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Fig. 1. Myofibrillar ATPase activities (k,, sec™") of fast (F)
and slow {S) skeletal muscle, and inner (1V) and outer (OV)
ventricular muscle from the tunny (Thunnus thunnus L.).
Data redrawn from Johnston and Tota (1974) and Basile et
al., (1976). ATPase activities were measured at an ionic
strength of 0.12, pH 7.2 and at 25°C. K, was calculated
assuming a myosin content of myofibrils of 54% and that
both heads are simultaneously active.

of that from fast skeletal muscle. No differences in
myofibrillar ATPase activity were found between the
outer compact and inner spongy ventricular tissues
(Johnston and Tota, 1974; Basile et al., 1976). Until
recently, it was thought that the alkali light chains
were essential for ATPase activity (Dreizen and Ger-
shman, 1970). However, techniques have now been
developed involving the use of mild dissociating
conditions and affinity chromatography using alkali
light chains to produce S-1 heavy chains essentially
free of light-chains (Wagner and Giniger, 1981; Wag-
ner, 1981; Sivaramakrishman and Burke, 1982). The
actin activated ATPase and actin binding character-
istics of the light chain free S-1 heavy chains are
essentially similar to those of the native isozyme
(Wagner, 1981; Sivaramakrishman and Burke, 1982).
Wagner (1981) has suggested, on the basis of cross-
hybridisation of cardiac and skeletal muscle heavy
and light chains, that around two-thirds of the
difference in ATPase activity between different myo-
sins resides in different heavy chain compositions.
Studies with various mammals have shown that there
are different heavy chain isotypes present in adult fast
and slow skeletal muscles, ventricle -and atria (see
Perry and Dhoot, 1980, for a review). Similar studies
of heavy chain polymorphism have not so far been
carried out with lower vertebrates.

Tropomyosin—troponins

The detailed analyses of the sequences, structures
and properties of tropomyosin and troponin reported
for rabbit muscle (see Perry, 1979, for a review) have
not so far been extended to lower vertebrates. How-
ever, the regulation of contraction and the com-
position of the tropomyosin-troponin complex of
skeletal and cardiac muscle would appear to be
broadly similar to that reported for higher verte-
brates (Malencik ez al., 1973; Lehaman and Szent-
Gyorgi, 1975; Altringham and Johnston, 1982).

Natural actomyosins from cold-adapted fish show
a progressive and reversible loss of Ca’*-sensitivity
with increasing assay temperature (Johnston and

Calcium Sensitivity (%)

0 10 20 30
Assay Termperature ( C)

Fig. 2. The effect of assay temperature on the calcium
sensitivity (%) (1-Mg?* EGTA ATPase/Mg?*Ca’*t ATP-
ase) x 100 of natural actomyosins isolated from the fast
myscles of (a) Salvelinus alpinus (Arctic, environmental
temperature 0—-8°C), (b) Champsocephalus gunnari (Antarc-
tic, 04°C), (c) Myoxocephalus scorpius (North Sea,
2-18°C), and (d) Dascylus auranus (Indian ocean, 15-25°C).
Horizontal black bars represent the normal range of envi-
ronmental temperatures experienced by each --species
(adapted from Johnston and Walesby, 1979).

Walesby, 1979). In contrast, tropical fish maintain
Ca’*-regulation of their ATPase over a much wider
range of temperatures (Fig. 2). Johnston and Wal-
esby (1979) prepared thin-filaments. from the’ fast
muscles of a number of Antarctic, Arctic, temperate
and tropical fish. Considerable heterogeneity was
found in the apparent molecular weights of the
thin-filament proteins, particularly troponin C. It
seems probable that in common with myosins there
have been selective modifications in the sequences of
tropomyosin and troponin to permit efficient regu-
lation of contraction at different body temperatures.

A number of preparations are available for study-
ing the functional properties of the Ca’*-regulatory
proteins in intact fibres. The myofilaments can be
rendered accessible to externally applied solutions
following removal of the sarcolemma by mechanical
skinning or by soaking the fibre in glycerol or a
detergent solution such as Brij 58, triton X-100,
saponin or lubrol (see Fabiato, 1982 for a historical
review of the development of skinned fibre prepara-
tions). McClellan and Winegrad (1978) have shown
that bundles of cells from ventricular myocardium
can be made hyperpermeable to solutes by an over-
night soak in 10 mM EGTA. In contrast to mechan-
ically or chemically skinned preparations,.there is
some evidence that sarcolemma is able to exert some
control over activation in cardiac cells prepared in
this way (Miller, 1979). Most multicellular prepara-
tions from cardiac tissues contain a significant pro-
portion of non-muscle cells. They suffer from the
disadvantage that compared to single cells they pro-
duce low aboslute tensions and activate slowly due
to the presence of significant internal barriers to
diffusion (Jewell and Kentish, 1982).

Recently we have shown that stall bundles of
fibres can be relatively easily dissected from the
trabeculae along the auricular canal of the fish heart.
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Typical preparations are 20~-60 um in diameter, and
1.2-1.5 mm long. The sarcolemma and sarcoplasmic
reticulum have been shown to be largely destroyed by
a 30-min incubation in the non-ionic detergent Brij 58
(Johnston, unpublished results). Fibres thus prepared
show very small resting tensions (0.01 Ncm?) at
sarcomere lengths of 2.2-2.3 um and can be max-
imally activated in 30sec and produce around
4.5 N cm? tension at pCa 4.50 (Fig. 4).

A characteristic sigmoidal relationship between
free Ca’* concentration and tension development is
obtained for both cardiac and skeletal muscle fibres.
At a pMg of 3.50 and 2.2-2.3 uM sarcomere length,
the Ca’* concentrations required for initial and
maximal tension development are 0.1 and 10 uM
respectively, for both fish atria and frog ventricle
(Fig. 3). Measured at 22°C and at a pMg of 2.50, the
pCa-tension relationship of frog ventricle is some-
what less steep than that for fibres isolated from dog,
rabbit and rat ventricle (Fabiato, 1982). A number of
factors, such as sarcomere length (Fig. 3) and free
Mg?** concentration has been shown to shift the
position of the pCa-tension curve to higher or lower
Ca?* concentrations without significantly affecting its
slope (Ashley and Moisescu, 1977; Fabiato and
Fabiato, 1975). For example, decreasing pMg from
4.50 to 2.50 (at constant pMg ATP) inereases the
Ca?* required to give half maximal tension by around
0.6 pCa units (Fabiato and Fabiato, 1975). In the
presence of low Ca?t (pCa~9.0) an increase in
pMgATP from 3.5 to 5.0 (316-10 uM) progressively
increases tension. Further increases in pMgATP from
5.5 to 7.0 results in a decrease in tension (Filo-er al.,
1965; Fabiato and Fabiato, 1975; Kushmerick and
Krasner, 1982). In the case of cells from rat ventricle
the tension developed at low MgATP in the absence
of Ca’* can be as much as 529 of the maximum
Ca?*-activated tension at pMgATP 2.5 (Fabiato and
Fabiato, 1975). The effects of altering pMg and
pMgATP on the pCa-tension relationships of cardiac
and skeletal muscle would appear to be broadly
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Fig. 3. The relationship between free calcium concentration
(pCa) and relative tension produced by skinned fibres from
(a) frog ventricle (Fabiato and Fabiato, 1978b), and.(b)
Bulirout Myoxocephalus scorpius (L) atria (Johnston, un-
published results). The ionic composition of the bathing
solutions of 0.16 pm ionic strength, pMgATP 2.5 and pMg
3.5 were comparable in both studies. Temperature was 10°C
for fish attia and 20°C for frog ventricle.
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comparable and similar for fibres isolated from both
frog and rat (Fabiato and Fabiato, 1979, 1982).

Acidosis appears to reduce Ca’*-sensitivity to a
greater extent in cardiac than skeletal muscle fibres.
Fabiato and Fabiato (1978a) found that a decrease in
pH from 7.4 to 6.2 increased the free Ca?* concen-
tration required for half maximal tension by a factor
of 5 for rat ventricle fibre but only by 3 for frog
skeletal muscle fibres. Acidosis (pH 6.2) was found to
depress maximum tension by around 30% in both
tissues (Fabiato and Fabiato, 1978a). These authors
concluded that these phenomena may play an im-
portant role in the negative inotropic effects of acid-
osis on heart muscle.

Fabiato (1981) has presented evidence that in
mammalian cardiac cells the maximum myoplasmic
free Ca** concentration (pCa 5.40) reached during an
optimum twitch is substantially less than that re-
quired to fully activate the filaments. In mammals
there is a variety of evidence that hormones can
directly influence the Ca®*-sensitivity of cardiac, but
not skeletal, muscle fibres (Stull et al., 1980). Al-
though the actin binding sequences of different rabbit
TNTI’s' are highly conserved, there are a number of
important differences in structure between the forms
found in cardiac and skeletal muscles (Cole and
Perry, 1975). Both types contain a serine residue at
positions 117 (skeletal muscle) and 146 (cardiac mus-
cle) .which can be phosphorylated by cAMP de-
pendent protein kinase. However, phosphorylation at
these sites is completely inhibited by equimolar con-
centrations of TNC (Cole and Perry, 1975). Cardiac

TNI has an extra 26 residues at the N-terminus end

of the molecule including an additional serine at
position 20 (Grand et al., 1979). In vitro serine 20 can
be phosphorylated 30 times faster than serine 146
(Cole and Perry, 1975). Stull and High (1977) have
shown that in vivo the phosphate content -of TNI
from rabbit fast muscle is around 1mol phosphate

per mol protein. They found that intra-arterial injec-

tion of isoproterenol raised the concentration of

¢AMP in the muscle and increased the rate of phos-

phorylase a formation but had no effect of the
phosphate content of skeletal muscle TNI (Stull and
High, 1977). In contrast, a number of investigators
have shown that perfusion of intact mammalian
hearts with adrenaline increases the phosphate con-
tent. of TNI (England, 1975, Westwood and Perry,
1981). For example, following f-adrenergic stimu-
lation* the net increase in TNI phosphorylation is
approximately 1.03 mol P per mol for rat, mouse,
rabbit and cat heart (Stull e al., 1980). England
(1975) has shown that the phosphorylation of TNI
lags behind the peak inotropic response to adrenaline
and thus cannot be related to the observed increase
in contractile force (see also Westwood and Perry,
1981). Instead, the phosphorylation -of TNI appears
to regulate the sensitivity of the myofilaments to
calcium.

Mope et al. (1980) found that the Ca®* sensitivity
of bundles of rat ventricular cells made permeable by
soaking in EGTA was inversely related to the amount
of *P incorporated into TNI. Thus, the free Ca’*
concentration required for half maximal activation
increased from around 3 to 9 uM for an increase of
0.5 mol, **P incorporated per mol TNI (Mope et al.,
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Fig. 4. Isometric tension records of bundles of fibres iso-
lated from Bullrout atria. Fibres were chemically skinned by
a 30 min, incubation in 1%/ Brij 58. Arrows indicate transfer
of fibres from relaxing to activating solutions. Relaxing
solution contained 10mM imidazole pH 7.4 at 10°C,
110mM KCl, 3mM MgCl,, SmM EGTA, 10 mM phos-
phocreatine, 2.5mM ATP, and 40 units creatine phos-
phokinase. The numbers above each activation refer to the
pCa’s of activating solutions which were obtained by adding
CaCl, to the relaxing solution. Incubation of fibres in a
medium of 50 uM cAMP, 1 mg/ml bovine heart CAMP
dependent protein kinase (Sigma, Poole, England) resulted
in a decrease in tension development. Note the observed
effects on tension development were not apparent immedi-
ately on transference of a fibre to the kinase incubation
solution but required time for diffusion of the protein kinase
into the fibre.

1980). Similarly, the pCa-ATPase curve of isolated
rabbit cardiac myofibrils is shifted 0.3 pCa units to
right following treatment with cAMP dependent pro-
“tein kinase (Holroyde et al., 1979). It seems likely that

Protein
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Fig. 5. Isometric tension records of single slow fibres iso-

lated from the myotomal muscle of the Bullrout. Solution

compositions and experimental protocol are given in the

legend to Fig. 4. In contrast to atrial fibres, bovine cAMP-

dcpendent protein kinase had no effect on tension devel-
opment by slow skeletal muscle fibres.
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the decrease in Ca’*-sensitivity on TNI phos-
phorylation could account for the more rapid rate of
relaxation of the twitch which is observed following
adrenaline treatment. McClellan and Winegrad
(1978) have suggested that the regulation of Ca?t
sensitivity may be useful to the heart in controlling
diastolic tone and the rate of filling of the ventricles.

Evidence that TNI phosphorylation can affect
Cal*-sensitivity in fish atrial fibres is presented in
Fig. 4. Following equilibration with 50 uM cAMP,
1 mg/ml bovine 3’,5-cCAMP dependent protein ki-
nase, fibres showed a decrease tension development at
sub-maximal Ca?* concentrations. For example, fol-
lowing kinase treatment isometric tension is reduced
759 at pCa 6.04 (mean results for 8 fibres) consistent
with a shift in the pCa-tension curve by around 0.3
pCa units to the right (Figs 3 and 4). In contrast,
kinase treatment had no effect on submaximally
activated slow muscle fibres (Fig. 5). Although the
effects of kinase treatment on TNI phosphorylation
have not been investigated, these results suggest that
adrenaline can regulate Ca’*-sensitivity in a similar
manner in mammalian and lower vertebrate hearts.
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