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We have examined the temperature-dependence of sliding velocity of fluorescent F-actin on
myosins isolated from 10°C- and 30°C-acclimated carp. Activation energies for the sliding
of F-actin were 63 and 111 kJ/mol for the 10°C- and 30°C-acclimated carp myosins,
respectively. Arrhenius plots of the sliding velocity from 10°C- and 30°C-acclimated carp
myosin were shown to intersect at high temperature (about 30°C). The thermostability
estimated by measuring the Ca®*'-ATPase activity was less for myosin from 10°C- than
30°C-acclimated carp. We suggest that a less thermostable structure in cold-acclimated carp
myosin results in a reduced activation energy for the contractile process, which allows the
F-actin to slide fast even at low temperatures.
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Changes in physiological and biochemical properties in-
duced by environmental temperature change have been
extensively studied in eurythermal temperate fish such as
carp and goldfish. These fish experience a change in the
environmental temperatures from 0-4°C in winter to above
30°C in summer. But even at low temperature in winter,
they show the same locomotor activity as that at high
temperature in summer. Maximum cruising speed of
goldfish acclimated to cold temperature is increased at low
temperature compared with the warm-acclimated goldfish
(1). Changes in the fish myofibrillar Mg®*-ATPase activity
and its thermostability have been shown to be involved in
the temperature adaptation: the acclimation to cold tem-
perature led to an increase in the myofibrillar Mg**-ATPase
activity and a decrease in the thermostability of the
myofibrillar ATPase activity (2, 3). Physiological prop-
erties such as maximum shortening velocity and isometric
force development of the skinned muscle fibers were also
increased in the muscle from cold-acclimated as compared
with warm-acclimated carp (4). In addition, changes in the
regulatory proteins (5, 6), myosin light chain ratio (7) and
Ca?*-ATPase activity of sarcoplasmic reticulum (8, 9)
were reported to be involved. According to Gerlach et al.
(10), different MHC isoform genes were expressed in carp
muscle at warm and cold environmental temperatures.
Fish skeletal myosins have similar structures to those of
mammalian myosins, consisting of four light chains with an
approximate molecular weight of 20 kDa and two heavy
chains of about 200 kDa (11-13). Hwang et al. (14, 15)
have shown that specific isoforms of the myosin are ex-
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pressed in association with cold- and warm-temperature
acclimation, and myosins from the cold-acclimated carp
increase their ATPase activities with a concomitant de-
crease in their thermostability in comparison with the
myosin from the warm-acclimated carp.

In the present study, in order to elucidate the molecular
mechanism that maintains locomotor ability even at low
temperature for the cold-acclimated carp, we focused on
the properties of the isolated myosin isoforms from cold-
and warm acclimated carp by measuring the velocity of
fluorescent F-actin sliding on the isoforms, of which the
thermostabilities are greatly different. The thermostability
of enzymes has been reported to correlate with the flexi-
bility of the protein molecule (16-18). The more thermo-
stable structure the protein has, the less flexible motion it
shows. Thus, this study was designed to examine the
correlation between the thermostability of the carp myosin
isoform and its functional activity. We demonstrate that
the activation energy for the sliding of fluorescent F-actin
on myosin from cold-acclimated carp is much less than that
on myosin from warm-acclimated carp, suggesting that the
low activation barrier for the F-actin sliding on the myosin
isoform expressed at low temperature is one of the evolved
strategies for sustaining the locomotor activity.

EXPERIMENTAL PROCEDURES

Materials—Carp, Cyprinus carpio (0.6-0.8 kg in body
weight) were acclimated to either 10 or 30°C for a minimum
of 5 weeks, and their dorsal fast muscles were used for
preparation of myosin. Myosin isoforms from 10°C- and
30°C-acclimated carp were prepared according to the
method previously described (14). Carp myosin isoforms
(15 mg/ml) in a solution containing 0.5 M KCI, 20 mM
Tris-maleate (pH 7.5), 0.1 mM DTT, and 10% sucrose
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were stored at —80°C after quick freezing in liquid nitro-
gen. Actin was prepared from rabbit skeletal muscle by the
method of Spudich and Watt (19). ATP, BSA, glucose
oxidase, catalase, and methyl cellulose were from Sigma.
Other chemicals were of analytical grade.

Measurement of Thermostability—Thermostability of
carp myosin was determined by measuring the remaining
Ca?*-ATPase activity of the myosin after heat treatment at
30°C for 0-20 min in a medium containing 20 mM Tris-
maleate, pH 7.5, 0.5 M KCl, and 0.1 mM DTT (20). The
Ca?*-ATPase activity was measured in a reaction mixture
containing 25 mM Tris-maleate, pH 7.0, 0.5 M KCl], 5 mM
CaCl,, 1 mM ATP, and 0.5 mg/ml myosin at 20°C. The
ATPase reaction was initiated by the addition of ATP and
stopped with 5% trichloroacetic acid. Liberated inorganic
phosphate was measured by the method of Fiske and
Subbarow (21). As a parameter of the thermostability, the
inactivation rate constant K; (20), defined as the rate of
inactivation (s~'), was calculated from the remaining
activity versus incubation time.

Measurement of the Sliding Velocity of F-Actin on Carp
Myosin—Carp myosin (100 zg/ml) in a high salt solution
(0.5 M KCl, 20 mM PIPES, pH 7.0, 2 mM MgCl,, and 0.1
mM DTT) was perfused into a flow cell made of a nitrocel-
lulose-coated glass coverslip. After 5 min, the flow cell was
rinsed with the high salt solution including 1 mg/ml BSA,
then left for 5 min, and finally 10 nM F-actin filaments
labeled with rhodamine-conjugated phalloidin (Molecular
Probe, Eugene, OR) in a motility buffer (25 mM KCl, 25
mM imidazole, pH 7.5, 2 mM ATP, 4 mM MgCl,, 1 mM
EGTA, 10 mM DTT, 1 mg/ml BSA, 0.2% methyl cellulose,
1% B-mercaptoethanol, 4.5 mg/ml glucose, 210 ug/ml
glucose oxidase, and 35 xg/ml catalase) were perfused into
the flow cell. All these treatments were performed at 0°C on
ice. The flow cell was then equilibrated for 5 min between
the temperature-controlled slide carrier and the tempera-
ture-jacketed objective of an inverted microscope. Methyl
cellulose was required to observe the F-actin sliding on both
isoform preparations. Fluorescent F-actin filaments were
observed with the inverted microscope (Axiovert 35; Zeiss,
Germany) equipped with epifluorescence optics, a Zeiss
Neofluoar X100 objective (N.A. 1.3) and SIT camera
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Fig. 1. Remaining myosin Ca**-ATPase activity from carp
acclimated to 10°C (open circles) and 30°C (closed circles). The
Ca**-ATPase activities were measured after incubating myosin
isoforms at 30°C for 0~20 min. Lines are regression lines drawn to fit
the data.
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(C2400-08; Hamamatsu Photonics, Hamamatsu), and
recorded on S-VHS videotape (AG7355; Panasonic,
Osaka). Selected video frames were digitized with a frame
grabber (L.G-3; Scion, Frederick, MD) and NIH Image
(public domain program for the image analysis, written by
Wayne Rasband, NIH) on a personal computer (Power
Macintosh 8100/80AV; Apple Computer Japan, Tokyo).
Sliding velocity of fluorescent F-actin was calculated by
measuring the displacement of the filament between suc-
cessive video frames using a macro program for tracking
(written by K. Anderson, R. Cross, and C.R. Bagshaw) in
NIH Image. Before the experiment, temperatures were
checked by inserting a fine thermo-couple needle (Hayashi
Denko, Tokyo) into the flow cell.

Experiments were carried out at 3, 8, 13, 18, and 23+
0.5°C using a temperature-controlled slide carrier and
temperature-jacketed objective.

RESULTS

As a measure of the thermostability of the carp myosin
isoform, the remaining Ca**-ATPase activity of the myosin
after heat treatment at 30°C was examined. Figure 1 shows
the remaining Ca®*-ATPase activity, after incubation at
30°C for 0-20 min for 10°C, and 30°C-acclimated carp
myosin. The Ca**-ATPase activity of 10°C-acclimated carp
myosin was inactivated faster than that of 30°C-acclimated
carp myosin. The inactivation rate constant (K;) was
calculated to be 7.5 X107* and 3.7x 107 *s~! for 10°C- and
30°C-acclimated carp myosin isoforms, respectively.

The sliding velocities of F-actin on 10°C- and 30°C-accli-
mated carp myosin were measured at various temperatures
(Table I and Fig. 2). Video recording of F-actin sliding at 3,
8, 13, 18, and 23°C was done for about 17, 17, 10, 6, and 4
min, respectively. In each experiment at various tem-
peratures for both myosin isoforms, there was little change
in the velocity between the record taken at the beginning
and at the end of the observation period. Figure 2 shows
histograms of the sliding velocities of fluorescent F-actin
filaments on both carp myosin isoforms at 3, 8, 13, 18, and
23°C. Broadness of the distribution, i.e., the standard
deviation of the data was compatible with that using rabbit
skeletal myosin and heavy meromyosin (22-24). Figure 3
shows the Arrhenius plot of the sliding velocity of fluores-
cent F-actin on 10°C- and 30°C-acclimated carp myosin.
The data from both myosin preparations were fitted to a
regression line without an inflection point. The sliding

TABLE I. F-Actin filament velocity on myosin from carp
acclimated to 10°C and 30°C at various temperatures. Conditions
and methods for measuring the velocity of fluorescent F-actin filament
sliding on carp myosin isoforms were described in the “EXPERIMEN-
TAL PROCEDURES.” The velocities were expressed as the average
and standard deviation (SD) with the number of velocity data (n)
calculated between the video frames, and from the number of
filaments (NV;).

Filament velocity, um/s
30°C-acclimated myosin
Mean+SD n (N)

Temp. " - T
C) 10°C-acclimated myosin,

Mean+SD n (N)

3 0.49+0.18 178 (20)
8 0.71+0.24 202 (25)
13 1.14+0.32 114 (21)
18 1.83+0.52 136 (34)
23 3.32+1.06 99 (35)

0.088+0.043 235 (23)
0.24 +£0.096 191 (35)
0.50 £0.23 154 (42)
1.19 £0.43 108 (36)
225 £0.74 104 (45)
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Fig. 2. Histograms comparing the sliding velocities of fluores-
cent F-actin filaments over 10°C- (left five panels) and
30°C-acclimated carp myosin (right five panels), at 3, 8, 13, 18,
and 23°C (from upper to bottom panels). The number of classes in
each histogram (N) was chosen by use of the equation, N=1+3.3 log
n, where n is the number of data for each experiment.

velocity at 3°C for the 10°C-acclimated carp myosin approx-
imately corresponds to that at 13°C for the 30°C-acclimated
carp myosin. At 8°C, the filament velocity was 3 times
higher for myosin from 10°C- than 30°C-acclimated carp.
The point at which the Arrhenius plots from the 10°C- and
30°C-acclimated carp myosin intersect was calculated to be
about 4 xm/s at about 30°C. The value of activation energy
for the sliding velocity of F-actin on the 10°C- and 30°C-
acclimated carp myosin were calculated to be 63 and 111
kd/mol, respectively.

DISCUSSION

The present study was undertaken to obtain an insight into
the correlation between the thermostability of myosin and
the rate of its mechanical process, using myosin isoforms
from carp acclimated to different environmental tempera-
tures. It has been shown that myosin from cold-acclimated
carp has higher ATPase activity and reduced thermo-
stability (13, 14).

The data presented show that the energy barrier for the
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Fig. 3. Arrhenius plot of the sliding velocity of fluorescent
F-actin on myosin preparations from carp acclimated to 10°C
(open circle) and 30°C (closed circle). Each data point represents
the average and standard deviation. Lines are regression lines drawn
to fit the data.

sliding of F-actin on 10°C-acclimated carp myosin is much
lower than that on 30°C-acclimated carp myosin, and the
thermostability of the 10°C-acclimated carp myosin is
decreased in comparison with that of the 30°C-acclimated
carp myosin. Inactivation of 10°C-acclimated carp myosin
during the experiment at higher temperatures could ex-
plain the lower velocity at high temperature than expected
if the activation energy is assumed to be the same as that of
30°C-acclimated carp myosin. However, from the result
that there was little change in the velocity between the
beginning and the end of the observation period, and the
report that addition of ATP and F-actin reduced the
thermal denaturation of myosin (20, 25-28), it seems
unlikely that sufficient inactivation occurred to influence
the sliding velocity. Johnston et al. (2) reported the value
of the activation energy for goldfish myofibrillar Mg**-
ATPase activity to be 14.3 and 21.9 kcal/mol for cold- and
warm-acclimated goldfish, respectively. Based on these
data, Johnston (5) has concluded that regulatory proteins in
the muscle have properties responsible for the change in
the activation energy for Mg**- ATPase activity, since there
was no difference in the activation energy between the two
actomyosin preparations without regulatory proteins.
However, the difference in the activation energy for F-actin
sliding between cold- and warm-acclimated myosin in the
absence of regulatory proteins in this study is similar to
that of goldfish myofibrillar Mg®*-ATPase activity. Since
myosin isoforms from thermally acclimated carp have
different actin-activated Mg**-ATPase activities (14, 29),
our data strongly suggest that differences in the enzymatic
properties between carp myosin isoforms are responsible
for the change in the activation energy for mechanical
processes.

The dynamics of the structural fluctuation of the protein
molecule and its functional activities are closely related
(30-33). It has also been observed that a less thermostable
protein has a more flexible structure (16-18). Varley and
Pain (18) have shown that at a given temperature a
thermophilic enzyme is more stable, and the activation
energy for acrylamide quenching of tryptophan fluores-
cence is lower for a mesophilic enzyme than that for a
thermophilic enzyme. While the conformational dynamics
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of the carp myosin isoforms remain to be determined by an
appropriate method, e.g., hydrogen-deuterium exchange,
fluorescence quenching, and so on, it would not be surpris-
ing if the less thermostable carp myosin isoform has a more
flexible structure. In cold-acclimated carp myosin, a more
flexible structure related to the lower thermostability
would be a possible reason for the lower activation energy
for the sliding process. This low energy barrier for the
sliding process would make it possible for carp living at low
temperature to swim efficiently.

Recently, Nakaya et al. (34) reported that a differential
scanning calorimetric study of a rod portion prepared from
a cold-acclimated carp myosin isoform shows less thermo-
stability than that from a warm-acclimated myosin iso-
form. Therefore, the structures responsible for the changes
in thermostability between the isoforms are considered to
involve the entire region of the myosin molecule, although
the contributions of restricted regions of the molecule to
the changes in the thermostability may vary. Studies on
determination of the differences in the primary structure
between the two isoforms are now in progress.
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