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Abstract

In giant intermodal cells of green algae Chara collaria, cytoplasmic streaming is produced by ATP-dependent
sliding between myosin heads extending from amorphous cytoplasmic organelles and actin filament arrays (actin
cables) fixed on chloroplast rows. The velocity of cytoplasmic streaming is many times faster than the maximum
myofilament sliding in skeletal muscle. In this article, we compared steady-state force-velocity (P-V) relations between
cytoplasmic myosin and skeletal and cardiac muscle myosins using the centrifuge microscope, in which myosin-
coated latex beads were made to slide along the actin cables under various centrifugal forces. In contrast with
the hyperbolic P-V relation of actin-myosin sliding in skeletal and cardiac myosins, the P-V relation of cytoplasmic
myosin versus actin cable sliding was a straight line, indicating a very large duty ratio and a very small rate of chemo-
mechanical energy conversion. Possible mechanisms of the ultra-fast actin-myosin sliding are discussed.

Highlights

» The velocity of cytoplasmic streaming, caused by ATP-dependent sliding between cytoplasmic myosin and
actin cables in giant algal cells is many times faster than ATP-dependent actin-myosin sliding in skeletal and cardiac
muscles.

» The mechanism of ultra-fast actin-myosin sliding was studied using the centrifuge microscope, in which beads
coated with cytoplasmic myosin were made to slide along actin cables under various centrifugal forces serving as
loads against cytoplasmic myosin versus actin cable sliding.

« Unlike the hyperbolic force-velocity (P-V) relation of skeletal and cardiac muscle actin-myosin sliding, the P-V
relation of cytoplasmic actin myosin sliding was a straight line irrespective of the force generated by cytoplasmic
myosin.

» These results indicate a very large duty ratio and a very small efficiency of chemo-mechanical energy conversion

in cytoplasmic actin-myosin sliding.

Keywords: Ultra-fast actin-myosin sliding; Cytoplasmic streaming;
Giant algal cell; Force-velocity relation; Centrifuge microscope; Maximum
shortening velocity

Characteristic Features of ATP-Dependent Actin-Myosin
Interaction Producing Cytoplasmic Streaming

Cytoplasmic streaming is widely observed in plant cells. The
mechanism of cytoplasmic streaming has been investigated on giant
intermodal cells of green algae Chara collaria (diameter, ~0.5 mm;
length, >10 cm) (Figure 1) with the following results: (1) The motive
force for Chara cytoplasmic streaming is generated by ATP-dependent
interaction between Chara cytoplasmic myosin molecules extending
from amorphous cytoplasmic organelles and well-organized straight
actin filament arrays fixed on chloroplast rows, called actin cables
(Figure 2); (2) The direction of streaming is reversed across the
indifferent zone where chloroplast is absent, reflecting the reversal
of actin filament polarity across the indifferent zone; (3) Since the
two indifferent zones run parallel to the intermodal cell long axis,
cytoplasmic streaming rotates longitudinally within the cell [1-7].

Although both cytoplasmic streaming and muscle contraction are
produced by ATP-dependent actin-myosin sliding, and regulated by
intracellular Ca ion concentration, skeletal muscle is relaxed at pCa >
7 and fully contracts at pCa < 5, while cytoplasmic streaming occurs at
pCa =7, and stops at pCa < 6 [8-10]. If small beads coated with skeletal
muscle myosin is made to slide along actin cables in the presence of
ATP, the bead movement is insensitive to pCa [11], indicating the
absence of regulatory proteins in actin cables. On the other hand,

the stoppage of cytoplasmic streaming is caused by tight cytoplasmic
myosin-actin cable linkages, which is stronger than their rigor linkages
in the absence of ATP, suggesting that Chara cytoplasmic myosin can
bind with actin cables in two different modes.

The most interesting feature of cytoplasmic streaming in giant
intermodal cells is that its velocity (=50 pm/s) [1] is many times larger
than the maximum velocity of skeletal muscle shortening, i.e. siding
between actin and myosin filaments (<10 pm/s). In the presence of
ATP, beads coated with skeletal muscle myosin move on actin cables at
velocities similar to that of actin-myosin sliding in muscle [12,13]. In
contrast, skeletal muscle actin filaments move on a glass surface coated
with Chara cytoplasmic myosin at velocities similar to that of native
cytoplasmic streaming [14]. These results indicate that it is Chara
cytoplasmic myosin that causes the ultra-fast velocity of cytoplasmic
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Figure 1: Diagram showing cytoplasmic streaming in giant intermodal cell of
green algae Chara corallina. ac, actin cables; ch, chloroplast; cm, cytoplasmic
myosin; co, cytoplasmic organelle; cs, cell sap; cw, cell wall; cy, streaming
cytoplasm, Arrows indicate direction of streaming; ic, intermodal cell.
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Figure 2: Actin cables on the inner surface of chloroplast rows in an intermodal

cell of Chara corallina. Calibration bar, 10 ym [7].

streaming. As with skeletal muscle myosin, Chara cytoplasmic myosin
molecule is a dimer consisting of two heavy chains with one head and
one tail, so that they have two heads and one helical tail, but the tail
length is much shorter than that in skeletal muscle myosin molecules
[15].

Centrifuge Microscope to Study Steady-state Force-
velocity Relation of ATP-dependent Sliding between
Myosin and Actin Cables

Figure 3 illustrates the setup of the centrifuge microscope
constructed in our laboratory [13]. It consisted of a light microscope,
a rotor, and a stroboscopic light source. The specimen used was
a short segment of an intermodal cell of green algae, into which
myosin-coated polystyrene beads (diameter, 2.8 pum; specific gravity,
1.3) were introduced together with experimental solution containing
MgATP. The specimen was placed in a cuvette, fixed on the rotor of the
centrifuge microscope, in such a way that actin cables were parallel to
the direction of centrifugal forces applied. Centrifugal forces directed
opposite to the bead movement served as positive external loads on
myosin molecules producing actin-myosin sliding. The amount of
centrifugal force (=load) F on the bead is given by:

F=ApVrw?,

Where Ap is the difference in density between the bead and the
surrounding medium (0.3 gem?, V is the bead volume (12 pm’), r is
the effective radius of centrifugation (4.5-7 cm) and w is the angular

velocity of the rotor. Further details of the centrifuge microscope have
been described elsewhere [13]. Experiments were made at 20-23°C.

Steady-state Force-velocity Relation of ATP-dependent
Sliding between Skeletal Muscle Myosin and Actin
Cables

First, we will describe steady-state force-velocity relation of ATP-
dependent sliding between skeletal muscle myosin, prepared from
rabbit psoas muscle, and actin cables. Under a constant centrifugal
force serving as a positive external load, myosin-coated beads are
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Figure 3: Centrifuge microscope for studying ATP-dependent sliding between myosin-coated beads and actin cables. (A) Diagram showing centrifuge microscope
and video recording system. (B) Application of centrifugal forces serving as positive loads on the sliding beads [13].
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observed to move along chloroplast rows (Figure 4) [13,16]. The beads
continue moving with constant velocities determined by the amount of
external load over a long distance, indicating the steady state between
the load (=force P), generated by myosin molecules on the bead and the
velocity of actin-myosin sliding (Figure 5A). The maximum unloaded
velocity of bead movement was 1.6-3.6 um/s. The bead stopped moving
when the load was increased to the maximum isometric force Po
generated by myosin molecules on the bead. As shown in Figure 5B,
the force-velocity (P-V) curve of the bead movement with high Po
values (10-39 pN) was hyperbolic in shape in the low force region, but
deviated from hyperbola in the high force region. The shape of the P-V
curve was nearly similar to that obtained from tetanized single skeletal
muscle fibers [17,18], and Ca**-activated single skinned muscle fibers
(Figure 6) [19,20]. These results not only indicate that skeletal muscle
myosin molecules on the bead retain their basic kinetic properties of
contracting muscle, but also close similarities between actin cables and
skeletal muscle actin filaments.

Instance (Hm)

Meanwhile, in the P-V curves of the bead movement with low Po
values (3.5-5.9 pN), the hyperbolic part at low force region became
much less pronounced (Figure 7). Similar results were obtained on the
P-V curves of sliding movement of the beads coated with two different
myosin isoforms, V1 and V3, obtained from rabbit cardiac muscle
[21]. In this study, we made a tentative explanation for the increasing

n

Relative velocity (VIV .0

0 0.5 1
Relative force (P/Py)

Figure 5: Force-velocity (P-V) relation of ATP-dependent sliding between
beads coated with skeletal muscle myosin and actin cables with high Po
values. (A) Constant velocity sliding of a skeletal muscle myosin-coated bead
on actin cables under 4 different centrifugal forces, serving as positive loads
expressed relative to the maximum isometric force Po (15 pN). (B) P-V curve of
skeletal muscle myosin versus actin cables, obtained from the records in (A).
Both velocities and forces are expressed relative to the maximum values [13].
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Figure 6: Averaged P-V curve of single skinned skeletal muscle fibers obtained
from 6 different fibers. Note that the curve deviates from the hyperbola in the
high force region [20].

deviation of P-V curves from the hyperbola with decreasing Po in the

Figure 4: Selected video frames showing two myosin-coated polystyrene . . . .1 .
M 9 Y poysy following way. The ATP-dependent-actin-myosin sliding is caused

beads sliding from right to left along h chloroplast rows, on which actin cables

(not visible) run straight. One bead (diameter, 4.5 um, upper edge of each by cyclic attachment and detachment between myosin heads and
frame, indicated by upward arrows) is coated with skeletal muscle myosin, actin filaments. According to the Huxley contraction model [22], the
while the other bead (diameter, 2.8 um, lower edge of each frame, indicated by probability that a myosin head is attached to actin is 0 < p <1, and the

downward arrows) are coated with skeletal muscle myosin previously treated
anti-subfragment 2 antibody [16].

probability that all myosin heads interacting with actin are in detached
state, i.e. off probability Poff is given by:
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Poff=(1-p)N,

where N is the number of myosin heads interacting with actin. As
shown in Figure 8, Poff becomes substantial for small N. During the
period of Poff, Beads are displaced in the direction opposite to that of
actin-myosin sliding, to result in retardation of the observed sliding
velocity under the centrifuge microscope. Assuming the appropriate
dependence of p on the amount of load for cardiac myosin isoforms
V1 and V3, the shortening velocities in the small load (=force) region
of P-V curves with small Po values are corrected to be larger than the
observed values. This implies that, if the number of myosin heads
interacting with actin is small, the shortening velocity in the small load
region is slowed down due to increase in the moment, at which all
myosin heads detach from actin.

In Figure 9, broken lines indicate P-V curves for V1 myosin(A)
and for V2 myosin actually obtained by the centrifuge microscope,
while solid curves indicate P-V curves corrected on the assumption
that Poff=0 for all load (=force) region. It can be seen that the marked
deviation from the hyperbola of the P-V curve with low Po values
(broken lines, cf. Figure 7) can be made much less pronounced (solid
lines) to resemble the P-V curve with high Po values (cf. Figure 5B).

Steady-state Force-velocity Relation of ATP-dependent
Sliding between Cytoplasmic Myosin and Actin Cables

During the course of experiments with skeletal muscle myosin,
we found that, when uncoated beads were introduced into the giant
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Figure 7: P-V curve of skeletal muscle myosin versus actin cables with low
Po values. Both velocities and forces are expressed relative to the maximum
values. Note that the hyperbolic part of the curve at low force region is much
less pronounced compared to the P-V curve shown in Figure 5B [13].
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Figure 8: Dependence of Poff, i.e. the probability that all myosin heads
interacting with actin are detached at any chosen moment, on the fraction
of time, in which a myosin head is attached firmly to actin within one cycle
of attachment-detachment cycle p (0<p<1). Numbers alongside each curve
indicate number of myosin heads interacting with actin [21].
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Figure 9: Corrected P-V curves (solid lines) for two different kinds of vertebrate
cardiac muscle myosin isoforms (A for V1 myosin and B for V2 myosin). Broken
lines indicate P-V curves obtained experimentally from 6 different fibers.
Both velocities and forces are expressed relative to the maximum values.
Dependence of p on external load for V1 and V2 myosins are also shown
(insets). Note that the hyperbolic part of the curve becomes more pronounced
after correction of the P-V curves based on Poff [21].

internodal cell preparation, the bead always started moving along actin
cables with velocities similar to those of native cytoplasmic streaming.
This phenomenon was explained as being due to Chara cytoplasmic
myosin molecules, which had been detached from cytoplasmic
organelles and remained in the intermodal cell preparation; such
Chara myosin molecules attach to the uncoated bead surface, in such a
way to produce cytoplasmic streaming in the same manner when they
attach to cytoplasmic organelles. Therefore, we took the opportunity to
study P-V curves of sliding movement of Chara myosin-coated beads
along actin cables [23].

As has been the case in skeletal and cardiac muscle myosins, beads
spontaneously covered with Chara cytoplasmic myosin, which will
hereafter be simply called cytoplasmic myosin, moved with constant
velocities under various centrifugal forces serving as external loads,
indicating a definite steady-state between the force (=load) generated
by cytoplasmic myosin and the velocity of actin-myosin sliding (Figure
10). The velocity of bead movement decreased with increasing external
load, and the bead eventually stopped moving when the load became
equal to the maximum isometric force Po generated by cytoplasmic
myosin molecules. The beads that stopped moving remained in the
same position on actin cables for 5-10 s and then suddenly detached
from actin cables to flow away out of microscopic field. The value of Po
showed a wide range of variation from 1.0 to 13 pN (mean + SD, 6.2 +
4.5 pN, n=12).

The steady-state P-V curves of the ATP-dependent bead movement
along actin cables were obtained either by gradually increasing external
load or by randomly changing external load with similar results. A
typical example of the P-V relation obtained from a bead (Po=13 pN)
is shown in Figure 11 (filled circles). The P-V curve was nearly straight
in shape. The viscous drag force F on the bead can be calculated as:

F=6nrnyv,

Where 1) is the viscosity of the medium (0.001 Ns/m?), r is the bead
radius (1.4 um) and v is the bead velocity (in pum/s). For v=60 pm/s,
for example, the drag force is 1.6 pN, amounting to more than 10%
of measured value of Po. In Figure 11, the data points corrected for
the viscous drag are also shown by open circles. This correction does
not alter the shape of the P-V curve obtained. Similar nearly straight
P-V curves were obtained from 6 other beads with high Po values (8.6-
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Figure 10: Constant velocity sliding of a bead, with cytoplasmic myosin
attached, along actin cables under different positive loads, expressed relative
to the maximum isometric force Po (13 pN) [23].
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Figure 12: Steady-state P-V relation of cytoplasmic myosin versus actin cable,
constructed from 6 different beads, with large Po values (8.6-13 pN). Bars
indicate SD (n=6). Note that the P-V relation is straight [23].
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Figure 11: Steady-state P-V curve of a bead, with cytoplasmic myosin
attached, on actin cables (filled circles). The loads were applied in a random
order. The amount of force (=load) is expressed relative to Po (13 pN). Data
points corrected for the viscous drag force (open circles) are also shown [23].
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Figure 13: Steady-state P-V relation of cytoplasmic myosin versus actin cable,
Constructed from 6 different beads with small Po values (1.0-2.4 pN). Bars
indicate SD (n=6) [23].

13 pN). Figure 12 shows averaged P-V relation constructed from 6
different beads with high Po values [23].

Figure 13 is averaged P-V curve constructed from 6 different beads
with small Po values (1.0-2.4 pN), which may reflect extremely small
numbers of cytoplasmic myosin molecules producing bead movement.
Although the data points showed a large scatter, especially at high load
region, the overall P-V curve was nearly straight [23].

Kinetic Properties of Cytoplasmic Myosin Heads
Producing the Ultra-fast Cytoplasmic Streaming

The hyperbolic P-V curve of contracting whole skeletal muscle is
fitted to part of rectangular hyperbola as:

(P +a)V=b(Po-P),

where P is the load on muscle, Po is the maximum isometric force
generated by muscle, and a and b are constants. The P-V curve is
generally characterized by values of the maximum unloaded shortening

velocity Vmax and a/Po [24]; the former determines its intercept with
the velocity axis, while the latter determines its curvature. A large value
of a/Po is associated with a less prominent curvature of P-V curve,
and a low efficiency of converting chemical energy derived from ATP
hydrolysis into mechanical work [25]. On this basis, the nearly straight
P-V curve of cytoplasmic myosin versus actin cable sliding (Figures 12
and 13) suggests a very low efficiency of the chemo-mechanical energy
conversion in cytoplasmic myosin molecules. The value of Vmax for
cytoplasmic myosin versus actin cable sliding, on the other hand, is
many times larger than that in skeletal and cardiac myosin versus
actin cable sliding, suggesting that the maximum cycling rate of actin-
myosin interaction is many times larger in the former than in the latter.

To explain the increasing degree of deviation of the P-V curves
of skeletal and cardiac myosin versus actin cable sliding from the
hyperbola with decreasing value of Po, we used the concept of p and
Poff. In contrast, the P-V curve of cytoplasmic myosin versus actin
cable sliding was straight irrespective of the value of Po (Figures 11 and
12) [23]. This implies that, in cytoplasmic streaming, the probability
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of Poff is extremely small despite very small Po values. In other words,
the value of p, representing the fraction of time in which a myosin head
firmly attaches to actin to produce actin-myosin sliding, i.e. duty ratio
[26], may be very large and close to unity. We think that the large duty
ratio is essential for producing continuous cytoplasmic streaming with
the ultra-high velocity.

Possible Mechanism of the Ultra-high Cytoplasmic
Streaming

Based on the concept of duty ratio, there are three basic kinetic
factors, i.e. (1) duty ratio of myosin head (p), (2) ATPase rate per
myosin head (A), and (3) unitary sliding distance produced by a
myosin head (d). The value of p is written as:

p=(dx A)/ Vmax.

In the ATP-dependent actin-myosin sliding in skeletal muscle, p is
~0.05 [27,28], A is ~20/s/head [29], and Vmax is ~3 pm/s [13]. Putting
these values into the above equation, d is obtained to be ~8 nm, a value
consistent with the contraction model, in which myosin head power
stroke is caused by change in myosin head configuration [30].

In the ATP-dependent actin-cytoplasmic myosin sliding, p is
assumed to be 0.25, while Vmax is 50 pm/s [23]. The value of d is
unknown, but it is not >20 nm, if the size of myosin head is taken
into consideration. From these values, above equation indicates that
A should be ~ 425/s/head. The extremely high cyclic rate of actin-
cytoplasmic myosin interaction, however, contradicts the result that
actin-activated ATPase activity of cytoplasmic myosin in solution is
20/s/head, being similar to that in skeletal muscle myosin in solution
[31].

The puzzling situation can be solved at least qualitatively by
assuming a cooperative mechanical interaction between adjacent
myosin heads extending from cytoplasmic myosin molecule attached
to the same bead or the same cytoplasmic organelle. Since the value
of p, i.e. duty ratio in cytoplasmic myosin head is close to unity, each
cytoplasmic myosin head may have many chances of being pushed
by adjacent myosin heads to result in rapid detachment from actin to
restart its power stroke producing cytoplasmic streaming. This may
markedly increase the cycling rate of actin-myosin interaction coupled
with ATP hydrolysis in cytoplasmic myosin heads extending from the
same bead or the same organelle.

This idea comes from the report that, if single skeletal muscle fibers
are previously stretched to sarcomere length of 3 um with resting
tension amounting <7% of Po, the maximum shortening velocity of
tetanized fibers, as measured by the slack test, increases ~two fold [32].
As the resting tension decreases quickly at the beginning of applied
release, the myosin heads attached to actin in tetanized fibers can be
pushed in the direction of fiber shortening by the resting tension for
an extremely short period of time. This possibility has already been
discussed by us in a short review of cytoplasmic streaming [33].

Conclusion

The large duty ratio of cytoplasmic myosin head might produce
mechanical synchronization and summation of power strokes between
adjacent myosin heads to result in marked increase in the rate of cyclic
interaction to greatly increase the velocity of actin-myosin sliding.
Considering the extremely small Reynolds number for myosin head
power stroke in the cytoplasm, together with a duty ratio close to
unity, adjacent myosin heads on the same cytoplasmic organelle can

effectively interact each other to produce the ultra-fast cytoplasmic
streaming. Myosins are widely distributed in both amimal and plant
kingdoms, to comprise a superfamily, in which skeletal and cardiac
myosins and cytoplasmic myosin are classified into myosin II and
myosin XI, respectively [34]. To reach full understanding of myosin
molecules, it is essential to study similarities and differences among
different myosin types.
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