
25 7.6 1,2 6,3 0.4 8,9 1.0
Lo 7.8 0,6 6,8 0.7 8.2 1.0
60 6.5 0.6 6,5 04 6.4 0,8 6.8 + 0.8 6.7 + 04
" 6.9 0.5 5.8 0.2 7.7 0.6 6,2 0.3 6.8 0.k
" 6.9 Oit 7.0 0Ot 6.9 0.6 6.6 0,5 5,9 0,5
" 7.6 0.5 6.6 0.3 7.8 0.5 7.0 0.5
" 6.9 0.3 7.+ 04 7.1 0.6 6.5 0.4
n 6.5 0.6 6.6 04 7,7 0.8 6.3 0.4
90 6.5 0.3 6.9 0,5 7.3 0.6
150 6.7 0.3 64 0.k
L 6.6 0.3 6,7 0.3
240 bk 0.3 6.5 0.3
" 7¢2 Ok
" 6.6 0,3
Mean 6.95 6,62 7459 6.61 6.60
Incubatidn 7.10 6,70 6o bl - 6,67

mixture ratio

7623

The errors are calculated from the square roots of the total

counts, and the mean ratios were calculated weighting each

figure inversely with its error,
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The count rate ratio (3H / 140) in ATP isolated from gastrocnemii

after incubation with labelled adenine.

The label was a mixture

of (Z-BH)-adenine and (8-140)-adenine, both carrier free.,

The incubations were carried out at 2°G for one hour, The

test muscle then received an electrical stimulus,

Stimulus

single twitch

5 sec

tetanus
n

Test

muscle

6.6 + 0,3
10.0 1 0.3
10,5 0.3
10,5 0,3
10,7 0.3
10,2 0.5
10,6 0.5
10. b4 0.2 .

Table 3,5

Count rate ratio (

Control

muscle

6.3

-+ 10,7
10,1
10,1
10.5
10.1
10.6

11,2

1+

0.3

0.3

0.6

0.6
0.5
0.3
0.4

0.7

3H / 140)

Incubation

“mixture

6.7

10,6

"

The mean count rate ratio in nucleotides isolated from gastrocnemii

- after incubation with labelled adenine,

The label was a

mixture of (2-3H)-adenine and (8-14C)-adenine and the temperature

of incéubation 2°C.

Experiment

number

o, V1 & N

Number

of muscles
12

6

12

12

Count rate ratio (JE / 1*c)

?ATP
6.62
6.51

6.60
10.5

ADP-
5.3
Sk
4,6
8.1

Incubation mixture
6470

644

6.67

10.6
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3) The uptake of sugars |,

The label from adenine is incorporated into the base of the
nucleotide. Attempts were made to introduce a label into
the sugar moiety. The muscles were incubated with D-(U-lqc)-

14

glucose or D=(le C)—ribose, in the presence of tritiated

adenine,

Table 3,6 shows that there was no incorporation of l#c
into nucleotide under the experimental conditions. But thereA
was incorporation of tritium showing that the muscles were
alive during the incubation.

In the case of ATP an incorporation rate of 140 one=
tenth that of 3H would have been detectable,

This negative result can be explained in one of two ways.
There may be a permeability barrier to the uptake of sugars,
which is not overcome by the presence of insulin, Alternatively,
and more probably, the glucose or ribose was taken up by the
muscle, the labei becoming distributed over a wide rangé

of metabolic intermediates,

L) The time course of adenine uptake

Control muscles were incubated for 1 hour in the
presence of 10 uCi of (2-3H)~adenine. The‘test muscles were
incubated for periods ranging from 5 minutes tq 4k hours with
tﬁe same label, The incubation temperature was 2°C.

The results of this experiment are given in Table 3.7. -
Fig. 3.7 shows the ratio of ATP specific activities in the test

and control muscles. The incorporation rate of label into ATP
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Table 3.6
The specific activities of ATP and ADP isolated from gastrocnemii
after incubation (for one hour) with (2-3H)—adenine and

either D-(U-lhc)rgluCOBe or D-(l-l#c)-ribose.

Incubation mixture

3H-adenine nCi 10 10 7.2 12,3 100
e oglucose 1 1 0 .0 30
14, . '

C-ribose 0 0 0.86 1.5 0
Conditions
temperature °C 2 20 14 14 14
insulin IU / ml 0 0 0 0.4 0.4

Mean specific activities

counts / nMol ., min

ADP “H 6.9 29 12 9.3 39
ADP 14c . -0,12 =0,20 =0,29 =0,88 0430
ATP H 39 152 8 118 650
atp e -0.02 0,03 0,11 0,05 0,14
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Table 3.7 |
The time course of tritium incofporation into nucleotides.
One gastrocnemius of a pair was incubated for 60 min at 2%
with (2-3H)-adenine. The other member of the pair was ‘..
incubated for a time t. - The following ratios are tabulated :-
ATP, / ATP,, = The specific activity of ATP after time t
divided by the specific activity after 60 min,

ADPt / ADP6O - Similarly defined.
ADP, / ATP

Number of t min  ATP, / ATP ADP, / ADP, ADP, / ATP

t
experiments
5 5 0.18 0.35 0.21
6 10 0423 0,34 0.1
5 15 0.3 0.28 0.18
5 25 0439 0.53 0,15
5 Lo 0.63 0.97 " 0.18
37 60 - ' - 0.12
90 1,49 11,55 0.12
4 150 1.71 1,37 0.10

. 240 5,32 1.61 0.08
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Fig 3.7
The incorporation of (2-3H)-adenihe into ATP in the gastrocnemius
at 2°c, The broken line is drawn through the origin and
the control point (60,1). If the rate of incorporation were

constant the points should lie on this line,

7 Specific activity / specific activity at 60 min

Time min

-
UL

0,51015 25

40

T L
150 240
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Fig 3.8 |
The incorporation of (Z-BH)—adeqine into actin-bound ADP in
the gastrocnemius at 2°C. The points for long incuﬁations
tend to lie below the line (coresponding to a constant incorporation

rate) through the origin and the control point (60,1).

2 9 Specific activity / specific activity, at 60 min
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Fig 3.9
The ratio of the specific activities of actin-bound ADP and
free ATP as a function of the incubation time. The
gastrocnemii were incubafed at 2°c. There is a tendency for

the specific activity ratio to fall with increasing incubation
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“r

seems to be constant, giving a specific activity which
increasesllinearly with the duration of incubation, At
short incubation times, however,'the specific activity seems
a little higher than that predicted by this simple model. But,
in a muscle as large as the gastrocnemius, the diffusion of
adenine can hardly have reached a steady state within 10 minutes,
Fig. 3.8 is a similar graph for the actin-bound ADP.,
For short incubation times the relationship between specific
activity and time is more or less.linear, However, after
long incubations the specific activity seems to be considerably
less than that predicted by a linear model, This is shown
more clearly by fig. 3.9 which is a plot of the ratio of the
specific activities of ADP and ATP against time. This .ratio
falls with increasing incubation time (the correlation coefficient
is -0.86).}
The main points.to emerge from this experiment are that
the label appears in the ATP pool very rapidly and ip the

bound ADP with no discernible lag,

Consider a simple model in which there is a fraction f
of the bound ADP which is exchangeable with the free ATP pool.
Let the specific activity of the labile ADP be a, and the size
of the labile ADP pool be q. Let the specific activity of
the free ATP be A,

Then the observed specific activity of the total bound
ADP will be f x a.

~

If the exchange rate is n molecules / sec then

da _n'x(A-2a) _ox(A-a)
dt  q -

where 1 / o can be regarded as the time taken to exchange all the

labile ADP once,

1. Significant to the 0.5 % level.



If the specific activity of the ATP pool is increasing linearly
with time, then '
da _ox(Kxt -a)

dt

Substituting Y =K x t -a =K /¢

A _ K - dn
dt ~ at
or Y Ke~ox(Kxt -a) =0 x (K/o - Kxt + a)
at ~
ay -oxX
at =~
80 Y = Yo b4 e-d x t
or a==-(K/og) + (Kxt)-=- Yo x e xt

at t =0, a =0 50 Yo ==K /o -

Kxt +(E/o)x(e®% t

80 a

o
1]

Ax (Le(e@*% o1y /(oxt)

so for t>> 1 / 0 the observed ratio of specific activities
(f x a / A) will asymptotically approach f,
Moreover the‘activity of the ADP will lag behind that of the
ATP by a time =1 / ¢

This is almost the exact opposite of what is actually
observed, far from the ADP / ATP specific activity ratio
riging to a limit it falls with increasing incubationvtime.
Also the time.1 / ¢ is so0 short that it cannot be measured bj

this expériment.

65
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As the initiai specific.gétivity of the ADP is 1/6 that of
the ATP, the conclusion must be thét 1/6 of the bound ADP
is rapidly exchangeable with the nucleotide pool.(1 / ¢ <5 min).
Suppose that this exchange was solely with free ATP,
Then the heat produced would be the product of the hydrolysis
rate and the free energy of hydrolysis of ATP,
Taking the ADP concentration of bound ADP as 600 nMol / g
and the free energy as 10 Kcal / Mol,
heat rate = 600 x 10~2 x 1 x 10 Kcal / g.min
€ 5
(assuming 1 / o = 5 min)
heat rate = 0,2 mecal / g.min at 2°C
This figure should be regarded as a minimum, and compafed
to the metabolic rate of resting frog muscle:
2.5 mcal / g.min at 20°¢ (in discussion after Weber (1964)).
Bearing in mind the difference in the temperatures, it
can be seen that this exchange reaction would account- for a
large proportion of the resting metabolic rate of the muséie.
However, this heat would not be produced on either of
the following assumptions,.
a) The bound ADP exchanges with free ADP (free ADP should
have the same specific activity as free ATP),
b) 1/6 of the actin bound nucleotide is ATP; and this is

hydrolyseﬂ during TCA denaturation.

The fall in ADP / ATP specific activity ratio with increasing
incubation time is probably best explained as follows; initially
1/6 of the actin-bound nucleotide is freely exchangeable, but,
with prolonged incubation, the muscle deteriorates and the
exchangeaﬁle fraction becomes émaller.

St
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Compart@entalization of nucleotide'within the cell is

unlikely to explain the fall in ADP / ATP activity ratio.
Consider, for instance, a cell containing a cold ATP pool and
one whose activity increases with time (so the mean or measufed
activity increases linearly with time), Then to explain the
progressive fall in ADP / ATP activity ratio it would be necessary
to postulate that ADP initially exchangeable with the hot pool

becomes exchangeable with the cold one as incubation proceeds,

5) The effect of temperature

Incubations were carried out at vafious temperatures, all for
1 hour. Although the data sé gatﬁered lack controls,.the effect
of temperature.on the uptake of adenine is very marked, Fige 3;10
shows the mean épecific aetivifies of nucleotides after incubation,

The QlO of the reaction is 1.9 for ATP, 2,2 for ADP,

6) Effect of the state of the animal

Frogs were delivered in batches, and kept in the cold
without food. Fige 3411 sﬁows the meaﬁ spécific activity of ATP
over a period of several monfhs;also shown are the delivery dates
of the frogs. Experiments pérformed on fresh frogs give lower
values than those perforﬁed on animals captive for 16ng periods..

The same effect is seen with the ADP activities.

A partial explanétion is that the absolute amounts of
.nucleotides recovered tended to be less in the case of 'old!
frogs, suggésting.nucleotide depletion, Thus the same uptake
of label would result in higher specific activities in 'oid'

animals,

.
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Fig. 3.10
The specific activities of nucleotides '
extracted from the gastrocnemius after
8 1 hour incubation with 10 uCi (Z-SH)-
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adenine, The figures refer to the 12
number of determinations.
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Fig. 3.11
The specific activity of ATP and its correlation with the
length of time the animals spent in captivity. In each case
the incubation was of one hour duration in the presence of

10 uCi of (2-3H)~adenine. The temperatures of each incubation

are as indicated on the diagram.
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7:) The effect of muscle length

These exﬁeriments vere, in fact, pérformed after those

on electrical stimulation. They were originally designed

- to guard against the possibility that stimﬁlated muscles
might be slightly more stretched than the controls (to ensure
good contact with the electrodes).

Muscles were incubated in a stretched or unstretched
condition (test and‘control respectively). The incubations
were for one hour at 14°C in the presence of 10 wCi of
(2-3H)—adenine. In some experiments the muscles were fixed
in ice-cold alcohol before being released from their supports
and minced,

The nucleotides were isolated, purified and their specific
activities determined in the usual way.

The results are displayed in table 3,8, The ATP -in those
muscles which were stretched has a makedly lower specific
activity than has that of the controls. " The mean fall in
specific activity is 33 % and the effect is significant to
the 0,5 % level.

The specific activity of the actin-bound ADP in the
test muscles is below that of the controls, but this change
is not significante Neither is the rise in ADP / ATP specific.
activity ratio significant. _ 4
| At the extensions used, about 30 % of the rest length,
tﬁere should still be overlap of the thick and thin filaments;
about 15 - 25 % of the length -of tﬁe thin filaments should

be overlapped,

It is scarcely possible to explain the fall of ATP activity
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Table 3.8
The labelliné’of ﬁucleotides in stretched and unstretched
gastrocnémii. The incubations were for 1 hour at 14°C,

The initial label was, in each case, 10 nCi of (2->H)-adenine.

Alcohol Length of muscle mm Specific activities
fixation in frog test control counts / nMol . min
ADP ATP
test control test control
no 30 Lo 30 8.8 12,2 85 86
no 29 39 30 6ot h,2 106 150
no 32 41 32 7.0 8.7 129 163
no 32 L2 33 13 743 101 118
yes 29 36 27 15 9 120 230
yes - 30 37 . 29 4,5 75 102 250
yes 24 33 25 12 10 104 180
yes 25 33 25 1.9 12 96 220
yes 28 Lo 28 4,5 74 120 130

.8Statistical tests on the above data,

Writing ATP, for the specifid activity of ATP in the test

t

muscle etc.,

Mean value Students t
ATP, - ATP_ 0.2 3.92
ATP, + ATP_
ADP, - ADP_ , -0.07 ~ 0,68
ADP, + ADP, ‘ |
ADP, /ATP, = ADP_/ATP, 0.09 _ 0.89

ADPt/ATPt + ADI"c/ATPc
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by assuming that stretched muscle deteriorates faster than
unstretched, as this would affect the activity of the ADP
more than that of the ATP,

It is possible that the accumulation of adenine is an

active process and stretching of the membrane inhibits it.
Although the observed reduction in specific activity seems

rather large to be caused by a rather mild extension.

8) The consistancy of labelling

Fig, 3.12 is a histogram of the ratio between the
sepecific activities of ADP and ATP, The histogram includes
all the experimental results obtained with the improved
purification techniques.

The time and temperature of théhincubation affe;t this
ratio, as do stretching and electrical stimulation., However,

the ratio stays within fairly narrow limits.
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Fig. 3,12
A histogram of the ratio of spécific activities ADP‘/ ATP,
All determinations using improved purification techniques are
included., fhe histogram includes measﬁrements obtained
after various conditions of incubation time, temperature

and stimulation etc, v
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The effect of electrical stimulation

1) Under isometric conditions

The gastrocnemii were dissected from a freshly killed
frog and suspended in 7?7 ml of Ringer's solution, Afte; ten
minutes, (Z-BH)-adenine was added and, after a further hour,
one muscle of the pair received an electrical stimulus (15 V,
0.5 ms pulses at 50 / sec for 5-sec under isometric conditions),
The nﬁcleotides were extracted, purified ana tﬁeir specific
activities determ&ned. The experiment was repeated for
various temperatures of the Binger‘s solution,

The results are shown if table 3.9. Table 3%,9a shows
the outcome of t-tests on these data after the elimination
of doubtful (low reéovery) figures.’

There is a fall in ADP sPecific'activity due to stimulation
of 22 + 9 % (SEN) overall and the effect seems most pronounced
at 8 - 14 °c, There is also an.overall fall in the specific
activity of the ATP, but the effect is less significant,

The specific aqtivity of a nucleotide can only decrease
in one of two ways:-

a) Selective loss of hot molecules,or of hot atoms from

]

the nucleotide,

b) Addition€¥;\¥ﬂgrpo;i\9f cold molecules.

Although the ratio of specific activities ADP / ATP doés not
fall significantly (to the 5 % level), it seems likely that

" such a fall does in fact take place. If this is so and

the model so far advanced (1/6 of the ADP quicklyiexchangeable)

is correct, then the fall cannot be explained by b) above,
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Tabl

e 3.9

The specific activities of ATP and ADP isolated from

stimulated and unstimulated gastrocnemii,

The mu

scles

were incubated for 1 hour at the temperétures given, The

label was about 10 1Ci of (2-3H)-adenine, the exact quantity

is given in the table,

0.5 msec pulses at 50 /sec for 5 sec,

Conditions

2 C

11.6 pCi

2 C

10 uCi

The stimulus was in each case 15 V

Specific activities, counts / nMolemin

tetanus

2.1
3.1
2.1
2.9
2.9

349

5.1
6.3
12
25
8,2
7.9
3k
b2
12
5.5
7.6

ADP

control

1.6
‘3.1
3.1 -
245
4,5
L3

5.1
8.0
14
20
7.1
42
9-3'
6.0
5.4
52

13

- ATP

tetanus

16
13
32
11
32
25

46
15
52
106
32
34
26
Wy
34
58
50

control

15
15
27
23

35
16

ko
ke
31
127

51
43
16
3h
33
k2

(cont)
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Conditions

8 °c

10 »Ci

14 °c

10,7 uCi

20

27

10 uCi

Table 3,9 (cont)

tetanus

k.6
2.7
l¢6

7

5.5
8.9
9.2
8.9

11

16

15
27
17
33

37
2h

20
37
20
18
31
38

¥ high expected error

control

18
6.5
ho.2

20

20

12

.18

10

19
6.3

19™

26
by
14
33
64
14

16
50
3k
39
31

26

tetanus

82
90

29 .

150

110

87

100

103

o2
87
76

97

88
130
85
270

130

210
280
190
8o
L60
97

Specific activities, counts / nMol.min

control

107
150
130
160

270

62

170

€9

97
70

88
210
100
120
koo

120

200
150
690
130
250

200



Table 3,9a

The results of Stﬁdent's t test on the data of table 3.9.

Specific activity (test) = specific activity (control)

X = Specific activity (test) + specific activity (control)

n = the number of determinations.

Temperatﬁre Y t n significance
ATP 2 0.02 0.kl 17 no
" 8 -0.01 2.75 5 205 %
" 11* 0.01 0009 6 no
" 20 -0,09 1.12 6 no
" 27 '=0,09 0.61 6 no
" 8 to 27 gfouped ~0,11 1,99 23 5 %
together
ADP "2 =0,03 0.56 17 no
" 8 and 14 grouped =0,34 2,84 8 2.5 %
together
" 20 -0.07 0078 6 no
" 27 -0,08 0,90 6 no
" 8 to 27 grouped =0.18 2.77 20 1%
together
"  all grouped -0,11 2,55 37 1%
together
ADP all grouped -0.,08 1.53 37 no

ATP

toge

ther
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In this‘model'the only cold nucleotide is the unexchanged
actin-bound ADP. |

Loss of hot molecules see&s’unlikely, as there is nothing
to take their place, One reasénable way of explaining
the fall in ADP / ATP specific activity ratio is to assume
that the label is lost from the ADP on stimulation; it has
already been suggested (pe. 55) that the 2-position hydrogen
of adenine may be slightly exchangeable in F-actin-ADP,

Stimulation might speed this exchange,

2) Under isotonic conditions

The gastrocnemii were dissected from a fresﬁly killed
frog and.suspended in 7 ml of Ringer's solution. After 10
minutes (Z-BH)-adenine was added and after a further hour at
14°C one muscle of each pair was stimulated.,. The stimulus
was 15 V 0.5 msec pulses at 50 /.sec for 5 sec., This eaused
the muscle to 1lift a weight vertically through 3 mm, The
muscles were fixed in alcohol (ice-cold) before beiﬁg removed
from their supports and minced,

The results are given in table 3.10 and fig, 3.13,
.Unfortunately the masses of the muscles were not recorded,
but it is clear that there is an increase in the specific
activity of ADP especially at moderate loads. For the 21,
41 and 61 g loads taken together the average increase is 33 %
i 9,5 (SEM) and t = 3,44 on 14 degrees of freedom (this is
significant to the 0,5 % level). L -

There seems to be no corresponding change in tﬁe ATP

specific activity.

t



Table 3,10
The specific activities of ADP and ATP isolated from contracted
and uncontracted gastrocnenii. The muscles had been incubated
for 1 hour at 14 °¢ witﬁ (2-3H)-adenine. The test muscles
were stimulated to 1lift a load vertically through 3 mm., - The

stimulus was 15 V pulses 0.5 msec wide at 50 / sec for 5 sec,

Label Load Specific activities, counts / nMol.min
poi g ADP | ATP
contracted confrol contracted control
4o 3.5 16 21 k10 400
" " 37 2k 8320 880
" " 53 ke 610 - 1130
" " ! 25 720 . 580
100 21 58 2 720 550
" " 40 33 590 290
" m RE 5L 660 840
wooom o o 780 600
L " Ll 28 ‘ 1090 890
" L 37 29 810 530
100 4 3@ 19 2730 1860
" " 90 75 1790 _ 2140
" "o 100 65 1400 2560

" on L2 30 89Q 770

(cont)



Table 3.10 (cont)

Label Load . Specific activities, counts / nMol.min
nCi g ' ADP ATP
contracted control contracted control

45 61 29 17 ' 300 480
" " « 19 21 . 490 530
" | n 20 1y 380 350
" " © 17 17 L60o 360
" " 14 15 . 350 360
50 81 29 28 250 180
" " 12 15 256 » 110
" " 17 20 . 270 140
" " 29 18 480 480
" " 13 - 14 90 97

" n 27 21 _ 300 250
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Fige 3413

- The increase in specific activity of actin~bound ADP (top)
and the ADP / ATP specific activity ratio (bottom) in loéded
contracture, The label was introduced by incubation of the
gastrocnemii with (2—3H)-adenine at 14°C for 1 hour, In
contraction the muscle lifted the load 3 mm vertically, The
error tars indicate 1 standard error of the mean. For comparison

the changes in isometric contraction are given,
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As‘the mﬁscle masses were not recorded, fig. 3.13
cannot be assumed to show the trﬁe relationship between
changes in the activity of ADP and the load on the muscle, but
the general form of the curve is probably correct i.e. it starts
low, rises to a maximum and then falls with increasing load,
eventually becoming negative,

Assuming that 1/6 of the bound ADP is freely exchangeable,
then the only way in which the specific activity of the ADP
can be increased is for the size of the exchangeable fraction
to increase on stimulation, This increase in the size of the
exchangeable fraction could only be transient and after
contraction hot ADP molecules would be locked in inexchangeable
positions,

The shape of the top curve in fige, 3.13 is reminiscent
of the power vs, load curve of muscle. If this is so and
the exchange of ADP is dependent on the mechanical power
output of the muscle, the reaction must be coupled in séme
way to the fundamental energy transduction mechanism. 'But
the extent of the reaction (the ADP / ATP specific'activity
ratio rarely exceeds 11 % after contraction) argueé against
there being an exchange for every ATP hydrolysis in working

'~ muscle,
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Part 2, Experiments in vitro

1) The hirgh temperature ATPase of actin

. A solution of actin was prepared and it was rolymerized
by the addition of KCl to 60 mM. After standing at room
temperature for 15 minutes, the solution was warmed to 53°C,
At time zero the solution was mixed with prewarmed buffer.

The buffer was such that the final concentrations were:=-

Tris 10 mM

ATP ' 1 mM
(2-2H)-ATP 1uCi / ml
KC1 _ 60 mM

EDTA | 1 mM
Ascorbate . 0.5 mM

pH 8.2 at zogc

A sample of £he mixture was ﬁsed for viscosity heasurements.
Vigcosity was measured at 5300 with an Oswald viscometer,

Further samples were were withdrawn intp chilled tubes
at times throughout the experiment. A small sub-sample of
~ each was taken for ATP, ADP and protein determinations. The
rest of each sample was filtered under pressure through a
0,22 mm millipore filter and washed through with 60 mM KC1.
The filtrate was analysed for ATP, ADP, Pi and protein, The
nuéleotides wefe separated on PEI paper and their specific
activities determined.

The filters were sonicated in ice-cold 10 % (w/v) TCA

and centrifuged. The supernatent was analysed for ATP, ADP



and Pi' Thg TCA'was ne&oved by shaking six tiﬁes'with cold
ether ané the nucleotides were separated on PEI and their
specific activities determined. |

The "zero" time sample was formed by chilling the actin
and buffer separately before mixing and the sample marked "b"
in table 3,11 was formed by keeping seperate samples of actin
and buffer at 53°C for the duration of the experiment, then
chilling and mixing.

There was excellent agreement between the nucleotide
_contents of the solution before filtration and the filtrate.
Only a trace of protein was found in the filtrate,

The results are shown in table 3,11 and in fig. 3.1k,

Several points emerge from this experiment:

a) The rate of ATP hydrolysis is in accord with that reported

Sy other workers, but
b) The viscosity decreased by a factor of ten over 90
minutes; although the rate of hydrolysis fell, it dia
not do so by’this amount, o
c) Immediately on mixing there was a decreasse in Pi and an
increase in ATP, but there was no corresponding decrease
in ADP.

-d) The bound ADP seems to correspond to protein in the molar

ratio 1 ¢ 2. ATP also appears to be bound in this ratio.

There is also bound Pi'

e) The radioactive label appeared immediately in the free
ADP, It is possible that the tritiated\ATP contained
ADP as an impurity, but the blank "b" shows the lowest
free ADP specific activity.

f) The radioactive label appeared very rapidly in the bound

8L



Table 3.1l
The viscosity and ATPase activity of a solution of F-actin
at 5300. The reaction was carried out in 10 mM tris-HC1
buffer at pH 8.2 and 60 mM KCl, 1 mM EDTA and 0.5 mM ascorbate,
All concentrations are given as UM in the reaction mixture,

actin being assumed to have'a molecular weight of 43,000.

Time Specific phosphate °©  ATP : ADP
viscosity free bound free bound free bound

min cSk.ml/mg uM M. M | M M wM
0 L33 53 1228 6 43 9
2 225 20 1264 6 L5 11
6% 195* 15 1280 14 68 - 9
10 _ 205 15 1256. 18 91 11
12 15.7

17 12,9

2k 10.0

25 280 13 1176 8 182 7
Lo 325 28 1124 17 255 11
Ly 6.k |

51 k.o

59 2.9 _ |
60 o 20 - 1072 i 315 8
69 1.7

81 0.9

89 1.3 .

490 L43 15 1024 11 382 7

pn 180 123 1240 1 50 12

(cont)
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Table 3,11 (cont)
Protein, total adenine and total phosphate concentrations and
the specific activities of nucleotides in a solution of F-actin
at 5300. Total adenine is the sum of free and bound ATP and
ADP, Total phosphate is the sum of free and bound phosphate,

2 x ADP and 3 x ATP,

Time Protein  Total  Total Specific activities

adenine phospﬁate

min 1M M M counts / nMol.min
ATP ADP

free bound free bound

0 21.8 1286 k292 193 206 206 129
2 21.2 1326 k167 166. 226 . 176 128
63 21,4 1371 42h6 169 '208 221 156
10 20,7 1376 k246 167 225 199 229
25 21,2 1373 4223 ﬁ 163 218 219 236
4o 20.9 . 1407 4318 154 185 205 221
60 20.7. 1402 4313 166 179 207 252
90 20,4 1424 434] 147 201 210 243

npn 21.8 1313 4180 185 258 148 187
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Fige 3414
The hydrolysis of ATP by actin at 5300. The expefimental
conditions were:- tris-HC1 10 mM pH 8.2, 60 mM KC1l, 1 mM EDTA

0.5 mM ascorbate,
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ADP,
g) The specific activity of the free ATP fell during the

experiment, '

The loss of label from the free ATP probably reflects
a catalysed exchange of the 2-hydrogen of adenine (with water).,
This reaction would also explain the low specific actiyity
of the free ATP;  1nCi / ml in 1,3 mM ATP corresponds to
a specific activity of about 430 counts / nMol.min (at 25 %
counting efficiency). |

The rapid spread of label throughout all'the nucleotides
means that actin’ig vitro shows different behaviour from
that in isolated muscle. In vitro the specific activity
of the bound ADP is roughly equal to that of the free ATP,
whereas, in the muscle, the bound ADP activity is very much
lesse

Immediately after mixing thereﬁseems to be a synthesis
of ATP as the change in ATP and Pi is more than stoichiometric
with actin, If there is a syn£hesis the only possible source

of energy is the ascorbate.

2) Effect of the purity of actin

The results of the previous section have far-reaching
implications., Attempts were made to repeat them. A new
batch of éctin was prepared from the.same acetone powder,
vTﬁis actin was shown to be very pur; by polyacrylamide gel
electrophoresis, It polymerized rapidly in the presence of KCl,
However, it produced .no hydrolysis of ATP under the following

conditions (all experiments were made in 60 mM KCl, 10 mM
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tris-HC1l pH 8.2, with-actin at 1 mg / ml)

a) At 4500 with'O.B mM ATP, in the presence of 1 mM CaCl2
or 1 mM EDTA or neither, Both before and after the addition
of 0.5 mM ascorbate, Thé polymerization took place at
room temperature, .

b) At 5300,'0;4 mM ATP, 1 mM EDTA in the presence or absence
of 0,5 mM ascorbate, The polymerization took place at
53 °c.

c) At 53°C, 0.4 mM ATP, 1 mM EDTA, The actin was initially
oxidized with 0.5 mM HZOZ and polymerized at room temperature,
There was no hydrolysis at 53°C before or after the addition
of ascorﬁate to 0.5 mM, |

The sensitivity and reproducibility of the phosphate assay was

such thaf a hydrolysis of 10 »M / hr, about 1 / 20 of that seen

in the first experihent,'would have been observable,

‘ One possible conclusion is that the high temperature

ATPase of actin is critically dgpendent on the presence of

an impurity absent from the second batch of actin, To

test this idea myokinase (a musclg enzyme that is notoriously

impure) was added to the actin preparation,

Actin was polymerized in a buffer consisting of:-

Tris 10 mM pH 8.2 at 20°C
EDTA 1 mM

ATP 0.4 mM

ADP 0,2 mM .
AMP 0.2 mM

KC1 60 mM

(The nucleotides are approximately an equilibriuh mixture

with respect to myokinase, which should be inactive in the

.
.t
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presrnce of EDTA;)

The mixture was warmed to 5300. A solution of myokinase
was also incubated, Samples were taken from both solutions,
de=-proteinised with cold 10 % (w/v) TCA and assayed for
phosphate, The protein sglutions were then mixed and further
samples taken,' The final protein concentrations were:-
actin 1 mg / ml, myokinase 0,2 mg / ml,

On mixing there was a slow hydrolysis (about 9 M / hr,
compared with about 180 M / hr in the first experiment).

This was the only hydrolysis seen with this batch of
actin, The fact that the actin was, in this case,contaminated
gives support to the'notion that the actin ATPase is dependent
on an impurity. The active substance is brobably not the

myokinase itself but an impurity therein.,
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Discussion

The incorvoration of adenine into ATP

The ready and simultaneous appearance of 1abelé from
the 2- and 8- positions of adenine in ATP in the isolated
muscle is very strong evidence that the adenine is inéorporated
intact into ATP via one of thé\saléage mechanisms, The
reason for the inhibition of the incorporation when the muscle
is stretched is not clear. It is hardly poSsible'that a
30 % extension of a muscle would cause it to leak PRPP or
ribose-l-phosphate. Neither does there seem tp be any reason
for there to be a control ﬁechanism of the salvage pathway
triggered by muscle length, If the salvage enzymes wefe
located (or active only) in the region of overlapped
filaments there would be a reduction of incorporation in the
stretched muscle. The fall in incorporation rate is 33 %
when the lengtﬂ of the overlapped region falls from about 700 nm
to 150~ 250 nm, agpefcentage decrease of 65-80., The decrease
in incorporation rate and the decreaée in overlapped length
are not so disparate that the latter could not explain the
former,

Another possible explanation of the phenomendn is that
mechanical stress on the muscle membranes inhibits either
the accumulation of adenine (supposing an active uptake) or

“the salvage enzymeé (assuming them to be membrane bound).

Nucleotide exchange in resting muscle

The. experiments described in this thesis leave little



doubt that gome'of the actin-bound nucleotide is exchangeable,
Priston.(l970) showed that the ADP associated with well
washed muscle residues and the.actin-bound nucleotide were
identical. Also, if the observed specific activities were
due to contamination, there would have to be a pool of ADP
of about 100 nMol / g which was in equilibrium with the free
ATP yet firmly enough bound to resist washing; this pool
could hardly have escaped detection. Alternatively a very
small, very highly labelled pool of bound ADP could be imagined,
However, contamination from such a source is hardly likely
to produce readings as consistent as those actually obtained,
As already pointed out (pp-64-66) a fraction of fﬁe bound
ADP is rapidly exchangeable. This fraction is initially
about 1/6 of the total. This fraction falls with increasing
incubation time as the muscle deteriorates. fhe fraction
also falls as the temperature of incubation is raised. The
comparison of data for 1 hour incubation times at 2°C and
14°C yields mean ADP / ATP spécific activity ratios of
0,155 at 2°C and 0,093 at 14°C with t = 3,61 on 99 degrees of
freedom; this is significant to bettér than the 0,1 % level,
This is exactly what would be expected if high.temperatﬁres
‘ accelerated the deterioration of muscle,

The consténcy 6f the ADP / ATP specific activity ratio
(under a given set of incubation conditions) strongly suggests
that this ratio reflects some underlying property of the

“actin, As the ratio is 1 : 6 at short incuiation times at
" 2°c (when the muscle is in the best condition) and the ratio
of troponin to actin is 1 : 7, it seems likely that it is

one actin monomer in a particular geometric relationship with

€
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troponin which éarries the exéhangeable ADP, If troponin

is co—pglymerized‘with aétin in the thin filament then there
are three types of bond parallel.to the axis of the filament:-
actin-actin, actin=-troponin and troponin-actin. Troponin

is not known to carry a bound nucleotide, s0 either the
actin-troponin or troponin-actin bond cannot be associated
with nucleotide, The other bond might welllbe éssociated

with exchangeable nucleotide,

Nucleotide exchange in stimulated muscle

On stimulation under isometric conditions, the ADP / ATP
specific activity ratio may fall. One explanation for this
has already been advanced, i.e, the 2«hydrogen of actin-ADP
becomes slightly exchangeable on stimulation, An alternative
hypothesis is that, on stimulation, the (exchangeable) ADP
becomes totally free; and on removal of the stimulus the
ADP is rebound, If the time téken for the rebinding were
of the same order as the time taken to mince the muscle (30 sec)
then a slight reduction in ADP / ATP specific activity ratio
would be observed,

If 1/6 of the actin-bound ADP is fﬁlly labelled then
the increase in ADP / ATP specific activity ratio in loaded
contracture can only be explained by labelling of some of

the remaining bound ADP, Now, the concentration of actin
moLE

~

"monomers in muscle is about 5.5 x 10-/(/ ml and the energy
rate during a tetanus is about'BO mcal / g.sec. if the free
energy of hydrolysis of ATP is taken as 10 Kcal / Mol then

the mean number of hydrolyses is 30 x 10-3 X 10-'1+ P&r monomer,sec
5.5 x 10"/

[y




80 in a 5 sec tetanus there are about 30 ATP hydrolyses for
each acfin monomer, Thérefore if every hydrolysis were
accompanied by nucleotide exchange, the ADP would become
fully labelled., However, the mean increase in ADP / ATP
ratio (21, 41 and 61 g loads) is only 0.013. This means
that only one-hydrolysis in 2300 is accompaniedvby exchange,
Alternatavely it is possible that the exchangé takes place
only at the 1 site in 7 where the nucleotide is loosely .
bound, the increase in labelling being explained by a
reversal of the deterioration by the motion of the filaments,
It seems, therefore,. that the nucleotide exchange, although
it is related to the mechanical power output of the muscle, -
is only a side reaction and not an essential feature of
contraction,

Moos et al (1967) put forward the idea that the actin-
bound nucleotide served a repair function. This hardly
seems likely as no additional labelling was found in
isometric tetanus, but it was fdund in loaded contracture,
The isometric tetanus would be expected to inflict at least
as much daﬁage on the contractile machinery as would
contraction,

It is most probable that_motion is accompanied by
a distortion of the thin fiiamént and that this distortion
renders the actin-bound nucleotide very slightly exchangeable,

~

'bouBts on the identity of the actin-bound nucleotide

As pointed out on p. 66, if the nucleotide exchange in

resting muscle were accompanied by hydrolysis of ATP, the
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reaction wéhld ;ccount for a very large proportion of the

cells metabolic rate, it is possible that the bound nucleotide

exchanges with free ADP, But an alternative explanation is

that the exchangeable nucleotide is ATP. There is no reason

to suppose that an actin adjacent to troponin has ADP as its

bound nucleotide. As such an actin does no§ pérticipate in

the normal actin-actin bond, it is possible that the bound

nucleotide is ATP, Radicactivity is found in ADP after acid

denaturation of the protein, but it is possible that hydrolysis
of the nucleotide accompanies such denaturation, Yagi and

Noda (1960) found that 15-20 % of myofibril~bound nucleotide

was ATP and that this could be labelled by creatine--2P,

It is possible that this ATP could be the exchangeable nucleotide

found in the present experiments,

The apparent nucleotide binding of actin found in vitro,

a ratio of 2 : 1 : 1, actin : ATP : ADP can be explained

in one of several ways:=

a) There was a "fault" in the.preparation which gave a
polymer that did bind nucleotide in this ratio.

b) Under’the conditions of the experiment, actin existed
as a mixture of the F» and G- forms, However, the
nucleotide binding ratio did not change systematically
with the viscosity of thevsolution.

c) About half the actin denatured during filtration, .losing
its ADP. The ATP that was found would be contamination
from the solution,

On the evidence presented here it is not possible to distinguish

between these possibiliies, But it must be remembered that

the'eiperiment was performed at 5300 and the nucleotide

(4
.



content of actin has not been investigated at this temperature,

80 a) is not impossible,

The re-attachment length

1) Definitions

The re-attachment length is the length (measured along
the thin filament) between points of successive attachment
of the same cross bridge, This length can be calculated
from the dimensions and energetics of a muscle, with few
assumptions. *

In the calculation which follows ‘it is calculated for
a muscle working at maximum power,

Let

n be the mean number of bridges attached to % thin filament
simultaneously., €3 thin filament is from z-disc to tip)

N the number of bridges / sec attaching tov% thin filament

F the force (parallel to the thin filament) generated by

each bridge.

X the displacement occuring while a single bridge is
attached,

E the chemical energy released during each attachment,

M the mechanical energy prbdﬁced during each attachment.

B the fundamental efficiency = M / E
v the relative velocity of the thick and thin filaments,
t the length of time for which a bridge is attached on

‘any one occasion,

z the total force sustained by a thin filament,
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a the time between.successive attachments of any one bridge.

1 the re-attachment length.

a the number of cross bridges dedicated to any 3 thin

filament,

p the mechanical power generated during one attachment.

also let
V be the velocity of shortening of a muscle.
b/ the force / unit area of a muscle,

Q the power (mechanical) output of a muscle.

2) The basic relationships

The following'relationships_are obvious:=
x = t.v (1) . 1 = o.v (1a)
n.F = z (2)

N is the rate of attachments to 3 thin filament

in .the steady state

and n bridges are attached simultaneously, each for time t,

Therefore during time t, n new bridges attach,

N=n/t (3)

Each bridge attaches every o seconds, therefore the total

rate of attachments is

N:(I./o’ %)
1l =ve /N (5) from (1a)
élso

P=M/N=E,B/N (6)

~

" From (5) the re-attachment length can-be calculated from

the velocity, the number of potential bridges, andlthé R

hydrolysis rate. -
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3) The number of thin. filaments in unit area and volume

A hexagon of side 28 nm surrounding a thick filament

contains 6/3 thin filaments., The area of this hexagon is

6 x % b's 282 b4 cosBOo nmz. There fore the area surrounding

each thin filament is 1018 nm® or 1 x 10711 én’,

If a sarcomere is 2.5 #m in length then the volume
surrounding 3 thin filament is 1.25 x 10717 cm?,

If the freée ATP is % uMol / g, then this volume cqgfains

some 2300 ATP molecules,

L) The mechanical parameters

Using the Hill equation and the constants given by Hill
(1938), for a muscle bontracting at maximum power:-
(Z + a).V = b_o(zo - Z)

where a = 357 g wt / en®

4]

a./Zo = 0022

0.27 muscle lengths / second

o’
n

V.(b.zo -a.V) / (V+b)

1]
o3
-
<3
1]

Q

4Q = (V + b).(b,2 - 2,a,V) = (b.V.7 - )
dv (v + b)2

 at maximum pdwer

VeboZ_ - 2.2.V° 4 b2.Z° - 2.a.b.V - bLV.Z + a.ve =-0

or V2.a + Zoa.b.v - bZQZo = 0

<3
i

2.aub 1+ Jhaa? 6 « boa.b®.2

2ea

_-b_tb.j?.+zo/a

0,27 (1 + 1/ o.22ﬁv - 1)

= 0,%66 muscle lengths'/ second



g0 7 = a.(b.Zo/a - V)
V + b

257 (0427/0,22 = 0,3%66)
0,366 + 0,27

L83 g wt / om>

t

This gives v = 4.6\10—7 m/s (assuming a half sarcomere length

11

of 1,25 um) and z = 5,7 10"~ Newtons / thin filament (assuming

80 % of the croés section of .the muscle consists of contractile
apparatus). The mechanical power output NJP = 2,6 1077

Vatts / % thin filament,

5) The cross bridpge ‘arrangement

The éxact number and arrangement of cross bridges in a
thick filament is still a matter of contention. According
to the model of Huxley and Brown (1967), double stranded
six bridge / turn helix, there would be some 196 bridgeg /
thick filament, or 48 or 49 bridges / 4 thin filament,

More recently.the model of Squire (1973) has gained some
acceptance, This model is a triple stranded .nine bridge /
turn helix and predicts 264 bridges / thick filament, or
66 bridges / thin filament,

If the molar ratio of my&sin : troponin is 1 :' 1 as
stated by Potter (1974), then the number of bridges / thin
filament is the same as the number of troponins / thin filament,
"The length of # thin filament is between 1 égd 1.1 #m and
there are 2 troponins every 40 nm. This gives between 50
and 55 troponins / thin filament, This is in closer agreement
with the Huxley and Brown model.

In the_remainder of this calculation numerical values

99
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assuming 48 bridges / thin filament will be given, with the
corresponding values for 66 bridges in parentheses, the true

values must lie somewhere between these two.

6 ) Enerretics

The overall efficiency of a muscle (mechanical Qérk /
heaf + work) can be expressed as the product of three terms:-
a) The chemical efficiency (the chemical energy stored in

form of ATP / the free energy of combustion of glycogen).

This is about 0.6 (aerobic)

b) The transduction efficiency (ﬁechanical energy output
of a single event / free energy of hydfolysis of ATP),
This is B as defined above, . .

c) The mechanical efficiency (the mechanical output of a
wvhole muscle / the sum of the mechanical outputs of the
fundamental events). Let this be n.

The efficiency of frog muscle (at maximum power) is 0.22.
For frog muscle, therefore, the minimum value of B is given by;=-

0,22 = 0.6 x B x 1

(at maximum power the muscle is utilizing aerobic and anaerobic

mechanisms and 0,6 is an overestimate of the chemical efficiency)

Taking & = 0.9, 01 < B <1
A more precise estimate of B can be obtained from tortoise

muscle which can be considered to be aerobic and sufficiently

" slow for 1 to be close to unity.. iThis assﬁﬁes that muscles

from the two species share the same fundamental event, The

overall efficiency of tortoise mﬁscle is one of the highest

known and is 0.37..'

' 0,37 = 0.6 x B'x 1
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which giveélﬁ =‘O.62.
Taking the free energy of hydrolysis of ATP to be 10
Kcal / Mol, the mechanical ene;gy produced at each event is
0.62 x J_Ol+ x 4,18 / 6 x 1023 Joules = 4,3 x 10-20 Joules,
At maximum power 2.6 x 10717 watts / % thin filament
are produced (see above), so the number of events / % filament.sec

=20 _ 605

is ¥ = 2.6 20717 / 4,3 10
In view of the assumptions in the above argument it is-

probably reasonable to estimate the value of N as between

500 and 700 per % filament.sec,

7) The values of the fundamental parameters.

From the équations given in:2)
1 (the reattachment length) = v.a / N
= 32 to 44 nm . (43 to 61 nm for the 66 bridge model)
o (the cycle time of a single bridge) = a / N
= 69 to 96 msec (94 to 130 msec)
These cycle times are.compatible with the results of Ritchie
(19545 which indicate that the active state of frog muscle
(single twitch at 0°C) lasts some 400 msec, This would mean
“that there were three to six events at each bridge in a single
twitch, Ritchie (1954) estimates the period of maximum activity
to be 25 msec in frog sartorius at 0°c.
On the Huxley médel, the reattachment length lies between
32 and 44 nm. It may be reasonable to assume therefore, that
this length is 3? nm, the distance between crossover points
of the actin helix. If this is so B = 0.63 (0,46)

Using these values of B, it is possible to construct a

€
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table giving the force, duration and displacement of each
event for various values of n, the number of simultaneous

attachmentss table 4.1,

Table 4,1
n is the number of bridges simultaneously attached to.4 thin
filament,
F is the force generated by each fundamental event,
t is the length of time for which each bridge is attached,

x is the displacement occurring during each attachment,

n F t x
_Newtons ‘msec 7 nm

1 5.7 107 1.7 (1.2)  0.77  (0.56)

2 2,9 107 34 (2.5 1.5 (1.1)

5 1.1 107 8.4 (6.1) 3.9  (2.9)

10 5.7 1071 17 (12) 7.7 (5.6)

20 2.9 10712 3 (25) 15 (11)

50 1.1 10°% - (61) - (29)

Doubts on the structure of the thin filament

© 1) Symmetry

Naively, it would be expected that the thin filament
would show three~fold screw symmetry, so that it could

- interact with any of the surrounding thick filaments,

2) Geometry and efficiency -

If a particular bridge can attach to a thin filament

[
.
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every 37 nm or so down the whole length of a thin filament,
then either |

a) there is one actin monémér evefy 37 nm in exactly the

same favourable orientafion to the thick filament,

or b) attachment can occur to a monomer which is nearly in
the oﬁtimum orientation,such monomers occurring at
average intervals of 37 nm,

On the basis of the accepted picture of the thin filament,
with its non-integral number of monomers per turn, b) must be
true,

However, if bridges can attach to inexactly aligned
actin monomeré, then each bridgé'must have one more degree
of freedom than it would need if the monomers were aligned
preciselj. The more degrees of freedom a bridge has, the
more it will distort under stress and the less efficient it
will be.

lioreover, if we take one particular actin monomer as
beiné in an optimum angular orientation, then, at a distance
of about 37 nm, the actin nearest to the optimum is 70 away
from it. At one full turn.of the helix from the given actin,
the monomers closest to the optimum are + 130 from it. This
is as far from the optimum as it is possible for them to be,
as the angular displacement between neighbouring monomers is

270 (calculated on 13% monomers per full turn in a single chain).

-3) Troponin

Troponin occurs in the thin filament with a periodicity

of 40 nm, If actin and troponin are in molar ratio of 7 : 1,

L4
' [}
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then either the troponin is attached to the outside of the
filament or it is co-polymerized, occupying some 1,5 nm of
the length_of the chain (40 = 7 x 5.5 nm)., In either case
the troponin would project considerably beyond the actin of
the thin filament and might hinder bridge attachment, In
fact, as the troponin - troponin spacing and the half pitch
of the thin filament are believed to be different, such a
projection almost certainly would cause steric hinderance

at some-point along the filament,

4) A model of the active state of the thin filament

On activation, the thin filament is known to become more
ordered (Huxley and Brown, 1967). Vibert et al (1972) found
that the ordering and a possible slight increase in the pitch
of the helix were linked to stimulation of the muscle rather
than to contraction, If the increase in pitch were rather
larger than usually believed, then it would bg possible that
the thin filament, in its active state, posseséed an integral

number of monomers per turn and three-fold screw symmetry,

If the pitch increased to 41.3‘nm, keeping its basic
structure of two bhaips staégered by 3 monomer, then there
wou1d be 15 monomers in eacﬁ chain in a full turn, Three-fold
screw symmetry would arise nat#rally out of\suéh a structure;
| and a single bridge could re-attach at distances of 41.3 nm
to perfectly aligned actin monomers. -

Replacing one of the actin monomers with two molecules

of troponin would still result in a bulky projection, but it



give the correct 7 : 1 molar fétio of actin to troponin,
As the troponin préjections would occur‘exactly once per
half turn of the helix, they could be positioned so as not to
interfere with bridge formation.

The actin-actin spacing in such a structure would be
5.47 nm and there would be X-ray diffraction lines at 5,13

and 5085 nme,

A theory of muscular contraction

This theory is described using the strﬁcture of the thin
filament postulated\above, but it can fairly readily be
adapted to other structures,
1) On stimulation the thin filément assumes its active
configuration, One myosin head (A) is aligned directly opposite

to its binding site. At this stage all the myosin heads

carry ADP and inorganic (energy rich) phosphate.

2) The myosin co-polymerizes into the actin.chain.
Simultaneously the phosfhate is released, the energy being
stored in the distortioﬁ of the tropomyosin (not shown fbr
reasons of clarity). This binding briﬁgs head (B) into

alignment with its binding site,
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3) The head (B) co-polymerizes in a similar fashion,

releasing phosphate and bringing (C) into the correct

orientation,

k)  Head (A) binds ATP, releasing ADP and freeing itself
from the chain, Normally there would be somevinteraction

between (A) and (B) so that (A) could not release - until (B)

bound,
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5) . With the strain imposed by the head (A) released, the
actin helix reforms, moving the thick filament to the right,

At about this time the ATP carried by (A) is hydrolysed,

the products remaining bound,

AN

6) The cycle now repeats from stage 2) with heads (B) and
(C) active. The wave of activity ripples down the thin

filament away from the z-disc,

Since there is a displacement of 1.6 nm while each bridge
is attached there must be an average of just under 2 bridges
attached to the thin filament, (The table on page 102 gives
values'based on a re-attachment length of 37 nmj;- in this
case the re~attachment length is 41,3 nm and the displacement
corresponding to two bridges is therefore 1.7 nm.) This
suggests that only one thick filament interacts with a given
thin filament at any given time, on this model.

In the above scheme rigor is easily explicable as, with
no ATP, bridges cannot release and the binding of one bridge
aligns thelnext one.’ Potentially all the bridges could become
bound simultaneously, as the actin and myosin periodicities
are automatically made equal. *

Although exchange of the actin-bound ADP is not an



esgential part of the above écheme, the distortions involved
and the break in the helix might well render this nucleotide
more exchaﬁgeable. However, as‘each-bridge is attached for
only about 4 msec aqd-the break in the helix is exposed for
a much shorter time than this, the experimentallj determined
value of 1 nucleotide in 2000 exchangeing in a 5 sec tetanus

is not unreasonable,

108
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Summarz

1) The structure of muscle énd the literature leading to
its elucidation are discussed, .Particular regard.is_paid to
the protein actin, its ATPase activity and its possible
active role in muscular contraction,

2) The methods and materials utilized in the experiments
are described,

3) Experiments are described which throw light on the
uptake of adenine into muscle cellg and its incorporation
into nucleotides, The following are the main conclusions
which can be drawn from these experiments :=-

a) Adenine is readily taken up by resting muscle ana
it is incorporated into ATP as an intact unit,

b) The rate of adenine uptake is independent of the
period of incubation; it increéses with‘temperatpre, haviﬁg
a QlO of about 2,

c) Abvout 1/6 of the actin bound ADP in a resting muscle
is rapidly exchangeabie with the free nucleofide of the cell,

d) The fraction of the bound ADP which is exchangeable
falls with increasing time of incubation and with increasing
temperature. This suggests that some deteriorafion of the -
muscle is observable within a'few tens of minutes of ité
removal from the animal, ‘

e) The rate of adenine uﬁtake is very much higher in
muscles from animals captive for long perioés than it is
in freshly caught animals, ‘ ' o
A4) Experiments on stimulated muscle showed that :=-

a) In isometric contraction, the main change in the
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actin-bounq nucléotide is*a slight loss of tritium label
from the 2 position of the molecule;

b) Loaded contracture brings about a slight exchange
of the previously unlabelled 5/6 ADP with free nucleotide,
The extent of this exchange seems to parallel the mechanical
power output of the muscle,

¢) Only about one bound ADP molecule in 2000 exchanges, at
each event, in a muscle contracting at maxiumum power (over and
above the resting exchange),

5)  Experiments in vitro show that, at high temperatures,
the actin-bound nucleotide is labile and the ATPase activity
of actin depends on the preparation of the protein.

6) The results and their relation to other published work
are discussed, The following are the main conclusions :=

a) Each troponin molecule modifies the properties of
one of its neighbouring actins to such an extent that the
actin-bound nucleotide becomes exchangeable in resting
muscle, .

b) There appears to be a very slight exchange of fhe 2-hydrogen
of the actin-bound ADP in resting muécle; this exchange is
increased by stimulation of the muscle. -

¢) In loaded contracture th; (normally inexéhangeable)
actin-bound ADP becomes slightly exchangeable, the extent of
the exchange depends on the number of fundamental events and
hence on the power output of the muscle,

7). From the mechanical properties and energetics of muscle,

it is possible to cglculate the length (along the thin filament)
between the points at which any one cross bridge makes
successive attachments., This léngth is close to one

<



half turn of the actin helix, -
8) A theory of contraction is proposed which is based updn

the co-polymerization of actin with the myosin head.
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Appendix 1

The solubility of ATP in the presence of barium

1) Experimental'

Tubes were sét up containing 100 mM tris - HC1l buffer,
pH 8.0 and approximately 2 mM ATP (disodium salt)., The tubes
aiso contained a range of concentrationé of barium acetate
and magnesium chloride, After standing overnight in the cold,

the solutions were brought to 0°C for 1 hour, The precipitate
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s
were centrifuged down an the supernatants diluted with
tris = HC1 buffer, The ATP concentrations were then determined
photometricaliy.
2) Results
The ATP solubilities are shown in fig. X.l. From the
general shape of the curve, it might be thought that the
reaction was simply :=-
Mg.ATPZ- TPt ——s Ba,ATPS™ “——= Ba_ ATP <—= Ba ,ATP2+
e o R s 773
Mg2+ Ba2+ Baa* Ba2+
with [Ba.ATpa'] = ky/ Ba®*  and [Ba3.ATP2+] =k, x BaZ*
or )
Mg ATPZ™ <— ATP'™ “——=3 Ba,ATPZ™ <—= Ba_ATP <—— Ba.ATPZ"
M82+, Balt Bal* ][ Bal*
(Ba,ATP) |

. !
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Fig- Xol
ATP solubility '
* m-molar The solubility of ATP in the presence
of barium and magnesium at 0°C in
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In either case, [ﬁg.Asz']'. C koo [Mg2+] (1).

- [Ba.arp2-] | [5a2* ]

Both schemes predict the solubility of ATP to be of the form

[ATP]: Ax [Mg2+:] + B + C + Dx 1233.24']
[ba2t] 2 [sa2"]

where A, B, C,and D are constants. C is zero in the case

(2)

where Baz.ATP is the insoluble species,
The coefficients were determined by a least sqguares
method; the resulting curve is shown in fig, X.2, for zero

concentration of magnesium, It can be seen that the fit is

not good, especially at low [?aaf] .

%) Curve fittinge

a) At low l;azf] 4y the main soluble ATP complexes are
probably Ba.ATPZ— and Mg.ATPz_. The concentrations of these
species will be related by eqn. 1.

Writing [BTé] to mean the total concentration of all

the soluble ATP complexes :-

D\TP:I = Big.ATPZ'\'] + [T_;a.ATPZ-] at low E3a2+]
or EATEE! = @a.ATPE—] x (1.+ K x [Mg2+_]/ EBa2+:l ) (3)
Writing @TP] Mg to denote the solubi}ity of ATP in

the presence of magnesium :=-

[arp] vg / [ate] o = 1+K x [1e2"] / [a2]

or log( [ATP] Mg / ( [are] 0~ 1)) =1log K 4 10g([1g2*] / [Ba2 )

(&)
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Fig, X.2

X The solubility of ATP in the presence
of barium and the absence of magnesium +
at pH 8.0 and 0°C.  Also shown is +
the best fit line to the equation A
(ar] = & x [Ba®]"%B 4 ¢ x [Ba2?]
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Fige Xs3 is a plot of this function for low values of [;aail .
It has the expected gradient of +1 and an intercept of 0,66,
This intercept is the logarithm of the ratio of the affinity

constants of ATP for magnesium and barium,

b) At any given concentration of barium, [}Té] seems to
be a linear function of [&gzi] .

From eqn. (3) :=

> [ae] = Kx [Ba.ATPz'j
d E‘iga-‘_j_] E3a2+] [Baz"‘]
now if ESaA.ATPZ'_-_I = k x [Ba2+j -1/n

where k and n are constants,

log k =~ (log [?azf] )/ n

log k + log K = (1 + 1/n) x log [éa2+]

then log E’&TP_.JO
Also 1log ) [ATP]

2 6% Ba27]

So the graphs of log b[§TP] ’and log BTé] 0 against
> [1°%) %a?_ﬂ
log [éazf]should have a difference in slope of 1 and a
difference in intercept of log K. These graphsrare shown
in fig. X.k. The difference in the intercepts is 0.,7.
The gradients are -1.26 and -6.23 respectively, which gives
a value for n of 4,
Thié corresponds to the reaction :-
4(Ba.ATPS™) + Ba®t = (Bao(Ba.ATP);)s-l
The precipitate must, therefore, contain some positively
charged specieslas well as barium, The only other ions

present in any quantity are'tris*, Na®* (ATP. was added as the

¢
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Fig. X.3

The relationship between log |ATP
, (7],

[aTP] o
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and

108 [Me?*] / [Ba®*] , where [T, is the solubility of

ATP in the presence of magnesium and barium and @Té}o is

the solubility of ATP in the presence of barium alone,

The solubilities were measured at 0°C and at pH 8,0.

This graph should have unit gradient and an intercept on the

"y" axis of log K, where K is the ratio of the affinity constants

of ATP for magnesium and barium.

The gradient is, in fact,1.03 and the intercept is 0,66,

TP | L.
Log (A mg_ 1)+ 9
ATP,
@/
+

[Mg+ ] A
m-molar '/--6-

10 X Pe

20 ©

40 A ‘

. .3
X /A
/@

-— /XA

] /l .' ol 016
A o (b Y )

L M Ba
x 08 g /
/ A
¢ — 1.3 .
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Fige X.4
The relafionsﬁips between log Ba2+ and the functions :-
A, 2 =1og [ATP]  and B, 2 = log 2 [aTe]
| d[me2*] Bt ]
[;TE]O and 9 [ATé] were determined by fitting best straight
D [ug?*] £a2]

lines to data for ATP solubility at varying maghes;um
concentrations for each of five barium conceﬁtrations. The
solubilities were measured at pH 8.0 and OOC.

The gradients of the lines (-0.23 and =1,26) should be

=1/n and -(1 + 1/n) respectively; where n is the ratio of

Ba.ATP2~ to Ba2+ in the initial barium-ATP precipitate.

2:0- : V ‘ - \\\\\X




disodium salt) and sometimes magnesium,

¢) The precipitate starts to redissolve at high
concentrations of barium, The precipitate must be converted
to the dibarium salt at a critical concentration of bariuﬁ.
Above this concentration the solubility should follow eqn, (2),
Fige. X.5 shows the best fit curve of the form of eqn, (2) for
the higher values of Ba2+ .

At high concentrations of barium, ATP seems slightly less
soluble if magnesium is present, It is possible that there
is some hydrolysis of the tribarium-ATP complex or the
dibarium salt;. and that the rate of hydrolysis is reduced
by the presence of magnesium., . But even if the whole of the
rising tail of the solubility curve were due to ADP produced
by hydrolysis it would not affect the general conclusion of
section b), If a straight line is drawn through the origin
of fig, X.1 tangent to the tail of the curve and its value
subtracted from the experimental points, then the analysis of

section b) yields a value of n between 3 and 4,

L) Summary of the effect of barium concentration on the solubilitvy

of ATP

As the concentration of Ba2+ is increased, the first complex

to be formed is Ba.ATPS" , The ATP is then precipitated as

. 6

Bas.ATP4 o At a critical concentration of barium (about
150 to 200 mM) the precipitate is converted to the dibarium
salt of ATP, At higher concentrations of barium the precipitate

2+

starts to redissolve, probadbly as BaB.ATP Fogt and Rechnitz

(1974) report the existence of positively charged metal-nucleotide
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complexes.'
At low concentrafions of barium, magnesium increases
the solubility of ATP, but at higﬁ barium concentrations
magnesium reduces the solubility siightly.
At low concentrations of barium, the logarithm of the
ratio of the affinity constants of ATP for magnesium and barium

is 0,66,

The effect of pH

The solubility of ATP in 200 mM tris-HC1 buff;r and 100 mM
barium acetate was measured over the pH range 6 to 9.5, The
solubilities were measured by the same technique as above.

The resﬁlts are shown in fig. X.6. If the curve can
be interpreted as the ionization of a single group, then the
pK is about 8.4 which corresponds neither to tris nor to ATP.

The value obtained for the solubility at pH 8.0 is rather
higher than that found in the previous section (100 mM buffer).

These two facts point to the formation of a complex between

ATP and tris buffer,

~Titration of tris-ATP

In order to test for the formation of a tris-ATP complex;
solutions of tris and ATP were titrated with sq@ium hydroxide,
A ﬁixture of the two was also titrated,

Fig. X.7 shows the region in which there was mosf difference,
There was also a difference in the shape of the ATP titration

curve at pH 5 to 5.5 in the presence of tris, From fige. X.7
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Fige X6
The solubility of ATP in 200 mM tris-HCl and 100 mM barium
acetate over the pH range 6 to 9,5, The solubilities were

measured at OOC.
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Fig. X.7

Titration curves of tris, ATP and tris-ATP,
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it seems that the pK of tris has shifted alkaline (as would
be expected if a comﬁlex were formed with a negative ion, such
as ATP).

The shape of the tris~ATP titration curve over the pH
range 8 to 10 may not be thé simple superposition of a curve
for tris and oné for the complex, However, it would take

a more detailed experiment and analysis to decide this,

Titration of tris-ATP with metal ions

If tris can form a complex with ATP (of pK 8.4) and if
tris can be displaced from the complex, then the change in pK of
the buffer should give rise to acidification of the solution.

Fige X.8 shows the observed pH shift on the addition
of sodium and various alkaline earth ions. . The pH shift is
virtually cémplete after the addition of one Mol of divalent
ions / Mol ATP, So the stability constant of tris-ATP must
be at least an ordep of magnitude less than thatAof the metal=-
ATP compiexes. With sodium, the pH shift is much smaller
and it is not complete after one Mol of ions / Mol ATP hés
been added. This indicates that the tris-ATP stability constant
is of the same order as, and higher than that of sodium=-ATP,

The barium precipitate appeared after thé addition of
only 0,7 Mol of ions / Mol ATP, This is in line with the
results of the solubility experiment; iece. the initial
frecipitate is not the dibarium salt of ATP, but a complex
poorer in barium. The strontium precipitate appeared after

the addition of only 1.1 Mol of ions / Mol ATP,

In order to remove any ambiguity arising from the use



Fig X.08

The pH changes observed in a solution of 6.25 mM ATP and €.25 mM
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of the disodium salt of ATP, the tris salt of ATP was prepared
on an ion exchange column,

During the addition of the first Mol of ions / Mol ATP,
there was acidification; see fige Xe9. But during the
addition of the next one or two Mol / Mol, the solution
became more alkaline, Barium gave a curve with a second
pH minimum at 21 Mol of Ba** / Mol ATP, but at this time a
precipitate was present.

This secondary alkaline shift was most unexpected, as the
addition of a positive ion to a complex is likely to encourage
the release of protons rather than their uptake.

\

Further confirmation of the tris-ATP complex

As the pK of tris-ATP (8.4) is higher than that of tris
and much higher than that of ATP, the‘mixing of the two solutions
at pH 8 to 8.5 should give a product more alkaline than
either component, Fig. X.10 shows the pH as tris (pH 8.2)
is added to neutralised ATP, The pH rises to a maximum after
the addition of 1.4 Mol of tris / lol ATP and then falis (rather
slowly) as the added tris swamps the pH chaqge induced by

complex formation,

Effect of sodium chloride

~

The solubility of ATP at various sodium chloride
concentrations in 100 mM barium acetate, 200 mM tris-HC1l at pH
8.0 was measured, Fig. X.11 shows that the solubility increases

-with sodium chloride concentration in a non-=linear fashion.
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Fig. X.10
The change of pH as tris (pH 8.2) is added to ATP (initially

at pH 8.13,

o . K
. o | %5
Oy

T o -

Q.Ig <

o) —

|® s

=

| P

| -

°

=

— —— — o—— —— —
.

pH

ged -
8+3
82~




29
Tig. X.11
The effect of NaCl on the solubility

of ATP in 1C0 nM barium acetate-
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Triethanolamine

Since ATP forms a complex with tris, its solubility

was measured in another .nitrogenous buffer: triethanolamine.

The solubilities were determined in 100 mM triethanolamine-HC1l

pH 8.0, 78 mM barium acetate and various concentrations of

magnesium chloride, Fig. X.12 shows that the solubility

is not quite a linear function of magnesium concentration.

The solubility is rather higher that in the corresponding

mixture containing tris buffer. This suggests that there

is a soluble triethanolamine-ATP complex with an affinity

constant higher than that of tris-ATP.

Conclusions

1)

2)

3)

L)

At low concentrations of barium the ATP precipitate
is poorer in barium than the dibarium salt. It is
probably of the form Ba.(Ba.ATP)46- with complexed
cations,

At high concentrations of barium the ATP precipitate
redissolves slightly. The new soluble species is
probably BaB.ATP2+.

ATP forms a complex with tris buffer (and with triethanolamine).
rﬁe stability constant 6f tris-ATP is between that of

Na-ATP (log K = 1.1) and that of Sr~ATP (log K = 3.0);

and is probably nearer the former. The pK of the

tris-ATP complex is about 8.4, )

In the presence of barium, the solubility of ATP is

increased by the presence of ahy of the cations investigated,
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Application to barium precipitation in the prevnaration of ATP

Extracéion of a muscle mince results in a solution of

ATP of about 0,1 to 0.2-mM in TCA, This is of the same order

ag the minimum solubilities found on fige. Xol.

In order to precipitate ATP with barium and 6btain a

good recovery, it is necessary :_ :=-

1) To use the minimum possible volume of TCA, ensuring as
concentrated solution as possible,

2). To avoid the introduction of any extra cations (especially
divalent cations). The muscle should only be moistened
with Ringer's solution.

3) To use the optimum concentration of barium (100 to 200 mM)

L) To work at as high a pH as possible (in practice pH 9.5
to 10, there is excessive hydrolysis of ATP at higher

values of pH).
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