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Abstract. This paper investigates the phosphorylation of fish
muscle myosin following electrical stimulation and exercise.
Purified myosin isolated from the fast myotomal muscle of
rainbow trout (Salmo gairdneri) shows three light chains on
SDS polyacrylamide gels of molecular weights 16,000 (LC1)
18,000 (LC2) and 24,000 (LC3). The 18,000 dalton light chain
(LC?2) is capable of being phosphorylated and dephosphory-
lated in vitro by respectively rabbit myosin light chain kinase
and phosphatase.

The native phosphorylation state of fast muscle myosin
has been investigated in rainbow trout and dogfish
(Scyliorhinus canicula) using a technique involving freeze-
clamping in liquid nitrogen (—159°C) and extraction of a
light chain fraction in 5 M guanidine-HCl/ethanol. The two
forms of the LC2 light chain, can be resolved in 8 M urea
polyacrylamide gels at pH 8.6.

Fast muscle from anaesthetised trout contained 0.16
moles phosphorylated LC/mole LC2. Electrical stimulation
of isolated muscle under various conditions (1 — 10 s isometric
tetani, 5 — 500 Hz) did notresultin a significant increase in the
phosphorylated form of the LC2 light chain. Qualitatively
similar results were obtained for isolated fast muscles from
dogfish (Scyliorhinus canicula). In five trout subject to
strenuous exercise, two fish showed a slight increase in myosin
phosphorylation (0.32 moles P LC/mole LC2) and three, no
significant change (0.20 moles P LC/mole LC2).

The lack of correlation between the phosphorylation state
of LC2 light chain and electrical stimulation indicates that,
unlike rabbit and frog skeletal muscle myosin, phosphory-
lation is not an integral part of the excitation-contraction
cycle in fish muscle.

Key words: Skeletal muscle — Myosin — Myosin phosphory-
lation — Contractile properties — Myosin light chains —
Myosin light chain kinase — Exercise

Introduction

In recent years it has been discovered that phosphorylation of
myosin occurs as a normal enzymatic reaction in vivo in
mammalian fast and slow skeletal, cardiac and smooth
muscles, and many non-muscle systems (Manning and Stull
1979; Jeacocke and England 1980; references in Barany and
Barany 1980). Phosphorylation occurs on a myosin light
chain of 18,000 — 20,000 daltons (termed the P-light chain by
Frearson and Perry 1975) and has been linked to a specific
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calcium-dependent kinase and a specific calcium-independent
phosphatase in most systems (see reviews by Perry 1979,
Barany and Barany 1980). Whereas in smooth muscle and at
least some non-muscle systems, phosphorylation of myosin
appears to be a critical control step preceding contraction
(Adelstein et al. 1973; Adelstein and Eisenberg 1980), in
striated muscle it is a secondary process unnecessary for the
initiation of contraction (well known to be a function of actin-
filament proteins).

In mammalian skeletal muscle P-light chain phosphory-
lation has been variously reported as having some effect
(Pemrick 1978, 1980; Kardami 1980) or no effect (Morgan et
al. 1979; Kerrick et al. 1980) on tension generation in skinned’
fibres, actomyosin ATPase activity, and myosin calcium
affinity. .

Recently, studies with both mammalian and amphibian
muscles have shown some correlation between contractile
activity and myosin phosphorylation (Manning and Stull
1979; Barany and Barany 1977, 1980 ; Barany et al. 1979). The
results obtained appear to differ somewhat between species
and phyla and the function of light-chain phosphorylation
remains uncertain.

Two main types of fast muscle innervation are found in
fish. In Elasmobranchs, such as dogfish, fibres receive a single
engrappe motor-termination derived from two separate
axons {(Bone 1964, 1978). In contrast, many teleosts have
multiply innervated fast muscles. Each fibre receives as many
as 15— 20 endplates derived from a large number of different
motor neurones originating in adjacent spinal roots (Bone
1964; Hudson 1969; Altringham and Johnston 1981). There
are major differences in the membrane and contractile
properties of fish fast muscles according to their pattern of
innervation (Bone 1978; Flitney and Johnston 1979;
Johnston 1980, 1981, 1982). Whereas elasmobranch fast
fibres are reserved for short bursts of swimming activity
(Bone 1966) many teleost fast muscles are recruited over a
wide range of swimming speeds (Hudson 1973; Johnston et
al. 1977; Bone et al. 1978). One possibility is that sub-
threshold junction potentials allow a graded contractile
response in multiply innervated fibres.

The present study examines the relationship between
contractile activity and myosin phosphorylation in fish with
both the focal (dogfish) and multiple (trout) patterns of fast
muscle innervation.

Materials and Methods

Stimulation and Freezing of Muscles. Rainbow trout (Salmo
gardineri) (200—300g) and dogfish (Scyliorhinus canicula)



were killed by a blow to the head and pithing. Strips of white
epaxial muscle, approximately Scm long by 0.2 cm?, were
attached to a tension transducer by small stainless steel hooks
inserted into the terminal myosepta. Strips were superfused
with oxygenated Ringer containing 129 mM NaCl, 2.7 mM
K(l, 0.4mM MgCl,, 2.5mM NaHCO;, 1.8 mM CaCl, (pH
7.4) at 10°C (for trout) or 134mM NaCl, 6.8 mM KCl,
1.1 mM MgCl,, 209 mM Urea, 6.1 mM CaCl,, 5mM glucose,
3.5mM NaHCO, (pH 7.4) at 10°C (for dogfish). Muscles
- were stimulated end-to-end with silver wire electrodes (10V,
1ms pulses) and the development of isometric tension
recorded using a strain gauge (Devices Ltd. 0—100g). For
resting samples, strips were left to soak in Ringer at 10°C for
10— 30 min. At the appropriate time, the strips were frozen
with brass freeze-clamps cooled in liquid N, and stored in
liquid N, until analysis. Only that portion of the muscle
initially in contact with the freeze-clamps was taken for
myosin extraction.

Isolated rat extensor digitorum longus (EDL) muscles
were also stimulated, recorded and frozen in the same manner.

Exercise and Freezing of Live Fish. Small trout (15—30g)
were exercised in a custom-built flow chamber (Johnston
and Moon 1980). At the end of the exercise period fish were
quickly removed, stunned by a blow to the head and dropped
into liquid N,. Muscle samples nearest the skin were then
taken for analysis. For resting values, fish were anaesthetised
with MS 222 (Sandoz Ltd.) and frozen in the same manner.

Extraction and Determination of Light Chain Fractions. Light
chains were extracted in 5 M guanidine-HCl and ethanol from
powdered deep-frozen samples as described by Manning and
Stull (1979) and Perrie et al. (1973). The isolated light chain
fraction was dialysed against water with 15 mM 2-mercapto-
ethanol and freeze-dried. Some muscles contain very active
endogenous phosphatase activity which can continue to some
extent under the conditions used for homogenization and
sample preparation for electrophoresis (Westwood and Perry
1981). Therefore, in some experiments, frozen muscle samples
were homogenized in 15% TCA centrifuged and the pellet
resuspended in 5 M guanidine — HCI, and neutralised prior to
extraction of the light chain fraction. No difference in the
phosphorylation state of myosin was found between these
two conditions. The light-chain fraction was dissolved at
about 2mg ml~ ! in 8 M urea, 20 mM Tris, 125 mM glycine

(pH 8.6), 15mM 2-mercaptoethanol then run on 8 M-urea .

109 Cyanogum slab gels as described by Perrie and Perry
(1970) (30— 50 pl per gel slot). The gels were run 2/, times the
run time of bromophenol blue, stained for 1h in 0.159]
Coomassie Blue Brilliant (w/v), 40 9, methanol, 7.5 % acetate
acid (v/v) and destained in 5 %, methanol, 7.59 acetic acid.
The relative amounts of phosphorylated and dephosphory-
lated P-light chain were determined from densitometric
profiles of the gels obtained with a Joyce-Loebel Chromascan
with TLC auxiliary scanner.

Samples of extracted light chains and purified myosins
were also run on 12.59% polyacrylamide disc gels in the
presence of 0.1%, sodium dodecyl sulphate (SDS) following
the procedure of Potter (1974).

Purification of Light Chains and Myosins. Rabbit skeletal
muscle light chains were purified according to the method of
Perrie et al. (1973). Trout white muscle myosin was prepared
by the method of Focant et al. (1976) and red muscle myosin
by the procedure of Johnston et al. (1977).

Modification of Light Chains in vitro. The phosphorylation
state of P-light chains was altered in vitro by incubating them
at 10 mg ml~ * (rabbit) or 25 mg ml ~ ! (trout and dogfish) with
rabbit light chain kinase (0.1 unit ml~') and [**P}-ATP at
25°C (rabbit) or 15°C (trout and dogfish), according to the
method of Pires and Perry (1977). After precipitation and
washing the protein was dissolved in either 2ml 0.1 M NaOH
for scintillation counting (100 pl in 10 ml scintillation fluid) or
in 8 M urea gel buffer (above) and taken to pH 8.6 for gel
electrophoresis.

Light chains were also modified with rabbit light chain
phosphatase (method of Morgan et al. 1976) and E. coli
alkaline phosphatase (Perrie et al. 1973). The reactions were
run at 25°C (0.5ml volumes with 10 mg light chains) and
terminated by the addition of solid urea to 8 M.

Purification of Rabbit Light Chain Kinase and Phosphatase.

Partially purified rabbit light chain kinase from skeletal

muscle was prepared by the method of Holroyde et al. (1979),
and stored in 50% glycerol (v/v) at —20°C. Light chain
phosphatase from skeletal muscle was partially purified as
described by Morgan et al. (1976), through the first DEAE-
cellulose column, and was stored in 50 9, glycerol at —10°C.
Activities of kinase preparations were determined with [**P}-
ATP and rabbit light chains as substrate (Pires and Perry
1977). The kinase was used to make [**P]-light chains to use as
substrate in assays for light chain phosphatase activity
(Morgan et al. 1976).

Chemicals. E. coli alkaline phosphatase, Gelling Agent
(Cyanogum 41) and MS 222 were -purchased from Sigma
Chemicals, London, GB.

Urea Aristar grade was obtained from BDH Chemical,
Poole, Dorset.

[32P]-ATP (10 Ci/mmole™ ') was purchased from the
Radiochemical Centre, Amersham, GB.

Results

The three myosin light chains of trout white muscle have been
characterised by SDS gel electrophoresis, and show a pattern
similar to other vertebrate fast muscles (Perzanowska 1977).
Purified trout myosin shows three light chain bands of
molecular weight 24,000, 18,000 and 16,000 daltons on SDS
polyacrylamide gels. Both purified myosins and guanidine-
ethanol extracts of muscle were treated with rabbit light chain
kinase, rabbit light chain phosphatase and E. coli alkaline
phosphatase (see Materials and Methods), and subjected to
clectrophoresis on a gel capable of separating the two P-light
chain forms (8 M urea, pH 8.6). The results are presented in
Figs. 1,2 and Table 1, and clearly show that a phosphorylated
light chain does exist in vivo and that its phosphorylation
state can be altered enzymatically.

The P-light chain bands were cut out from an unstained
portion of an 8 M urea gel, solubilised in SDS gel buffer, and
found to run at about 18,000 daltons on SDS gels. In a few
cases there appeared to be some modification of the LC2
chain from purified trout myosin such that when treated with
the kinase 2 bands appeared (Fig. 1). This may be related to
the instability of isolated fish myosins (Connell, 1961) since it
was not observed with gaanidine-ethanol fractions (Fig. 2).

The state of the P-light chain in vivo was further
examined, in resting trout and in isolated muscles after
varying periods of tetanic stimulation. Typical isometric
tension records are shown in Fig. 3. Fused tetani were only
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obtained at frequencies above 40 Hz, Both the rate of tension
development and peak isometric tension (P,) were highly
dependent on frequency of stimulation. Maximum tensions
for trout muscles were obtained at frequencies above 300 Hz.

In trout muscle strips incubated in Ringer at 10°C for
10— 30 min (“resting”™), the phosphate content was found to
be 0.16+0.03sd mole P/mole P-light chain (6 fish, 2 de-
terminations each). However, unlike frog (Barany et al. 1979)
and rat (Manning and Stull 1979) muscles, trout white muscle
shows no change in phosphate content of myosin following 1 s
stimulation at 50 — 500 Hz and only a slight, possibly signifi-
cant increase of about 20 % after 5—10s tetani (Figs. 1 and 4;
Tables 2 and 3). Furthermore no increase in P content was
noted in relaxed muscle following tetanic stimulation (Table 3,
Delayed Freezing column). This is in sharp contrast to rat
EDL, in which P content begins to rise after a 1s tetanus and
reaches a maximum 7—15s later (Manning and Stull 1979).
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Fig. 1a—f. 10 %] Alkaline-Urea polyacrylamide gels. (a, b) Purified trout
myosin. Sample (a) has been treated with rabbit myosin light-chain
kinase (see text for conditions), sample (b) is untreated. (np) Band
corresponding to the non-phosphorylated P-light chain; (P) phosphory-
lated form(s) of the P-light chain. (¢) Guanidine-ethanol light chain
fraction from resting trout muscle. (d) Light chain fraction from trout
muscle stimulated at 200 Hz for 1 s. (¢) Guanidine-ethanol fraction from
resting dogfish muscle. (f) Light chain fraction from dogfish muscle
stimulated at 50 Hz for 10s. (g) Dogfish muscle light chain fraction
treatéd with rabbit myosin light chain kinase. Extra band relative to
untreated sample is shown by arrow

We were able to confirm this result with rat EDL using our
apparatus: 15 s after a 1 s tetanus (200 Hz), a 4-fold increase in
rat P-light chain was found (Table 3).

Tetanic stimulation of trout muscles for longer than 10s
was not possible due to fatigue; however we subjected some
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Fig.2A and B. Densitometric profiles of guanidine-ethanol extracts of
trout white muscle electrophoresed in 8 M urea at pH 8.6. (A) Extracts
from resting trout muscle treated with rabbit light chain phosphatase
(25°C, 60 min), and (B) treated with rabbit light chain kinase (15°C,
60 min). np indicates unphosphorylated P-light chain; p, indicates the
phosphorylated form

Table 1. Fraction of P-light chain in phosphorylated form after enzymatic treatment in vitro (see Materials and Methods)

Untreated Treated with —
(moles P-LC/
mole LC2) light chain alkaline light chain kinase
phosphatase . phosphatase 25°C, 15min
25°C, 60 min 25°C 2h (moles P+ LC/
(moles P-LC/ (moles P-LC/ , moles LC2)
moles LC2 moles LC2)
Rabbit
purified skeletal muscle
light chains 0.05 (0.18)® 0.01 - ‘ 0.73 (6.0)*
Trout '
guanidine-ethanol extracts 0.18 (0.14) 0.08 0.07 0.48 (0.40)°
of white musclé 0.20 (0.14) - - N 0.59 (0.42)

* Untreated and light-chain kinase samples were also incubated with [**P}-ATP (2 pCi pmole™*); numbers in parenthesis are pmoles 2P per g total
protein. Radioactivity in untreated samples represents residual ATP not removed by washes
> Numbers are lower for the trout because of contamination with actin and myosin (unlabelled)
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Fig. 3. Isometric tension records of white muscle strips stimulated at 15°C
for 1s (1 ms pulse width, 10V). Final trace shows a typical record of
freezing a muscle with brass freeze-clamps (arrow) at the end of the
tetanus (the trace after the arrow represents movements of the hand-held
clamps)
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Fig. 4A and B. Derisitometric profiles of guanidine-ethanol extracts of
trout white muscle electrophoresed in 8 M urea at pH 8.6. (A) From
resting muscle; (B) from muscle stimulated at 50Hz, Ss and frozen
immediately; np indicates unphosphorylated P-light chain and p the
phosphorylated form
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Table 2. Effects of multiple stimulation on the fraction of trout myosin P-
light chain in the phosphorylated form (moles P LC/mole LC2); unfused
tetani (10°C)

Specimen Resting frac P*® Stimulated muscles
No.
freq® time frac P*
vl 0.12 20Hz 1s 0.15
0.15
v 0.15 1Hz Ss 0.12
0.16 5Hz Ss 0.135
10Hz 60s 0.17

* Resting = muscle strips in Ringer, 10°C, 10— 30 min

b Frac P = fraction of P-light chain in the phosphorylated band on 8 M
urea gels

¢ Freq = frequency of stimulation

muscle strips to repeated short tetani every 20 s for periods up
to Smin. Again, only small (about 20 9) increases in phos-
phate content of the P-light chain were found (Table 3).
However, there remained the possibility that nervous activity
or hormonal changes in the living fish could affect P-light
chain phosphorylation, which would not be observed in
isolated muscle samples, We exercised several trout in a large
cylindrical tank through which the speed of flowing water .
could be controlled (Johnston and Moon 1980). The fish were
forced to swim at gradually increasing speeds, terminating at
about six body lengths-s™!, for 10 min at 8—10°C. They
were then quickly frozen (see Materials and Methods) and the
white muscles analysed. For resting values, live fish were
anaesthetised and frozen. Results are shown in Table 4.
Resting values are similar to those from isolated muscle, and
for three of five exercised fish, only about a 20 9, increase in P
content was again found. However, for two of the fish, the
phosphorylated form of P-light chain increased from around
0.19 to 0.32 mole PLC/motle LC following exercise (Table 4).
Some experiments were also carried out on dogfish fast

muscle. Isolated strips from each of 6 fish were stimulated at
either 50 Hz or 100 Hz for 5s. No change in the relative
migration of light chains in alkaline Urea-gels was observed
between fractions isolated from resting and stimulated mus-
cles (Fig.1). No attempt was made to characterise or label
the P-light chain in dogfish muscle. However, treatment of the
dogfish guanidine-HCl fraction with rabbit myosin light
chain kinase resulted in an increased negative charge of the
LC2 band consistent with an increased degree of P-chain
phosphorylation (Fig.1). In contrast to trout, on multiple
stimulation fast muscles from dogfish produce fused tetani at
5 Hz and maximum isometric tensions at around 10 Hz. This
difference in the stimulation characteristics of focally and
multiply innervated fish fast muscles has been reported in full
elsewhere (Johnston 1982). In both cases changes in the
contractile activity of fast fibres did not result in major
changes in P-chain phosphorylation.

Discussion

The existence of calciumdependent light chain kinases and
specific phosphatases suggest a role for light chain phosphor-
ylation in the contractile cycle of muscle. In spite of a large
number of studies, a probable role for myosin phosphory-
lation has only been established for smooth muscle (and some
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Table 3. Effects of multiple stimulation on the fraction of trout myosin P-light chain in the phosphorylated form (moles P LC/mole LC2): fused tetani

(10°0)

Resting frac P»°

Tetanic stimulation

freq® time frac P
immediate freezing? delayed freezing®
Rat EDL muscle (25°C) 0.19 200Hz 1s — 0.65 (15s)
Trout white muscle (10°C)
Specimen No.
VI 0.13 200Hz 1s 0.17 0.16 (205)
0.14 200Hz 1s , 0.16 (60s)
200Hz 1s 0.13 (2 min}
200 Hz 1s 0.16 (6 min})
VIII 0.18 200 Hz 1s 0.19
VIl 0.12 S0Hz 1s 0.15
0.15 S0Hz 1s 0.17
100 Hz 1s 0.16
500 Hz ts 0.14
VIIX 0.19 500 Hz 1s 0.18
\Y 0.15 50 Hz 5s 0.18 0.20 (155)
0.16 50 Hz 5s 0.18 (20s)
v 0.17 50Hz 10s 0.20
0.17 100 Hz 10s 0.21
0.21 200 Hz 1sRf 0.18 (153)
200 Hz 1sR® 0.19 (15s)

%5.¢ ‘gee Table2
Muscles were freeze-clamped before loss of tension

[N -9

Stimulus repeated every 20s for 2min
Stimulus repeated every 20s for 5min

Table 4. Fraction of P-light chain in phosphorylated form in white muscle
from anaesthetised and exercised fish (moles P+-LC/moles LC2)

Anaesthetised fish frac P® Exercised fish (10 min), frac P

0:18 0.185

0.19 ‘ 0.19
0.22
0.33
0.31

b See Table2

non-muscle systems), where phosphorylation appears to be
required to initiate contraction (see Adelstein and Eisenberg
1980). In the case of striated muscle, in vitro phosphorylation
of the P-light chain has no clear effect: for example, it has
variously been reported as increasing actin-activated ATPase
activity (Pemrick 1978, 1980) and decreasing the calcium
binding constant of myosin (Kardami et al. 1980) or has
having no effect on these parameters (Morgan et al. 1976;
Holroyde et al. 1979) or on tension generation in skinned
muscle fibres (Kerrick et al. 1980).

In vive studies have not shown a clear function either, but
have revealed a definite correlation between light chain
phosphorylation and contraction in skeletal muscle from frog
(Barany and Barany 1977, Barany et al. 1979), rabbit (Stull
and High 1977) and rat (Manning and Stull 1979). In frog

Times in parentheses indicate time after end of tetanus before freeze-clamping

muscle, the P-light chain is partly phosphorylated at rest
{0.36 — 0.4 mole P/mole P-light chain: Barany et al. 1979). An
additional 0.2mole P/mole P-light chain is incorporated
during short tetani (40 ms — 3 s) of isolated muscles at 25°C,
and up to 0.4mole P after a 20—30s tetanus, Phos-
phorylation parallels the development of tension even in
tetani as short as 40ms; dephosphorylation parallels re-
laxation rate after tetani of 5s or less, but lags behind after
longer tetani (Barany et al. 1979). Barany and Barany (1980)
have suggested that phosphorylation of myosin increases the
rate of crossbridge formation with actin filaments.

Rat muscle reveals a somewhat different pattern. The P-
light chain in resting EDL is largely dephosphorylated
(0.10 mole P/mole P-light chain: Manning and Stull 1979).
Furthermore, P content increases only slightly at the end of a
1s tetanus at 23°C. However, it continues to rise after re-
laxation to a maximum of 0.7 mole.P after 7s, then decays
back to pretetanic levels only after several minutes. Manning
and Stull (1979) conclude that phosphorylation is in some
way related to the phenomenon of post-tetanic potentiation in
mammalian muscle, which follows a similar time course. The
rates of phosphorylation and dephosphorylation in the rat are
apparently much slower than in the frog, but it should be
noted that the rat musclés were stimulated at 23°C and thus
the endogenous kinase and phosphatase may have been
catalysing at a much slower rate than in a living rat.

In contrast, the results obtained above strongly suggest
that P-light-chain phosphorylation is not an integral part of






