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Abstract

The difference in kinetic properties between two myosin isozymes (V, and V) in rat ventricular myocardium was studied by
determining the steady-state force-velocity ( P-V) relations in the ATP-dependent movement of V, and V,-coated polystyrene beads on
actin cables of giant algal cells mounted on a centrifuge microscope. The maximum unloaded velocity of bead movement was larger for
V, than for V;. The velocity of bead movement decreased with increasing external load applied by the centrifuge microscope, and
eventually reached zero when the load was equal to the maximum isometric force ( P;) generated by the myosin heads. The maximum
isometric force P, was less than 10 pN, and did not differ significantly between V, and V;. The P-V curves consisted of a hyperbolic
part in the low force range and a non-hyperbolic part in the high force range. The critical force above which the curve deviated from the
hyperbola was much smaller for V| than for V5. An analysis using a model with an extremely small number of myosin heads involved in
the bead movement suggested a marked difference in kinetic properties between V| and V;.

Keywords: Cardiac myosin; Motility assay, in vitro; Centrifuge microscope; Force-velocity relation; Myosin

1. Introduction

Mammalian ventricular myocardium can contain three
different myosin isozymes, V,, V, and V,;, which are
distinguished from each other by their heavy chain compo-
nents. V, and V, are homodimers of «-and pB-heavy
chains, respectively, while V, is a heterodimer of a-and
B-heavy chains [1]. Relative amounts of these myosin
isozymes in the myocardium change under a variety of
conditions such as ageing, pressure overload, thyroid dys-
function and malnutrition [2,3], constituting the mechanism
of cardiac adaptation processes, especially in small ani-
mals. Although there is a correlation between the maxi-
mum shortening velocity of cardiac muscle preparation
and its isozyme distribution and ATPase activity [4,5],
complex structure of the preparation together with a num-
ber of factors affecting contractile activity make it difficult
to determine to what extent the change in the shortening
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velocity originates from the change in myosin isozyme
distribution per se.

Recent development of in vitro motility assay systems
has made it possible to study ATP-dependent sliding be-
tween actin and myosin without complications arising
from intact muscle preparations. Using an assay system in
which myosin-coated latex beads are made to slide on well
organized actin filament arrays (actin cables) of giant algal
cells [6], Sugiura and co-workers found that both unloaded
bead sliding velocity and ATPase activity of rabbit cardiac
myosin correlate well with its myosin isozyme distribution
[7,8], indicating that the change in unloaded actin-myosin
sliding velocity actually reflects myosin isozyme distribu-
tion.

The purpose of the present work is two-fold; first, to
determine the difference in kinetic properties between the
two myosin isozymes, V, and V,, in more detail by
determining their force-velocity ( P-V) relations with an in
vitro assay system, in which myosin-coated polystyrene
beads are made to slide on actin cables in giant algal cell
preparations mounted on a centrifuge microscope to apply
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external loads on the beads [9], and secondly to give a
possible explanation for the obtained P-V relations of in
vitro actin-myosin sliding, which only involves an ex-
tremely limited number of myosin molecules and differs
markedly from the hyperbolic P-V relations of contracting
muscle. It will be shown that the marked deviation from
the hyperbola of the P-V curves obtained can be ex-
plained, on the basis of the Huxley contraction model [10],
as being due to the extremely small number of myosin
heads involved. On this basis, the different P-V curves
between V| and V; results from different turnover rate of
actin-myosin interaction between V, and Vj.

2. Methods
2.1. Preparation of myosin samples

Myosin samples consisting predominantly of V, were
obtained from 3-week-old Wistar rats (body weight 50—70
g), while those predominantly containing V, were obtained
from 10-week-old rats (body weight 250-300 g), in which
hypothyroidism had been induced by adding 1-methyl-2-
mercaptoimidazol (Methimazole, Chugai Pharmaceutical
Co., Japan) to drinking water for 10 weeks, the average
daily dose of Methimazole being 15 mg. Hearts were
excised from the animals under diethyl ether anaesthesia,
and myosin samples were prepared from the ventricular
myocardium by the method of Katz et al. [11] with slight
modifications. All procedures were carried out at 4°C, in
the presence of 5 mM dithiothreitol and 5- 107 mg/ml
leupeptin (proteinase inhibitor). At the final stage, actin
was removed from the sample by centrifugation (100000
X g for 3 h). Protein concentration of both V, and V,
samples were adjusted to 1.9 g /1 to be used for the in vitro
assay experiments.

2.2. Biochemical assays

Myosin isozyme contents in the samples were deter-
mined by pyrophosphate polyacrylamide gel electrophore-
sis at 3°C using a Pharmacia GE4 electrophoresis chamber
[12]. Gels were fixed and stained with Coomassie brilliant
blue and scanned by a densitometer (LKB 2202, LKB
Produkter, Sweden) at 600 nm. Ca’’-activated ATPase
activity was determined by measuring inorganic phosphate
(P,) liberation [13]. The reaction was run for 5 min (25°C,
pH 7.5) in 50 mM Tris/1 mM ATP/10 mM CaCl,.
Protein concentration was determined by the method of
Lowry et al. [14].

2.3. Preparation of myosin-coated beads
Tosyl-activated polystyrene beads (diameter 2.8 um;

specific gravity 1300 kg /m®, Dynal, Norway) were incu-
bated in a 100 mM borate buffer (pH 9.5) containing 10

g/ poly(L-lysine) (Sigma) for 24 h, and then further
incubated in V, or V, sample in 20 mM piperazine-N, N'-
bis(2-ethanesulfonic acid) (Pipes) (pH 7.0)/5 mM ethyl-
ene glycol bis( B-aminoethyl ether)-N, N, N', N'-tetraacetic
acid (EGTA)/6 mM MgCl, /200 mM sorbitol /50 mM
KOH. The myosin-coated beads thus prepared were pre-
cipitated by centrifugation, and resuspended in 20 mM
Pipes (pH 7.0)/5 mM EGTA/6 mM MgClL,/1 mM
ATP /200 mM sorbitol /50 mM KOH (MgATP solution).

2.4. Internodal cell preparation

Giant internodal cells (diameter, approx. 0.5 mm; length
12—17 cm) were isolated from the green alga Nitellopsis
obtusa, and cut open at both ends, and the cell sap was
replaced with MgATP solution by perfusing the cell inte-
rior with the solution several times the cell volume [15]. At
the final stage of the perfusion, the myosin—coated
polystyrene beads were introduced into the cell. Then, both
ends of the cell were ligated with strips of polyester thread.
The internodal cell preparation (diameter, approx. 0.5 mm;
length, approx. | cm) was put into a centrifuge cuvette
(33 X 20 X 3 mm deep) filled with artificial pond water
containing 0.1 mM each KCl, NaCl and CaCl, (pH 5.6)
91

2.5. Centrifuge microscope and video system

The centrifuge microscope consisted of a light micro-
scope, a rotor (diameter, 16 cm) that could be rotated at
250-5000 rpm ((4-1900) X g), and a stroboscopic light
source (xenon tube) as shown diagrammatically in Fig. 1.
The xenon tube was triggered each time the internodal cell
preparation came under the objective lens. The position of
a metal piece at the rotor edge opposite the cuvette was
sensed by a position sensor (light source-photodiode sys-
tem) to result in generation of an electrical pulse, which
was used to trigger the xenon tube and to be fed to a pulse
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Fig. 1. Diagram of the experimental arrangement. The internodal cell
preparation containing myosin-coated polystyrene bead is placed in the
cuvette on the rotor of the centrifuge microscope. The beads moving on
actin cables are subjected to centrifugal forces serving as external loads.
For further explanation, see text.

Bead movement

Centrifugal force
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counter monitoring the rate of rotation of the rotor. Thus,
the stationary image of the preparation could be observed
and recorded on videotape (30 frames/s) with a video
camera (C-2847, Hamamatsu Photonics, Japan). Further
details of the centrifuge microscope and the video system
have been described elsewhere [9,16].

2.6. Experimental procedure

The internodal cell preparation containing the myosin-
coated polystyrene beads was placed in the centrifuge
cuvette in such a way that its chloroplast rows, along
which actin cables ran straight, were parallel to the direc-
tion of centrifugal force. The bead moving on actin cables
was observed with a 40 X dry objective (n.a. 0.55) and
recorded with a video cassette recorder (VO-9600, Sony,
Japan), attention being focused only on the beads that
moved smoothly over many seconds under various cen-
trifugal forces. The amount of centrifugal force P serving
as load on the bead is estimated by:

P=Ap-V-r- o’

where Ap is the difference in density between the bead
and the surrounding medium (= 0.3), V is the bead vol-
ume (=12 um?®), r is the effective radius of centrifuga-
tion, and w is the angular velocity of the rotor. The bead
movement was analyzed on replay from the video cassette
recorder, the change in the bead position being measured
on the monitor screen (30 X 20 cm; magnification 2000 X )
with an accuracy of < 0.5 wm by a video microscaler
(IV-500, For-A, Japan). All experiments were made at
room temperature (20-23°C).

3. Results
3.1. Biochemical characterization of myosin samples
Pyrophosphate polyacrylamide gel electrophoretic pat-

terns of two different myosin samples are shown in Fig. 2,
together with their densitometric tracings. Each tracing
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Fig. 2. Pyrophosphate polyacrylamide gel electrophoretic patterns of V,
and V; samples (left) and their densitometric tracings (right).

shows a single peak, indicating that the myosin sample
obtained from normal rats contained 100% V, whereas the
samples obtained from hypothyroid rats contained 100%
V;. This indicates that the beads incubated in the normal
myosin sample are coated with V| isozyme, while the
beads incubated in the hypothyroid myosin are coated with
V, isozyme. In agreement with an earlier report [17], the
normal (V,) and the hypothyroid (V;) myosin samples
showed Ca**-activated ATPase activity of 1.11 and 0.33
pmol P,/mg per min, respectively.

3.2. Movement of the myosin-coated beads on actin cables

In agreement with previous reports [6,9], the myosin-
coated beads moved on actin cables in one direction
determined by the polarity of actin cables. Without cen-
trifugal forces, i.e., under the unloaded condition, both
V,-and V,-coated beads moved with constant velocities.
The maximum unloaded velocity of bead movement was
significantly larger in V| -than in V,-coated beads, being
1.70 £ 0.62 um/s (mean + S.D., n = 25) for V, and 0.61
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Fig. 3. Constant velocity movements of a myosin-coated bead on actin cables under different external loads expressed relative to P,. Regression lines were
drawn by the least-square method. (A) The beads coated with V| and its P, was 5.6 pN. (B) The bead was coated with V; and its P, was 8.3 pN.
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+0.15 um/s (n=17) for V, (P <0.05). These values
agree well with those obtained by Sugiura et al. [7].
When centrifugal forces directed opposite the bead
movement were applied to the beads, their velocity of
movement on actin cables decreased with increasing cen-
trifugal forces serving as positive external loads. Fig. 3
shows a typical effect of external load on the velocity of
V,-and V;-coated bead movement. As with beads coated
with rabbit skeletal muscle myosin [9], both V,-and V,-
coated beads moved with constant velocities under various
external loads, indicating the presence of a steady-state
relation between the force (=load) generated by the
actin—myosin interaction and the velocity of the actin-
myosin sliding. When the amount of external load became
equal to the maximum isometric force (P,) generated by
the myosin molecules interacting with actin cables, the
bead stopped moving to stay at the same position for 5-10
s, and was then suddenly detached from actin cables to
flow away in the direction of applied centrifugal force [9].

3.3. Difference in the steady-state P-V relation between
V,-and V;-coated beads

We obtained the steady-state P-V relation of V,-and
V,-coated beads moving on actin cables by applying vari-
ous loads on the beads. The procedure was, however, not
easy for of the following reasons. First, we had to obtain
reasonable number of data points for several different
loads, including P,. As the values of P, differed from
bead to bead and were therefore unpredictable at the start
of each experiment to determine the P-V relation for a
particular bead, we frequently applied loads exceeding P,
to the beads to result in failure to obtain the whole P-V
curves. Secondly, as the accurate determination of P
required many seconds; while the beads were moving on
actin cables over long distances, the beads tended not to
move smoothly during the course of experiment probably
because actin cables were not entirely homogeneous over
long distances.

0.6
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Velocity [ um/s ]

Force [ pN ]

Force [pN ]

Fig. 4. Typical examples of the P-V relation obtained from a V,-coated
(A) and that obtained from a V;-coated bead (B). In both cases, the curve
in the low force region was fitted to a hyperbola (a / P, was —0.41 in A
and 0.14 in B) by the non-linear least-square method.

In spite of the difficulties stated above, we could obtain
several complete P-V curves for both V,-and V;-coated
beads (see Fig. 4). Fig. 4 shows typical P-V relations of
V,-and V;-coated beads. As has been the case with beads
coated with skeletal muscle myosin [9], the P-V curves
obtained consisted of hyperbolic part in the low force
range and non-hyperbolic part in the high force range. In
both V,-and V,-coated beads, the velocity of bead move-
ment decreased to reach a plateau level when the load was
increased from zero to a certain value, while further in-
crease of the load to P, produced a steep decrease of the
velocity to zero. In contrast with the definite difference in
the maximum unloaded velocity of bead movement be-
tween V,-and V;-coated beads, the value of P, did not
exceed 10 pN, and did not differ significantly between
V,-and V;-coated beads, being 7.0 + 3.7 pN (n = 5) for V,
and 6.2 + 2.0 pN (n = 5) for V,. Since the myosin concen-
tration was the same between the V| and the V; samples in
which the beads were incubated, this result may be taken
to indicate that the value of P, generated by each myosin
head may be the same in both V, and V;. It should be
noted that the isometric forces we measured were time
averaged forces, but not peak transient forces that each
myosin head generates while attached to actin. On this
basis, if each head is assumed to generate the maximum
isometric force of 1 pN [18], the average number of
myosin heads involved in the movement of V -and V,-
coated beads is estimated to be 7 and 6 respectively.
Recently, Finer at al. [19] recorded force spikes (about 3
pN) generated by a single myosin molecule using the
optical trap technique. This may not be inconsistent with
the above assumptions, since our value 1 pN is a time-
averaged force during steady actin-myosin sliding.

In Fig. 5 are shown the P-V curves obtained from five
different V,-coated beads and from five different V;-coated
bead. Both the velocity and force (=load) values are
expressed relative to their maximum values. The hyper-
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Fig. 5. Differences in shape between the P-V curves obtained from
V,-coated beads (A) and those obtained from V;-coated beads (B).
Velocities and forces are expressed relative to the maximum unloaded
shortening velocity (V,,,, ) and the maximum isometric force (P,), re-
spectively. In each curve, the critical force above which the curve
deviates from the hyperbola is indicated by a short vertical line.
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bolic part of the curve in the low force range was found to
be much more limited in V, than in V;. We repeated the
hyperbolic fit along regression curves, determined by the
non-linear least square method, and extended the force
range towards a critical force value, above which deviation
from the hyperbola simply increased with further increase
of force range. The critical value of force above which the
curve deviated from the hyperbola was 0.24 +0.08 P,
(n=15) for the V, (Fig. 5A), and 0.49 + 0.15 P, (n=15)
for the V, (Fig. 5B). The hyperbolic part of the P-V curves
was fitted to the Hill equation:

(P+a)y(V+b)y=(Py+a)b

where V is the steady velocity of the bead movement
under a constant force P, and a and b are constants. The
value of a/P,, determining the curvature of P-V curve,
was found to be 0.21 £ 0.18 (n = 5) for V;. In the case of
V,, however, the horizontal asymptote of the hyperbolic
part of the P-V curve was above the force axis to result in
a negative value of b. As this renders the Hill equation
non-realistic, we corrected the P-V curve of V|, in a
manner described later.

3.4. Possible explanation for the P-V relations obtained on
the basis of the Huxley contraction model

Recent careful studies on single skeletal muscle fibers
[20] and on cardiac trabeculae [21] have demonstrated that
their P-V curves obviously deviate from the hyperbola in
the high force region. Therefore, the purpose of our correc-
tions is to account for the possible cause of the strange
shape of P-V curves in the low force region.

During the ATP-dependent actin-myosin sliding, each
myosin head repeats alternate formation and breaking of
linkage with actin. In the Huxley contraction model, the
probability that an arbitrarily chosen cross bridge is at-
tached is determined by the forward and backward rate
constants resulting in a certain value 0 < p < 1. Then, the
probability that all the myosin heads interacting with actin
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Fig. 6. Dependence of ‘off* probability ( P, ) on the proportion (0 < p <
1) of myosin heads attached to actin.
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Fig. 7. Corrected P-V curves (solid lines) for V, (A) and for V; (B),

which are obtained from typical P-V curves (broken lines) for V, (A) and

for V; (B). The p vs. load relations for V, (A) and for V; (B) are also

shown (insets).

are in detached state, i.e., ‘off’ probability (P,) is given
by

Py =(1—p) Y
where N is the number of myosin heads interacting with
actin. In Fig. 6, the value of P is plotted as a function of
the p values for various values of N. It is clear that P is
negligibly small for large values of N, but becomes sub-
stantial for small values of N, especially if the value of p
is sufficiently small. This implies that, in the present
experiments in which only a limited number of myosin
heads are involved in the actin-myosin sliding, P,; would
be large enough to seriously affect the bead movement.
When all myosin heads are detached from actin for a
time period As, the bead on cables will be pulled back (or
will not go forward under the unloaded condition) by the
centrifugal force for a distance d, which is given by,

d=P/f At

where P is the centrifugal force (=1load), and f is the
friction coefficient of the bead (see Appendix, Egs. (1), (2)
and (3)). Thus, if the number of myosin head involved in
the bead movement is extremely small, the bead moves on
actin cables with alternate forward and backward (or stop-
page) movements. The resulting velocity of bead move-
ment is the average velocity of the zig-zag bead move-
ment, and is considerably smaller than the velocity of bead
movement caused by a large number of myosin heads.
According to the Huxley contraction model, p decreases
with decreasing external load, reaching a minimum value
when the load tends to zero; an idea supported by the
stiffness-load relation of single tetanized muscle fibres
[22,23].

We estimated the effect of P on the shape of P-V
relation of V, and Vj, based on the experimental data of
heat production in isometrically contracting mammalian
papillary muscles [24]. The assumptions made are (1) the
value of p is 0.45 for V| and 0.6 for V; in isometric
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condition (velocity = zero), (2) p decreases in proportion
to the external load, reaching 0.04 for V, and 0.05 for V,
under unloaded condition, and (3) the p versus load
relation is straight except for P < 0.1 P, (inset in Fig. 7).
The assumption (3) is based on the fact that the stiffness-
load relation tends to be steeper as the load approaches
zero [22.23], and is effective in extending the hyperbolic
part of the P-V-curve. The p values under unloaded
condition have also been estimated for the in vitro actin
filament sliding on skeletal and smooth muscle myosins to
be 0.04-0.05 [25.26]. suggesting the validity of our p
values used in the present study.

Fig. 7 shows examples of the correction of P-V curves
of V, and V,, which are obtained by calculating the
velocity V with P =0 from the measured velocity V'
under various external load (see Appendix, Egs. (4) and
(5)). After the correction, the P-V curves for V, and V,
were made closer to each other in shape. Especially, the
hyperbolic part of the P-V curve for V| was extended to a
higher force range up to about 0.67P,, (Fig. 7A) As a
result, the value of a/P, for the corrected P-V curve for
V, took a positive value (0.29, Fig. 7A) instead of the
negative value for the uncorrected P-V curves (Fig. 4A
and 5A). On the other hand, the corrected P-V curve for
V, (Fig. 7B) did not differ markedly from the uncorrected
ones (Fig. 4B and 5B), except for a slight decrease in the
value of a/P, (0.18, Fig. 7B). In either case, however, the
a/P, value for the corrected P-V curve was close to that
obtained in papillary muscle preparation [24].

4, Discussion

In the present experiments, we have succeeded in deter-
mining the steady-state P-V relations of mammalian car-
diac myosin isozymes, V, and V;, using an in vitro assay
system in which V,-or V;-coated polystyrene beads were
made to slide on actin cables mounted on the centrifuge
microscope [9]. As has been the case in mammalian skele-
tal muscle myosin [9], the P-V curves for V, and V,
consisted of hyperbolic part in the low force range and
non-hyperbolic part in the high force range (Fig. 4 and Fig.
5). Since the P-V curve is known to consist of hyperbolic
and non-hyperbolic parts in both intact and glycerinated
skeletal muscle fibers [20,27,28] and intact cardiac trabecu-
lae [21], our assay system retains basic characteristics of
ATP-dependent myofilament sliding. In accordance with
this view, it has been shown that the myosin-coated bead
surface is covered with well organized myosin filaments,
but not with randomly oriented myosin molecules [29].
There may still remain some questions about the assay
system. Firstly, the use of Nitellopsis actin may have
significant influence on the results. However, in addition
to the highly conserved primary structure of actin molecules
throughout the course of evolution [30], Nitellopsis actin
can support the sliding movement of myosin obtained from

various tissues at a rate comparable to its ATPase activity
[6-8]. Secondly, although the myosin concentration of
incubating solution was adjusted for both isozymes, local
density of myosin heads might vary not only between two
isozymes but also among beads in the same preparation.
This heterogeneity could account for the variation in P,.

The result that the maximum unloaded velocity of bead
movement is much faster for V, than for V, (Fig. 3Fig.
4Fig. 3) indicates, together with the good correlation be-
tween the unloaded velocity of myosin-coated beads and
the Ca’*-activated ATPase activity of myosin samples
[7.8], that the rate of cyclic actin-myosin interaction cou-
pled with ATP hydrolysis is much faster for V, than for
V,. This view is consistent with the fact that, in mam-
malian papillary muscles, the unloaded shortening velocity
is much faster in preparations consisting predominantly of
V, than in preparations consisting predominantly of V,
[4,5] On the other hand, the maximum isometric force
generated by myosin heads on the bead did not differ
significantly between V, and V,, in agreement with the
reports that, in mammalian ventricular trabeculae and pap-
illary muscle, the maximum isometric force per unit
cross-sectional area does not differ appreciably between
control and hypo or hyperthyroid animals [31,32].

In the present study, we have presented a possible
explanation for the P-V relations of myosin-coated beads
moving on actin cables within the framework of the Hux-
ley contraction model [10]. In the above explanation, the
limited hyperbolic part of the P-V curves, especially that
for V, arises from the substantial value of "off" probabil-
ity (P;) when the number of myosin heads interacting
with actin is extremely small. By calculating the velocity
values with P, for various loads, we could correct the
P-V curves for both V, and V, (Fig. 4 and Fig. 5) to obtain
the corrected P-V curves (Fig. 7). The curves resemble the
P-V curves of papillary muscle preparation from rabbit
hearts with and without pressure overload [24] with respect
to their shapes. This indicates that the difference in P-V
curves they observed actually reflects the change in myosin
isozyme composition of the preparations. The validity of
the idea of P as the cause of the marked deviation form
the hyperbola of the P-V relations may be supported not
only by the present study, but also by the previous report
that the deviation from the hyperbola of the P-V relations
in the ATP-dependent movement of beads coated with
skeletal muscle myosin on actin cables [9] is more marked
with beads generating small P, than with those generating
large P,.
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Appendix A

Movement of a myosin-coated bead on actin cables
under constant centrifugal forces

The constant velocity of movement of a myosin-coated
bead on actin cables under a constant centrifugal force can
be expressed by the equation,

M(d*x/dt*y = —f(dx/dt) + P (D

where M is bead mass, x is bead displacement, f is
friction coefficient of a bead (=6- - n-r, where r is
bead radius and 7 is viscosity of the surrounding medium),
and P is external load produced by a constant centrifugal
force. As r=14 pum and 1 =0.01 poise (viscosity of
water), f is calculated to be 2.6 - 107® N s m™!. Since M
is very small (1.5 - 107'* kg), Eq. (1) can be simplified to,
fv="p (2)
where V(= d x/d1) is velocity of bead movement. Thus, if
all myosin heads are detached from actin cables for a time

period ¢, the bead moves backward for a distance x, which
is given by,

x=(P/f)t. (3)

Correction of the observed velocity values based on
»off" probability

The velocity of bead movement V with zero "off"
probability (P, = 0) can be calculated from the observed
velocity V' by the following equation,

vi=v(i=(1=p)") = (P/NH(1-p)". (4)
The above equation is also written as:
v=(vV'+ P/ ~p)")/(1-(1-p)"). (5)

In this simulation, N was set at 10 for both V, and V,
in order to evaluate only the effect of the difference in p
between two isozymes.
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