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ABSTRACT We have developed temperature-pulse mi-
croscopy in which the temperature of a microscopic sample is
raised reversibly in a square-wave fashion with rise and fall
times of several ms, and locally in a region of approximately
10 pm in diameter with a temperature gradient up to 2°C/pm.
Temperature distribution was imaged pixel by pixel by image
processing of the fluorescence intensity of rhodamine phal-
loidin attached to (single) actin filaments. With short pulses,
actomyosin motors could be activated above physiological
temperatures (higher than 60°C at the peak) before thermally
induced protein damage began to occur. When a sliding actin
filament was heated to 40—-45°C, the sliding velocity reached
30 um/s at 25 mM KCI and 50 pm/s at 50 mM KCl, the
highest velocities reported for skeletal myosin in usual in vitro
assay systems. Both the sliding velocity and force increased by
an order of magnitude when heated from 18°C to 40-45°C.
Temperature-pulse microscopy is expected to be useful for
studies of biomolecules and cells requiring temporal and/or
spatial thermal modulation.

Recent advances in optical microscopic techniques have made
it possible to image single protein molecules in solution (1, 2)
and investigate the dynamic nature of molecular motors (3-8).
To introduce an additional dimension to this technology, we
have developed temperature-pulse microscopy (TPM), in
which a microscopic sample(s) in aqueous solution is heated
reversibly.

~ There have been several reports on the effects-of temper-
ature jumps under an optical microscope: for example, on
physiological functions of muscle fibers (9-12) and on phase
transition phenomena in membranes of phospholipid vesicles
and cells (13). To prevent thermal deterioration of biological
samples, and to confirm the absence of the deterioration, it is
highly desirable to restore the starting temperature as soon as
the measurement is finished. In our TPM, temperature is
elevated spatially and temporally by illuminating a lump of
metal particles by IR laser; a concentric temperature gradient
is created around the lump of metal particles. When the laser
beam is shut off, the heat is rapidly dissipated into the
surrounding medium. Thus, a square-wave temperature pulse
with rise and fall times of less than 10 ms is generated.
Exposure to high temperature is minimized, and repetitive
thermal cycling is easily programmed. The local heating also
permits simultaneous observation of the sample behaviors at
various temperatures.

In the microscopic temperature-imaging techniques re-
ported so far, the temperature was estimated either from the
thermal quenching of fluorescence (14-16) or from the ther-
mal shift of the fluorescence spectrum (13). Here, we applied
the former technique. In our TPM, a concentric temperature
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gradient is formed around the metal aggregate, as assessed
from thermal quenching of a fluorescent dye bound to actin
filaments with a slope of 1-2°C/um and extension out to 10-20
wm. The temperature distribution on single actin filaments
also could be imaged.

We have applied this TPM technique to the thermal acti-
vation of sliding movement and tension development of acto-
myosin motors in an ir vitro motility assay. We demonstrate
that the motor functions can be thermally activated even at
temperatures that are high enough to normally damage the
proteins, if the duration of the temperature pulse is short
enough.

MATERIALS AND METHODS

TPM. As schematically illustrated in Fig. 1, local heating was
achieved by illuminating an aggregate of metal particles in the
sample with an IR laser beam (1 W Nd:YLF laser, 1,053-1,000
p: A = 1.053 wm; Amoco Laser, Naperville, IL; 50-100 mW on
the sample plane). In most experiments we used aluminum (0.1
wmd; AL-014050, Nilaco, Tokyo), but gold (0.5 umé; AU-
174020, Nilaco), silver (0.07 umd; AG-404050, Nilaco), and
platinum (1.0 pume¢; PT-354012, Nilaco) powders served
equally well. The metal particles spontaneously formed aggre-
gates in the sample and had irregular shapes. [Heat production
by laser irradiation also can be achieved in other ways. For
example, we have deposited, by vacuum evaporation, a thin
layer of metal on a glass surface in the form of a regular array
of pm-sized circles (not shown). This method allowed well-
controlled and reproducible heating, whereas the use of amor-
phous metal aggregates described here is very simple. A
magnetic bead also can be used (17).]

The presence of Al aggregates did not affect the in vitro
motility for at least 2 h. The actin filament temperature was
estimated from thermal quenching of the fluorescence of
rhodamine phalloidin bound to the filament. The fluorescence
images were taken with an image intensifier (KS1381; Video
Scope International, Washington, DC) connected to a charge-
coupled device camera (CCD-72; Dage MTI, Michigan City,
IN) at the video rate of 30 frames/s. The decay lag in this
camera system was well within one frame (33 ms). For the
measurement of the rise and fall times of the temperature
pulse, an image intensifier (ILS-3a; nac, Tokyo) connected to
a high-speed camera (HSV-500DM; nac) was used at a rate of
500 frames/s.

The fluorescence image of labeled filaments at T°C was
divided by that at 18°C (reference temperature) to yield the
intensity ratio (r) in every pixel (18). r was related with Tin a
control experiment in which the temperature of the micro-
scope stage was held at precise temperatures with the use of
a thermal insulation chamber, which took about 45 min for

Abbreviation: TPM, temperature-pulse microscopy.

**To whom reprint requests should be addressed at: Department of
Physics, School of Science and Engineering, Waseda University,
Tokyo 169-8555, Japan. E-mail: ishiwata@mn.waseda.ac.jp.
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Laser (1.053 um)]

Fic. 1. Schematic illustration of TPM system. Metal aggregates of
irregular shape and several to 10 wm in size, lumps of metal particles
of 0.1-1.0 pum in diameter, are scattered on a glass coverslip in an in
vitro motility assay system under an optical microscope. A peripheral,
not the central, portion of one of the aggregates is illuminated by
focusing an IR laser beam. If the central portion is illuminated, the
aggregate is frequently blown off or the surrounding medium gets
boiled. The metal aggregate that absorbs the laser light functions as a
local heat source, around which a concentric temperature gradient is
formed. Sliding movement of actin filaments occurs at temperature-
dependent velocities, as illustrated by movement in circles. When
tension is measured, the incident laser beam is split into two; one
constitutes optical tweezers that hold a polystyrene bead attached at
the rear end of an actin filament, and the other illuminates a metal
aggregate. For repetitive temperature modulation, a chopper or
shutter is used.

stabilization (Nikon). Room temperature was maintained at
18°C + 1°C. We obtained the empirical equationr = 1 — T —
To), where « and Ty are, respectively, 0.018°C~* and 18°C, in
agreement with a spectroscopic measurement in a cuvette
(fluorescence spectrophotometer F-4500, Hitachi, Tokyo).
The temperature estimated from the fluorescence intensity
averaged over a short (< a few um) filament fluctuated from
frame to frame, with a SD of = 5°C over the duration of 0.5 s
(15 frames). Spectroscopic studies in a cuvette (19) indicated
that rhodamine phalloidin tended to detach from actin at high
temperatures. We confirmed that the half-time for detachment
under the solvent condition examined here was approximately
12 min at 35°C and 3 min at 45°C, which was much longer than
the duration of the temperature pulse (<10 s). Photobleaching
of rhodamine fluorescence was negligible within the period of
time we examined. Thus, the linear relationship between
relative fluorescence intensity and temperature, r(7), is attrib-
uted solely to reversible thermal quenching of rhodamine.

Proteins. Actin and heavy meromyosin (a fragment of
myosin prepared by chymotryptic digestion) were prepared
from rabbit white skeletal muscle as described (20). Actin
filaments were labeled with rhodamine phalloidin (Molecular
Probes) according to Yanagida ef al. (21).

In Vitro Motility Assay. Details of the in vitro motility assay
and tension measurement performed under an inverted mi-
croscope (TMD300; an oil-immersion objective lens with a
phase ring, X100 numerical aperture = 1.3 or X60 numerical
aperture = 1.4; Nikon) equipped with optical tweezers have
been described (7, 8). The assay buffer used was 25 mM
KC1/2.0 mM ATP/4.0 mM MgCl,/25 mM imidazole-HC], pH
7.4/1.0 mM EGTA/10 mM DTT with an oxygen-scavenger
enzyme system (22); in one experiment where the highest
sliding velocity was recorded, 50 mM KCl was used instead of

Proc. Natl. Acad. Sci. USA 96 (1999) 9603

25 mM KCl, in which 1% (wt/vol) of methylcellulose was
included to suppress the dissociation of actin filaments from
the glass surface at high ionic strength. An in vitro motility cell
was prepared by infusing 30 pg/ml heavy meromyosin in the
assay buffer containing 0.5 mg/ml BSA. To measure the
tension, a polystyrene bead of 1.0 pm in diameter was attached
at the rear end of an actin filament through a barbed end
capping protein, gelsolin, covalently attached to the bead (23),
and the bead was trapped with optical tweezers (trap stiffness,
0.14 pN/nm). In this case, the laser beam was split into two by
a polarizing beam splitter (Sigma Koki, Hidaka, Japan); one
beam was used for optical tweezers and the other for heating.
Movement of the bead in the trap was detected in a phase-
contrast image under a dual-view microscope (18) and ana-
lyzed with sub-nm precision.

RESULTS AND DISCUSSION

A steady, concentric temperature gradient was produced
within 10 ms around the metal after laser illumination was
started, as monitored by the fluorescence intensity of the
temperature-sensitive thodamine phalloidin attached to actin
filaments in the sample chamber (Fig. 2 A-D). Temperatures
on a single actin filament could be imaged (Fig. 2E), even
during sliding as shown below. A temperature difference as
large as 40°C could be created across a high-magnification
image, allowing simultaneous evaluation of sample behaviors
over a wide range of temperatures. When the laser illumination
was terminated, the sample cooled down to the original
temperature within 10 ms, presumably because of the presence
of a substance of large heat conductivity (glass and water) in
contact with the small heat source. For a long actin filament,
a temperature gradient around 2°C/pm was demonstrated
(Fig. 2E).

First, we examined the effects of the temperature gradient
on the sliding movement of a long actin filament. When the
temperature of the front portion of a sliding filament was
higher, the filament was straightened and sliding was smooth.
However, when the temperature of the rear portion was higher,
buckling occurred at the middle of the filament, the buckled
portion being on the glass surface without looping out into the
medium. In all likelihood, front motors can pull the whole
filament, whereas rear motors cannot efficiently push the front
portion because of the flexibility of the filament (20, 25, 26).
When the rear part is faster, formation of a superhelix may be
expected at the slow/fast junction, because a sliding actin
filament has been shown to rotate as a right-handed screw (3,
20, 26). Indeed we observed a superhelix when the front part
of an actin filament was completely fixed on a glass surface
(20). In the present experiment, the temperature gradient in
the running filament could not be maintained for a sufficiently
long period to allow the buckled portion to loop out.

Then, we observed reversible acceleration of sliding move-
ment by repetitive application of relatively long temperature
pulses (0.5 to several seconds) by using a chopper. As shown
in Fig. 3, sliding velocities reversibly reached two steady-state
values within 1/30 s: the average velocities were 1.9, 19.3, 2.5,
20.7,and 2.2 um/s, respectively, at 18°C, 41°C, 19°C, 40°C, and
15°C, which were estimated from the average fluorescence
intensity of the sliding filament according to the relation, r(7),
described above. (Note that the coverslip temperature was
maintained at 18°C = 1°C.) On average, the sliding velocities
at 25 mM KCl, the ionic strength usually used for in vitro
motility assays (24), were 2.0 = 0.1 (n = 6), 10 = 1.5 (n = 6),
and 20 = 1.8 (n = 6) um/s at 18°C, 30°C, and 40°C,
respectively. For comparison, thermostatic regulation of the
whole stage resulted in the average sliding velocities, respec-
tively, of 20 = 0.1 (n = 6),80 05 (n = 6), 13 = 0.7 (n =
6), and 22 = 2.1 (n = 6) um/s at 18°C, 30°C, 40°C, and 50°C,
consistent with previous reports (27-29). In this case, the
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F16. 2. Imaging of temperature distribution on actin filaments
around the metal aggregate. (4) Phase-contrast image corresponding
to the central part of fluorescence images (B-D). A laser beam was
focused at a periphery (shown by an arrowhead) of a lump of Al
particles of irregular shape. (B-D) Fluorescence images of a two-
dimensional network of rhodamine phalloidin-labeled actin filaments
(12 pg/ml) attached to heavy meromyosin molecules that adhered to
the glass surface coated with nitrocellulose (24). Excess actin filaments
were washed away, so that filaments were mostly in focus and thus
within 1 um of the glass surface. (B) Fluorescence image of the actin
network taken in a single video frame coincident with laser illumina-
tion for 1/30 s under shutter control. A periphery of a ~10-pum lump
of Al particles observed in 4 was illuminated. Fluorescence under and
close to the metal aggregate disappeared because of excessively high
temperature. (C) A single-frame fluorescence image obtained two
video frames after B, the image was indistinguishable from that
obtained before laser illumination at 18°C * 1°C, i.e., temperature of
the coverslip. (D) Two-dimensional temperature distribution con-
structed from the ratio of the fluorescence intensities of the images B
and C. (E) Temperature distribution on a single actin filament; only
in this micrograph, the background fluorescence intensity was sub-
tracted. In D and E, the temperature is scaled in pseudocolor as shown
in color bars in °C unit. (Scale bars: upper one for A-D, lower one for
E, 10 pm.)
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Fig. 3. Time course showing reversible changes in the sliding
movement of an actin filament with repetitive temperature pulses.
Displacement of the centroid of the fluorescence image of the actin
filament (1.0 pwm long) is shown by O every 1/30 5. A laser pulse of
0.53-s duration was given every 1.07 s. The temperature was estimated
from the average intensity of the actin filament in each frame at 30
frames/s. ® and error bars show the average = SD for 14 consecutive
frames (0.47 s). The coverslip temperature was kept at 18°C = 1°C.

sliding filaments tended to detach from the glass surface at
higher temperatures, e.g., within 1 min at 50°C, suggesting
gradual deterioration of motor functions. The higher velocities
obtained with our TPM at 40°C demonstrate that the motors
can be fully activated for a short period of time before
thermally induced protein damage begins.

Next, we examined sliding movement of an actin filament
during very short temperature pulses by using a shutter (Fig.
1). When illuminated with a laser pulse with a duration of 1/16
s, an abrupt displacement of the actin filament, by as much as
1.6 um, occurred, corresponding to a sliding velocity of about
26 um/s (Fig. 4 4 and B). The average temperature during this
1/16-s illumination was estimated to be 45°C and the maxi-
mum temperature exceeded 60°C (Fig. 4C). On shortening the
duration .of the temperature pulse, the degree of abrupt
displacement correspondingly decreased, i.e., 1 um (average
sliding velocity, 32 pm/s) for 1/32s,0.5 um (32 um/s) for 1/64
s, and 0.2 pm (26 pm/s) for 1/128-s illumination. The fact that
the displacement was proportional to the duration of the
temperature pulse implies that steady-state sliding at the high
temperature already was achieved at the shortest duration of
1/128 s. In the Huxley scheme (30), the steady-state velocity
of unloaded sliding is given by hg,/2, where 4 is the maximal
distance over which a myosin head attached to actin can exert
positive tension (power stroke) and g; is the rate of unbinding
for the head that has undergone a power stroke and is exerting
a negative tension. The increase in the sliding velocity by more
than an order of magnitude upon heating likely resulted from
a corresponding increase in g; rather than in #. That is, the rate
of unbinding, which is presumably coincident with the ADP
release under the present condition where ATP was abundant,
increases sharply with temperature. The rate of head binding
is likely to also increase with temperature, because otherwise
the actin filament would tend to float into the medium, and the
tension, proportional to the number of heads attached to the
filament, would be greatly reduced whereas our experiment
showed the contrary (see below). The high temperature co-
efficient of the rate of ATP hydrolysis (22), a 5-fold increase
from 22°C to 30°C, is consistent with these views. Kitamura ef
al. (31) have reported that the sliding distance per head per
ATP can be as long as 30 nm, a value difficult to explain with
a conventional power stroke model. Even so, the distance per
ATP is not critically dependent on temperature (31), and thus
the unbinding rate has to increase with temperature.

The sliding velocities, v, obtained under the long and short
temperature pulses were fitted with an Arrhenius equation,
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Fic. 4. Time course showing a reversible change in the sliding
movement of an actin filament with a single temperature pulse. (4)
Snapshots of a sliding actin filament (1.1 um long) at 1/30-s intervals.
Alaser pulse of 1/16-s duration was given halfway at 0.19 s. (Scale bar,
5 um.) (B) Time course of sliding movement of the actin filament;
displacement of the centroid of the fluorescence image of the actin
filament is shown by ©. (C) The temperature estimated from the
average intensity of the filament at 1/60-s intervals. In this particular
case, odd and even fields of interlaced images were analyzed sepa-
rately. The coverslip temperature was kept at 18°C = 1°C.

v(T) = voexp(—E./RT) where vy is a constant and R is the gas
constant. The apparent activation energies, E,, turned out to
be 100 kJ/mol between 18°C and 30°C and 50 kJ/mol between
30°C and 45°C. These activation energies agree with those of
prior reports (27-29), although the transition between the two
temperature regions in the previous studies was at about 20°C
rather than 30°C as shown here. The discrepancy could be the
result of thermal deterioration that might have occurred at
lower temperatures in the previous studies.

Next, to examine the potential of skeletal myosin for high
sliding velocity, we used a higher ionic strength (50 mM KCl)
(29), resulting in 52 + 5 pm/s (n = 8) for a 0.5-s period at
46°C = 7°C (n = 8) (estimated by averaging the fluorescence
intensity over 0.5 s for each sample). The sliding velocity
obtained here is the highest reported for skeletal myosin in a
usual in vitro motility assay, although there is a report that the
velocity of a large bead coated with myosin (65 pm in
diameter) reached 500 pm/s at room temperature in a spe-
cially designed motility assay system (32). Faster sliding at
higher ionic strength has been observed at lower temperatures
(29). High salt may induce faster release of strongly bound
heads (g, above) and/or the reduction of weakly binding
interactions (33) that precede strong binding and that may
impede sliding (34). The weakly binding interactions operate
mainly at low ionic strengths (33).

We applied TPM to tension generation on single actin
filaments. The tension record presented in Fig. 5 shows that an
abrupt increase in tension (from 2 pN to 15-20 pN), in other
words, sliding movement extending over a longer distance (10
nm to 100-150 nm) from the center of an optical trap, occurred
after the temperature jump. A large tension fluctuation was
observed around steady-state levels that were maintained for
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FiGg.5. Tensionresponse of a single actin filament to a temperature
pulse. {(4) Fluorescence image of a bead-tailed actin filament (3.7 um
long) obtained by averaging 15 video frames for 0.5 s before, during,
and after the temperature pulse, respectively, from left to right. The
bead was coated with rhodamine-labeled BSA (23). The bead bright-
ness is clipped in the central portion. (Scale bar, 5 um.) (B) Time
course of tension generation (displacement of the bead); a shutter for
laser illumination was opened and closed at the times indicated by the
left and right arrows, respectively. (C) Temperature was estimated
from the fluorescence intensity profile obtained at the middle portion
of the actin filament during the laser illumination and was 40°C = 5°C
(estimated by averaging the fluorescence intensity over 0.5 ). Only in
this case, the fluorescence intensity gradually decreased with photo-
bleaching because of prolonged laser illumination. The coverslip
temperature was kept at 18°C = 1°C.

1-2 s, during each of which the actin filament appeared to slide
in one direction. The abrupt changes in the steady tension
level, observed several times at 40°C in Fig. 5B, may be
attributable to slight changes in the sliding direction resulting
in a different number of heavy meromyosin molecules that can
interact with the actin filament. The tension fluctuation did not
correlate with the fluctuation of fluorescence intensity, indi-
cating that the tension fluctuation is not attributable to
temperature fluctuation. The average tension increased 5- to
10-fold with the increase in temperature from 18°Cto 40°C and
paralleled the increase in sliding velocity (Figs. 3 and 4).

In muscle fibers, it was reported that force rose by a factor
of 2 to 3 (9, 11, 12, 35) between 5°C and 20°C but only by a
factor of ~1 (9, 12) or ~1.5 (11) between 20°C and 40°C, much
less than the 5- to 10-fold increase in our case. In principle, an
increase in temsion implies that each myosin head while
attached to an actin filament exerts a larger force, and/or that
a larger number of heads are attached at any instant. However,
the former possibility, an increase in tension per attached
head, is unlikely to be the major factor for the 5- to 10-fold
increase in tension observed here. The number of attached
heads must increase with temperature. Because the increase in
the sliding velocity at no external load points to an increase in
the rate of unbinding, as discussed above, the rate of head
binding to actin has to increase with temperature more than
the increase in the unbinding rate. This enormous increase in
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binding rate is probably peculiar to the in vitro system. On the
glass surface, unlike muscle interior, an actin filament tends to
float into the medium by Brownian motion. Myosin heads
cannot bind to the filament unless the filament happens to be
close to the heads. The binding is thus cooperative in that
binding of one head greatly facilitates the binding of neigh-
boring heads. A slight increase in the affinity of myosin to
actin, enough to account for the fiber data, will be amplified
by this cooperativity. :

As demonstrated by TPM, motor activity can be reversibly
enhanced without denaturation upon raising the temperature
above physiological levels (instantaneously, higher than 60°C).
We can study the effects of various temperatures (and also the
temperature gradient) at the same time for different molecules
and different periods of time for the same molecules. The TPM
described here can be improved to meet various applications.
For example, the heat source of any size and shape can be made
by microfabrication techniques. TPM in combination with
real-time imaging of temperature on proteins should find
broad applications in the studies of the energetics of protein-
protein interactions and the response of cellular processes to
thermal modulation, not only limited to cell motility but also
on various aspects of cellular metabolism and signal transduc-
tion within and between cells.
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Tropomyosin Modulates pH Dependence of Isometric Tension
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ABSTRACT We investigated the effect of pH on isometric tension in actin filament-reconstituted and thin filament-
reconstituted bovine cardiac muscle fibers in the pH range of 6.0-7.4. Thin filament was reconstituted from purified G-actin
with either bovine cardiac tropomyosin (Tm) or rabbit skeletal Tm in conjunction with cardiac or skeletal troponin (Tn). Results
showed that isometric tension decreased linearly with a decrease in pH. The slope of the pH-tension relation, AF/ApH
(Arelative tension/Aunit pH), was 0.28 and 0.44 in control cardiac fibers and skeletal fibers, respectively. In actin fitament-
reconstituted fibers without regulatory proteins, AF/ApH was 0.62, namely larger than that in cardiac or skeletal fibers. When
reconstituted with cardiac Tm-Tn complex (n"Tm), AF/ApH recovered to 0.32, close to the value obtained in control cardiac
fibers. When reconstituted with skeletal nTm, AF/ApH recovered to 0.48, close to the value for control skeletal fibers. To
determine whether Tm or Tn is responsible for the inhibitory effects of nTm on the tension decrease caused by reduced pH,
thin filament was reconstituted with cardiac Tm and skeletal Tn, or with skeletal Tm and cardiac Tn. When cardiac Tm was
used, pH dependence of isometric tension coincided with that of control cardiac fibers. When skeletal Tm was used, the pH
dependence coincided with that of control skeletal fibers. Furthermore, closely similar results were obtained in fibers
reconstituted with actin and either cardiac or skeletal Tm without Tn. These results demonstrate that Tm but not Tn modulates

the pH dependence of active tension.

INTRODUCTION

It is known that intracellular pH decreases when muscle
fatigues, and in the onset of ischemia and hypoxia. A
decrease in pH causes decreases in active tension, shorten-
ing velocity, and Ca®* sensitivity in skinned muscle fibers
(Dawson et al., 1978; Edman and Matiazzi, 1981; Donald-
son and Hermansen, 1978; Fabiato and Fabiato, 1978; Rob-
ertson and Kerrick, 1979; Chase and Kushmerick, 1988;
Cooke et al., 1988; Metzger and Moss, 1987). Moreover,
ATPase activity-increases when pH is reduced (Curtin et al.,
1988), resulting in an increase in tension cost (Godt and
Kentish, 1989; Potma et al., 1994).

The degree of the effect of reduced pH depends on the
muscle type. For example, the rightward shift in the pCa-
tension relationship is greater in cardiac than in skeletal
muscle (Donaldson. and Hermansen, 1978; Metzger et al,,
1993). Furthermore, the decrease in maximum isometric
tension is greater in skeletal muscle with predominantly fast
twitch fibers than in soleus muscle, which has predomi-
nantly slow twitch fibers (Metzger and Moss, 1987; Potma
et al.,, 1994). Because different isoforms of myofilament
proteins are expressed in these fiber types (Nadal-Ginard
and Mahdavi, 1989), this difference in pH dependence
among different fiber types may be caused by a difference
in their protein isoforms. It is known that different Tn
isoforms are involved in the different pH effects on Ca®*
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sensitivity (Solaro et al., 1986, 1989; Palmer and Kentish,
1994; Kawashima et al., 1995, Parsons et al., 1997). How-
ever, it is not known whether different Tm isoforms are
involved in the difference in pH dependence on maximum
isometric tension. It may be possible to examine this by
using muscle fibers prepared from transgenic animals ex-
pressing Tm isoforms (Palmiter et al., 1996). In the present
study, we investigated this possibility through the use of
thin filament-reconstituted cardiac muscle fibers (Fujita et
al., 1996; Fujita and Ishiwata, 1998).

The thin filament in skeletal or cardiac muscle fibers can
be selectively removed using calf plasma gelsolin, an actin
filament-severing protein (Funatsu et al., 1990, 1993; Ya-
suda et al.,, 1995). Actin filaments in such thin filament-
removed cardiac muscle fibers can be fully reconstituted by
adding exogenous actin’ (Fujita et al,, 1996; Fujita and
Ishiwata, 1998; Ishiwata et al.,, 1998). Furthermore, thin
filament possessing full Ca?* sensitivity can then be recon-
stituted by adding regulatory proteins Tm and Tn to the
actin filament-reconstituted fibers. We found that, as in
control muscle fibers, pH dependence of tension develop-
ment in actin filament-reconstituted bovine cardiac muscle
fibers in the absence of regulatory proteins was nearly linear
in the pH range 6.0-7.4, but that the slope was steeper. The
original slope was regained by reconstitution with bovine
cardiac nTm (Tm and Tn). Furthermore, fibers reconstituted
with rabbit skeletal n'Tm showed a pH dependence resem-
bling that of rabbit skeletal muscle. Similar modulation of
pH dependence of isometric tension was also observed in
fibers reconstituted with actin and Tm but without Tn.
These results demonstrate that AF/ApH depends on the type
of Tm isoform, such that Tm modifies the pH dependence of
isometric tension.



Fujita and Ishiwata

MATERIALS AND METHODS
Solutions

The solutions used were as follows: rigor solution, 170 mM KCl, 1.0 mM
MgCl,, 1.0 mM EGTA, and 10 mM 3-(N-morpholino)propanesulfonic acid
(MOPS) (pH 7.0); relaxing solution, 117 mM KCl, 5.0 mM MgCl,, 4.0
mM ATP, 1.0 mM EGTA, 10 mM MOPS (pH 7.0), and 20 mM 2,3-
butanedione 2-monoxime (BDM); contracting solution, 117 mM KCl, 4.25
mM MgCl, (2.2 mM free Mg?*), 2.2 mM ATP (2.0 mM MgATP?7), 2.0
mM EGTA, 20 mM MOPS (pH 6.6-7.4) or 2-(N-morpholino)ethanesul-
fonic acid (MES) (pH 6.0-6.4), and 2.0 mM CaCl,. ATP (disodium salt)
was purchased from Boehringer Mannheim (Mannheim, Germany);
EGTA, MOPS, and MES were from Dojindo Laboratories (Kumamoto,
Japan). Tetramethyl thodamine-5-iodoacetamide (Rh-IA) and fluorescein
phalloidin (F1-Ph) were purchased from Molecular Probes (Eugene, OR).
Other chemicals were of reagent grade.

Muscle fibers and proteins

Glycerinated bovine cardiac muscle fibers and rabbit white skeletal muscle
fibers were prepared in a solution composed of 50% (v/v) glycerol, 0.5 mM
NaHCO;, 5.0 mM EGTA, and 2.0 mM leupeptin. Glycerinated fibers were
stored at —20°C and used within 2-8 weeks. Bovine plasma gelsolin was
prepared according to the method of Kurokawa et al. (1990). Actin was
extracted from acetone powder (Kondo and Ishiwata, 1976) of bovine
cardiac muscle according to the method of Spudich and Watt (1971).
Purified G-actin was stored at 0°C and used within 1 week. Tm, Tn, and
nTm were prepared from bovine cardiac muscle and from rabbit white
skeletal muscle according to the method of Ebashi et al. (1968) and purified
using DEAE Sephadex A-25 (Pharmacia, Sweden). Tm labeled with Rb-TIA
(9% labeled) was prepared according to the method of Ishii and Lehrer
(1990).

Tension measurement

A thin muscle bundle (~1 mm in length, =60 pm in diameter) was
carefully stripped from a glycerinated bovine cardiac muscle fiber with a
pair of forceps under a stereomicroscope just before experiments. To
prepare a suitably thin bundle, dissection was carried out in glycerol
solution at about —10°C (Fukuda et al., 1996). Both ends of the bundle
were fixed to thin tungsten wires with enamel (commercial nail polish for
cosmetic use), one of which was attached to a tension transducer (AE-801;
SensoNor a.s, Holten, Norway). The muscle bundle was then immersed in
rigor solution containing 1% Triton X-100 for 20 min to remove residual
portions of the membrane system. After Triton X-100 was washed out with
rigor solution, the bundle was immersed in the relaxing solution. Active
tension was measured with a pen recorder (VP-6533A; National, Japan) by
immersing the muscle bundle in the contracting solution. Active tension of
control cardiac muscle fibers were 60—80 kN/m? (cf. Fujita et al., 1996).
The maximum activated tension in control and actin filament-reconstituted
fibers did not change with the addition of creatine kinase (1.0 mg/ml)/
creatine phosphate (10 mM), suggesting that ATP depletion within the
muscle bundles did not occur, probably because the diameter of the muscle
bundle was small (=60 pm) and the solution was continuously stirred
(Yamaguchi, 1998). The measurement chamber used was a silicon-coated
aluminum block (10 cm X 10 cm X 1 cm) with several small wells (7 mm
in diameter) filled with ~0.4 ml each of experimental solutions (Horiuti,
1986). The bundle was immersed just below the surface at the deepest part
of the solution droplet in the well such that only 1-2 s was required for the
transfer of the bundle from one solution to another. Measurements were
carried out at 25°C.

Removal ahd feconstitution of actin filaments

Removal and reconstitution of the actin filament were performed as pre-
viously described (Fujita et al., 1996; Fujita and Ishiwata, 1998; Ishiwata
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et al.,, 1998). In brief, thin cardiac muscle bundles were immersed in
contracting solution containing 20 mM BDM (to suppress tension devel-
opment during gelsolin treatment, which requires Ca**) and 0.3 mg/ml
gelsolin at 2°C for 80 min to selectively remove thin filament. We con-
firmed that no active tension developed after gelsolin treatment. The
bundles were then immersed in actin-polymerizing solution (80 mM KI,
4.0 mM MgCl,, 4.0 mM ATP, 4.0 mM EGTA, 20 mM BDM, and 20 mM
K-phosphate, pH 7.0) containing 1 mg/ml purified G-actin, which was
mixed just before use. G-actin in the polymerizing solution was freshly
prepared just before use and exchanged every 7 min to avoid nucleation.
Actin polymerization was performed for a total of 28 min (7 min X 4).
Removal and reconstitution procedures were carried out at 2°C. Relaxation
of the actin filament-reconstituted fibers was achieved by immersing the
fibers in relaxing solution containing 20 mM BDM. Activation of actin
filament-reconstituted fibers was achieved by washing out BDM relaxing

- solution with contracting solution. There was no Ca®* sensitivity in actin

filament-reconstituted fibers.

Reconstitution of thin filaments

To reconstitute the thin filament, actin filament-reconstituted fibers were
immersed in relaxing solution containing 3 mg/ml n'Tm and 20 mM BDM
at 2°C for 12 h. To reconstitute fibers with skeletal Tm and cardiac Tn, or
with cardiac Tm and skeletal Tn (chimera nTm fibers), the fibers were first
immersed in relaxing solution containing 1.5 mg/ml Tm and 20 mM BDM
at 2°C for 12 h. The fibers were then immersed in relaxing solution
containing 1.5 mg/ml Tn and 20 mM BDM at 2°C for 5 h. These thin
filament-reconstituted fibers showed no active tension development in the
absence of Ca*, but did develop tension when Ca®* was added in the
absence of BDM. Fibers that developed less than 70% of the tension
obtained before reconstitution with regulatory proteins were not used.

To confirm the binding of Tm to the reconstituted actin filaments in the
fibers, thin filaments were reconstituted with Rh-IA-labeled Tm instead of
unlabeled Tm according to the same procedure as described above. The
fibers were then fixed with relaxing solution containing 1% formaldehyde
for 30 min and stained with 6.6 uM F1-Ph in relaxing solution for 5 h at
2°C to visualize actin filaments. They were then mounted on a coverslip
and washed with relaxing solution containing 4.5 mg/ml glucose, 0.22
mg/ml glucose oxidase, 0.036 mg/ml catalase, and 10 mM dithiothreitol.
Preparations were observed under a laser scanning confocal microscope
equipped with a 25-mW Ar laser at 488 nm (Fluoview-IX/AR; Olympus
Co., Tokyo). No crossover between fluorescence images of rhodamine
(>610 nm,; red) and fluorescein (510-540 nm; green) was detectable. As
shown in Fig. 1, A and B, the distribution of Rh-IA was identical to that of
F1-Ph except for the weak fluorescence at the Z line, showing that incor-
porated Tm was bound to actin filaments except at the Z line. Control
cardiac muscle fibers were also incubated with Rh-IA-labeled Tm for 12 h
at 2°C in BDM relaxing solution and then stained with FI-Ph after form-
aldehyde fixation. As shown in Fig. 1, C and D, fluorescence of Rh-IA was
not detectable, indicating that Tm was not incorporated into the thin
filaments in control fibers.

RESULTS

pH dependence of isometric tension in actin
filamentﬁreconstituted and thin
filament-reconstituted fibers

Fig. 2 shows pen traces of isometric tension measured at
various pH values in actin filament-reconstituted fibers.
First, glycerinated cardiac muscle fibers were treated with
gelsolin (arrow G in Fig. 2). Removal of thin filaments was
verified by measuring active tension, which was negligible
after gelsolin treatment. The muscle bundles were then
treated with actin-polymerizing solution (arrow A in Fig. 2),
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FIGURE 1 Confocal fluorescence micrographs showing the distribution
of actin filaments labeled with F1-Ph (4, C) and Tm labeled with Rh-IA (B,
D) in thin filament-reconstituted (4, B) and control (C, D) cardiac muscle
tibers. Bar, 20 pm.

and the pH dependence of active tension was measured. pH
was increased stepwise from 6.0 to 7.0 at a 0.2 interval, and
decreased again stepwise to 6.0. Active tension increased in
proportion to the increase in pH and decreased in proportion
to the decrease in pH. Relative tension was calculated by
dividing average tension by that at pH 7.0. The stability and
durability of the reconstituted muscle fibers with respect to
contractile properties were indistinguishable from those of
control fibers (Fig. 2).

The pH dependence of isometric tension in the actin
filament- and thin filament-reconstituted fibers is shown in
Fig. 3. In control bovine cardiac and rabbit skeletal muscle
fibers, the pH-tension relation was nearly linear in the pH
range 6.0-7.4. The slope of the pH-tension relation was
greater in skeletal than in cardiac muscle fibers, with AF/
ApH of 0.28 for cardiac (Fig. 3, empty circles, thick line)
and 0.44 for skeletal muscle fibers (Fig. 3, empty triangles,
thin line). AF/ApH in actin filament-reconstituted fibers
without regulatory proteins was 0.62, the greatest value of
all combinations tested (Fig. 3, empty squares, dotted line).
When thin filament was reconstituted with bovine cardiac
nTm, AF/ApH decreased to 0.32, close to the control value
(Fig. 3, filled circles, thick broken line). The thin filament-
reconstituted fibers did not develop active tension in the
absence of Ca®*. These results indicate that the regulatory
proteins suppressed the decrease in tension caused by de-
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creasing pH. In fibers reconstituted with rabbit skeletal
nTm, AF/ApH was 0.48, close to that of the control skeletal
fibers (Fig. 3, filled triangles, thin broken line).

pH-tension relation in fibers reconstituted with
actin and chimera nTm

To determine whether Tm or Tn is responsible for the pH
dependence, the pH-tension relation was examined in fibers
reconstituted with chimera nTm, i.e., either cardiac Tm
(cTm) and skeletal Tn (sTn), or skeletal Tm (sTm) and
cardiac Tn (cTn). In fibers reconstituted with ¢Tm + sTn,
the relation resembled that in cardiac muscle fibers (Fig, 4,
half-filled circle), with a AF/ApH value of 0.29, whereas in
those reconstituted with sTm + c¢Tn it resembled that in
skeletal muscle fibers (Fig. 4, half-filled triangle), with a
AF/ApH value of 0.44. These results indicate that the pH-
tension relation is modified by Tm but not by Tn.

To confirm that the chimera nTm fibers were constructed
successfully, the pCa-tension relation was examined. Fibers
reconstituted with sTm + ¢Tn showed a pCa-tension rela-
tion indistinguishable from that of control cardiac muscle
fibers at pH 7.0 (Fig. 5 A) and pH 6.4 (Fig. 5 B). At pH 7.0,
the Hill coefficient (ny) for control cardiac and chimera
nTm fibers was 1.9 and* 2.0, respeétively, and the pCas,
value, an indicator of Ca®" sensitivity, was 6.05 and 6.1,
respectively. The respective values at pH 6.4 were 2.0 and
2.0, and 5.6 and 5.55. A rightward shift in the pCa-tension
relation by a decrease in pH was observed in control and
chimera fibers to the same degree. The Hill coefficient did
not change significantly with a decrease in pH from 7.0
to 6.4,

pH-tension relation in fibers reconstituted with
actin and Tm ‘

Next, we examined the pH-tension relation of fibers recon-
stituted with actin and Tm. Tm-reconstituted fibers gener-
ated active tension in a Ca®"-insensitive manner because of
the lack of Tn. In cTm-reconstituted fibers, AF/ApH was
0.33 (Fig. 6, empty circle), similar to that of control cardiac
fibers, whereas in sTm-reconstituted fibers it was 0.49 (Fig.
6, filled circle), similar to that of control skeleta]l fibers.
AF/ApH values for various types of muscle models thus
obtained are summarized in Table 1. The difference in the
pH-tension relation between differént Tm isoforms was
statistically significant, whereas there was no statistically
significant difference between different Tn isoforms when
the same Tm isoform was used.

DISCUSSION

Experiments using thin
filament-reconstituted fibers

Actin polymerization was performed for only 28 min (7
min X 4) instead of the 42 min (7 min X 6) used in the



Fujita and Ishiwata

A A A A A A A

7.0 70 60 62 64 6.6 6.8

Tm Modulates pH Dependence of Tension

1543

FIGURE 2 Recordings of isometric tension at varying pH in actin filament-reconstituted cardiac muscle fibers. After measurement of control tension,
fibers were immersed in contracting solution containing 0.3 mg/m! gelsolin and 20 mM BDM for 80 min at 2°C (arrow G). After confirmation that fibers
developed no active tension after gelsolin treatment, they were immersed in actin polymerizing solution containing 1 mg/ml G-actin for a total of 28 min
(7 min X 4) at 2°C (arrow A). Arrowheads indicate solution change. pH values of contracting solutions are indicated below the arrowheads. Spikes are
artifacts due to solution change. Active tension at varying pH was measured at 25°C. Relaxation was obtained by immersing the fiber in relaxing solution
containing 20 mM BDM at 2°C. Vertical and horizontal bars, 2 X 10™* N and 2 min, respectively.

original work (Fujita et al., 1996) to minimize fiber damage
due to repeated high-tension developments. Consequently,
the average tension developed in the actin filament-recon-
stituted fibers was closely similar to that in the control
fibers. The only problem with this actin filament reconsti-
tution method is that it was difficult to control the extent of
tension recovery after reconstitution, which varied between
preparations (Fujita et al., 1996). Because this variability
makes it difficult to quantitatively analyze the difference
between active tension of control fibers and actin filament-

Relative Tension

pH

FIGURE 3 Effect of pH on isometric tension in control cardiac muscle
fibers (empty circles, thick line), control skeletal muscle fibers (empty
triangles, thin line), actin filament-reconstituted muscle fibers (empty
squares, dotted line), thin filament-reconstituted fibers with cardiac n'Tm
(filled circles, thick broken line), and thin filament-reconstituted fibers with
skeletal nTm (filled triangles, thin broken line). Relative tension was
normalized to that at pH 7.0. Lines are fitted by least-squares fit. Vertical
bars show SD calculated from three to five data points. Active tension was
measured at 25°C. The difference between any two data points marked
with * at pH 6.0 was statistically significant (p < 0.001 by Student’s r-test).

reconstituted fibers, experiments should have been designed
to compare the properties of reconstituted and control fibers,
using the same actual fiber. Here, the decrease in active
tension with decreasing pH was compared between actin
(thin) filament-reconstituted fibers and their controls. These
properties were reproducible and reliable, as reported here.

In the present study, we succeeded in constructing chi-
mera nTm fibers composed of either skeletal Tm and car-
diac Tn or vice versa. To construct chimera nTm-reconsti-
tuted fibers, actin filament-reconstituted fibers were first

Relative Tension

04 .
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FIGURE 4 Effect of pH on isometric tension in fibers reconstituted with
c¢Tm and sTn (half-filled circles), and with sTm and cTn (half-filled
triangles). Thick, thin, and dotted lines show, respectively, the fitted lines
for control cardiac, control skeletal, and actin filament-reconstituted fibers
obtained in Fig. 3. Relative tension was normalized to that at pH 7.0.
Vertical bars show SD calculated from three to five data points. Active
tension was measured at 25°C. The difference between two data points
marked with * at pH 6.0 was statistically significant (p < 0.01 by Student’s
t-test).



1544

Relative Tension

Relative Tension

FIGURE 5 pCa-tension relation of control cardiac (empty circles), con-
trol skeletal (empty triangles), and (sTm + cTn)-reconstituted fibers (half-
filled triangles) at pH 7.0 (A) and pH 6.4 (B). Thick and thin lines are the
curves fitted for control cardiac and skeletal fibers (solid line, pH 1.0;
broken line, pH 6.4), respectively. Relative tension was normalized to that
at pCa 4.0, Vertical bars show SD calculated from three to five data points.
Active tension was measured at 25°C.

reconstituted with Tm and then with Tn so that nonspecific
binding of Tn to actin filaments was avoided (Ishiwata and
Kondo, 1978). The purity of added proteins was confirmed
by sodium dodecy! sulfate-polyacrylamide gel electrophore-
sis before reconstitution (data not shown), but the quality of
reconstitution (e.g., the stoichiometry of actin, Tm, and Tn)
in the reconstituted fibers could not be evaluated by sodium
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Relative Tension
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FIGURE 6 Effect of pH on isometric tension in fibers reconstituted with
cTm (empty circles) and sTm (filled circles). Thick, thin, and dotted lines
show, respectively, fitted lines for control cardiac, control skeletal, and
actin filament-reconstituted fibers obtained in Fig. 3. Relative tension was
normalized to that at pH 7.0. Vertical bars show SD calculated from three
to five data points. Active tension was measured at 25°C. The difference
between two data points marked with * at pH 6.0 was statistically signif-
icant (p < 0.01 by Student’s #-test).

dodecyl sulfate-polyacrylamide gel electrophoresis because
of the small amount of proteins. To confirm the reconstitu-
tion of thin filaments, the pCa-tension relation was therefore
examined. On the basis that both the pCas, value and the
Hill coefficient in the chimera nTm fibers were determined
by the type of Tn (Fig. 5), we conclude that the function of
thin filaments was fully recovered.

Maximum decrease in active tension by
decreased pH in actin
filament-reconstituted fibers

In control cardiac muscle fibers, active tension decreased
linearly with a decrease in pH in the range of pH 6.0-7.4
(Fig. 3, empty circles), which is consistent with the previous
results (Metzger and Moss, 1987; Godt and Kentish, 1989;
Solaro et al., 1989). Although a linear decrease in active

TABLE 1 AF/ApH values for various types of muscle model

Thin filament-reconstituted

Control cTn sTn no Tn
Cardiac 0.28%* cTm 0.32% Q.29" 0.33%
Skeletal 0.44* sTm 0.44* 0.48* 0.49%
Actin reconstituted 0.62*

*Taken from Fig. 3.
*Taken from Fig. 4.
#Taken from Fig. 6.
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tension by reduced pH was also observed in actin filament-
reconstituted fibers (Fig. 3, empty squares), AF/ApH was
more than twice that of control cardiac fibers. Because the
only difference between control cardiac muscle fibers and
actin filament-reconstituted fibers is the presence of regu-
latory proteins (Fujita et al., 1996), the difference in AF/
ApH should be related to regulatory proteins. Given that
isometric tension is thought to be proportional to the pop-
ulation of attached cross-bridges, the decrease in active
tension with reduced pH may be the result of cross-bridge
detachment.

Several factors can be considered in the regulation of the
number of attached cross-bridges. Myosin has a positively
charged loop (called loop 2) in the upper 50-kDa domain,
- and actin has four corresponding negatively charged acidic
residues located at the N-terminus in subdomain 1. These
are assumed to make the initial contact in the actin-myosin
interaction (Chaussepied and Van Dijk, 1999). Addition-
ally, there are many histidine residues that have neutral pK
values. In theory, a decrease in pH from 7.0 to 6.0 should
decrease the proportion of* negatively charged carboxyl
groups (assume pK 4.7) by ~5% and increase that of
positively charged imido groups (assume pK 6.5) by ~70%.
The large decrease in active tension by reduced pH in the
actin filament-reconstituted fibers may be primarily attrib-
uted to the effect of these changes in surface charge on the
actin-myosin interaction..Changes in the charge distribution
of actin, myosin, or both may also modulate secondary
factors that affect the actin-myosin interaction, such as the
distance between thick and thin filaments.

Modulation of the pH dépendence of active
tension by regulatory proteins

Given that the protein composition of skeletal nTm-recon-
stituted fibers is considered to be the same as that of cardiac
muscle fibers with the exception of regulatory proteins, the
results shown in Fig. 3 indicate that the differing pH de-
pendency among muscle types is attributable to regulatory
protein isoforms. We therefore conclude that the type of
regulatory proteins modulates the pH dependence of active
tension: the pH dependence of fibers reconstituted with sTm
and cTn resembled that of the control skeletal muscle fibers
(Fig. 4, half-filled triangle), whereas fibers reconstituted
with cTm and sTn resembled that of control cardiac muscle
fibers (Fig. 4, half-filled circle). These findings demonstrate
that the pH dependence: of active tension is modulated by
Tm, and that Tn has no effect on this variable.

When Tm alone (cardiac or skeletal) was added to actin

filament-reconstituted fibers, AF/ApH decreased in both -

cases (Fig. 6). The effect was similar with nTm. These
results support the conclusion that Tm alone modulates the
pH dependence of active tension. It has been reported that
the binding of Tm to actin is stabilized by lowering pH
(Tanaka, 1972). The difference among Tm isoforms in
modulating the pH dependence of active tension may be due
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to differences in the stability of Tm isoforms binding to
actin filaments.

Three-dimensional modeling of thin filament showed that
Tm does not cover the charged group on actin’s surface in
the presence or absence of Ca®>" (Lehman et al., 1995).
However, because negative staining was used to visualize
Tm, which may alter its location, the possibility remains
that Tm is closer to the charged residues in vivo. In addition,
the effect of Tm on the pH-tension relation may be attrib-
utable to allosteric regulation of charge distribution on actin
filaments. That is, the presence of Tm may affect the ac-
cessibility of charged groups on actin, even though they are
distant from the area covered by Tm.

Mammalian Tm has « and B subunits, which can be
arranged as two isomers, aa and af3 (Eisenberg and Kiel-
ley, 1974). The amino acid sequence of these a and 8
subunits in rabbit skeletal and cardiac muscle is identical
(Stone and Smillie, 1977; Lewis and Smillie, 1980). The
subunits differ by 39 residues, including two residues, giv-
ing a more negative net charge on the 8 (Mak et al., 1979).
Because the o:B ratio depends on muscle type (in general,
the ratio of a to 8 in cardiac muscle is larger than that in
skeletal muscle), the modulation of pH dependence of iso-
metric tension in actin filament-reconstituted fibers may
also be due to differences in charge distribution on Tm
isoforms.

The present study used rabbit fast skeletal Tm and bovine
cardiac Tm, both of which are a mixture of o and 8 Tm. It
is not clear whether the difference in pH dependence of
active tension between skeletal and cardiac Tm (Figs. 3 and
4) results from a difference in skeletal and cardiac Tm or in
rabbit and bovine Tm. However, this ambiguity.does not
change our major conclusion that Tm modulates the pH
dependence of active tension. The molecular basis of Tm’s
modulation of pH dependence of active tension may be
clarified by reconstitution of thin filaments by the use of
purified o and B Tm or mutant Tm with different charge
distribution. This awaits further investigation.

The smaller decrease in active tension in an acidic envi-
ronment in cardiac muscle than in skeletal muscle may have
developed during the process of evolution. The ability to
survive an acidic environment is of particular advantage for
cardiac muscle cells, which are often subject to lowered pH
induced by cardiac hypoxia and ischemia.
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UltraRapid Communication

Effects of MgADP on Length Dependence of Tension
Generation in Skinned Rat Cardiac Muscle

Norio Fukuda, Hidetoshi Kajiwara, Shin’ichi Ishiwata, Satoshi Kurihara

Abstract—The effect of MgADP on the sarcomere length (SL) dependence of tension generation was investigated using
skinned rat ventricular trabeculae. Increasing SL from 1.9 to 2.3 um decreased the muscle width by ~11% and shifted
the midpoint of the pCa-tension relationship (pCas,) leftward by about 0.2 pCa units. MgADP (0.1, 1, and 5 mmol/L)
augmented maximal and submaximal Ca’*-activated tension and concomitantly diminished the SL-dependent shift of
pCay in a concentration-dependent manner. In contrast, pimobendan, a Ca?* sensitizer, which promotes Ca’* binding
to troponin C (TnC), exhibited no effect on the SL-dependent shift of pCas,, suggesting that TnC does not participate
in the modulation of SL-dependent tension generation by MgADP. At a SL of 1.9 jm, osmotic compression, produced
by 5% wt/vol dextran (molecular weight ~464 000), reduced the muscle width by ~13% and shifted pCayp leftward to
a similar degree as that observed when increasing SL to 2.3 wm. This favors the idea that a decrease in the interfilament
lattice spacing is the primary mechanism for SL-dependent tension generation. MgADP (5 mmol/L) markedly attenuated
the dextran-induced shift of pCas, and the degree of attenuation was similar to that observed in a study of varying SL.
The actomyosin-ADP complex (AM.ADP) induced by exogenous MgADP has been reported to cooperatively promote
myosin attachment to the thin filament. We hereby conclude that the increase in the number of force-generating
crossbridges on a decrease in the lattice spacing is masked by the cooperative effect of AM.ADP, resulting in depressed
SL-dependent tension generation. The full text of this article is available at http://www.circresaha.org. (Circ Res.
2000;86:e1-¢6.)

Key Words: MgADP m pimobendan m Ca®* sensitivity m cardiac muscle m sarcomere length

A n alteration in ventricular end-diastolic volume results in
a marked change in cardiac output.l:2 This intrinsic
ability of the heart to alter cardiac output forms the basis for
the Frank-Starling law of the heart. It is well established that
twitch tension and Ca®* responsiveness in cardiac muscle

preparations are enhanced as muscle length (ie, sarcomere

length [SL]) is increased within the normal physiological
range (SL from =~1.8 to =~2.3 pm).1-5 Although a number of
studies have been conducted to account for the SL depen-
dence of tension generation in living myocardium, its mech-
anism has not been completely elucidated.s However, at the
myofilament level, there is an increasing amount of evidence
suggesting that the SL dependence is primarily due to a
change in the interfilament lattice spacing that accompanies
the SL change.”® A possible consequence of the decreased
lattice spacing is an increase in the probability of myosin
attachment to the thin filament, resulting in an increase in the
number of force-generating crossbridges.”-101! Ishiwata and
Oosawa!? proposed a model based on the Ca’*-dependent
flexibility of the thin filament, in which they assumed that

(1) the muscle volume (ie, the lattice volume) remains
constant on a change in SL and that (2) there is a critical
distance between the thick and thin filaments for tension
generation. This model quantitatively explains both the
stretch-induced increase in the steady isometric tension and
the slower (or faster) rate of tension development (or decline)
at a shorter SL,!3-14 supporting the hypothesis that a change in
the lattice spacing plays a pivotal role in determining the
SL-dependent Ca®* sensitivity of tension. Alternatively, it
was proposed that the length-dependent change in myofila-
ment activation is caused by cardiac troponin C (TnC), which
acts as a “length sensor” in the cardiac muscle contractile
system.!316 However, this idea has attained little experimen-
tal evidence from other groups, and it was challenged by
McDonald et al,!” who reported that the expression of skeletal
TnC in ventricular myocytes of transgenic mice did not alter
the SL dependence of Ca** sensitivity of tension in skinned
myocytes. Thus, it is unlikely that TnC alone acts as a “length
sensor” in cardiac muscle,

It is known that the degree of activation of the thin filament
is regulated not only by the binding of Ca** to TnC but also
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by the formation of strong-binding crossbridges, such as the
rigor'®1? and crossbridges that bind ADP.20-22 Fukuda et al??
" reported that the actomyosin-ADP complex (AM.ADP) in-
duced by exogenous MgADP can “turn on” adjacent actin
molecules in a cooperative manner so that the actin and
myosin interaction becomes possible, just as if Ca®* were
bound to TnC. Consequently, upon the addition of MgADP,
the pCa-tension relationship for skinned cardiac muscle is
shifted to the left, showing greater Ca®" sensitivity of
tension,21~23

To investigate the influence of the formation of strong-
binding crossbridges on SL-dependent tension generation in
cardiac muscle, we measured the SL-dependent shift of the
pCa-tension relationship in the presence of varying concen-
trations of MgADP using skinned rat ventricular trabeculae.
The formation of strong-binding crossbridges is known to
increase the affinity of TnC for Ca?*.3524 Thus, to clarify
whether the effect of MgADP is based on the increased
affinity of TnC for Ca’*, we examined the effect of pimo-
bendan, a Ca?* sensitizer, which promotes Ca** binding to
TnC.25:26 A preliminary report has been published in abstract
form.2”

Materials and Methods

Experimental Procedure
The heart was removed from male Wistar rats (250 to 300 g)
anesthetized with sodium pentobarbital (50 mg/kg IP). The rats were
supplied by Saitama Experimental Animals Supply (Saitama, Japan),
and the present study conforms with the Guiding Principles for the
Care and Use of Animals approved by the Council of the Physio-
logical Society of Japan. Thin trabecula muscles with the diameter of
100 to 150 pm were dissected from the right ventricle in oxygenated
Tyrode solution without Ca’ at 30°C. The preparations were
skinned by superfusion with 1% vol/vol Triton X-100 in the relaxing
solution (in mmol/L: MgATP 4, MOPS 10, EGTA 10, free Mg®* 1,
and ionic strength 180 {pH 7.0]) for 60 minutes at =~2°C. The ionic
strength (IS) was adjusted with KCl. The preparations were then
washed with the relaxing solution to remove Triton X-100 and stored
at —20°C in the relaxing solution containing 50% vol/vol glycerol
and 2 mmoV/L leupeptin for 1 week or less.

Both ends of the preparation were tied to thin tungsten wires with
a silk thread. One end was attached to a tension transducer (BG-10;
Kulite Semiconductor Products, Inc, Leonia, NJ) and the other to a
micromanipulator (Narishige, Tokyo, Japan). The SL was adjusted to
either 1.9 or 2.3 pm by measuring laser light diffraction in the
relaxing solution. Ca?*-activated isometric tension was measured in
activating solutions containing 4 mmol/. MgATP, 10 mmol/L
MOPS, 1 mmol/L free Mg**, a varying concentration of free Ca’*
(adjusted with Ca/[10 mmol/L. EGTA]), 0.1 mmol/L. P',P>-di(aden-
osine-5')pentaphosphate (AP;A), 15 mmol/L. creatine phosphate
(CP), 15 U/mL creatine phosphokinase (CPK), and 180 mmol/L IS
[pH 7.0], at the two SLs with/without MgADP or pimobendan
(donated by Nippon Boehringer Ingelheim; Kawanishi, Hyogo,
Japan).

Change in Hill Coefficient With MgADP

The control pCa-tension relationship without MgADP or pimo-
bendan was first obtained at a SL of 1.9 um and then at 2.3 pm. By
using the same preparation, the pCa-tension relationships in the
presence of MgADP or pimobendan were obtained at the two SLs.
Each pCa-tension relationship was obtained by cumulatively raising
the Ca®* concentration from the relaxing condition. Because we
noted a variation in ny (and related parameters), depending on the
preparation, paired experiments were carried out on the same
preparation. Finally, maximal Ca’*-activated tension (at pCa 4.8)
was measured at the two SLs in the control condition without
MgADP or pimobendan to examine the reproducibility of tension
development. We only used the data in which the final tension values
were greater than 70% of those measured at the beginning of the
experiment,

The muscle width was measured under a microscope (Nikon
SMZ645) at a magnification of X225. The concentrations of chem-
icals in solutions were estimated by computer calculation.?® All
experiments were carried out at 20+0.2°C.

Data and Statistical Analyses

The pCa-tension relationship was fitted to the Hill equation: log[P/
(100—P)]=ny[pCas—pCa), where P is the relative tension expressed
as a percentage of the maximum (+Ca®*, pCa 4.8), ny is the Hill
coefficient, and pCas, is —log[Ca?*} at P=50. All data are expressed
as mean*SEM. Paired Student’s ¢ test was used, and statistical
significance was verified at P<0.05.

Results

Effect of MgADP on the Length Dependence of
Ca’* Sensitivity of Tension

Figure 1 shows the effect of MgADP on the SL dependence
of Ca** sensitivity of tension. In the control condition without
MgADP or pimobendan, maximal absolute Ca**-activated
tension values were 52.5+4.7 and 77.9%4.1 mg (n=17,
P<0.001) at SL 1.9 and 2.3 um, respectively, and pCas, was
shifted leftward by about 0.2 pCa units by increasing SL. from
1.9 to 2.3 pm. The degree of the SL-dependent shift of pCas,
was consistent with the result of a previous study using rat
ventricular muscle strips.2® In the absence of MgADP, the
muscle width was reduced from 1326 to 1184 um (n=4;
P<0.001) on extension of SL during relaxation (ie, ~11%
reduction): The addition of MgADP (up to 5 mmol/L) did not

_change the muscle width at either SL'(131+7 and 117£5 pm

[n=4; P<0.001] at SL 1.9 and 2.3 pum, respectively, in the
presence of 5 mmol/L. MgADP).

Consistent with our previous studies using skinned bovine
cardiac muscle,2223 MgADP shifted the pCa-tension relation-
ship to the left in a concentration-dependent manner (Figure
1). Concomitantly, the SL-dependent shift of the pCa-tension
relationship was diminished in a concentration-dependent
manner; in the presence of 5 mmol/l. MgADP, ApCay, was
decreased to ~20% of the control value (Figure 1C, inset).

Figure 1A Figure 1B Figure 1C
SL Control 0.1 mmollL Control 1 mmol/lL Control 5 mmol/L
19 um  5.81+0.28 5.780.40 4.77+045 4.74+0.32 496055  2.43:x0.08
2.3 pm 5.10+0.29 5.03+0.56 4.17+0.14 3.97+0.07 5.31+0.31 2.21+0.10*

Values from left and right columns were obtained from Figures 1A, 1B, and 1C, respectively (mean=SEM [n=4
1o 5]). *P<0.05 compared with corresponding control (—MgADP) values.
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Figure 1. Effects of MgADP on pCa-tension relationships at dif-
ferent SLs. Solvent conditions: 4 mmol/L MgATP, 10 mmol/L
MOPS (pH 7.0), 1 mmol/L free Mg?*, varying [Ca?*] (pCa
adjusted by Ca/EGTA), 0.1 mmol/L APzA, 15 mmol/l. CP, 15
U/mL CPK, and IS maintained at 180=1 mmol/L. MgADP was
added to the above solution at a concentration of 0.1, 1, or
5 mmol/l.. The ATP regenerating system (CP-CPK) was nat
added for experiments that used MgADP. Paneis A, B, and C
show the effects of MgADP at concentrations of 0.1, 1, and
5 mmol/l., respectively, on the pCa-tension relationships at SLs
of 1.9 um (circles) and 2.3 um (squares); note that different
muscle preparations were used. Solid lines and open symbols
indicate pCa-tension relationships in the absence of MgADP;
dotted lines and closed symbals, those in the presence of
MgADP. Data obtained for each preparation were fitted to the
Hill equation, and the results were simulated by the Hill equation
with the mean values of pCas; and ny. Each inset represents
ApCas; (ie, difference between the values of pCas, at long and
short SLs) in the absence (control) and presence of MgADP.
pCa-tension relationships were normalized by the maximum ten-
sion at pCa 4.8. Temperature was maintained at 200.2°C. Ver-
tical bars indicate SEM of 4 to 5 data points.

The Table summarizes the ny values of the pCa-tension relation-
ships shown in Figure 1. MgADP at a concentration of 5 mmol/L.
significantly decreased ny at both SLs,2 whereas no significant
changes were observed for 0.1 and 1 mmol/L. MgADP.

MgADP and Length Dependence of Tension Generation 3
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Figure 2. Effects of pimobendan on pCa-tension relationships
at different SLs. Conditions are the same as in Figure 1 except
that MgADP was absent and 10~ mol/L pimobendan was pres-
ent as well as CP and CPK. Pimobendan was initially dissolved
in DMSO and diluted with the individual solutions. The final con-
centration of DMSO was 1%, having no effect on tension devel-
opment. Symbols are the same as in Figure 1 except that dot-
ted lines and closed symbols represent the pCa-tension
relationships in the presence of pimobendan at SL 1.9 um (cir-
cles) and at SL 2.3 pm (squares). inset represents ApCas, in the
absence (control) and presence of pimobendan. NS indicates
not significant compared with control. pCa-tension relationships
were normalized with respect to the maximum tension at pCa
4.8. Vertical bars indicate SEM of 4 data points.

Because the ATP regenerating system (CP-CPK) was not
used in the presence of MgADP, we estimated the concen-
tration of contaminating MgADP inside the preparation. In
the absence of MgADP, the pCa,, values obtained with and
without CP-CPK were 5.45+0.05 and 5.53+0.05, respec-
tively (n=4; P<<0.001), at SL 1.9 pm. Thus, we estimated the
contaminant MgADP to be =~0.1 mmoV/L under our experi-
mental condition (see Figure 1A). This estimation is within
the range of reported values for skinned cardiac and skeletal
muscles, 3031

Effect of Pimobendan on the Length Dependence
of Ca?* Sensitivity of Tension

Pimobendan was reported to shift the pCa-tension relation-
ship to the left with little influence on maximal Ca**-activated
tension in skinned porcine ventricular muscle.32 In the present
study, 10™* mol/L, pimobendan substantially shifted the pCa-
tension curve to the left at SLs of 1.9 and 2.3 um, whereas in
contrast to MgADP, pimobendan did not diminish the SL-
dependent shift of the pCa-tension relationship (Figure 2).

The ny values in the absence and presence of pimobendan
were 4.01£0.27 and 3.93+0.15 (n=4; P>0.1), respectively,
at SL. 1.9 um and 4.45+0.32 and 3.75%0.12 (n=4; P>0.1),
respectively, at SL 2.3 pwm. Pimobendan did not significantly
change ny at either SL. '

Effect of MgADP or Pimobendan on

Maximal Tension

Figure 3 summarizes the effect of MgADP or pimobendan on
maximal Ca**-activated tension (pCa 4.8) at SLs of 1.9 and
2.3 pm. It has been reported that MgADP significantly
potentiates maximal Ca?*-activated tension in cardiac?22333
and skeletal muscles.2032 We also found that MgADP aug-
mented maximal tension in a concentration-dependent man-
ner, and this potentiating effect was significantly less pro-
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Figure 3. Effects of MgADP or pimobendan on maximal Ca%*-
activated tension. Conditions are the same as in Figures 1 and
2 for MgADP and pimobendan, respectively, except that pCa
was fixed at 4.8. Open columns show SL 1.9 um, and filled col-
umns show SL 2.3 um. NS indicates not significant. The degree
of increase in tension was determined with respect to the maxi-
mal tension obtained without MgADP or pimobendan at each
SL.. Vertical bars indicate SEM of 4 to 5 data points for MgADP
and 4 data points for pimobendan.

nounced at the longer SL (P<0.01). In contrast, pimobendan
only minimally increased maximal tension at both SLs, and
there was no significant difference in the increases in maxi-
mal tension between the two SLs.

Effect of MgADP on Dextran-Induced Shift of the
pCa-Tension Relationship

Dextran (5% wt/vol) reduced the width of muscle from
135+5 to 117+4 pum (n=7; P<0.001) under the relaxing
condition at SL 1.9 pwm. The degree of reduction (~13%) was
similar to that observed when increasing SL to 2.3 um
without dextran (=11%, see above).

In the absence of MgADP, dextran shifted pCas, to the left
by 0.1920.03 pCa units (Figure 4). The degree of the shift of
pCas; was comparable, albeit slightly smaller, to what was
observed when increasing SL to 2.3 um (see Figures 1 and 2).
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Figure 4. Effect of 5 mmol/L MgADP on pCa-tension relation-
ships in the absence and presence of 5% wt/vol dextran at SL
1.8 um. Solvent conditions are the same as in Figure 1 except
that 5% wt/vol dextran (molecular weight =464 000; Sigma) was
used to shrink the muscle volume instead of increasing SL to
2.3 um. Circles indicate in the absence of dextran; squares, in
the presence of dextran. Solid lines and open symbols indicate
pCa-tension relationships in the absence of MgADP; dotted
lines and closed symbols, pCa-tension relationships in the pres-
ence of MgADP. inset represents ApCas, {difference between
the values of pCas, with and without dextran) in the absence
(control) and presence of MgADP. pCa-tension relationships
were normalized with respect to the maximal tension at pCa
4.8. Vertical bars indicate SEM of 7 data points.

Maximal tension was also augmented by =~15% in the
presence of dextran as previously reported by other investi-
gators using skinned skeletal!! and cardiac muscles.34

It was found that in the presence of 5 mmol/L MgADP, the
dextran-induced increase in apparent Ca** sensitivity was
markedly diminished (Figure 4), and the degree of attenuation
was similar to what was obtained in a study of varying SL
(see Figure 1C).

The ny values in the absence and presence of 5 mmol/L
MgADP were 6.32+0.61 and 2.521+0.18 (n=7; P<0.05),
respectively, without dextran and 5.29+0.31 and 1.680.06
(n=7; P<0.05), respectively, with dextran.

Discussion

We demonstrated that using skinned rat ventricular trabecu-
lae, MgADP increases the Ca’* sensitivity of tension and
reduces the magnitnde of SL-dependent changes in Ca
sensitivity. On the other hand, a simple increase in the Ca**
binding affinity of TnC by pimobendan had no effect on the
SL-dependent change in the Ca?* sensitivity of tension. We
discuss the implications of these results, focusing on the role
of strong-binding crossbridges in the regulation of Ca®*
sensitivity of tension.

First, an increase in SL results in a decrease in the lateral
separation between the thick and thin filaments in living
cardiac muscle.s Similarly, the interfilament lattice spacing
is decreased by increasing SL in skinned (glycerinated)
muscle,3 Although the latter study was conducted using
skeletal muscle, it is reasonable to assume that the result can
be extended to skinned cardiac muscle. In the present study,
we observed that increasing SL from 1.9 to 2.3 pum produced
about an 11% reduction in the width of muscle. Thus, it is
suggested that there also occurred a corresponding reduction
(ie, =~#11%) in the lattice spacing on extension of SL from 1.9
t0 2.3 um.

On the other hand, 5% wt/vol dextran decreased the muscle
width by ~13%. An X-ray diffraction study showed that a
reduction in the width of skinned skeletal muscle produced by
dextran reflects a proportional change in the lattice spacing.3”
Although an X-ray study has not been conducted with cardiac
mauscle, the conclusion made, on the basis of skeletal muscle,
could be applicable to cardiac muscle.?® It can thus be said
that in the present study, 5% wt/vol dextran decreased the
lattice spacing by =~13%. Given the fact that both an increase
in SL and osmotic compression produced a similar reduction
in the muscle width and that both increased Ca®* sensitivity of
tension to a similar degree (Figures 1, 2, and 4), we consider
that the decreased lattice spacing is the primary mechanism
for length-dependent tension generation in skinned cardiac
muscle.

There was, however, a slight mismatch between the effect
of increasing SL and that of osmotic compression on Ca**
sensitivity of tension and maximal Ca**-activated tension.
Increasing SL to 2.3 pwm resulted in about an 11% decrease in
the muscle width, whereas osmotic compression decreased
the width by ~13%, yet the shift of pCay, and the augmen-
tation of maximal Ca’*-activated tension were somewhat
more pronounced by the lengthening. The exact reason(s) for
this mismatch is unknown. However, it may be attributable to
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some direct effect of dextran on the crossbridge cycle3®
and/or to the shape of the muscle being altered differently by
mechanical stretch compared with osmotic compression.”

Although Ca®" is a physiclogical activator of myocardium,
it has been known that Ca®* alone does not fully activate the
thin filament# and that strong-binding crossbridges, such as
the rigor complex, can further activate the thin filament.!®* We
have reported that the formation of AM.ADP upon the
addition of MgADP regulates the number of force-generating
crossbridges, synergistically with Ca*" binding to TnC.20-22
In the present study, we found that MgADP, in addition to its
apparent Ca’* sensitizing effect, diminished the SL-
dependent shift of the pCa-tension relationship in a
concentration-dependent manner (Figure 1). Further, MgADP
(5 mmol/L) attenuated the increase in Ca®* sensitivity of
tension produced by osmotic compression, to a similar degree
observed when SL. was increased (Figure 4). As discussed
above, SL-dependent tension generation can be largely ex-
plained due to a decrease in the lattice spacing, which results
in an increase in the number of force-generating cross-
bridges.”1%11 Therefore, it is realized that when force-
generating crossbridges predominate inside the muscle
through the cooperative effect of AM.ADP, the effect of
lattice shrinkage becomes relatively small, leading to de-
pressed SL-dependent tension generation. This interpretation
is consistent with the fact that the potentiating effect of
MgADP was significantly less pronounced at a longer SL
(Figure 3).

Fitzsimons and Moss® reported that an application of
N-ethylmaleimide—modified myosin subfragment 1 to single
skinned rat ventricular myocytes diminishes the SL-
dependent shift of the pCa-tension relationship. It is thus safe
to conclude that when the number of force-generating cross-
bridges is increased through the cooperative effect of strong-
binding crossbridges, the effect of increasing SL (ie, lattice
shrinkage) to produce force-generating crossbridges is offset.

In skinned muscle preparations, strong-binding cross-
bridges promote Ca*" binding to TnC.2* If TnC acts as a
“length sensor” in the cardiac contractile system,!>16 then it
follows that the SL. dependence of tension generation would
be modulated by a change in the affinity of TnC for Ca**, and
the depressed shift of the pCa-tension relationship seen in the
presence of Mg ADP may have been caused by the increased
affinity of TnC for-Ca’*. However, pimobendan was found to
have no effect on the SL-dependent shift of the pCa-tension
relationship (Figure 2). Thus, it is unlikely that the increased
affinity of TnC for Ca** is the major cause of the attenuation
of SL-dependent tension generation by MgADP.

McDonald et al4! hypothesized that the activation state of
muscle with a higher cooperativity varies more dramatically
as a result of length-induced variations in the number of
force-generating crossbridges. However, in the presence of
0.1 or 1 mmol/L. MgADP, the SL dependence was signifi-
cantly diminished (Figures 1A and 1B), whereas ny was not
significantly changed (Table). Thus, it is unlikely that the
attenuation of SL-dependent tension generation by MgADP
underlies the decreased cooperative activation of the thin
filament.

MgADP and Length Dependence of Tension Generation 5

It should be stressed that Mg ADP as low as 0.1 mmol/L (or
~(.2 mmol/L when contaminating MgADP is taken into
account) augmented maximal and submaximal tension and
diminished the SL dependence of tension generation (Figures
1A and 3). Because it has been known that cardiac contractile
proteins are more sensitive to MgADP than skeletal muscle
proteins,?>4? it is possible that MgADP at ~0.1 mmol/L
significantly influences cardiac contractile performance, as in
the in vitro motility assay system.** Recently, Tian et al*¢
demonstrated that ~0.1 mmol/L. MgADP significantly in-
creased the left ventricular end-diastolic pressure in intact rat
heart. It has been pointed out that in the intracellular milieu of .
ischemic or hypoxic cardiac muscle, the concentration of
ADP increases whereas that of ATP decreases.5 Reportedly,
an increase in the ratio of the concentration of ADP to that of
ATP in the vicinity of crossbridges may elicit ischemic
contracture.* The present results suggest that during ische-
mia or hypoxia, the accumulation of ADP may impair the
Frank-Starling mechanism.
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ABSTRACT

High-throughput, selective extraction of
a particular DNA fragment from a mixture
of DNA before PCR amplification is becom-
ing increasingly important in the DNA
analysis field. Although the latest microchip
technology has enabled real-time DNA ex-
pression analysis using hybridization be-
tween surface-bound probe DNA and sam-
ple DNA, the potential of this techrology in
purification of a small amount of DNA has
not been demonstrated. We report here a
method for area-selective release and col-
lection of specific DNA, in which an IR laser
beam is focused onto surface-bound sample
DNA at the target-spotted area to denature
hybridized DNA. First, sample DNA labeled
with a fluorescent dye was hybridized to a
probe DNA immobilized on a chromium-
coated chip. A 1053-nm IR laser beam with
an intensity of 10-100 mW was then focused
on the target area with a spatial resolution
of 10 um, causing the release of the fluo-
rophore-labeled sample DNA as a result of
Dhoto-thermal denaturation. Confirmation
of the amount of eluted DNA by PCR ampli-
fication after collection indicated that more
than 10-20 mol DNA/pim? area was eluted
from the microchip, representing more than
70% of the chip-bound sample DNA. These
results indicate that this method can be ap-
Plied to the highly sensitive purification of
DNA in microchip technology.

1006 BioTechniques

INTRODUCTION

Purification and analysis of DNA
from a mixture of cell extract are fun-
damental in molecular and cellular bi-
ology and molecular diagnosis. In pu-
rification, a DNA library constructed
from cloned DNA is usually used. Al-
though the cloning method is widely
used and is suitable for the preparation
of a large number of DNA, the cultiva-
tion step of this method is laborious and
time consuming. Recently, molecular
biology has moved rapidly towards the
study of functional genomics (10) and
proteomics. These studies require rapid
selection and collection of the target
parts of a gene and mRNA from crude
samples (3,6). Although the latest chip
technology is capable of simple, high-
throughput analysis in distinguishing
different sequences of DNA by hy-
bridization detection between a chip-
bound probe DNA and sample DNA
(1,2,8,9), it has not yet been applied to
high-throughput purification of DNA,
in which a portion of the sample DNA
having particular DNA segments is
picked up for further analysis.

Here, we propose a new type of
DNA purification method using a
photo-thermal approach to extract spe-
cific DNA bound on a microchip sur-
face. This method is based on the princi-
ple that a focused IR beam heats a
spotted area on the metal-coated chip
surface (4) and that the resulting in-
crease in temperature leads to denatura-
tion of the sample probe DNA. As
shown in Figure 1, the method consists
of the following four steps: (i) sample
DNA are loaded onto a chip surface
coated with a metal thin layer, on which
a group of surface-bound probe DNA
are immobilized; (if) sample DNA is hy-
bridized with probe DNA,; (jii) the chip
surface is washed, the hybridized sam-
ple DNA are observed and the plate is
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spot-heated to extract DNA from the
spotted area; and (iv) the released sam-
ple DNA is collected. The advantages of
this spot-heating method are that it pro-
vides non-contact, spatially distributed
denaturation and faster relaxation time
in the increase in temperature. It should
thus prove highly suitable for extracting
target DNA individually from a chip
surface on which a crude DNA mixture
has been loaded. Steps i and ii have al-
ready been realized in DNA chip tech-
nology (1,2,8,9), but steps iii and iv are
not yet tested. Here, we focused on steps
iii and iv, namely the technique for area-
specific denaturation and release of sur-
face-bound DNA and subsequent col-
lection of the released DNA.

MATERIALS AND METHODS

Photo-Thermal Denaturation
Microscopy System

Figure 2 shows a diagram of the
photo-thermal denaturation microscopy
system for area-specific extraction of
surface-bound DNA. It consists of three
different optical units for phase-con-
trast, fluorescence and 1053-nm IR
laser irradiation, respectively (Nd:YLF
laser, 1053-100p; Amoco Laser, Naper-
ville, IL, USA; maximum power 100
mW at the focal point when a x10 ob-
jective lens is used). Different probe
DNA areas in the matrix are distin-
guished by phase-contrast microscopy.
The amount of surface-bound sample
DNA on the microchip was measured
by fluorescence microscopy. Phase-
contrast and fluorescence images were
simultaneously acquired with a dual-
view microscopy system (4,5,7). the
former through a charge-couple device
(CCD) camera and the latter through a
CCD camera equipped with an image
intensifier. The area of DNA denatura-
tion was brought into focus using the
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fluorescence image, and the IR laser
beam irradiated the spotted area. The
intensity of the IR laser beam can be
controlled up to 100 mW at the focal
position on the microchip.

Preparation of DNA Chip

Probe DNA was immobilized on a 6-
nm-thick chromium-coated glass plate.
The chromium surface was modified
with an active residue having a glysi-
doxy group for coupling dsDNA (619
bp, 0.5 pmol, 0.5 uL) onto the surface
by the following two reaction steps.
First, the glass plate with a chromium
surface (45 x 25 x 0.4 mm) was dipped
into a solution of 3-glysidoxypropy-
Itrimethoxysilane for 1 h at room tem-
perature (25°C) and dried at 110°C for
30 min. Next, dsDNA was prepared
with an amino residue at the 5’-terminus
of one strand and sulforhodamine-101
fluorophore at the 5’-terminus of the
other strand so as to immobilize the
DNA through its amino residue with
glysidoxy groups on the chip surface.
The dsDNA was a product amplified
from a cloned human DNA. The clone
has M13 priming sites 5-CATGACTG-
GCCGTCGTT-3 at both ends. It was
amplified by PCR with Taqg DNA poly-
merase (Amersham Pharmacia Biotech,
Little Chalfont, UK) and two primers,
5'-fluorophore-AACGACGGCCAGT-
CATGCG-3" and 5-NH2-AACGAC-

GGCCAGTCATGTG-3". Thermal cy-
cling for PCR was carried out 35x at
94°C for 30 s, 60°C for 30 s, and 72°C
for 60 s. A solution of the product (10
UM dissolved in 0.2 M sodium carbon-
ate buffer, pH 9.5) was dropped onto the
activated chip, incubated at 50°C for 45
min and kept at room temperature so
that the 5'-terminus of the probe DNA
was attached to the chip. The quantity
of immobilized DNA was checked by
fluorescence microscopy with a confo-
cal scanning fluorescence microscope
(LSM-200; Olympus, Tokyo, Japan).

Recovery of DNA Using Photo-
Thermal Denaturation

The DNA chip was rinsed and over-
laid with 5 pL. 20 mM Tris-HCl (pH
7.4) containing 2 mM EDTA (2x TE
buffer). A small area on the chip was
heated with IR laser (10, 25, 50 and 100
mW on the surface of the chip) using
the microscopy system. After IR irradi-
ation, a 4-uL. drop of solution from the
heated spot was collected into a vessel.

The recovered DNA in the drop was
amplified to check quantity. PCR am-
plification was carried out under the
same conditions as described above.
The products of this amplification were
checked by electrophoresis using a 2%
agarose gel followed by staining with
0.5 pg/mL ethidium bromide and ana-
lyzed with a fluorescence-image ana-

lyzer (FM-Bio® 100; Hitachi Software
Engineering, Tokyo, Japan).

Rehybridization of Fluorophore-
Labeled DNA with an ssDNA on
the Microchip

A 60-nucleotide fluorophore-labeled
oligomer ssDNA (60-nucleotide sample
DNA) complementary to the 60 nu-
cleotides from the 3’-end of the immobi-
lized strand on the DNA chip was dilut-
ed to 2 uM. For rehybridization, the
solution was dropped on the chip surface
and incubated for 3 min at 60°C. After
rehybridization, the chip was rinsed with
2x TE buffer at room temperature and
analyzed using the microscopy system.

RESULTS AND DISCUSSION

The purpose of this study was to
demonstrate the feasibility of denatur-
ing and extracting sample DNA from a
small area by a photo-thermal denatura-
tion procedure. First, we examined the
efficiency of denaturation of sample
DNA from the chip surface with a con-
ventional heating procedure using a
heat block. When the chip was main-
tained at 95°C for 1 min, all of the sam-
ple DNA, which had been hybridized to
the surface-bound probe DNA, was re-
leased from the chip surface (Figure 3,
a and b). As shown in Figare 3b, more

Fluorescent
Dyse ~ .

Heati
Plate

Figure 1. Schematic drawing of the photo-thermal denaturation method.
First, the target DNA sample is captured by the immobilized probe DNA on
the microchip surface. After the area for spot heating is selected by fluores-
cence microscopy, the area is heated by irradiation with an IR laser. The sam-
ple DNA released into the solution is collected and used for further analysis.
The chosen DNA samples attached to the particular area on the chip surface
are released by spot heating, which is controlled by the IR focused beam.
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CCD  Image Dichroic Miiror
intensifier Mirror

Figure 2. Schematic drawing of the photo-thermal denaturation mi-
croscopy system for area-specific extraction of surface-bound DNA. The
microscope has three different optical units for phase-contrast, fluorescence
and IR laser irradiation (5,7). Dichroic mirrors and band-pass filters direct thé
beams of the three different wavelengths of light.
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than 95% of the fluorescent sample
DNA was released from the chip sur-
face. Next, a 2-uM 60-nucleotide sam-
ple DNA in 50 mM Tris-HCI (pH 7.5)
was loaded onto the chip and success-
fully rehybridized with the surface-
bound probe DNA (Figure 3¢). The re-
sults indicate the following two facts.
First, the integrity of the probe DNA
remained intact, with the whole strands
undamaged even after denaturation, as
indicated by the 60-nucleotide sample
DNA successfully attaching to the 3’-
end (free end) of probe DNA. Second,
the chromium-coated microchip served

as a good substrate for the immobilized
probe DNA and could release almost
100% of sample DNA, and 70% could
be rehybridized on average through the
thermal denaturation and renaturation
steps. Note that the proportion of irre-
versibly attached sample DNA on the
chromium-coated chip is negligibly
small in contrast to the glass surface
(Figure 3d). As shown in Figure 3d, the
amount of undetached sample DNA on
the glass surface was 90% after the de-
naturation process, in strong contrast to
the case with the chromium-coated sur-
face, which was less than 5%. This may

95°C 1min (2xTE pH7. 5)
1 X2
Wash with water at R T.

(2 1 W DNA in 50mM Tris-HCI

95°C 1min
pH7.5)
1]
60°C 3 min
i
Wash with 2xTE pH7.5 at R.T.

(d)§

Figure 3. Fluorescence micrographs of the chromium-coated microchip surface and glass surface.
() Fluorescence image of the chromium-coated microchip with attached fluorescent DNA; (b) the chip

after the photo-thermal denaturation process; (¢) the chip after rehybridization with the sample; and (d)
the glass surface after the denaturation process. Bar, 200 pm.

{008 BioTechniques

Figure 4. Fluorescence and phase-contrast mi-
crographs of the microchip surface. Fluores-
cence image of the microchip surface before (a)
and after (b) IR laser beam irradiation; (¢) the
chip after rehybridization with the sample DNA
on the IR-irradiated microchip; and (d) phase-
contrast micrograph of (c). The numbers traced
on the surface of the chromium-coated microchip
(100, 50, 25 and 10, respectively) indicate the
power of IR laser irradiation for tracing. 100, 50,
25 and 10 mW. The word “HARL” was traced
with a 10-mW IR laser beam. Bars, 100 gm.
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be due to the charge of chromium (zeta
potential) at the boundary of the chip
surface, which prevents the nonspecific
adsorption of sample DNA directly
onto the chip surface.

The chromium-coated microchip
has three advantages in the photo-ther-
mal denaturation method. The first is
its improvement of the absorbance of
the IR laser on the surface of the chip
during heating. While absorbance of a
glass slide and water is negligibly small
at 1053 nm, the 6-nm-thick chromium-
coated surface achieved 40% absorp-
tion of the IR laser. The second advan-
tage is the high efficiency of silane
coupling on the oxydized chromium at
the surface of the plate compared with
that of the glass surface. In general,
silane coupling works far more effi-
ciently on a metal oxide than a glass
surface. The third advantage is, as men-
tioned above, the prevention of nonspe-
cific DNA adsorption.

Before photo-thermal spot heating,
the fluorophore-labeled 619-nucleotide
ssDNA (standard sample DNA), the
complementary pair of whole-length
probe DNA was hybridized onto the
chromium-coated chip (Figure 4a). Im-
portantly, although the whole area of
the microchip was exposed to the stan-
dard sample DNA solution, the DNA
attached only to the area coated with
probe DNA. Next, the 1053-nm

Figure 5. Fluorescence micrographs and in-
tensity profiles of the 25-mW IR-irradiated
microchip surface. (a) Fluorescence image of
the microchip surface after 25 mW IR laser irra-
diation (magnified from Figure 4b): and (b) the
chip after rehybridization with the sample DNA
on the IR-irradiated microchip (magnified from
Figure 4c). Bar, 100 pm.
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focused IR beam irradiated the surface
of the chip and scanned it with varying
laser power (10-100 mW) (Figure 4b).
Bubbles generated by boiling water
were sometimes observed at the irradi-
ated area, indicating that the tempera-
ture of solution in the focused area ex-
ceeds boiling point. Figure 5a shows a
magnified image of the area irradiated
at 25 mW in Figure 4b. Figure 6a is the
trace of fluorescence intensity along
the line A-A in Figure 5a. As shown in
Figures 5a and 6a, fluorescence intensi-
ty decreased in two steps, first to less
than 30% in region P with a width of 30
um and then to less than 5% in region

Q with a width of 10 um.

After photo-thermal extraction, we
examined whether the probe DNA is
maintained intact after IR irradiation by
rehybridizing the 60-nucleotide sample
DNA. Figure 4c shows the result of re-
hybridization between the 60-nucleo-
tide sample DNA and the probe DNA
after 10-100 mW IR laser irradiation.
As analyzed in the 25-mW case (Figure
5b and Figure 6b), fluorescence intensi-
ty in region P recovered to the original
level after the rehybridization proce-
dure (width R), but the intensity in re-
gion Q did not. Thus, although all non-
fluorescent lines traced by the IR beam
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Figure 6. Fluorescence intensities of the IR-irradiated microchip surface. (a) and (b) fluorescence
intensity profile along the A-A line in Figure 5, a and b, respectively.
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Figure 7. Laser power dependence of DNA denaturation on the microchip surface. Open box, width
of the denatured area of.the fluorophore-labeled sample DNA after IR irradiation; closed box, width of
the damaged area on which no rehybridization occurred after rehybridization: hatched box, width of the

rehybridized area after rehybridization.
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at greater than 10 mW remained even
after the rehybridization process, those
traced at 10 mW were completely re-
decorated with fluorophores (Figure
4c). The width of the traced lines in-
creased as laser power increased (Fig-
ure 7). A phase-contrast image (Figure
4d) shows that the chromium film was
damaged by IR irradiation stronger than
10 mW. These results demonstrate that
the probe DNA remains undamaged af-
ter IR irradiation unless the chromium
coating has been damaged.

Finally, we measured the amount of
sample DNA extracted from the chip
after spot-heating a 100 x 10 um area
with a 10-mW IR focused beam. From
fluorescence intensity analysis of the
beam, more than 70% of the sample
DNA was released from the chip sur-
face after irradiation. As shown in Fig-
ure 8, the total amount of extract was in
the order of 10-17 mol, on the basis that
the fluorescence intensity of the extract-
ed sample DNA was between that of the
1 % 10-16 mol and 1 x 1017 mol refer-
ence samples after 15 cycles of PCR
amplification. This result indicates that
this photo-thermal denaturation extract-
ed at least one DNA molecule from a 13
x 13 nm? area (1017 mol/1000 um?2)
and further indicates that this method
allows the area-specific extraction of a

Figure 8. Agarose gel electrophoresis of PCR
products amplified from the microchip ex-
tract. Five microliters of the DNA products were
applied to a 2% agarose gel. Lane A, DNA mole-
cular markers; lane B, sample DNA extracted
from 103 pm?2 microchip surface; lanes C-E, con-
centration references, 1 x 10-15, 10-16 and 10-17
mol of the same DNA, respectively.

Vol. 28, No. 5 (2000)

specified sample DNA.

The present study shows the poten-
tial of this DNA chip as a DNA purifi-
cation apparatus. Spatial resolution of
the denaturation spot size can be im-
proved by increasing the objective lens
magnification. We feel that this photo-
thermal method will greatly enhance
separation efficiency of different DNA
from crude samples.
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Temperature Change Does Not Affect Force between Single Actin
Filaments and HMM from Rabbit Muscles '

M. Kawai,* K. Kawaguchi,t M. Saito," and S. Ishiwata®

“Department of Anatomy and Cell Biology, College of Medicine, University of lowa, lowa City, lowa 52242 USA and TDepartment of
Physics, School of Science and Engineering, Waseda University, Tokyo, Japan

ABSTRACT The temperature dependence of sliding force, velocity, and unbinding force was studied on actin filaments
when they were placed on heavy meromyosin (HMM) attached to a glass surface. A fluorescently labeled actin filament was
attached to the gelsolin-coated surface of a 1-um polystyrene bead. The bead was trapped by optical tweezers, and
HMM-actin interaction was performed at 20-35°C to examine whether force is altered by the temperature change. Our
experiments demonstrate that sliding force increased moderately with temperature (Qq0 = 1.6 = 0.2, +SEM, n = 9), whereas
the velocity increased significantly (Q,, = 2.9 * 0.4, n = 10). The moderate increase in force is caused by the increased
number of available cross-bridges for actin interaction, because the cross-bridge number similarly increased with temper-
ature (Qqo = 1.5 * 0.2, n = 3) when measured during rigor induction. We further found that unbinding force measured during
the rigor condition did not differ with temperature. These results indicate that the amount of force each cross-bridge
generates is fixed, and it does not change with temperature. We found that the above generalization was not modified in the

presence of 1 mM MgADP or 8 mM phosphate.

INTRODUCTION

1t has been known for some time that myosin cross-bridges
generate force by interacting with actin molecules on the
thin filament when they are placed in a solution that con-
tains Ca** and MgATP?". It also has been known that the
amount of force generation increases with an increase in the
ternperature in studies that used mammalian skeletal muscle
fibers (Goldman et al., 1987; Zhao-and Kawai, 1994; Rana-
tunga, 1996). To account for this temperature effect, two
hypotheses are proposed. One hypothesis assumes that the
force per cross-bridge does not change, but the number of
force-generating cross-bridges increases with the tempera-
ture (Zhao and Kawai, 1994). The other hypothesis assumes
that the force per cross-bridge increases with an increase in
the temperature, but the number of cross-bridges does not
change. In these experiments, force (F) is formulated in the
following way:

In vitr
(Fiber) (In vitro
motility assay) o
NfiX,

F = NZfiXi =

where N is the number of active cross-bridges that are
involved in cycling. In fiber studies, ; is the force associated
with a cross-bridge at a state i, and X; is the probability of
the cross-bridge at the state i (0 =< X; = 1). The summation
is over the all cross-bridge states (67 states were identified
in fiber experiments) that are arranged in parallel in half
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sarcomere. Eq. 1 is modified from Kawai and Zhao (1993)
to allow a change in the number of actively cycling cross-
bridges (N). In the first hypothesis, X; changes with tem-
perature, and in the second hypothesis, f; changes with
temperature. .

To obtain an insight on which one of the three parameters
in Eq. 1 might change with temperature at the molecular
level, we designed experiments using an in vitro motility
assay, and studied sliding force between heavy meromyosin
(HMM) molecules attached to a glass slide and an actin
filament attached to a polystyrene bead that was clamped by
a laser trap (optical tweezers). In the in vitro motility
system, two cross-bridge states have been recognized. One
is the attached state (i = 1) that generates force (f; > 0), and
the other is the detached state (i = 2) that does not generate
force (f, = 0). The fiber form of Eq. 1 can be applied to the
in vitro motility system, if we assume that X, is the duty
ratio (Howard, 1997) and f; is the unitary force. In this case,
the product f,X, is the average force/cross-bridge. Quite
interestingly, our results demonstrate that, although force
(F) increases with temperature, this increase is primarily
based on the number of cross-bridges (N), but f;X; remains
approximately the same as the temperature is changed in the
range 20-35°C. A preliminary account of the present work
was reported in a recent Biophysical Society meeting
(Kawai et al., 1999). : :

METHODS
Experimental apparatus

The experimental apparatus used here is the same as reported previously
(Miyata et al., 1994, 1995; Nishizaka et al., 1995a; Nishizaka, 1996;
Ishiwata, 1998). The entire apparatus is mounted on a pneumatic isolation
table (Herz Kogyo KK, Tokyo, Japan). The optical system is based on an
inverted microscope (TMD-300, Nikon, Tokyo, Japan). The light from an



Temperature Effect of Cross-Bridge Force

Nd-YLF laser (1053 nm, 1W: Amoco Laser, Naperville, IL) is led through
the oil-immersion objective lens (100X, n.a. = 1.3) from down below and
traps a polystyrene bead in the flow cell to function as optical tweezers.
The trap center of optical tweezers can be moved at a constant rate by
controlling a mobile mirror with two DC-servo motors (Optmike-e; Sigma
Koki, Hidaka, Japan). The light from a Halogen lamp, filtered at 380-520
nm, illuminates the flow cell, and its image is recorded by the CCD camera.
The light from a-Hg lamp is filtered at 550 nm and illuminates the flow cell
from below. Accompanying fluorescent light (>590 nm) is led into the
image intensifier (KS 1381, Video Scope, Washington, DC) before it is
recorded by another CCD camera (CCD-72, Dage-MTI, Michigan City,
IN). Phase contrast and fluorescence microscope images are combined and
monitored on one screen. The combined image is videotaped (Hi8 Video,
Sony Corp, Tokyo, Japan) for later analysis.

Flow celi

Both surfaces of a large coverslip (24 X 60 X 0.15 mm) were coated with
collodion dissolved in 3-methylbutyl acetate. A small coverslip (20 X 20 X
0.15 mm) was glued to the large coverslip with double-stick tape at two
sides. The gap between the two glass surfaces was about 0.1 mm. The total
volume of the flow cell was about 25 pl. From one open side, 25 ul of
HMM solution (1 pg/ml for rigor, else 60 pg/ml in solution HD) was
applied and settled for 1 min to allow the HMM molecules to adsorb on the
glass surface. Another 25 pl of HMM solution was applied from the other
side. The cell was then washed by 25 pl of an experimental solution
(CONT, +P, +ADP, or Rigor; Table 1). After 1 min, 25 ul rhodamine-
phalloidin-labeled actin filaments in the same experimental solution were
flowed in. Actin filaments were attached to polystyrene beads. The two
open sides were then sealed by enamel (nail polish), and the flow cell was
placed in the experimental apparatus.

Experimental solutions

Solutions used for the present studies are summarized in Table 1. Before
mixing solutions, doubly distilled water was depressurized for 20 min by
aspirator to minimize dissolved O,. ATP was added as Na,H,ATP-2H,0,
Pi as H, ;Na, ;PO,, ADP as KH,ADP-3H,0, EGTA as H,EGTA, and pH
was adjustec. to 7.40.

Proteins, actin filaments, and polystyrene beads.

G-actin and HMM were purified from rabbit white skeletal muscles as
described (Suzuki et al., 1996). Gelsolin was purified from bovine serum
(Kurokawa, 1990). Polystyrene beads (1.0-um diameter; Suzuki et al.,
1996) were washed with carbonate and phosphate buffers, and coated with
BSA and gelsolin. Actin was polymerized, rhodamine-conjugated phalloi-

TABLE 1 Solution compositions
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din was bound, then F-actin was attached to polystyrene beads. Gelsolin
binds to F-actin and serves as an anchor at the barbed end.

Temperature study

For experiments at 20 and 25°C, the room temperature was equilibrated to
the respective temperatures. For experiments at 30 and 35°C, the inverted
microscope, including the stage and the flow cell, was enclosed by a
Nikon-plexiglass cover and its inside temperature was controlled. The
temperature was measured by a thermister attached to the microscope stage
near the flow cell, and regulated within £1°C of the designated experi-
mental temperature. The temperature in the flow cell was also estimated
from thermal quenching of the fluorescence from rhodamine-maleimide
conjugated to tubulin subunits of microtubule (Kawaguchi and Ishiwata,
manuscript in preparation), a method similar to that reported earlier (Kato
et al., 1999). For the purpose of Q,, calculation, Q5 was first obtained and
averaged, and then the Q,, was calculated as the square of Qs. Q; is
defined as the ratio of a parameter, which is measured at two temperatures
that are 5°C apart.

RESULTS
Force on cross-bridges at different temperatures

A bead to which an actin filament is attached is placed 5 um
above the HMM-coated glass surface, which is moved to the
left to align the filament parallel to the surface (Fig. 1 4).
Then, the bead is lowered within 1.0 pm from the surface
and filament-HMM interaction is performed in the presence
of ATP (Fig. 1, B and C). From the video image (30
frames/sec), the displacement of the bead from the trap
center is traced against time (Fig. 2). Sliding force is cal-
culated as Force = k * Displacement, where £ is the spring
constant of the optical trap (k = 0.29 pN/nm). For detecting
small force, the spring constant k was attenuated either to 50
or 30% of the value by inserting an appropriate neutral-
density filter on the incident Nd-YLF laser beam. The
length of actin filament was determined from the video
image. Because the amount of force is proportionate to the
length of actin filament (Kishino and Yanagida, 1988), the
force value is divided by the length value to obtain force per
unit length of the actin filament.

Figure 3 represents force plotted against the temperature
for three experimental conditions (control, +Pi, +ADP).

ATP Pi ADP MgCl, EGTA KCl DTT Im-HCI BSA GOC*

(mM) (mM) (mM) (mM) (mM) (mM) (mM) (mM) (mg/ml) (+/-)
AB' - - - 4 1 25 - 25 - -~
HD - - - 4 1 25 2 25 _ -
CONT 1 - - 4 1 25 10 25 0.5 +
+Pi 1 8 - 4 1 8 10 25 0.5 +
+ADP 1 - 1 4 1 25 10 25 0.5 +
Rigor - - - 3 1 28 10 25 05 +

*GOC represents 4.5 mg/ml glucose, 0.216 mg/ml glucose oxidase, and 0.036 mg/ml catalase to remove dissolved O, to minimize photo bleaching (Harada

et al., 1990). In all solutions, pH was adjusted to 7.40.

TAB, actin buffer; HD, diluting solution for HMM; DTT, Dithiothreitol; Im-HCI, Imidazole-HCI.

Biophysical Journat 7-8(6) 3112-3119
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FIGURE 1 The method of measuring force on the single actin filament
by optical tweezers. (A) An actin filament-attached bead (1 um in diam-
eter) is placed 5 pwm above the HMM-coated glass surface, which is moved
to the left (Jower arrow) to line up the filament in parallel to the glass
surface (upper arrow). (B) The bead is lowered within 1.0 um from the
glass surface (arrow). (C) The actin filament interacts with HMM to
generate leftward force (larger arrow). This causes the bead displacement
from the trap center indicated by the X mark. The displacement of the bead
is measured (small arrow) and force is calculated by multiplying the spring
constant of the optical tweezers.

Experiments were carried out in the presence of 1 mM ATP
(Table 1). For these experiments, 60 pug/mi HMM was used
to coat the glass surface. A proportionate relationship be-
tween force and the HMM concentration was demonstrated
for 0-200 ug/ml HMM (Nishizaka, 1996) under similar
experimental conditions. As shown in Fig. 3, a small in-
crease in force was observed as the temperature was in-
creased in the range of 20 to 35°C. This trend was not
altered in the presence of 1 mM ADP or 8 mM Pi, except
that force was slightly larger in the presence of ADP. From
Fig. 3, we calculated Q,, for the control condition to be
1.6 = 0.2 (xSEM, n = 3), Q¢ in the presence of 8 mM Pi
tobe 1.8 = 0.4 (n = 3), and Q,, in the presence of 1 mM
ADP to be 1.4 = 03 (n = 3). These values were not
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FIGURE 2 The time course to measure force on single actin filament.
An actin filament-attached bead is placed within 1.0 ym above the HMM-
coated surface, and filament-HMM interaction is performed in the presence
of ATP (Fig. 1). The displacement (left ordinate) of the bead from the trap
center is traced against time at the video rate (30 frames/sec). Sliding force
(right ordinate) is calculated as Force = k * Displacement, where k is the
spring constant of the optical trap (k = 0.29 pN/nm). The length of this
particular actin filament was 4.8 um.

significantly different from the control condition. The av-
eraged Q,, for all activating conditions tested was 1.6 = 0.2
(n=29).

Cross-bridge number per unit length of the
actin filament

Because the total number of cross-bridges (N in Eq. 1)
available for interaction with the actin filament may vary

10 T T T 1

~e~ Control
-~ +1mM ADP
8 —A—+8mM Pi -

Force (pN/ um)

0 2
15 20 25. 30 35 40
Temperature (°C)

FIGURE 3 Force (pN) per unit length (pm) of actin filament is plotted
against the temperature for three experimental conditions (control, +Pi,
and +ADP) in the presence of 1 mM ATP. The error bars represent
+SEM. In the control experiment, n = 4, 5, 3, and 5 for 20, 25, 30, and
35°C, respectively. In the presence of Pi or ADP, n = 3 for 20°C, and n =
4 otherwise. Force was measured as shown in Figs. 1 and 2.
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depending on the temperature, we counted the cross-bridge
number during rigor induction, i.e., in the absence of ATP.
For this series of experiments 1 pg/ml HMM was used to
coat the glass surface. The method of counting the cross-
bridge number and measuring unbinding force in the ab-
sence of ATP is depicted in Fig. 4 (see also Fig. 4 of Miyata
et al., 1995; Fig. 2a of Nishizaka et al., 1995a; and Fig. 1 of
Nishizaka et al., 1995b). The actin filament-attached bead is
placed 2-3 um above the HMM-coated surface, and fila-
ment—-HMM interaction is performed. This height is neces-
sary to count the cross-bridge number so that the unbound
HMM does not rebind to the actin filament. From the video
image, the displacement of the bead from the trap center is
plotted against time (Fig. 4).

The gap on the trace represents unbinding of a single
HMM molecule from the actin filament. The number of
gaps is counted and divided by the filament length to obtain
the number of cross-bridges per 1 wm of the actin filament.
This method determines N in Eq. 1, the number of cross-
bridges involved in cycling. A proportionate relationship
between the number of cross-bridges and the HMM con-
centration was demonstrated for 0-15 pg/ml HMM under
similar experimental conditions (Nishizaka, 1996, and
manuscript in preparation). At a higher concentration, too
many cross-bridges are formed, hence, counting the cross-
bridge number becomes not possible. The results are plotted
in Fig. 5. This figure demonstrates that the number of
cross-bridges available for interaction with the actin fila-

1 ] T
g L
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= i
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E T e
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FIGURE 4 The time course to measure the number of cross-bridges and
the unbinding force on single HMM molecules in rigor state. An actin
filament-attached bead is placed 2-3 um above the HMM-coated surface,
and filament-HMM interaction is performed in the absence of ATP. The
displacement of the bead from the trap center is traced against time. The
gap on the trace represents unbinding of a single HMM molecuie from the
actin filament. The number of gaps is counted and divided by the actin
filament length to obtain the number of cross-bridges per unit length. The
unbinding force is calculated from the gap.
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FIGURE 5 The cross-bridge number per unit length (um) of actin fila-
ment in the absence of ATP is plotted against the temperature. The method
of counting the cross-bridge number is shown in Fig. 4. The error bars
represent £SEM. n = 3, 4, 4, and 3 for the experiment at 20, 25, 30, and
35°C, respectively.

ment increases with temperature. From Fig. 5, the averaged
Qo was calculated to be 1.5 * 0.2 (n = 3).

Corrected force on cross-bridges at
different temperatures

Because the number of cross-bridges available for interac-
tion with the actin filament increased with the temperature
(Fig. 5), we divided the data of Fig. 3 with the data of Fig.
5, and plotted the results in Fig. 6. The errors in Figs. 3 and
5 were propagated and entered in Fig. 6 in a proper way (see
figure legends). Figure 6 represents results from three ex-
perimental conditions (control, +1 mM ADP, and +8 mM
Pi). Figure 6 demonstrates that the average force per cross-
bridge (fiX; in Eq. 1) remained approximately the same as
the temperature was changed in the range 20-35°C in three
experimental conditions.

Unbinding force

If the force generated by a cross-bridge changes with the
temperature, this mechanism implies that a macromolecular
change, such as in the shape of the myosin head, occurs
when the temperature is elevated. If this is the case, then we
expect that “unbinding force” also increases with the tem-
perature. Unbinding force is the force at which a myosin
cross-bridge detaches (unbinds) from actin when pulled
away by external force, and measured by the “gap” in Fig.
4. The measurement is carried out in the absence of ATP,
i.e., when rigor cross-bridges are formed. Unbinding force
is plotted against the temperature in Fig. 7. As this figure

Biophysical Journal 78(6) 3112-3119
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FIGURE 6 Corrected force is plotted against temperature. The data were
obtained by dividing the values of force (Fig. 3) with the cross-bridge
number (Fig. 5) to compensate for the artifact due to two-dimensional
motility assay system, in which the number of HMM molecules within
reach to the actin filament changes with the temperature. The same plotting
nomenclatures as in Fig. 3 are used. The error bars E, are calculated by
(EJZ)* = (E/X)*+(E,/Y)* where X, ¥, Z are the averaged values of Figs.
3, 5, 6, respectively (Z = X/Y), and E, and E, are SEM of Figs. 3 and 5,
respectively.

demonstrates, the unbinding force did not change much in
the temperature range 20-35°C.

-

Sliding velocity

Unlike sliding force, the sliding velocity is expected to
increase with temperature. To measure the velocity, actin
filaments are placed on the HMM-coated surface, and the
filaments are allowed to slide over the surface. From the
video image (30 frames/sec), the position of the filament is
obtained, and the sliding velocity is estimated from the time
course in which the translation is linear over 5 pm, The
results are plotted in Fig. 8 against the temperature for three
experimental conditions (control, +Pi, and +ADP).

The experiments were carried out in the unloaded condi-
tions and in the presence of 1 mM ATP. For this series of
experiments, the standard 60 pg/mi HMM was used to coat
the glass surface. As shown in Fig. 8, the velocity increased
significantly with temperature with the average Q,, of
3.0 = 0.7 (n = 4) in the control condition. The velocity was
slightly faster in the presence of 8 mM Pi, and slower in the
presence of 1 mM ADP. In this sense, the velocity behaves
similar to the apparent rate constant of tension transients.
The apparent rate constant 27b (the rate constant of delayed
tension) is faster in the presence of Pi and slower in the
presence of ADP (Kawai and Zhao, 1993). From Fig. 8, Q,,
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FIGURE 7 Unbinding force in the absence of ATP is plotted against the
temperature after normalization at 20°C. The error bars represent +SEM.
n = 14, 17, 12, and 11 for experiments at 20, 25, 30, and 35°C, respec-
tively. For these experiments, 1 ug/ml HMM was used to coat glass
surface.

in the presence of 8 mM Pi was calculated to be 3.0 + 1.2
(n = 3), and Q, in the presence of 1 mM ADP was 2.7 *
0.9 (n = 3). These Q,, values were not significantly differ-

12 T T T T
—e— Control ,‘

10l -~ +1mM ADP II J
== +8mM Pi /I

Sliding Velocity ( 1 m/sec)

15 20 25 30 35 40
Temperature (°C)

FIGURE 8 Sliding velocity is plotted against the temperature for three
experimental conditions (control, +Pi, and +ADP) in the presence of 1
mM ATP. The error bars represent *SEM. Ermror bars smaller than the
symbol size cannot be seen. In the control experiment, n = 5, 4, 5, and 4
for 20, 25, 30, and 35°C, respectively. In the presence of Pi, n = 4, 3, 4,
and 5 for experiments at 20, 25, 30, and 35°C, respectively. In the presence
of ADP, n = 4, 5, 4, and 3 for experiments at 20, 25, 30, and 35°C,
respectively.
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ent from that of the control activating condition. The aver-
aged Q,q for all conditions tested was 2.9 + 0.4 (n = 10).

DISCUSSION

The purpose of the present study was to determine whether
the isometric force on a cross-bridge increases with temper-
ature using the in vitro motility assay system. For this
purpose, we used synthetic actin filaments attached to poly-
styrene beads. The actin filaments were visualized by fluo-
rescence as rhodamine-conjugated phalloidin was bound to
the filament, HMM was attached to a collodion-coated glass
surface. The position of the polystyrene beads were con-
trolled by the laser trap (optical tweezers), and the interac-
tion between HMM molecules and the actin filament was
monitored.

We observed an increase in force as the temperature was
elevated (Fig. 3; see also Kato et al., 1999). There are two
possibilities to account for this increase: the cross-bridge
number available for force generation (N in Eq. 1) may
increase with temperature, and average force/cross-bridge
(fiX; in Eq. 1) may increase with temperature. We deter-
mined the cross-bridge number in the absence of ATP (rigor
condition), because it is not possible to determine the num-
ber in the presence of ATP under the present set up. Inter-
estingly, we found that the cross-bridge number increased
with temperature (Fig. 5) just in the same way as force did.
This increase may not be a physiological phenomenon,
however, because the cross-bridge number is presumably
maximized during the rigor induction, hence the number
should not change with temperature in a physiological ex-
periment. Therefore, the observed number increase may be
specific to the in vitro motility system (Kato et al., 1999).
One possibility is that the Brownian motion may release the
head portion of HMM that are inadvertently stuck to the
glass surface, but it leaves the C-terminus area of HMM
attached to the glass surface, so that more HMM molecules
become available to interact with the actin filament to
generate more force at higher temperatures.

For this reason, we divided isometric force by the cross-
bridge number to obtain corrected isometric force (f,X;, Fig.
6). We found that the corrected force does not change much
with temperature in all three experimental conditions, from
which we infer that the average force per cross-bridge does
not change much with temperature in the in vitro motility
assay system. The corrected force averaged 4.9 pN (range:
4.3-5.5 pN). This is not the unitary force, however, for this
force value does not consider a 60X difference in the HMM
concentration used in two sets of experiments. To obtain
cross-bridge force, the ordinate values of Fig. 6 should be
divided by the factor ~60, because the number of cross-
bridges available for actomyosin interaction was 60X larger
for the experiment of Fig. 3 than for the experiment of Fig.
5. Nishizaka (1996, and manuscript in preparation) demon-
strated a proportionate relationship between the cross-

3117

bridge number and HMM for up to 15 wg/ml under the rigor
condition, but no data are available for concentrations
higher than 15 pg/ml. The factor must be >15, but =60,
because the HMM concentration and the cross-bridge num-
ber may be nonlinear in this concentration range. Such
nonlinearity is remote, however, because force and the
HMM concentration are proportionaily related for up to 200
wg/ml HMM under similar experimental conditions (Nish-
izaka, 1996). Thus, we calculate from our results that the
force per cross-bridge (f,X,) is somewhere between 0.08 pN
and 0.3 pN. The reason why this force value is less than
unitary force (f;) measured between actin and myosin mol-
ecules (1-6 pN, Finer et al.,, 1994; Miyata et al., 1995;
Molloy et al., 1995; Ishijima et al., 1996) is because, in our
measurement, force is the average over attachment and
detachment cycle, whereas the unitary force (f;) measures
force during attachment. It is known that the duty ratio (X;)
is small in the in vitro motility assay system, and it is about
0.1 (Howard, 1997). What is important in this report is our
conclusion that the average force per cross-bridge does not
change much with temperature.

Although we could not examine the unitary force (f;) and
the duty ratio (X,) independently, a possibility that both f;
and X, change with temperature in a compensatory manner
so that f;X; remains the same is remote, because it is not
likely that such compensation takes place at all temperatures
we tested, and in all conditions (control, +Pi, and +ADP)
we studied (Fig. 6). Furthermore, we measured unbinding
force in the absence of ATP and studied the effect of
temperature. We found that the unbinding force did not
change much with temperature (Fig. 7). From results shown
in Figs. 6 and 7, we infer that the HMM molécules do not
change their shape much as the temperature is increased. A
change in the shape would be necessary if force per cross-
bridge or unbinding force were to change with the temper-
ature, because force is presumably a result of the macro-
molecular architecture of the HMM and actin
interrelationship. In this sense, it can be concluded that the
result of Fig. 7 (unbinding force does not change with
temperature) and the result of Fig. 6 (cross-bridge force
does not change with temperature) are consistent.

In experiments using fast-twitch single skeletal muscle
fibers, isometric force increases with termperature, and this
increase was ascribed to an increase in the number (X; in Eq.
1) of tension-generating cross-bridges (Zhao and Kawai,
1994), or to an increase in the force (f; in Eq. 1) supported
by an individual cross-bridge (Goldman et al., 1987; Kraft
and Brenner, 1997). Both of these mechanisms result in an
increase in the average force per cross-bridge (£,X;) with
temperature. The total number of cross-bridges (N) involved
in cycling is assumed not to change with temperature,
because maximal activating condition with a saturating
Ca®* concentration was used in the fiber experiments.
These experiments and mechanisms are primarily based on
the temperature range =<20°C. The effect of temperature is
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smaller or absent when temperature is raised over 20°C
(Bershitsky and Tsaturyan, 1992; Goldman et al., 1987;
Zhao and Kawai, 1994; Ranatunga, 1996). Therefore, our
results that the force/cross-bridge does not change much in
the temperature range >20°C are consistent with the results
on fiber experiments.

Sliding velocity is expected to increase with the temper-
ature. This is because the velocity is limited by one or two
steps in the cross-bridge cycle, and their rate constants
almost invariably increase with the temperature (Goldman
et al., 1987; Zhao and Kawai, 1994). In contrast, tension is
determined primarily by the equilibrium constants (Kawai
and Zhao, 1993), which may or may not be temperature
sensitive. We found that the sliding velocity increased as the
temperature was increased from 20 to 35°C (Fig. 8) with
Q.0 = 3.0 under the control-activating condition (Fig. 8).
This quotient compares to 1.9 (Anson, 1992), 3.7 (calculat-
ed from Fig. 5 B of Winkelmann et al., 1995), 5.4 (calcu-
lated from Fig. 7 of Homsher et al., 1992), and 2.3-2.8
(calculated from the velocity data at 18°C and 40°C of Kato
et al., 1999) under similar experimental conditions. Q,, in
the presence of Pi (3.0) or ADP (2.7) is similar, but there is
no previous work carried out in the presence of Pi or ADP.

It is interesting to point out that the sliding velocity
decreases in the presence of ADP, much like in the case of
the apparent rate constant. This observation can be ex-
plained by the mechanism that MgADP binds to the nucle-
otide binding site on myosin, and it competitively inhibits
the ATP hydrolysis rate and work performance (Kawai and
Zhao, 1993). It is also interesting to note that the velocity
increases in the presence of Pi, as in the case of the apparent
rate constant (Kawai and Zhao, 1993). This result may be
consistent with the mechanism that Pi-binding accelerates
an approach to the steady state, and that the velocity be-
haves much like the apparent rate constant.

Although it may be difficult to carry out experiments on
the actomyosin system because of the complexity of the
myosin molecule, studying the temperature effect on the
kinesin-microtubule system appears to be easier because
kinesin is a smaller and simpler molecule than myosin. By
using kinesin and microtubule isolated from bovine and
porcine brains, respectively, Kawaguchi and Ishiwata (un-
published work) measured temperature dependence of force
using optical tweezers. They found that the unitary force (f;
in Eq. 1) produced by single kinesin molecules was about 7
pN, and this value did not differ in the temperature range
between 20 and 35°C. Although the amino acid sequence of
the motor domain of myosin and kinesin bears little homol-
ogy, the tertiary structure of the motor domain bears a
striking similarity in terms of the arrangement of a-helices
and B-sheets; hence these two proteins are considered to
have evolved from a common ancestor (Kull et al., 1998). It
is interesting to know that the force that the two motor
proteins generate does not differ at different temperatures,
and this particular property was maintained throughout the
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process of evolution. This fact implies that the temperature
insensitivity of the single molecular force is a fundamental
property of a motor protein, and supports the idea that force
is associated with a particular macromolecular architecture.

The results from single-molecule experiments, however,
have to be applied to single-fiber experiments with caution,
because there is a large difference in the solution composi-
tion in the two experimental systems. In particular, single-
fiber experiments were carried out at or near physiological
ionic strength (180-200 mM), whereas single-molecule ex-
periments were carried out at a low ionic strength (about 50
mM). Because ionic interactions are weakened by increased
ionic strength, single-molecule experiments become in-
creasingly more difficult at higher ionic strength. Because
the hydrophobic interaction is not affected by the ionic
strength, the relative significance of the hydrophobic inter-
action is pronounced in single-fiber experiments, whereas
the relative significance of the ionic interaction is pro-
nounced in single-molecule experiments. As is well known,
an increase in temperature facilitates hydrophobic interac-
tion, because this interaction is endothermic (absorbs heat)
and accompanies a large entropy increase (Zhao and Kawai,
1994). Similar temperature effect between a single-fiber
system and a single-molecule system, in the temperature
range of 20-35°C, suggests to us that the hydrophobic
interaction may become saturated in this temperature range.

CONCLUSION

We found that force/cross-bridge does not change with
temperature in in vitro assay in the temperature range 20—
35°C.
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Abstract

A photothermal method to recover specific DNA fragments fixed in
laser irradiation to thermally denature and release specific DNA immol

place on a DNA chip is described. This method uses infrared (IR)
bilized in a specific area of a chip. A 1053-nm IR laser beam with

an intensity of 10-100 mW is focused on the target area at a resolution of 10 ywm, and the DNA fragments are released from the chip
surface. We have demonstrated that DNA fragments containing different numbers of base pairs (231-799 bp) fixed in place on the DNA
chip can be separately recovered. There are enough quantities of recovered DNA fragments that can be amplified by using polymerase
chain reaction (PCR). The photothermal method coupled with the DNA chip can therefore be used in highly sensitive purification of DNA
and will have many applications in the DNA chip technology. © 2000 Elsevier Science S.A. All rights reserved.

Keywords: DNA chip; Photothermal denaturation; PCR; Infrared laser

1. Introduction

The purification of DNA fragments from living cells is
a fundamental process in molecular biology and molecular
diagnosis. We usually prepare a DNA library constructed
from cloned DNA [1]. The cloning method is suitable for
preparing a large number of DNA fragments, but is very
laborious and time-consuming because of its cultivation
processes. Nowadays, molecular biology is moving very
rapidly towards the stage of functional genomics in which
rapid preparation of different parts of genes will be re-
quired [2]. If a DNA library is constructed on a chip and
any kind of DNA can be individually recovered from the

* Corresponding author. Tel.: +81-423-23-1111; fax: +81-423-27-
7833,
E-mail address: okano-k@crl hitachi.co.jp (K. Okano).

chip, the DNA chip will become a very useful method and
will change the way DNA-related experiments are done.
DNA chip technology in molecular biology has made
rapid progress over the last 10 years [2-11]. Several
approaches have been developed for producing DNA chips
of different formats. In 1991, Fodor et al. [3] succeeded in
making the microchips by photolithography on a solid
surface. A chip containing 65,000 different 20-mer oligo-
nucleotides of defined sequence in an area of 1.6 cm? was
reported in 1996 [2], and it is now possible to assemble
150,000-300,000 oligonucleotides on one microchip [6].
Presynthesized oligonucleotides can be immobilized on a
solid surface [5,7,8] or into a gel element fixed on a glass
plate [9,10] by spotting the oligonucleotides. Any DNA
produced by chemical syntheses, cloning, and polymerase
chain reaction (PCR) can be immobilized on the mi-
crochip. The gel-fixed microchip has a high capacity for
immobilizing oligonucleotides: 50 fmol of oligonucleo-
tides is immobilized per microchip element of size 40 X 40
pm?. This is more than 100 times higher than immobiliza-

0925-4005,/00/$ - see front matter © 2000 Elsevier Science S.A. All rights reserved.
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tion capacity of a plane glass surface, and this high
capacity increases the hybridization velocity and the dy-
namic range. DNA microchips have been applied for gene
expression analyses [5,11] and detection of single-nucleo-
tide polymorphisms (SNPs) [6]. Matrix-assisted laser des-
orption /ionization time of flight (MALDI-TOF) mass
spectrometry coupled with a DNA chip presents a new
strategy for DNA analysis; it can analyze DNA extremely
quick [12]. The oligonucleotide chip in reference [13] is
very promising because the chip has a structure to control
the hybridization by an electrode addressing each element
of the chip. The DNA strands in a sample solution can
quickly approach the probes immobilized on the chip
surface. These DNA. chip technologies, however, are
mainly used in devices for analyzing a large number of
DNA fragments, not for separating and preparing DNA
fragments for further applications. A serious problem to be
overcome in DNA separation applications is how to indi-
vidually recover the DNA into aqueous solution from each
small area on the microchip surface where DNA fragments
are trapped.

Consequently, we developed a DNA preparation method
that uses a photothermal approach to recover specific DNA
fragments trapped on a chip surface. We found that the
recovered DNA can be amplified by PCR and be subse-
quently characterized by further analysis. It is concluded
that the developed method has a high potential for charac-
terizing expressed genes and analyzing the differences
between genes by using DNA chip.

2. Principle

The DNA preparation method is based on the fact that -

the stability of double-stranded DNA is highly dependent
on temperature. As most double-stranded DNA fragments
are denatured at 90-95°C, DNA hybridized with DNA

DNA probe
fluorophore

sample DNA

elution buffer

probes fixed in place on the chip surface can be released
by thermal denaturation. The temperature of the chip sur-
face is locally elevated by irradiating a small metal-coated
area with an infrared (IR) laser beam as schematically
shown in Fig. 1 [14].

The method consists of five processes: (1) hybridizing
reaction of sample DNA fragments with probe DNA fixed
on the chip surface; (2) washing the chip surface to
remove non-specific DNA species; (3) heating a small
metal-coated area on the chip by IR laser irradiation to
extract specific DNA from the chip surface; (4) collecting
the released DNA; and (5) repeating of steps (3) and (4) in
order to recover multiple DNA fragments fixed on the
chip. This method of photothermal denaturation using an
IR laser and a DNA chip rapidly extracts DNA fragments
from the chip surface because it does not require any
cloning procedure or electrophoretic separation.

3. Experimental

3.1. DNA samples preparation

The DNA samples were prepared by the method previ-
ously reported [15] as disclosed below. A half picomole of
amplified human genome fragments (8.7 kb, supplied by
the Human Genome Center, Institute of Medical Science,
University of Tokyo, Japan) was digested with 40 units of
Hsp92Il (Promega, WL, USA). The restriction fragments
(400 fmol) were treated with alkaline phosphatase and
ligated by 1400 units of T4 DNA ligase (Takara) with 80
pmol of adaptor (5-pACTGGCCGTCGTTT-3') supported
by 32 pmol of 5-AAACGACGGCCAGTCATGp-3. The
phosphate residues were introduced into the 5'- and 3'-ends
in order to prevent oligomer—oligomer ligation. The prod-
ucts ligated with the adaptor were purified with QIlAquick

released DNA

recovery of

elution buffer -
released DNA

3
r —

\

DNA sup/port heating

(Cr layer)

10-100 mW

laser-beam (1053 nm)

glass plate

Fig. 1. Schematic illustration of DNA release from a DNA chip by using photothermal denaturation. The DNA hybridized with probe DNA fixed on a solid

support can be released by a laser beam (1053 nm, 10-100 mW).
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Spin Column (Qiagen, Hilden Germany) to eliminate free
oligomers.

By using Tag DNA polymerase (0.625 units, Amer-
sham Pharmacia Biotech, Amersham, UK) on a 50-pl
scale, the fragments ligated with adaptor (50 amol) were
selectively amplified by PCR with primer pairs (10 pmol).
The primer pairs (from Sawady Technology, Tokyo, Japan)
were 5'-(sulforhodamine-101)-AACGACGGCCAGT-
CACGNN-3' and 5 -NH,-AACGACGGCCAGTCACGN-
N-3'. Here, N is any one of the four deoxynucleotides for
discriminating a complementary DNA fragment by PCR
[15]. The thermal cycling reaction was carried out 35 times
at 94°C (30 s), 62°C (30 s) and 72°C (60 s). The six
products of this amplification were checked by elec-
trophoresis using a 2% agarose gel followed by staining
with 0.5 g /ml ethidium bromide. They were analyzed by
a FM-Bio 100 fluorescence image analyzer (Hitachi Soft-
ware Engineering, Tokyo, Japan). The PCR product lengths
were 779 bp (a pair of primers with discrimination se-
quences NN: AA and TC), 619 bp (NN: CG and TG), 411
bp (NN: GT and TA), 270 bp (NN: CA and TT), 231 bp
(NN: CC and TT) and 179 bp (NN: AA and GT).

3.2. Preparation of the DNA chip

DNA was immobilized on a glass chip (45 X 25 X 0.4
mm?®) coated with 6-nm-thick chromium. The chip with
the chromium surface was modified with 3-glysidoxypro-
pyltrimethoxysilane to introduce the active residue and to
fix double-stranded DNAs (PCR products) on the surface.
The PCR products had an amino residue at a 5'-terminus of
one strand and sulforhodamine-101 fluorophore at a 5'-
terminus of the other strand, so that it was fixed on the
chip surface through their amino residue. The chip was
sonicated in 1 M KOH aqueous solution, washed with
H,0, and with 50% ethanol to clear the surface. After this
pretreatment, the chip was dried for 30 min at 110°C, then
dipped in neat 3-glysidoxypropyltrimethoxysilane for 15
min at 25°C followed by treating the same reagent (2%)
diluted with 50% ethanol aqueous solution for 30 min. The
chip was washed with 50% ethanol and dried at 110°C for
30 min to obtain a glysidoxy-activated chip. A solution of
the DNA (10 pM) dissolved in 0.25 M carbonate buffer
(pH 9.5) was dropped onto the glysidoxy-activated chip by
a pin array coupled with Biomek 2000 Laboratory Au-
tomation Workstation (Beckman). Pipette was also used to
make DNA chip; in that case, 0.2 pl of PCR products was
dropped on the glysidoxy-activated chip. The chips are
incubated at 50°C for 10 min in moisture atmosphere then
kept at room temperature for 15 min. The remained active
residues were blocked with Lys (0.1 M) dissolved in 0.25
M carbonate buffer (pH 9.5). The prepared DNA chips
were stored in 20 mM of Tris—HCl (pH 7.5) containing 2
mM ethylenediaminetetraacetic acid (EDTA). The fixed
DNA was easily detected by fluorescence imaging under a

confocal scanning microscope (L.SM-200, Olympus,
Tokyo, Japan).

3.3. Recovery of DNA by photothermal denaturation

The DNA chip was overlaid with 25 pl of 20 mM
Tris—HC1 (pH 7.4) containing 2 mM EDTA. The laser
(1053 nm, 10-100 mW on the surface of the DNA chip)
was focused on the surface of the chip and about 20 wl
drop of solution from the laser-irradiated area was col-
lected in a vessel. A part of recovered DNA (3 pl) was
amplified by PCR to check the DNA. The PCR was
carried out using a primer (GTAAAACGACGGCCAGT).
The amplified products were analyzed by electrophoresis
using 2% agarose gel followed by staining with 0.5 pg/ml
ethidium bromide. The electropherograms were visualized
by a fluorescence image analyzer (FM-Bio 100, Hitachi
Software Engineering, Tokyo, Japan).

4. Results and discussion

We made a DNA-arrayed chip as shown in Fig. 2. Each
of the six different PCR products was immobilized along
separate rows of a 6 X 6 grid. The photo shows a part of
the DNA chip. The fluorescence from one spot clearly
disappeared through IR laser irradiation, whereas the fluo-
rescence from the untreated spots could be detected. This
result indicates that the DNA from a small area was
specifically released.

We then experimentally clarified the characteristics on
how DNAs were released from the chip. As shown in the
fluorescence image of Fig. 3, the fluorophore-labeled DNA
(619 bp was immobilized at the fluorescent area on the
chip) was removed from the irradiated region and the
neighboring area. Bubbles were sometimes observed in the
irradiated area, indicating that the solution temperature in
the focused region could rise above the boiling point of
water. The high temperature enabled the release of a DNA
strand hybridized on its complementary strand fixed on the
chip surface. It was possible to release the hybridized
DNA from a 43-pm-wide denaturation area by 50 mW.
However, the chip surface was partially damaged by the IR
irradiation at this condition. The chromium came off the
glass plate (the darkest area at the center on line a—a in
Fig. 3), which could be easily observed by a phase-contrast
microscope. Therefore, we optimized the laser power to
release and recover the hybridized DNA from the chip
surface. The fluorescence intensity at the small area of the
laser-irradiated surface was measured in order to estimate
the relative amount of denatured DNA. The hybridized
DNA was released by the laser power ranging from 10 to
100 mW, as shown in Fig. 4 line A. More than 80% of the
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Fig. 2. Parts of fluorescence photographs of a DNA chip. The DNAs of 411, 270, and 231 bp were arrayed at lines 1-3 of each of column from a to d.
Photograph A is the DNA chip before IR irradiation and photograph B is the same chip after IR irradiation at 10 mW. The IR laser-irradiated area was 1d.

Laser-irradiated area

DNA-denatured area

DNA-immobilized area
/

Fig. 3. Laser depaturation of a hybrid complex of sample DNA and probe DNA on chromium solid support (fluorescence image after laser irradiation). The
fluorophore-lubeled sample DNA disappeared from the small area on the solid support after laser irradiation. Intensity profiles at the a—a' line under
various laser powers are depicted in Fig. .
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Fig. 4. Relative amounts of denatured DNA at different laser powers. The
fluorescence intensity in the DNA-releasing area was measured from a
fluorescence image as a relative amount of denatured DNA. The closed
circles ® (line A) and open circles O (line B) show the fluorescence
intensity in the DNA-denatured area and the chip-damaged area, respec-
tively. The chip-damaged area, which was identified by phase-contrast
microscopy, is the darkest area and the DNA-denatured area is the
neighboring darkest area in Fig. 3. The same chip was treated with a
fluorophore-labeled oligomer in order to rehybridize with the probe DNA
on the chip surface, and the relative fluorescence intensity (a, line C)
was measured. The chip surface was not damaged at a laser power of 10
mW.

DNA was denatured and released from the chip surface by
laser irradiation. It was possible to release the hybridized
DNA by 10 mW light without damaging the chromium
surface. However, the chip surface was partially damaged
by the IR laser irradiation at a power of 25 mW or higher
(line B). To prove that the DNA probe (or released DNA)
was not damaged in the neighboring area of chromium-
damaged area, we dropped a solution of fluorophore-
labeled single-stranded DNA (60 base length) onto the
surface. As shown by line C in Fig. 4, the previously
denatured area was completely rehybridized with the fluo-
rophore-labeled single-stranded oligomer DNA (60 base
length), which hybridizes with a sequence near the 3’ end

7 8 910 M

of the immobilized DNA strand. This shows that the DNA
probe immobilized on the chip surface was not damaged
after IR laser irradiation, because the 60 base length DNA
could only hybridize to an intact DNA immobilized on the
chip surface.

The recovered DNAs released from five different spots
on one chip surface by a 10-mW laser were amplified by
PCR. As shown in Fig. 5, one main product was detected
in every electrophoresis of recovered DNA (lanes 9-13).
The lengths of the products recovered from the DNA chip
were about 800, 600, 420, 270, and 230 bp, respectively.
They were the same as the intact immobilized DNA (lanes
2-6). Thus, the electropherograms show that the recovered
DNA having different numbers of base pairs can be used
as a template of PCR amplification. If the released DNA
were damaged by the IR laser, the amplified products
would not be obtained.

Some extra bands appeared in the electropherograms of
recovered DNA. The immobilized DNA were prepared by
the PCR using 5-AACGACGGCCAGTCACGNN-3 from
a mixture of DNA fragments depicted in lane 7. All the
fragments have the common sequence of AACGACG-
GCCAGT at both their 3'-termini. The PCR products in
lanes 913 were amplified by using a common sequence
primer. Since both the immobilized DNA and contami-
nants can be amplified with a common primer, there were
some extra products in the electropherograms.

5. Conclusions

We have experimentally studied the characteristics of
photothermal release of DNAs from a DNA chip. The
DNA chip technology will allow separation of many dif-
ferent DNA fragments in one step. The procedure devel-
oped in the present study for releasing specific DNA
fragments from the DNA chip has great potential in the

12 13 14

Fragment length (bp)

Fig. 5. Electropherograms of PCR products. The templates are DNA fragmenis recovered from the IR laser-irradiated chip (lanes 9~13), intact immobilized
PCR products prepared from a mixture of DNA fragments (lanes 2—6), the mixture of DNA fragments (lane 7), and a marker (lapes 1, 8, and 14).
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field of DNA preparation and purification. In general,
hybridization reactions occur between not only comple-
mentary strands but also strands having similar sequences.
The hybridization reaction is carried out at uni-condition
because each probe element on the chip is too small to
independently control the hybridization condition, e.g.,
annealing temperature and salt concentration. This is a
drawback of the DNA chip because non-specific hybridiza-
tion of similar DNA sequences with DNA probes on the
chip frequently occurs. However, we consider that it will
be a merit to analyze rapidly many kinds of DNA frag-
ments because the chip elements can group the fragments
according to the similarity of their sequences. Qur photo-
thermal method makes it possible to further analyze once
the trapped DNA fragments on the chip elements. The
DNA chip, coupled with photothermal denaturation, will
work at searching DNA fragments of similar sequences
(e.g., making a wholesale detection of DNA super family)
to the best of its ability.

Molecular biology is rapidly approaching the stage of
functional genomics. The screening of total gene expres-
sion profiles and the analysis of genome differentiation of
species have become major research fields. A preparation
method that enables separation of DNAs based on differ-
ences in expressed messages or in genomics will become
more important. Our photothermal releasing procedure
coupled with the DNA chip will have great potential in
this field.
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Using the bead assay in optical microscopy
equipped with optical tweezers, we have examined the
effect of temperature on the gliding velocity, force,
and processivity of single kinesin molecules interact-
ing with a microtubule between 15 and 35°C. The glid-
ing velocity increased with the Arrhenius activation
energy of 50 kJ/mol, consistent with the temperature
dependence of the microtubule-dependent ATPase ac-
tivity. Also, the average run length, i.e., a measure of
processivity of kinesin, increased on increasing tem-
perature. On the other hand, the generated force was
independent of temperature, 7.34 + 0.33 pN (average *
8.D., n = 70). The gliding velocities decreased almost
linearly with an increase in force irrespective of tem-
perature, implying that the efficiency of mechano-
chemical energy conversion is maintained constant in
this temperature range. Thus, we suggest that the
force generation is attributable to the temperature-
insensitive nucleotide-binding state(s) and/or confor-
mational change(s) of kinesin-microtubule complex,
whereas the gliding velocity is determined by the
ATPase rate. © 2000 Academic Press

Key Words: kinesiu; mierotubule; motor proteins;
processivity; temperature effect; single molecule anal-
ysis; force generation; gliding velocity; Arrhenius ac-
tivation energy.

In nerve cells, organelles such as mitochondria and
synaptic vesicles travel distances as long as several
micrometers at a rate of 2-4 um/s at physiological
temperature (1-3). This movement has been classified
as fast axonal transport and appears to be similar to
the vesicular movement observed in other cells. Kine-
8in is a homodimer motor protein that bears such in-
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tracellular movements along a microtubule in an an-
terograde manner as a fast axonal transporter and
requires the energy of ATP hydrolysis (4). An impor-
tant property of kinesin is that it is a processive motor:
an individual molecule can move continuously for long
distances along the surface of the microtubule. Kinesin
moves along the microtubule with 8 nm steps and
generates force of 5-8 pN at 25°C (5-9).

In general, chemical reaction proceeds faster at
higher temperatures. It has been known that the glid-
ing velocity of microtubule interacting with kinesin
molecules increases with an increase in temperature
(10, 11). However, this property has not yvet been ex-
amined by single molecular experiments. Because ki-
nesin functions as a single molecule, single molecular
experiments are indispensable. Here, to investigate
the temperature effect on single kinesin molecules, we
examined single-molecular bead assay under an opti-
cal microscope. A single native kinesin molecule puri-
fied from bovine brain was attached to a polystyrene
bead, and the bead was trapped by optical tweezers
and then brought onto a microtubule which was at-
tached to a coverslip (7, 9). As expected from the Ar-
rhenius law on temperature dependence of chemical
reactions, the gliding velocity of single kinesin mole-
cules measured by the displacement of the bead in-
creased steadily up to 35°C, and the corresponding
Arrhenius plot was linear. The distance over which
kinesin molecules continue moving along a microtu-
bule without detachment (run length) was longer at
higher temperatures, which is reasonable as a property
of kinesin that is an intracellular transporter. Also, we
investigated the effect of temperature on the force gen-
eration. Interestingly, the force generated by a single
kinesin molecule did not change when the temperature
was increased from 15 to 35°C. This result suggests
that the force generation of kinesin might be pro-
grammed to perform the same efficiency irrespective of
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temperatures. A preliminary report of this investiga-
tion was presented previously (12).

MATERIALS AND METHODS

Proteins. Kinesin was prepared from bovine brain according to
the method of Kojima et al. (138). Tubulin was purified from porcine
brain and labeled with tetramethylrhodamine succinimidyl ester
(C-1171, Molecular Probes, Eugene, OR) according to Hyman (14).
Microtubules were stabilized with 40 uM taxol.

Bead assay. Kinesin-coated beads were prepared according to
Kojima et al. (13) with slight modifications. We used fluorescent latex
beads (1.0 um in diameter, carboxylate-modified latex; yellow-green,
F-8823; Molecular Probes). The number of kinesin molecules at-
tached to the bead that can interact with a microtubule was esti-
mated by statistical methods (15). All the experiments were per-
formed with beads on which the average number of kinesin
molecules was one.

Flow chamber for beads assay. The fluorescent microtubules
were introduced into a flow chamber and incubated for 2 min to allow
binding of the microtubule to the glass surface of the chamber. The
chamber was washed with an assay buffer containing 2 mM MgCl,,
80 mM PIPES (piperazine-1,4-bis(2-ethanesulfonic acid), pH 6.8), 1
mM EGTA and 0.7 mg/ml filtered casein (0.73-19, Nacalai Tesque,
Kyoto) to remove unattached microtubules and left for 2 min to coat
the glass surface with casein. The chamber was then filled with an
assay solution containing the kinesin-coated beads and an oxygen
scavenging enzyme system (16) [approximately 0.1 pM kinesin-
coated beads, 2 mM MgCl,, 80 mM PIPES (pH 6.8), 1 mM EGTA, 0.7
mg/ml filtered casein, 1 mM ATP (127531, Boehringer Mannheim,
Mannheim, Germany), 10 uM taxol (T-1912, Sigma, St. Louis, MO),
10 mM dithiothreitol (DTT), 4.5 mg/ml glucose, 0.22 mg/ml glucose
oxidase (G-2133, Sigma), 0.086 mg/ml catalase (C-10, Sigma)], and
sealed with enamel. Other chemicals were of reagent grade.

Microscope. A microscopy system used for measuring the inter-
action of kinesin and microtubule was previously described by Nishi-
zaka et al. (17). An inverted microscope (TMD-300; an oil-immersion
objective lens with a phase ring, X100 NA = 1.3; Nikon, Tokyo) was
equipped with optical tweezers with 1W Nd: YLF laser (1053-1000p:
A = 1.053 um; Amoco Laser, IL). The centroid of the phase-contrast
image of polystyrene beads was calculated with a frame memory
computer (DIPS-C2000; Hamamatsu Photonics, Hamamatsu, Ja-
pan) and a fluorescence image of a microtubule was simultaneously
acquired with a modified dual-view fluorescence microscope system
(18, 19). Stiffness of the optical trap was estimated to be 0.087 pN/nm
by the method of Nishizaka et al. (17).

Temperature control. For experiments at 15, 20, and 25°C, the
room temperature was equilibrated by an air conditioner to each
temperature. For experiments at 30 and 35°C, the stage of the
inverted microscope that contained the flow cell was covered by a
thermal insulation chamber (Nikon, Tokyo) and the temperature of
the cell was controlled. The temperature was measured by a ther-
mistor on the microscope stage near the flow chamber and regulated
within *1°C of the designated experimental temperature. We con-
firmed that the local temperature around the bead trapped by the
laser beam did not increase by measuring thermally quenched fluo-
rescence intensity of tetramethyl-rhodamine which was attached to
a microtubule (12, 20). The single-molecular bead assay was done
after keeping the flow cell for 1 min at each terperature.

Gliding velocity of single kinesin-coated bead. A bead, to which a
single kinesin molecule was attached, was manipulated with optical
tweezers onto a microtubule adsorbed to a coverslip. After the at-
tachment of the bead to the microtubule was confirmed in the assay
solution, the laser beam for optical tweezers was shut off. Then the
movement of the bead occurred towards the plus end of a microtu-
bule. From the video image (30 frames/s), the time course of displace-
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ment of the bead was obtained. Because the displacement was nearly
linear with time, the average gliding velocity could be determined
from the slope of the displacement vs. time relationship.

Force generated by single kinesin. A bead, to which a single
kinesin molecule was attached, was manipulated onto a microtubule
in the assay solution by using optical tweezers. When the bead was
placed in contact with a microtubule, the bead was displaced from
the trap center, gradually decreasing its displacement velocity until
it reached a plateau. The bead stayed at the plateau level for some
period of time and then returned to the trap center. On some occa-
sions, however, the bead returned to the trap center before reaching
the plateau. These data were not used for the data analyses. From
the video image, the displacement of the bead from the trap center
was traced against time. Force was calculated from (stiffness of
optical trap) X (displacement).

Measurement of the force-velocity curves. To determine the rela-
tion between velocity and force, 7 raw data showing the time course
of the bead displacement were averaged at each temperature (cf. Fig.
2¢). The gliding velocities at various forces were determined from the
slope of the average time course of bead displacement in the range of
1-2, 2-3, 3-4, 4-5, 5-6 and 6-7 pN. The velocities at zero force were
obtained without applying an external load by an optical frap. To
determine the velocity of kinesin molecules under an external load,
the velocity of the bead must be corrected by multiplying the factor,
1 + (stiffness of optical tweezers)/(stiffness of kinesin-microtubule
complex) (13). But, the stiffness of the kinesin-microtubule complex
has been estimated to be larger than approximately 0.4 pN/nm (21),
being several times larger than that of optical tweezers, 0.087 pN/
nm, so that the correction was not done. Thus, the velocities we
estimated may have been a little underestimated except those at no
load.

RESULTS AND DISCUSSION
Temperature Effect on Gliding Velocity

First, we examined the effect of temperature on the
gliding velocity of the bead without external load (Fig.
la). The result was similar to the previous results
obtained by microtubule gliding assay (10, 11). The
Arrhenius plot was linear in this temperature range as
shown in Fig. 1b. The activation energy was estimated
as 50 kJ/mol from the slope of the Arrhenius plot,
consistent with the temperature dependence of the
microtubule-dependent ATPase activity (11). The Ar-
rhenius activation energy thus obtained is comparable
to that determined in the actomyosin in vitro motility
assay (21-24). At temperatures higher than 40°C, how-
ever, we could not measure the gliding velocities of
beads in the present experimental setup because the
beads tended to detach during incubation for 1 min
which was required for stabilizing the temperature of
the cell in the thermal insulation chamber.

Recently, Bshm et al. (10) reported that the Arrhe-
nius plot of microtubule gliding velocity revealed a
break at 27°C, resulting in the activation energies of 65
kd/mol for <27°C and 9 kJ/mol for >27°C. They con-
cluded that the break in the Arrhenius plot results
from conformational changes of kinesin and/or micro-
tubule (25). On the contrary, there seemed to be no
break at around 27°C in our data (Fig. 1). Besides, a
preliminary result (12) of the microtubule gliding as-
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FIG. 1. Temperature dependence of gliding velocity of a single
kinesin molecule attached to a bead. (a) Gliding velocity vs temper-
ature. (b) Arrhenius plot of a. The error bars represent = S.D. for 7
measurements. The velocities of the bead (average * 8.D.) were,
0.35 x 0.04, 0.50 * 0.05, 0.71 + 0.07, 0.99 * 0.07 and 1.36 + 0.04
pm/s, respectively, at 15, 20, 25, 30, and 35°C. Solvent conditions, an
assay buffer containing 2 mM MgCl,, 86 mM PIPES (pH 6.8), 1 mM
EGTA, 0.7 mg/m! filtered casein, 10 mM DTT, 1 mM ATP and an
oxygen scavenging enzyme system.

say examined between 35 and 50°C by temperature
pulse microscopy (TPM) technique (21) showed that
there are no breaks between 15 and 50°C with a unique
activation energy of about 50 kJ/mol. As the previous
experiments (10) were not a single molecular assay but
a multi-molecular one, there is a possibility that kine-
sin molecules may be thermally damaged due to long
incubation at high temperatures might have prevented
smooth movement of microtubule. Actually, we con-
firmed that we could not obtain reliable data when the
incubation time of the flow cell was longer than 10 min
at 30°C, and even for 1 min at 40°C, because of a
gradual deterioration of motility of kinesin.

Temperature Effect on Processivity

From the same data as used for measuring the glid-
ing velocity, we could estimate the run length (= the
number of steps times the step size), a measure of
processivity, over which kinesin molecules continued
moving on a microtubule without detachment. Al-
though the number of data was not large enough to
confirm the exponential distribution of the run length
(6, 8), we could find that the average run length mo-
notonously increased from approximately 0.7 to 1.5 um
on increasing temperature from 15 to 35°C. This im-
Plies that a probability of detachment at every step of
kinesin becomes smaller on increasing temperature,
suggesting that the hydrophobic interaction is impor-
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tant to stabilize the attached state of kinesin. It is to be
noted, however, that the average duration of continu-
ous running decreased with increasing temperature,
i.e., approximately 2 s at 15°C and 1 s at 35°C. In any
case, such a temperature dependence of run length is
important for the physiological function of kinesin as
an intracellular transporter that needs to carry an
organella for long distances at body temperature.

Temperature Effect on Force Generation

Next, external load was applied to a bead by trap-
ping the bead with optical tweezers. Figures 2a and b,
respectively, show examples of raw data for the bead
moving away from the trap center at 20 and 35°C.
Figure 2c¢ shows the average displacement of the
kinesin-coated bead at 20 and 35°C. Seven traces of the
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FIG. 2. Time course of force generation of a single kinesin mol-
ecule attached to a bead. (a and b) Examples of raw data for the bead
moving away from the trap center at 20 (a) and 35 (b) °C. (c) Average
(n = 7) of the above data at 20 and 35°C. Force calculated from the
bead displacement is shown on the right ordinate. Solvent conditions
are the same as in Fig, 1. -
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displacement of a bead, in which the bead stayed at a
plateau level for a period longer than 0.1 s, were su-
perimposed and averaged at each temperature. The
gliding velocity gradually decreased with the increase
in the external load. The clear difference at these two
temperatures was the velocity of the rising phase. Also,
we found that the duration between the beginning of
tension generation and its end was shorter at higher
temperatures. The duration obtained by averaging 7
data (see Figs. 2a and b) was 1.03 = 0.25 (average *
S.D.), 0.82 +0.18,0.73 = 0.12, 0.69 = 0.21 and 0.58 =
0.18 s, respectively, at 15, 20, 25, 30 and 35°C. Thus,
the lifetime of the attached state became shorter by
imposing external load.

As summarized in Fig. 3, the steady forces at the
plateau level were independent of temperature be-
tween 15 and 35°C, i.e., 7.34 = 0.33 pN (average *
S.D., n = 70). Based on the above results, we suggest
that the force generation in kinesin molecules is attrib-
utable to the temperature-insensitive nucleotide-
binding state(s) and/or conformational change(s) of
kinesin-microtubule complex, whereas the gliding
velocity is coupled with the temperature-sensitive
ATPase rate. It was recently reported that the maxi-
mum force generated by acto-myosin (heavy meromy-
osin) complex is independent of temperature in the
same temperature range as examined here (26), al-
though their data were not obtained by single molecu-
lar experiments. Thus, it is suggested that the tem-
perature-insensitive force generation and the tempera-
ture-sensitive gliding velocity may be common to
molecular motors.

Temperature Effect on Force-Velocity Relation

The force-velocity curves for single kinesin molecules
at several temperatures shown in Fig. 4 were obtained
from the slope of the averaged time course of the bead
displacement (force development) as shown in Fig. 2c
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FIG. 3. Temperature dependence of maximum force generated
on a single kinesin molecule attached to a bead. The maximum forces
(average = S.D.; data, of which duration at a plateau level was
shorter than 0.1 s, were also included for this calculation) were
7.38 + 0.45 (n = 12), 7.21 + 0.57 (n = 16), 7.50 * 0.47 (n = 25),
7.16 £0.83(n = 10) and 7.43 = 0.83 (n = 7) pN, respectively, at 15,
20, 25, 30, and 35°C. Solvent conditions are the same as in Fig. 1.
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1.44

Velocity (um/s)

Force (pN)

FIG.4. Temperature dependence of force-velocity relation. From
bottom to top, open triangles, 15°C; closed squares, 20°C; open
squares, 25°C; closed circles, 30°C; open cireles, 35°C. Velocities at
various forces were estimated from the average slope of the bead
displacement shown in Fig. 2¢ in the range of 1-2, 2-3, 3-4, 4-5, 5-6
and 6-7 pN. The velocities at zero load on the ordinate were obtained
from Fig. 1 and the maximum forces on the abscissa were from Fig.
3. Solvent conditions are shown in Fig. 1.

in the range of 1-2, 2-3, 3-4, 4-5, 5-6 and 6-7 pN. The
data on the ordinate and the abscissa of Fig. 4 were,
respectively, obtained from Figs. 1a and 3. As seen in
Fig. 4, the force-velocity curve was nearly linear in the
whole temperature range we examined from zero to the
maximum force. Such a linear relationship between
force and velocity has previously been reported around
room temperature (13, 15, 27).

The maximum work (= force X working distance)
that a motor can perform is bounded by the free energy
decrease associated with the hydrolysis of one ATP
molecule, ~25 kT or ~100 X 10™* J. In the case of
kinesin of which step size is 8 nm, the force must be
=12 pN. Our data showed that a single kinesin mole-
cule is able to generate a force of 7 pN irrespective of
temperature (Fig. 3). Thus, provided that each step is
associated with the hydrolysis of just one ATP mole-
cule, the efficiency of energy conversion is estimated to
be less than 60% because the maximum work per-
formed is 7 pN X 8 nm = 56 X 10~* J. Besides, because
both gliding velocity and ATPase activity changed in
parallel with the increase in temperature (at least
without external load), the efficiency of mechano-
chemical energy conversion, which is proportional to
(external load = force) X (gliding velocity)/(ATPase
activity), seems to be independent of temperature. Mo-
tor molecules may be programmed so as to perform the
biological movement at a fixed efficiency at any tem-
peratures.
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Characterization of Single Actomyosin Rigor Bonds: Load Dependence of
Lifetime and Mechanical Properties
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ABSTRACT Load dependence of the lifetime of the rigor bonds formed between a single myosin molecule (either heavy
meromyosin, HMM, or myosin subfragment-1, $1) and actin filament was examined in the absence of nucleotide by pulling
the barbed end of the actin filament with optical tweezers. For S1, the relationship between the lifetime (1) and the externally
imposed load (F) at absolute temperature T could be expressed as 7(F) = 1(0)-exp(—F-d/kgT) with 7(0) of 67 s and an apparent
interaction distance d of 2.4 nm (kg is the Boltzmann constant). The relationship for HMM was expressed by the sum of two
exponentials, with two sets of 7(0) and d being, respectively, 62 s and 2.7 nm, and 950 s and 1.4 nm. The fast component
of HMM coincides with #{(F) for S1, suggesting that the fast component corresponds to single-headed binding and the slow
component to double-headed binding. These large interaction distances, which may be a common characteristic of motor
proteins, are atiributed to the geometry for applying an external load. The pulling experiment has also allowed direct
estimation of the number of myosin molecules interacting with an actin filament. Actin filaments tethered to a single HMM
molecule underwent extensive rotational Brownian motion, indicating a low torsional stiffness for HMM. From these results,
we discuss the characteristics of interaction between actin and myosin, with the focus on the manner of binding of myosin.

INTRODUCTION

Recent developments in microscopic techniques have
opened up opportunities of studying “single-molecule phys-
iology,” which enables us to elucidate protein-protein inter-
actions and their various biological functions under living
- circumstances in aqueous media. For molecular motors,
their individual behaviors have been successfully studied at
the single molecule level. Nanometer steps and piconewton
forces generated by single molecular motors have been
measured under an optical microscope (Svoboda et al.,
1993; Finer et al., 1994; Ishijima et al., 1994, 1998; Miyata
et al., 1994, 1995; Molloy et al., 1995; Mehta et al., 1999).
Single-fluorophore imaging (Funatsu et al., 1995; Sase et
al., 1995a) has revealed individual ATP turnovers by myo-
sin and rotational movement between actin and myosin
(Sase et al., 1997), suggesting a hopping character for
myosin (Kinosita et al., 1998). The mechanisms of motor
operation, however, are still unclear. During one cycle of
ATP hydrolysis, molecular motors are considered to form
different conformations with different affinities for their
substrate filaments and to alternate binding and unbinding.
Here we focus on the characteristics of unbinding between
myosin and actin.

In general, binding and unbinding interactions of proteins
are essential for many biological functions, e.g., adhesion
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between cells, migration of cells on substratum (Nishizaka
et al.,, 2000), recognition between ligands and receptors,
processive movement of molecular motors, and so on. Sev-
eral techniques have been developed to measure forces of
protein bonds in the range from the subpiconewton level to
a nanonewton. Glass microneedles were first applied to
measure the sliding force generated between a microtubule
and dynein motors (Kamimura and Takahashi, 1981) and
then successfully used to measure the sliding force and the
tensile strength of single actin filaments (Kishino and
Yanagida, 1988; Tsuda et al., 1996). Individual ligand-
receptor binding has been extensively characterized by
atomic force microscopy (Nakajima et al., 1997; Fritz et al.,
1998). The interaction between avidin and biotin has been
examined in detail, and its molecular dynamics has been
simulated (Florin et al., 1994; Moy et al., 1994; Grubmuller
et al., 1996; Izrailev et al., 1997; Merkel et al., 1999). In the
present study we used optical tweezers to characterize sin-
gle actomyosin rigor bonds.

Optical tweezers, formed by focusing a laser beam, cap-
ture a particle of micrometer size without direct contact
(Ashkin et al., 1986, 1990). In our previous studies (Nish-
izaka et al., 1995b), we measured the force required to
unbind a rigor bond formed between an actin filament and
a single heavy meromyosin (HMM) molecule in the absence
of ATP using optical tweezers under a dual-view (fluores-
cence and phase-contrast) microscope (Kinosita et al., 1991;
Sase et al., 1995b; Arai et al., 1999). The average unbinding

. force was ~9 pN, which is 25 times larger than the sliding

force (Finer et al., 1994; Ishijima et al., 1994; Miyata et al.,
1995) and an order of magnitude smaller than other inter-
molecular forces (Florin et al.,, 1994; Tsuda et al., 1996;
Fritz et al., 1998). Unbinding under a constant force was a
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stochastic process, and an increase in the load by 10 pN
decreased the lifetime of the rigor bond by a factor of 102 to
10°. Interestingly, two types of HMM molecules were
found, one with a large (long) and the other with a small
(short) unbinding force (lifetime), suggesting “molecular
individualism,”

In this study, we measured the lifetime of single actomy-
osin (either HMM or subfragment-1 of myosin (S1)) rigor
bonds under various external loads and could formulate the
relationship between the lifetime and the load. The stochas-
tic properties of the rigor bonds have been demonstrated.
We developed a microscopic way to count the number of
myosin molecules attached to the glass surface. Based on
the number density of myosin molecules interacting with an
actin filament thus measured, we estimated the minimum
number of myosin molecules needed to slide actin filaments
continuously. Furthermore, the torsional stiffness of single
myosin molecules was estimated by observing the rotational
Brownian motion of a short actin filament attached to my-
osin. Throughout the present study, we tried to characterize
the interaction with actin of double-headed HMM mole-
cules compared with that of single-headed S1 molecules.

MATERIALS AND METHODS

Dual-view imaging microscopy and optical
tweezers system

Fig. 1 shows a schematic diagram of a dual-view (phase-contrast and
fluorescence) video microscope imaging system (Kinosita et al., 1991;
Nishizaka et al,, 1995a,b; Sase et al., 1995b; Arai et al., 1999) equipped
with optical tweezers. The inverted microscope (TMD-300; Nikon Co.,
Tokyo) with a 100X objective with a phase-contrast plate (NA 1.3, fluor
100 Ph; Nikon) was used on an optical bench (HG-LM; Herz Co., Kana-
gawa, Japan). The optical system included dichroic mirrors (DM 550, DM
infrared, Sigma Koki Co., Saitama, Japan; DM 530, Asahi Spectra Co.,
Tokyo), filters (F 380-520, F 550, F 590; Asahi Specira), and mirrors. The
beam from the sample, which consisted of two components, the phase-
contrast image of the bead (wavelength 380—~520 nm, the once-broken line
in Fig. 1) and the fluorescence image of actin filaments (excitation 550 nm
and emission > 590 nm; the dashed line in Fig. 1), was separated by a
beam separator (DM > 530 nm). Colorless filters (HA-30; Hoya Co.,
Tokyo, and Asahi Spectra) were placed behind the Hg lamp and before the
image intensifier to cut off the infrared light. The field stop was positioned
between the microscope and the beam separator, and lenses (DLB-50—
150PM; Sigma Koki) were positioned before each camera to focus images
clearly. The bead image, acquired with a CCD camera (CCD-72; Dage-
MTI, Michigan City, IN), was stored in a digital frame memory (DIPS-
C2000; Hamamatsu Photonics X. K., Hamamatsu, Japan). The position of
the bead was determined by calculating the centroid of its intensity profile
with a spatial resolution of nanometer scale (Fig. 2; Miyata et al., 1994;
Nishizaka et al., 1995b). The data were analyzed with a personal computer
(Apple Japan, Tokyo).

The sample stage of the microscope was replaced with the custom-made
stage, on which the position of the objective along the z direction could be
controlled by using a piezoelectric microscope positioner (P-720.00;
Physik Instrumente GmbH and Co., Waldbronn, Germany) with a power
supply (BWS 1202.5; Takasago, Tokyo). Because the drift between the
commercial sample stage and the objective is mainly caused by deforma-
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FIGURE 1 Schematic diagram of optical tweezers and dual-view imag-
ing video microscope system. The once-broken lines and the dashed lines
represent phase-contrast and fluorescence imaging optical paths, respec-
tively, and the solid lines represent the optical tweezers optical path. The
microscope system includes dichroic mirrors (DM) (the wavelength in
parentheses shows the wavelength of the reflected light, and the wave-
length with the > sign shows the range of wavelength passing through -
DM), filters (F) (the wavelength in parentheses shows the wavelength of
light passing through F), and mirrors (M).

tion of the gear(s) sustaining a nose piece, the nose piece was removed and
the objective was fixed directly to the sample stage to suppress the drift
during measurements. Large displacement of the stage (as much as >40
nm) was achieved with the use of high-resolution actuators (HPA-10;
Sigma Koki), their controller (Mark-8; Sigma Koki), and a personal com-
puter (Apple Japan, Tokyo) with GPIB (NI488.2; National Instruments
Co., Austin, TX). The small displacement (nanometer scale) was adjusted
with a piezoelectric substage (p-770.10; Physik Instrumente GmbH and
Co.) with a function generator (1915; NF Electronic Instruments, Yoko-
hama, Japan) and an amplifier (BWS '120-2.5; Takasago). The temperature
of the microscopic system was stabilized by allowing it to sit for 4—6 h before
the measurements.

The spatial resolution of the system and the performance of the sample
stage were examined by the method shown in Fig. 2. Fig. 2 A gives an
example showing the position fluctuation of a bead trapped by optical
tweezers with a stiffness of 0.27 pN/nm. The standard deviation (SD) of the
displacement of the bead trapped for 1 min was 0.84 nm for the x direction
and 0.93 nm for the y direction (n = 5). Here these values are considered
to be the spatial resolution of our system, with 1/30 s time resolution. In

Biophysical Journal 79(2) 962-974
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FIGURE 2 Performance of the image analysis system and the sample
stage. (A) Time course of the displacement of the bead that was trapped in
the medium by optical tweezers with a stiffness of 0.27 pN/nm. The
displacement reflects both the stability of the trap center and the spatial
resolution of our analysis system. (B) Displacement of the bead that was
fixed to the glass surface. The glass surface was covered with nitrocellulose
over the bead, so that the bead was fixed between the nitrocellulose
membrane and the glass surface. Thus the displacement of the bead reflects
the movement of the sample stage. Upper and lower traces in each figure
respectively represent the displacements along the x and y axes.

contrast, to check the drift of the stage, we measured the displacement of
the bead fixed to a glass surface by covering it with nitrocellulose (Fig.
2 B). The SD of the displacement of the bead for 1 min was 2.1 nm for the
x direction and 2.0 nm for the y direction (n = 10). They were larger than
the spatial resolution of our system, indicating the drift of the microscopic
stage or the vibration of the system.

The actin filaments labeled with a fluorescent probe were visualized
using another CCD camera equipped with an image intensifier (KS1381;
Video Scope International, Washington, D.C.). To observe a phase-contrast
image of beads simultaneously, the focus of the phase-contrast image plane
was displaced ~0.5 wm (the radius of the bead) higher than the focus of the
fluorescence image plane by moving the lenses in front of the camera. Two
images were electronically combined (MV24-c; For. A Co., Tokyo) on the
same screen to compare the behavior of the actin filament against the
displacement of the bead at the same time.

The 1 W Nd:YLF laser (1053-1000p: A = 1.053 um; Amoco Laser Co.,
Naperville, IL) was coupled with an optical fiber, and the laser was not
placed on the optical bench, to avoid a vibration. The position of the optical
fiber could be moved along three directions (x, y, and z) and tilted in two
directions (xy plane). The laser beam was set parallel with the objective
(YTL-25-20PY1; Sigma Koki) and then focused with a custom-made
optical apparatus (Nikon and Sigma Koki). The laser beam was led into the
microscope from the right-hand side to the position just below the dichroic
mirror for fluorescence excitation, which was originally designed to set an
analyzer of a DIC microscope. The linear polarization of the laser light was
changed to a circular polarization with a quarter wave plate. The laser light
could be split into two beams with a set of beam splitters (PBN-20-16040;
Sigma Koki) if needed. The trap stiffness we used, 0.1-0.3 pN/nm, was
calibrated as described before (Nishizaka et al., 1995b).
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In vitro assay system and preparation of
bead-tailed F-actin

Actin and myosin were prepared from rabbit skeletal white muscle accord-
ing to a standard procedure (Kondo and Ishiwata, 1976). HMM prepared
by chymotryptic digestion, and s1 by papin digestion of myosin was stored
in liquid N, (Nishizaka et al,, 1993). A bead-tailed actin filament was
prepared as previously reported (Suzuki et al, 1996). Bovine plasma
gelsolin (Kurokawa et al., 1990) was cross-linked to the carboxylated
polystyrene bead (1-um diameter; Polysciences, Warrington, PA) with
1-ethyl-3-(3-dimethyl-aminopropyl)-carbodiimide (Nacalai Tesque Co.,
Kyoto), such that the barbed end (B-end) of an actin filament, which
corresponds to the rear end when the filament slides, was attached to the
bead. The average number of actin filaments attached to the bead was
controlled by cross-linking an appropriate amount of bovine serum albu-
min (BSA) to the bead (BSA/gelsolin = 20:1 w/w). BSA labeled with
rhodamine X maleimide (Molecular Probes, Eugene, OR) was also at-
tached to the bead surface to visualize the bead as a fluorescence image
(cold BSA/labeled BSA = 19:1). The bead was washed with F-buffer (0.1
M KCl, 2 mM MgCl,, 2 mM 3-(N-morpholino)propanesulfonic acid (pH
7.0), 1.5 mM NaN,, 1 mM dithiothreitol (DTT)) and mixed with 0.2 mg/ml
actin filament labeled with rhodamine phalloidin (Molecular Probes)
(Yanagida et al., 1984). Before infusion to the flow cell, bead-tailed actin
filaments were diluted in F-buffer containing 1 mg/m! BSA to avoid
adsorption of the bead to the glass surface. The in vitro assay system was
prepared according to the report by Toyoshima et al. (1987), with slight
modifications (Nishizaka et al.,, 1995b). The coverslip, cleaned in a soni-
cator with neutral detergent, was silanized with hexamethyl disilazane
(Nacalai Tesque) (Nishizaka et al., 1995b). HMM and S1 were diluted in
an assay buffer (AB) (25 mM KCl, 4 mM MgCl,, 25 mM imidazole-HCl
(pH 7.4), 1 mM EGTA, 1 mM DTT) and infused with the flow cell from
one side and then from the other side after 60 s. The cell was washed with
AB-buffer containing 0.5 mg/ml BSA, 10 mM DTT, 0.22 mg/ml glucose
oxidase, 0.036 mg/ml catalase, and 4.5 mg/ml glucose. The bead-tailed
actin filament, which was a mixture of 20 nM actin and 0.05% (w/v) bead,
was infused. After washing with 3 volumes of AB-buffer containing 0.5
mg/m! BSA and the oxygen scavenger system, the edges of the flow cell
were sealed with grease (Toray Dow Corning Silicone, Tokyo). All exper-
iments were done at 30—32°C, except the S1 measurement at 27-32°C.

RESULTS
Direct counting of the number of HMM molecules

First we developed a method for directly counting the
number of HMM molecules interacting with actin filaments.
Our previous studies showed that the location of each HMM
molecule attaching to a glass surface could be determined
(Nishizaka et al., 1995a,b). When an actin filament was
pulled and taut, HMM molecules could be recognized as a
nodal point of the fluctuation of actin filament. By imposing
the external load, we broke the nodal point and loosened the
filament again (figure 1 A of Nishizaka et al., 1995a).
Although this technique was useful for determining the
location of HMM molecules, it was restricted to a very low
density of HMM molecules, because the loosened part of
the actin filament immediately attached to adjacent HMM
molecules when the distance between adjacent molecules
was less than ~1 um. To solve this difficulty, the bead was
manipulated not in the direction parallel to the glass surface
but perpendicular to the surface (Figs. 3 and 4). This tech-
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A

B o o o o

FIGURE 3 Schematic illustration of the technique used to count the
number of motor molecules attached to the glass surface. The bead-tailed
actin filament bound to HMM molecules was manipulated in the upward
(2) direction at a constant rate (A). The filament was pulled taut from the
HMM molecule (B), so that the bead was displaced from the trap center
in the direction of the HMM. The bead returned to the trap center when
the cross-bridge was broken, and subsequently the actin filament was
loosened (C).

nique could be used to avoid overcounting the number of
molecules.

Fig. 4, A and B, shows examples of the time course of the
bead movement projected onto the xy plane with this tech-
nique. The trapped bead was manipulated in the upper z
direction at a constant rate of 100 nm/s by moving the
objective with a piezoelectric positioner (Fig. 3 A). After the
part of the actin filament closest to the bead became taut, the
bead began to deviate from the trap center (sawtooth pattern
in Fig. 4, A and B; cf. Fig. 3 B). Then, after a while, the bead
returned to the trap center accompanying the unbinding of
the rigor bond. Thus each peak in Fig. 4, A and B, indicated
by a small bar corresponds to the moment at which the
cross-bridge was broken (Fig. 3 C). Finally, the filament
was completely detached from the glass surface (at 21 s in
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FIGURE 4 (A and B) Examples of the time course of the bead displace-
ment projected onto the xy plane of the glass surface. The objective was
moved in the upward (z) direction at a constant rate, 100 nm/s. The glass
surface was precoated with 5 and 15 pg/ml HMM in A and B, respectively.
The small bar indicates the moment at which the cross-bridge was broken
(cf. Fig. 3 C). (C) The relation between the concentration of HMM infused
into the flow cell and the number density of HMM. Bars indicate the .
standard deviation (n = 4-5). The slope of a linear approximation is 0.21
molecules/((pg/ml)pum actin filament).

Fig. 4 A and 24 5 in Fig. 4 B). In 0-5 s and 21-30 s in Fig.
4 A, the trapped bead was displaced to the x direction at a
rate of ~2 nm/s, which was accompanied by the upward
motion of the objective. This movement is attributable to a
slight misalignment between the laser beam and the optical
center axis of the objective.

We applied the above method to the HMM solution in the
range of 5-15 pg/ml (Fig. 4); at higher HMM concentra-
tions, actin filaments were severed at a nodal point by
pulling. The maximum trapping force of our system was
estimated to be ~60 pN, indicating that an actin filament
can be broken by applying a force less than 60 pN when the
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filament is bent at an acute angle (cf. Arai et al., 1999). As
shown in Fig. 4 C, the average number of HMM molecules
that attached to a unit length of an actin filament was
proportional to the concentration of infused HMM, and its
slope was 0.21 molecules/((ug/ml)-um actin filament).

We also examined the minimum concentration of HMM
needed to achieve smooth sliding movement of actin fila-
ments in the presence of 1 mM ATP. On the glass surface
coated with HMM lower than 20 pg/ml, actin filaments
could not slide and became detached from the glass surface.
At 30 pg/ml HMM, actin filaments ~10 wm in length slid
continuously at a speed of 9.3 = 0.7 um/s (n = 5), whereas
short actin filaments slid intermittently and sometimes be-
came detached. Under these conditions (1 mM ATP and 30
pg/ml HMM), the minimum length of actin filaments that
slid continuously for 10 s was 1.4 pim.

Swiveling motion of actin filarhents
tethered to HMM

On a glass surface that was coated with a low concentration
of HMM in the absence of ATP, short actin filaments (1-2
wm long) showed swiveling Brownian motion around a
single point over a range of more than 360° (Nishizaka et
al., 1995a,b). An example of this swiveling motion is shown
in Fig. 7. This observation is analogous to the case of a
microtubule tethered by a single kinesin molecule (Hunt and
Howard, 1993). By analyzing the swiveling motion of actin
filaments, we estimated the torsional stiffness of the flexible
part, which is probably located in a HMM molecule.

The direction of a rotating actin filament was estimated
from the centroid of its fluorescence image. We chose those
actin filaments tethered to the glass surface by a single point
that was slightly deviated from the center of the filament.
When the filament swiveled around the tether point, the
centroid of its fluorescence image also swiveled, showing
the direction of the filament (Noji et al., 1997; Yasuda et al.,
1998). Before the centroid calculation, noise in the video
images was reduced by recording by averaging over 4
consecutive video frames. Actin filaments 1-3 pm long
were selected for calculation to avoid the effect of their
bending motion in calculation.

Fig. 5 A is an example showing the time course of the
rotation of the short actin filament. The direction of the
filament fluctuated with time. This fluctuation was assumed
to be caused by thermal energy, and the torsional stiffness
could be estimated as follows: the direction was divided
every 1-rad partition, and the probability that the filament
existed in each direction of 1 rad width, P(6) (6 = torsion
angle), was calculated. The energy E(6) was thus obtained
by the equation E(f ) = —kpT"In(P(6)) as shown in Fig. 5
B, where kg is the Boltzmann constant and 7 is the absolute
temperature. The approximation of E(6) to a spring shape
function, E(6) = sk 67 (k is the spring constant), is shown
as a thin line in Fig. 5 B. The value of k was estimated to be
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FIGURE 5 (A) An example showing the time course of swiveling of a
short actin filament tethered to the glass surface through a single HMM

~molecule (see the short actin filament in Fig. 7, indicated by an arrow). (B)

The energy profile showing the torsional stiffness of the single HMM
molecule estimated from A. The thin line is an approximation with a spring
shape function (E(6) = 1/2:k&, where E(8) is energy, k is the spring
constant, and 6 is the torsion angle), in which the spring constant is
0.074 X 107%' N - m/rad in the range of =12 rad.

2.3 + 1.9 X 10722 (= SD, n = 5) N'm/rad. Actin filaments
rotated 6.4 times at maximum and 3.8 times on average.

Lifetime of single rigor bonds

In our previous studies (Nishizaka et al., 1995ab), the
unbinding force was measured by moving the trap center
with a movable mirror. In the present study, the optical
stage was displaced by using a piezoelectric substage, while
the trap center was fixed. The advantage of this method is
that the imposed load can be precisely determined at any
moment. Fig. 6 illustrates how to examine the load depen-
dence of the lifetime of single rigor bonds formed between
a single actin filament and a single myosin (HMM or S1)
molecule that attached to the glass surface. First the bead
attached to the B-end of an actin filament is trapped by
optical tweezers (Fig. 6 A). When the optical stage is dis-
placed stepwise so as to make the actin filament taut, the
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FIGURE 6 Schematic illustration of the procedure to measure the life-
time of the rigor bond between a single actin filament and a single HMM
(or S1) molecule. (A) The bead-tailed actin filament bound to a motor
protein is trapped by optical tweezers, and then the piezoelectric substage
is displaced stepwise. (B) The filament is pulled taut from the motor
protein, and the bead is displaced from the trap center, so that a sudden
constant load is imposed on the rigor bond. (C) Finally, the bead returns to
the trap center accompanying the breakage of the rigor bond, and the
filament is loosened again. The time that elapsed between B and C
corresponds to the lifetime of rigor bond.

bead is subsequently displaced from the trap center (Fig. 6,
A and B). Thus a constant load is imposed stepwise on the
rigor bond within a video frame, 1/30 s. After a while, the
rigor bond is broken, and the bead is returned to the trap
center (Fig. 6 C). The actin filament is loosened and shows
bending Brownian motion again between the bead and the
adjacent myosin molecule.

Fig. 7 is a series of fluorescence micrographs showing
how to impose an external load on single rigor bonds. An
actin filament was first trapped with optical tweezers (Fig.
7 A) and tautened by stepwise displacement to the left by the
piezoelectric substage (Fig. 7 B) because the bead had
located to the right of the HMM molecule. In this example,
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there were two HMM molecules that tethered the actin
filament to the glass surface as identified as a nodal point
(arrowheads), and the actin filament was pulled taut from
the first HMM molecule. After a while, the bond was
broken (Fig. 7 C), such that the lifetime of the rigor bond
under a constant load could be directly measured. The actin
filament was immediately loosened and showed bending
Brownian motion again. When the stage was moved further,
the filament was pulled taut from the next HMM molecule
(Fig. 7 D). The stage was displaced stepwise again, and the
second rigor bond was subsequently broken. Thus the actin
filament was completely dissociated from the glass surface
and the fluorescence image became out of focus (Fig. 7 E).
Note that in Fig. 7, there is a short actin filament swiveling
around a single point (indicated by a small arrow), at which
a single HMM molecule is considered to be attached. The
data in Fig. 5 were obtained from such a fluorescence image.

Fig. 8 A is an example of a record showing the time
course of the displacement of the bead after stepwise im-
position of an external load. When the stage was displaced
stepwise (at 1.3 s, as shown by an arrow), the actin filament
became taut (cf. Fig. 7, B and D), and the bead was dis-
placed from the trap center. In this example, the external
load imposed on the rigor bond was estimated to be 10.6 pN
(we could not determine the external load beforehand, be-
cause the degree of loosening of an actin filament before
applying the load could not be controlled), and the rigor
bond was broken 0.43 s after the load was imposed. This
observation showed that the lifetime of the actin-HMM
rigor bond at no load, ~1000 s, was decreased to 0.43 s by
imposing a load of 10.6 pN.

In the case of acto-S1 rigor bonds, spontaneous unbind-
ing occurred, on the average, in ~100 s (Tadakuma et al,,
manuscript in preparation). Because of this short lifetime,
measurement of the load dependence of the lifetime was
technically difficult. To solve this problem, we prepared a flow
cell coated with a higher density of S1 as compared with
HMM, and actin filament was pulled at an acute angle to avoid
the possibility of stretching two rigor bonds simultaneously.

Fig. 8 B is a summary showing the relationship between
the imposed load and the lifetime. While the lifetime of
HMM rigor bonds was distributed over a wide range of
imposed loads, that of S1 rigor bonds was limited to a
narrower range. In the case where a bond was broken within
66 ms (two video frames), we could not precisely determine
the imposed load, so that these data (~5% of measurements)
were omitted from Fig. 8 B. In the case of S1, there were four
exceptional cases in which rigor bonds did not break for 60 s
over 20 pN. We judge that they are attributable to the aggre-
gation of S1, and thus they are not included in Fig. 8 B.

To elucidate the load dependence of the lifetime, we
divided loads on the abscissa of Fig. 8 B into 3-pN partitions
and replotted the time course of the unbinding occurrence of
HMM and S1 rigor bonds in each partition, as shown in Fig.
9. The error bars indicate N'?, corresponding to the stan-
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FIGURE 7 A series of fluorescence micrographs showing how to mea-
sure the lifetime of single rigor bond(s). (A) The bead attached to the B-end
of an actin filament was trapped by optical tweezers. (B) The flow cell was
moved (within 1/30 s) ~200 nm stepwise, using a piezoelectric substage,
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dard deviation for events that stochastically occur N times.
For S1, and for 9.0-12.0 pN and 12.0- pN of HMM, plots
were approximated with the equation of a single exponential
decay, N(t) = N(Oyexp(—t/7), where 7is a lifetime of the
rigor bond. Deviations of 7 were estimated from fitted
curves with maximum and minimum 7 so as not to deviate
from error bars by more than one data point in Fig. 9, and
then they were expressed as error bars in Fig. 10. For
0.0-3.0, 3.0-6.0, and 6.0-9.0 pN of HMM, the data were
approximated with the sum of two exponential decays, i.e.,
N() = Ne(Oyexp(—1t/1y) + N(O)yexp(—1t/1,), where 7; and 7,
are, respectively, a fast and a slow component of the life-
time, and N¢{0) + N(0) = N, is the total number of data at
each region. After an optimum set of 7, 7,, and N{0) values
was determined, deviations in 7; and 7, were independently
estimated from fitted curves with maximum and minimum
values so as not to deviate from the error bars of all data
points. These maximum and minimum values of 7 and 7,
were expressed as error bars in Fig. 10. The lifetimes thus
obtained are summarized in Table 1.

Fig. 10 is a semilogarithmic plot of the data summa-
rized in Table 1. As for the slow component of HMM, the
relation between the lifetime, 7(F), and the imposed load,
F, was closely approximated by the equation T(F) =
7(0)exp(— F-d/kT) (thick solid line). The relations for S1
and for the fast component of HMM were also approxi-
mated by this equation, as shown by a dashed line and a
thin solid line, respectively. Note that the relation for S1
coincided with that for the fast component of HMM.
From these approximation lines, d and 7(0) were esti-
mated as summarized in Table 2.

DISCUSSION

Minimum number of HMM molecules needed to
slide actin filaments continuously

The estimation of the number of myosin molecules inter-
acting with an actin filament is essential for describing the
sliding movement of an actin filament in an in vitro motility
assay. Unlike myosin V (Mehta et al., 1999) or kinesin
(Howard et al., 1989; Vale et al., 1996), the skeletal myosin
(myosin ) molecule is not a processive motor, such that
multiple motors are required for smooth and continuous

so that the actin filament was pulled taut from an HMM molecule (arrow-
heads). (C) After a while, the rigor bond was broken and the lifetime of the
single rigor bond was measured. (D) The substage was moved further
leftward and displaced stepwise again, such that the filament became
nearly straight. (E) The filament was detached completely from the glass
surface and showed Brownian motion. Note that a short actin filament,
tethered to the glass surface through probably only one HMM molecule
(indicated by an arrow), swiveled in each micrograph. Scale bar, 5 um.
(upper righty Phase-contrast image of the bead of A~E. Scale bar, 2 pm.
The two images were simultaneously observed using the optics of Fig. 1.
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FIGURE 8 Load dependence of the lifetime of single rigor bonds. (4)
An example of the time course of the displacement of the bead (cf. Figs. 6
and 7). Upper and lower plots show, respectively, the displacement of the
bead along and perpendicular to the actin filament. Each dot was plotted
every 1730 s. The stage was displaced stepwise at 1.3 s 50 as to impose a
constant external load, and then the bond was broken after 0.43 s in this
example. (B) Relationship between the imposed load and the lifetime of
rigor bonds of HMM (V) and S1 (). For the rigor bonds not broken
within 60 s, the lifetimes are plotted on the dashed line indicating 60 s.

sliding of actin filaments without dissociation. Although we
could not directly count the number of HMM molecules
during the sliding movement, the number required for
smooth sliding of an actin filament could be estimated from
our results (Fig. 4). The lowest concentration of HMM
required for continuous sliding motion of actin filaments
was 30 pg/ml in our method, so that the minimum line
density of HMM molecules is estimated to be 30 (ug/ml) X
0.21 (molecules/um/(ug/ml)) = 6.3 (molecules/pm actin
filament). Furthermore, the minimum length of the filament
showing the sliding movement was ~1.4 um under the
same conditions. Thus we obtain the minimum number of
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molecules required for smooth sliding without dissociation,
6.3 (molecules/um) X 1.4 (um) = 8.8 (molecules).

We can assume that one ATP hydrolysis of the actomy-
osin system takes (10-100) ms, as in an in vitro motile
system (Harada et al., 1990) and in solution (cf. Goldman,
1987). On the other hand, the probability that at least one
myosin head binds to an actin filament is givenby P = 1 —
{(N — n)/N}N, where N is the total number of myosin heads
that can interact with the filament and n is the average
number of heads that bind to the filament at one time.
Therefore, (1 — P) X (10-100) ms is the dissociation
period during which no myosin heads interact with the
filament. The diffusion coefficient perpendicular to the fil-
ament axis for a 1.4-um actin filament is calculated to be
1.4 X 107® cm?/s from the equations D = kgT/T', and T,
= 4mmL/(An(L/2r) + v,), where L = 1.4 pm, r = 5 nm,
n = 0.010 g/cms, y, = 0.89 (Hunt et al.,, 1994) and T =
300 K. Thus the time required for actin filaments 1.4 um
long to diffuse as far as dx, ~17 nm (the size of myosin
heads) to 34 nm (its doubled size), within which the fila-
ments can maintain a sliding motion, is calculated to be
0.1-0.4 ms according to the equation dx = (2D1)Y2. To
make (1 — P) X (10-100) ms shorter than 0.1-0.4 ms, P
should be larger than 0.96-0.999. Together, n should be
larger than 3.0-5.8 under N = 17.6 (= 8.8 X 2) heads to
keep P as 0.96-0.999 (1 — {(N — n)/N}¥ = 1 — {(17.6-
3.0//17.6}'7¢ > 0.96, 1 — {(17.6-5.8)/17.6}'7° > 0.999),
suggesting that at least (3.0-5.8)/17.6 = 17-30% of myosin
heads always bind to the filament during sliding motion. If
all n heads are in a state of producing the active force, the
value 17-30% corresponds to the “duty ratio,” which is the
proportion of the period in which a single head produces the
force in one ATPase cycle. However, because some head is
only capable of holding the filament without producing
active force (Goldman, 1987; Ishiwata and Yasuda, 1993),
17-30% could be an overestimation of the duty ratio.

Torsional stiffness of a single HMM molecule

By analysis of the rotational Brownian motion of a short
actin filament tethered to a single HMM molecule, the
torsional stiffness has been estimated to be (2.3 = 1.9) X
10722 N-m/rad. The flexible part responsible for this small
stiffness must be located at the joint between the S1 and S2
regions, and/or within the S2 region of the HMM molecule
(Kinosita et al., 1984; Ishiwata et al., 1987, 1988). Note that
this stiffness is so small that the thermal fluctuation energy,
kT (4.1 X 1072! N'm), can twist myosin 2.8 times ((4.1 X
107/(2.3 X 10727 = 2.8). This small stiffness can
explain the following mechanical properties of myosin pre-
viously reported: myosin can interact with an actin filament -
under various orientations (Toyoshima et al., 1989; Molloy
et al., 1995), although it modifies the motor functions, such
as the sliding velocity and force (Yamada et al., 1990;
Sellers and Kachar, 1990; Ishijima et al., 1996). The unbinding
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FIGURE 9 Time course of the de-
crease in the number of attached mol-

ecules, N, under various imposed

loads, replotted from the data of Fig. 8
B. Exror bars show standard deviation,
which is simply determined as the
square of the number of measurements
at each point (= N'?). (4) HMM.
Dashed lines indicate the approximation
by N(t) = N(Qyexp(—1/7) or N{f) =

N{Oyexp(—t/t) + N{(Oyexp(—t/t,) (for
details see Results). (B) S1. Dashed lines
indicate the approximation by N(f) =
N(0) - exp(—1/7).
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force of rigor bonds is independent of the direction of external
load, at least within =90° (Nishizaka et al., 1995b). Because of
the small stiffness, the geometrical relationship of the actin-
myosin binding interface is probably maintained.

As for kinesin, the stiffness was estimated to be 1.2 X
1072 N'm/rad by observing the rotational Brownian motion
of an attached microtubule (Hunt and Howard, 1993), which
is comparable to that of HMM. Thus such a small torsional
stiffness may be common to motor proteins. Surprisingly,
kinesin could be twisted more than 30 times by manipula-
tion with optical tweezers without breaking the bond be-
tween kinesin and a microtubule (Kuo et al., 1995). This
result may not be explainable by twisting of a head-rod
junction; thus we alternatively assume that detachment and
reattachment occur on one head while the other head binds
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to a filament. The twisting distortion in the attached head
will be released during unbinding, and then the head can
bind again without large distortion. If the two heads repeat
this process alternately, the filament can rotate in one di-
rection without limitation. We favor this model as an ex-
planation of how protein can rotate more than 30 times
without dissociation. If this process also occurred in our
actin-HMM complex, the estimated value is an underesti-
mation as a torsional stiffness of single HMM molecules.

Load dependence of lifetime of rigor bonds and
binding manner of HMM

In our previous study, we repeatedly measured the load
dependence of the lifetime of rigor bonds on the same
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FIGURE 10 Relation between imposed load and lifetime of HMM and
S1 rigor bonds. Triangles and inverted triangles show the slow and fast
components of HMM, respectively. Squares show the lifetime of S1. Filled
symbols were determined from Fig. 9, and open symbols are experimental
data obtained without load (Tadakuma et al., manuscript in preparation).
Fitted lines show the approximation by the equation 7(F) = 7(0)-exp(—F-d/
kgT). The thick and thin solid lines show the approximation of slow and
fast components of HMM, respectively. The dashed line shows the ap-
proximation for S1.

acto-HMM rigor complexes (figure 4 in Nishizaka et al.,
1995b). In the present study, we improved the mechanical
stability of the microscopy apparatus to realize more accu-
rate measurements, especially for longer times. As a result,

TABLE 1 Lifetimes of HMM and S1 rigor bonds estimated
from the approximation with exponential decay shown in
Fig. 9

Lifetime (s)

Ratio, fast/total T ‘ T

Load (pN}) A
A. HMM
No load 0.41) (170) (1400)
0-3 047 6.9 320
3-6 0.51 29 160
6-9 0.57 0.64 97
9-12 — — 53
12+ — — . 5.1
Lifetime (s)
B.S1
No load (150)
0-3 9.9
3-6 52
6-9 0.63

The data were approximated by the equation of single exponential decay,
N(f) = N(O)yexp(—t/7), or the sum of two exponential decays, N{0)-
exp(—t/1g) + N (O)yexp(—#t,). Ratio, N{0)/(N{0) + N,(0)), means the
proportion of cross-bridges having the fast component. Both ratio and
lifetimes without load shown in parentheses were determined by the
microscopic observation of spontaneous detachment from a glass surface
of swiveling short actin filaments (Tadakuma et al., manuscript in preparation).
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TABLE 2 interaction distance, d, and lifetime without
external load, 7{0), for, respectively, single rigor bonds of
HMM and S1, estimated from the slope and the extrapolation
of the solid and dashed lines in Fig. 10

a . T0)
HMM (fast) ' 2.7 )
HMM (slow) . 14 . 950

S1 24 67

the spatial resolution became less than 1 nm, and the drifting
movement of the stage was restricted to within ~2 nm for
1 min. Such an improvement was essential for quantita-
tively investigating the relatlonshlp between the lifetime
and the load.

We found that the time course of the decrease in the
number of attached S1 molecules under an external load
nearly followed a single exponential decay (Fig. 9 B). In
contrast, the decay for HMM was not expressed by a single
exponential, except for a large applied force (Fig. 9 A), but
could be approximated by the sum of two exponentials with
different lifetimes. As shown in Table 1, A and B, the fast
component of the lifetime of HMM nearly coincided with
the lifetime of S1. One plausible explanation for this result
is that HMM molecules that attached to the glass surface are
classified into two groups: one having the slow component
of lifetimes in which double-headed binding occurs, and
another having the fast component in which only single-
headed binding is possible, probably because of the adsorp-
tion of either head to the glass surface. This explanation will
be examined in the future by using single-headed myosin
(Harada et al., 1987) or single-headed HMM. The ratio
between single:headed and double-headed molecules in our
HMM assay is estimated to be nearly 1:1 (Table 1 A). We
previously suggested the presence of “molecular individu-
alism” in each HMM, based on the fact that each HMM
molecule showed the individual load dependence of the
lifetime (Nishizaka et al., 1995b). The difference in the
number of active heads may be the main reason for this
“individuality.”

The lifetime, 7, is generally related to the activation
energy for unbinding, AG*, through 7 « exp(AG*/kgT). This
could be extended to a fundamental property of the binding
between a ligand and a receptor under an external load, i.e.,
(F) = 15exp(AG* — F-d)lkgT) = T(0)yexp(—F-dlkgT),
where 7(F) is the lifetime under the load F and d is defined
as the distance of an intermolecular interaction beyond
which the intermolecular bond is ruptured (Bell, 1978;
Erickson, 1994). The value of d is generally assumed to be
less than a nanometer. Note that even though there is no
load, the intermolecular bonds in an aqueous solution break
with a lifetime of 7(0) in a stochastic manner under thermal
equilibrium, This aspect is essential for understanding the
unbinding force of the bond between proteins. The unbind-
ing force between proteins was previously estimated to be
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larger than 100 pN (Kishino and Yanagida, 1988; Florin et
al., 1994; Tsuda et al., 1996; Fritz et al., 1998); however, it
has been predicted that these values depend on the rate of
the increase in the applied load. The unbinding force could
be smaller when the external load is applied slowly, e.g., at
a rate comparable to the dissociation rate constant. This was
confirmed for actin-HMM rigor complex (cf. Fig. 4 in
Nishizaka et al., (1995b)) and for avidin-biotin complex: the
unbinding force increases from several piconewtons to hun-
dreds of piconewtons as the velocity is increased by 108
(Merkel et al., 1999). In the case of P-selectin, the unbind-
ing force was confirmed to increase logarithmically with the
increase in the pulling velocities of ligand against receptor
(figure 5 in Fritz et al., 1998). Thus the difference in the
pulling velocity is considered to be the main reason why the
average unbinding force of actin-HMM rigor complex ob-
tained by AFM (Nakajima et al., 1997), ~14 pN, was larger
than that obtained with optical tweezers (Nishizaka et al.,
1995b), ~9 pN.

The exponential dependence of lifetime on the external
load, which was predicted before (Bell, 1978; Erickson,
1994), fits well with our results as shown in Fig. 10. From
the slope of the straight lines in Fig. 10, we obtained the
values of d: 1.4 nm for the slow component of HMM, 2.7
nm for the fast component of HMM, and 2.4 nm for S1
(Table 2). The value of d for slow HMM components,
which comresponds to the double-headed binding, was
nearly one-half of those of d for fast HMM components,
corresponding to the single-headed binding, and for S1.
This difference by a factor of 2 suggests that the external
load (F) is evenly shared on each attached head of HMM,
such that the external load imposed on each head effectively
becomes a half. This suggests that d for the interaction
between single-head myosin and actin is ~2.5 nm.

It is expected that the large d value is attributable to the
geometry of application of an external load. In fact, regard-
ing the interaction between actin monomers in a filamentous
actin, the tensile strength depends on the direction of the
applied load to the molecular interface. Tsuda et al. (1996)
reported that 600 pN was required for the breakage of the
actin filament by straight pull, whereas Arai et al. (1999)
reported that the actin filament broke when they applied 1
pN after tying a knot in it. In both measurements, the
process of unbinding was observed at a video rate, so that
the duration required for breakage was similar. Thus the
apparent value of d for the latter may be an order of
magnitude larger than that for the former.

In our system, the load was always imposed toward the
long axis of an actin filament. The value of d could be
decreased when the external load is applied in the direction
parallel to the coordinate axis of the interaction potential,
which may usually be the direction perpendicular to the
intermolecular interface. The proposed structure of myosin
head is longitudinally thin, and the actin-binding site is not
located at the tip of the head but relatively at the side of the
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catalytic domain of the head, such that myosin heads bind to
an actin filament at an acute angle (Rayment et al.,
1993a,b). As a result, the myosin is being pulled from an
angle, which would tend to tilt it out of the interface rather
than pulling it out perpendicularly. The applied load could
induce the distortion of the myosin head around the binding
interface, then the activation energy for unbinding is effi-
ciently decreased by a small load, as shown in Fig. 10,
which results in the large value of d. In contrast, in the case
of avidin-biotin unbinding force measurement by AFM
(Florin et al., 1994; Moy et al., 1994), a symmetrical avidin
molecule was sandwiched between an AFM cantilever and
an agarose bead that was biotinylated (the 50-um-diameter
agarose bead versus the 6-nm-diameter avidin). It is ex-
pected that the load was imposed nearly perpendicularly to
the interface of the avidin-biotin bond (Grubmuller et al.,
1996; Evans and Ritchie, 1997; Izrailev et al., 1997), so that
the small value of d was obtained.

X-ray crystallography showed that the myosin head con-
sists of two domains, i.e., a catalytic domain that contains
ATP- and actin-binding sites, and a neck domain. One
possible hypothesis for how myosin heads generate force is
that the neck domain tilts against the catalytic domain like
a lever arm and induces a power stroke accompanied by the
release of P, (Rayment et al., 1993a,b; Corrie et al., 1999;
Taylor et al., 1999). This structural dynamic is thought to be
coupled with the change in the binding affinity between the
myosin head and actin (Goldman and Brenner, 1987), al-
though this hypothesis seems to have difficulty explaining
the results showing their uncoupling (Ishijima et al., 1998)
and multiple unitary displacements of single myosin head
per ATP hydrolysis (Kitamura et al., 1999). In general, it is
believed that the post-power stroke state has higher binding
affinity for actin, and the pre-power stroke state has rela-
tively lower affinity. In our experiments, the actin filament
was always pulled in the direction of the reversal of the
power stroke of myosin because the bead was attached to
the B-end of an actin filament. In other words, we imposed
the load so as to change the state of myosin from a post-
power stroke state to a pre-power stroke state. If the struc-
ture of the myosin head changes from a high-affinity form
to a low-affinity form with the application of an external
load, the unbinding that occurs very efficiently with an
imposed load can also be explained by this mechanism. In
this relation, the following experiment is interesting: mea-
surement of the lifetime by pushing the myosin head, which
is in the pre-power stroke state with ATP analogs, toward
the post-power stroke state along the direction of the power
stroke. In this case, the lifetime may become longer because
of the transition from the low-affinity state to the high-
affinity state.

Finally, we would like to point out that the geometry for
applying an external load in our system is similar to that in
muscle fibers. The gradual change in the binding affinity,
which is assumed in the Huxley and Simmons model (Hux-
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ley and Simmons, 1971), may accompany the change in the
number of intermolecular bonds at the actomyosin interface.
Thus a large value of d may be a feature common to motor
proteins.
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Nucleotide-Dépendent Single-
to Double-Headed Binding of
Kinesin

Kenji Kawaguchi® and Shinichi Ishiwata®-234*

The motility of kinesin motors is explained by a "hand-over-hand” model in which
two heads of kinesin alternately repeat single-headed and double-headed binding
with a microtubule. To investigate the binding mode of kinesin at the key nucleotide
states during adenosine 5'-triphosphate (ATP) hydrolysis, we measured the me-
chanical properties of a single kinesin-microtubule complex by applying an external
load with optical tweezers. Both the unbinding force and the elastic modulus in
solutions containing AMP-PNP (an ATP analog) were twice the value of those in
nucleotide-free solution or in the presence of both AMP-PNP and adenosine 5'-
diphosphate. Thus, kinesin binds through two heads in the former and one head in
the latter two states, which supports a major prediction of the hand-over-hand

model.

Kinesin is a molecular motor that transports
membrane-bound vesicles and organelles to-
ward the plus end of a microtubule in various
cells including neurons (Z, 2). Kinesin takes
hundreds of 8-nm steps (the size of tubulin
heterodimers composed of a and B subunits)
(3-5) before detachment, so that the run
length reaches longer than 1 pm (3, 6). Each
step is associated with one cycle of ATP
hydrolysis (7, 8). Structural and biophysical

evidence shows that stepping of kinesin is
triggered by conformational changes in the
ATP-bound head (9).

A “hand-over-hand” model has been pro-
posed to explain the processive movement of
kinesin (Fig. 1) (5, 9-16). To substantiate the
hand-over-hapd model, it is essential to de-
termine the binding mode—either single- or
double-headed binding—at each nucleotide
state, and the kinetic step at which the transi-
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nucleotide ADP
-free {'

ADP
C ATP or nucleotide
<TO> = (4 K
|
D
<D,0> =0

Fig. 1. A simplified version of the hand-over-
hand model on the mechanism of kinesin mo-
tility proposed to date (5, 9-76). O: nucleotide-
free; D, T, and P: ADP, ATP, and inorganic
phosphate, respectively.

tion between the two binding modes occurs
(5, 9-16). Results of image analysis by cryo-
electron microscopy on the dimeric kinesin-
microtubule complex have been inconclusive;
either single-headed (/3, 14) or double-head-
ed (13, 16) binding has been found to pre-
dominate both in the absence of nucleotides
and in the presence of AMP-PNP. In solution
the binding stoichiometry of the kinesin head
and the tubulin heterodimer in a microtubule
has a molar ratio of 2:1 in both the nucleo-
tide-free state (17-19) and in the presence of
AMP-PNP (/7), implying a single-headed
binding. In these studies, the microtubule was
fully decorated by kinesin so that the confor-
mation of kinesin may have been constrained
(16). The intramolecular interhead distance of
kinesin in the crystal structure is about 5 nm
(20), considerably shorter than the size of the
tubulin heterodimer. The kinetics of detach-
ment in solution also suggests the single-
headed binding not only in the nucleotide-free
condition but also in the coexistence of AMP-
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and elastic modulus. (A) Fluorescence mi-
crograph showing a kinesin-coated bead
attached to a microtubule. The bead was
brought onto the plus (or minus) end
portion of the microtubule for plus (or
minus)-end loading. Bar, 5 pm. (B and C)
Time course of movement of the trap
center (thin lines) and bead {circles). A
kinesin-coated bead was attached to a
microtubule in the absence of nucleotides
(B) or in the presence of AMP-PNP (C).
The bead was then pulled to the plus end
of the microtubule at the constant rate of
120 nm 5~ {equal to the loading rate of
104 pN s77). The unbinding force was
estimated to be 8.4 and 15.1 pN, respec-
tively, from the abrupt displacement of
the beads at about 4.4 s (B) and 3.8 s (C).

(D) Sequential data of unbinding force measurements for four different preparations; data shown by
arrows were taken from (B) and (C). Conditions: (8) and (O) in (D), nucleotide-free; (C) and (@) in (D),
+ AMP-PNP. (E) Examples of the force-extension relation (O, nucleotide-free; 8, + AMP-PNP). The
relation was obtained from the time course of bead displacement as shown in the inset. To be strict, the
force means the force component parallel to the glass surface, and the extension means the displace-
ment of the bead in parallel to the glass surface (27). Arrows show the paosition of unbinding,

PNP and adenosine 5'-diphosphate (ADP)
(21). Overall, the evidence for the model re-
mains indirect.

To obtain direct evidence for the binding
mode at each nucleotide state, we measured the
mechanical properties of single kinesin mole-
cules attached to a microtubule in three different
solvent conditions (22): in the absence of added
nucleotides, in the presence of 0.5 mM AMP-
PNP and 1 mM ADP, and in the presence of 1
mM AMP-PNP. The first condition corresponds
to the (O, O) or {0, D) states (Fig. 1). Although
apyrase was added, some proportion of heads
may still have bound ADP because the kinesin
was purified in the presence of ADP and the
detachment rate of ADP is slow (I8, 19). The
second condition mimics the (T, D) state. Under
this condition, only one of the two heads is
expected to bind AMP-PNP, while the other
head is in the ADP state (2]). The third condi-
tion is considered to represent the (T, O) state
(23), because the binding ratio of AMP-PNP to
kinesin molecules is reported to be 1:1 under the
present condition (23).

An external load was imposed on a single

VOL 291

kinesin-microtubule bead complex (Fig. 2A)
(24, 25) as it was moved toward the plus (or
minus) end of a microtubule with optical twee-
zers (26, 27). We repeated unbinding force
measurements at nearly the same position on the
same microtubule several times for the same
bead, presumably for the same kinesin molecule
(Fig. 2, B to D). Upon loading toward the plus
end, unbinding force in the absence of nucleo-
tides was about 7 pN (Fig. 2D), whereas that in
the presence of AMP-PNP could apparently be
classified into two components at about 14 pN
(major) and 7 pN (minor), the latter correspond-
ing to that in the absence of nucleotides. Using
the same data, we obtained the force-extension
relation on the kinesin-microtubule complex
(Fig. 2E). This relation was almost linear, so that
the elastic modulus could be estimated simply
from the slope. The elastic modulus could also
be classified into two components (compare
Figs. 2E and 3, D to F). On the minus-end
loading, the unbinding force for both compo-
nents increased by 45% irrespective of the nu-
cleotide states, keeping the elastic modulus un-
changed. This shows that the binding is unstable
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for the plus-end loading compared with the mi-
nus-end loading.

The small (~7 pN; S-) and large (~14
pN; L-) components of unbinding force, re-
spectively, correspond to those of the elastic
modulus (Fig. 3). The finding that the un-
binding force and the elastic modulus for the
L-component were twice those for the S-
component strongly suggests that the S- and
L-components are attributable to the single-
and double-headed binding of kinesin, re-
spectively. Thus, each kinesin head contrib-
utes equally to the elastic modulus, such that
each head equally shares the external load.

This interpretation shows that the binding
mode in the (O, D) state (Fig. 1A) is single-
headed. Assuming that AMP-PNP is an ATP
analog, single-headed binding is also pre-
dominant in the (T, D) state (Fig. 1B). It is
highly probable that the attached head binds
AMP-PNP (ATP) (9), whereas the detached
head binds ADP (9, 21), because the attach-
ment of the ADP-bound head was reported to
be weak (17). In the (T, O) state (Fig. 1C), in
contrast, double-headed binding is predomi-
nant. Here we find that, based on the bimodal
distributions of unbinding force and elastic
modulus at one loading rate (Figs. 2D and 3,
C and F), both single- and double-headed

binding exist. Additionally, we find that the
proportion of the S-component decreased as
the loading rate increased from 2 to 18 pN
s~! and, finally, disappeared at the highest
loading rate we examined (18 pN s™!), irre-
spective of the loading direction. This implies
that double-headed binding predominates in
the absence of external load. The finding that
the unbinding force for the plus-end loading
was smaller than that for the minus-end load-
ing suggests that, in the “bridge” structure of
double-headed binding (see Fig. 1C), the rear
head is relatively unstable so that it tends to
be detached. Such an asymmetry for the load-
ing direction regarding the stability of the
attached state is favorable for kinesin motors
stepping forward.
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Microscopic Analysis of Polymerization and
Fragmentation of Individual Actin Filaments

Shir’ichi Ishiwata'***, Junko Tadashige', Ichiro Masui', Takayuki Nishizaka®,
and Kazuhiko Kinosita, Jr*’

Introduction

The dynamics of polymerization (and annealing of fragments) and depoly-
merization (and fragmentation) of actin filaments (F-actin) is a key process
in diverse cellular functions, including cell motility. Up to the present, there
have been many spectroscopic studies in solution, which have clarified time-
dependent but averaged properties, as well as electron microscopic and other
studies; but a single filament analysis, which is effective in clarifying not only
time-dependent but also nonaveraged properties, has not yet been reported.
Thus, direct observation of the polymerization-depolymerization dynamics of
individual actin filaments is worthy of investigation.

The polymerization process consists of nucleation and growth phase, and
at a steady state, annealing and fragmentation of polymerized filaments occur.
The essential elements of these processes have been experimentally clarified
and theoretically formulated (Oosawa and Kasai 1962; Oosawa and Asakura
1975). Actin filaments, like microtubules, have a structural polarity, such that
the polymerization and depolymerization rates at the two ends of the filaments
are different (Oosawa and Asakura 1975; Woodrum et al. 1975; Kondo and
Ishiwata 1976; Hayashi and Ip 1976; Pollard and Cooper 1986). The end of the
filaments at which the polymerization rate is larger is defined as the barbed
(B-) end and the other is called the pointed (P-) end.

After the steady state of polymerization is attained, a treadmill process is
expected to occur (Wegner 1976). The B-end of the filament is where filament
assembly occurs, while depolymerization occurs at the P-end, such that the
length of the filament is maintained nearly constant. The treadmill process has
been experimentally demonstrated in solution (cf Wegner 1976; Korn et al.
1987). After actin monomers (G-actin) with ATP are polymerized, the bound
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ATP is hydrolyzed and inorganic phosphate (Pi) is released, leaving ADP
attached.

When the rate of polymerization is greater than that of ATP hydrolysis, actin
molecules with ATP should cap that end of the filaments. Depending on
whether each end of the actin filaments is capped by either ATP-bound actin
(ATP-cap) or ADP-bound actin (ADP-cap), dynamic instability of the filaments
may occur (Korn et al. 1987; Carlier 1989). However, in contrast to micro-
tubules, the dynamic instability has not yet been experimentally proved in
actin filaments. Thus, the examination of whether this dynamic process occurs
is a challenging problem.

About a decade ago, it became possible to visualize single actin filaments
under a fluorescence microscope by labeling the filaments with rhodamine-
phalloidin (Rh-Ph; Yanagida et al. 1984) or with fluorescein 5-isothiocyanate
(FITC; Honda et al. 1986). In both studies, phallotoxins (Wieland et al. 1975)
were added in order to suppress the depolymerization of actin filaments due to
extremely low concentration (an order of nM) of actin, lower than the critical
concentration for polymerization. Because the filament structure is stabilized,
it became possible to visualize single filaments for a sufficiently long time to
examine quantitatively not only the polymerization process but also the frag-
mentation process. Thus, the use of fluorescent-dye conjugated phallotoxins was
very useful for stably and clearly visualizing the filament under a conventional
fluorescence microscope without disturbance of background fluorescence (cf.
Ishiwata 1998). The advantage of this technique is that Rh-Ph does not bind to
G-actin and the fluorescence intensity of Rh-Ph increases several-fold upon
binding to actin filaments (Harada et al. 1991; Huang et al. 1992).

In this chapter, we describe the properties of the polymerization and frag-
mentation processes of single actin filaments examined by direct observation
through the fluorescence image of actin filaments in the presence of phallo-
toxins under a conventional fluorescence microscope (Tadashige et al. 1992;
Masui et al. 1995).

We ask the reader to bear in mind that although the stabilization by
phallotoxins is convenient for visualizing single actin filaments, there are several
disadvantages to this method: (1) The greatest disadvantage is that spontaneous
depolymerization is suppressed (Estes et al. 1981; Coluccio and Tilney 1984;
Sampath and Pollard 1991), (2) The structure of actin filaments may be
modified by the binding of phallotoxins (Drubin et al. 1993; Lorenz et al. 1993),
so that the results may not represent polymerization properties of pure actin
filaments. In this respect, however, this method can, conversely, be considered
unique in studying the interaction of phallotoxins with actin filaments.

We have recently succeeded in visualizing polymerization and depolymer-
ization of single actin filaments by using fluorescent dye(rhodamine)-labeled
actin without using rhodamine-phallotoxins (phalloidin or phallacidin) under
evanescent field illumination (Takahashi and Ishiwata 1998; Fujiwara et al.
1998). Thus it is now possible to visualize at a video rate both polymerization
and depolymerization processes for every filament. The results will be pub-
lished in more detail elsewhere.
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How to Image the Polymerization (and Fragmentation) Process
of Actin Filaments

To analyze polymerization and fragmentation of individual actin filaments
under a fluorescence microscope, it is necessary to observe the same filaments
at least for 30 min. Although single filaments are visualized in solution under
a conventional fluorescence microscope, it is difficult to trace the polymeriza-
tion process for each filament floating in solution because of its violent Brown-
ian motion (Yanagida et al. 1984; Isambert et al. 1995).

To overcome this difficulty, we fixed short actin filaments to a glass sur-
face through the cross-linked HMM molecules, as schematically illustrated
in Fig. 1 [myosin easily adheres to a collodion(nitrocellulose)-coated glass
surface], so that we can keep observing the same filaments. Thus, a short fila-
ment adhering to the glass surface was used as a nucleus for observing the
polymerization process and as a tool to fix the long filaments so as to observe
the fragmentation (severing) process.

To visualize the polymerization process at a constant concentration of
G-actin, the actin solution was infused into a flow cell just after the addition

FA HMM

EDC-crosslinked
in the absence of ATP

\Le—— Rhodamine phalloidin

Pé«é'ﬂ Nucleus in solution
2 Collodion-coated
cover slip

<—|nfusion of
G-actin

Recording of
polymerization
process

Fig.1. Scheme showing how to measure the polymerization rate of actin on single actin filaments
under a fluorescence microscope. Actin filaments decorated with HMM in the absence of ATP
were cross-linked with 1-ethyl-3-(3-dimethyl-aminopropyl)-carbodiimide (EDC) and labeled
with Rh-Ph to clearly identify the nuclei (Nishizaka et al. 1993). The EDC cross-linked acto-HMM
complexes were mildly sonicated to make filaments short and used as nuclei for polymerization
of actin. Immediately after the addition of salt, G-actin solution was infused into the flow cell
sandwiched between a pair of coverslips, one of which was coated with nitrocellulose (collodion).
The polymerization process was observed under an inverted fluorescence microscope and
recorded on a videotape through a SIT camera (C1000; Hamamatsu Photonics). The length of
the actin filaments was analyzed using a digital image processor (DIPS-C2000; Hamamatsu
Photonics) (Nishizaka et al. 1995)
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of salt to the G-actin solution, and the initial process of polymerization was
recorded on a videotape at a rate of 30 frames s™'. The length of actin filaments
was determined by accumulating and averaging the images for 1s every 5 (and
6,7 or 10) min. Thus, the accuracy of the estimation of length change was less
than 0.2 um.

Visualization of the Polymerization Process of Actin Filaments

Figure 2 illustrates a series of fluorescence micrographs showing the
polymerization process of individual actin filaments. The concentration of
Rh-Ph was reduced to 15nM, 1/7 that of phalloidin (or phallacidin), which
was sufficiently high to image actin filaments. Under this condition, poly-
merization occurred only at one end of the actin nuclei, corresponding to the
B-end.

Judging from the polymerization rate of actin (about 100nmmin™ =
0.6 molecules s assuming that the pitch of an actin monomer along the

Smin 1emin  15min

Fig. 2. Fluorescence images showing the time course of the polymerization on single actin fila-
ments. Fluorescence images were recorded for several seconds every 5min to minimize the pho-
tobleaching after the addition of the following actin solution. Condition: 5 ug ml™ G-actin, 30 mM
KCl, 1mM MgCl,, 4mM ATP, 2mM MOPS (pH 7), 105nM phalloidin (Molecular Probes, Inc.),
15nM Rh-Ph (Molecular Probes, Inc.) and oxygen scavenger system (Harada et al. 1991).
The solvent was mixed with G-actin solution containing only ATP and MOPS immediately before
the experiments, to minimize the spontaneous polymerization in solution. Temperature 25°C,
Bar,5{m
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long-pitch helical strand of F-actin to be 5.5nm) and the concentrations of
nuclei and G-actin, the decrease in the concentration of G-actin can be
neglected during initial observation (10 min) period. The polymerization rate
(shown in Figs. 4 and 5 below) was estimated from the initial phase of elon-
gation for 10min (cf Fig. 3). We noticed that about one third of the nuclei
among those attached to the glass surface did not elongate (see the upper left
in each micrograph of Fig. 2). This is probably because G-actin was not acces-
sible to the ends of the nuclei due to an obstacle such as nitrocellulose. Some
filaments, which showed bending Brownian motion out of focus, were omitted
from the length measurements.
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Fig.3A-C. Time course of polymerization at the B-end of F-actin obtained under a fluorescence
microscope at different actin concentrations. Conditions: G-actin, 5 igml™ (A, images are shown
in Fig. 2), 4pgmi™ (B) and 3 pgml™ (C); other solvent conditions, the same as in Fig. 2 (the con-
centrations of phalloidin and Rh-Ph were maintained at 105nM and 15nM, respectively, irre-
spective of the concentrations of G-actin. Although the total concentration of phalloidin was less
than the highest actin concentration examined, we estimated that it was high enough for the
binding at the initial stage of polymerization). The filament length at time zero corresponds to
the length of nucleus. Temperature 25°C
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Measurement of the Polymerization Process of Actin Filaments

Figure 3 shows an example of the time course of polymerization of individual
actin filaments at three different concentrations of G-actin in the presence of
phalloidin. The density of nuclei attached to the glass surface was common to
all the experiments. On increasing the concentration of infused G-actin, the
average rate of polymerization increased.

The polymerization rate varied from filament to filament (Fig. 3). Even in
the same filament, the polymerization rate was not constant over 40-50 min
but changed with time beyond the resolution of length determination. The
accessibility of G-actin to the ends of the filaments may have fluctuated with
time due to the adhesion to the nitrocellulose. Also, these results may be attrib-
utable to the nonhomogeneity of the local concentration of G-actin and/or the
stochastic and cooperative properties of the polymerization process in the
presence of phalloidin.

Depolymerization was suppressed by the presence of phalloidin, but there is
a possibility that spontaneous fragmentation occurred. This could be one of the
causes of length fluctuations during the polymerization process. In practice,
however, we did not notice distinct fragmentation, at least in the middle of the
filaments.
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The rate of fragmentation in the absence of phalloidin was previously esti-
mated in solution experiments to be 7 X 107 s (Kinosian et al. 1993), sug-
gesting that in practice, fragmentation in the presence of phallotoxins does not
occur within the period of measurements. _

At low concentrations of G-actin, there was a tendency for the polymeriza-
tion rate to increase with time (Fig. 3). The polymerization curve at 3pgml™
G-actin was convex downward, whereas the curve at 5ugml™ G-actin was
nearly straight. This suggests that the polymerization kinetics change with the
elongation of the filaments. The shorter the filament, the more the binding of
G-actin may be disturbed.

Relation Between Polymerization Rate
and Actin Concentration |

The average rate of polymerization vs G-actin concentration relation is sum-
~ marized in Fig. 4. In Fig. 4A, the relation observed at the B-end of F-actin
in the presence of Mg** or Ca* is compared, while in Fig. 4B, the relation at
the B- and P-ends is shown over a comparatively broader range of G-actin
concentration.

These experiments were done in the presence of a constant concentration
of phalloidin. Contrary to our expectation and differing from previous results
obtained in solution (Estes et al. 1981; Coluccio and Tilney 1984; Sampath and
Pollard 1991), the critical concentration of polymerization was not zero under
all the conditions. This result was not changed even if the polymerization rates
were estimated between 40 and 50 min in Fig. 3, where the polymerization rates
were larger than the initial ones. However, when the same concentration of
phallacidin was used instead of phalloidin, the result was as expected (Fig. 5).
In both cases, the same concentration of Rh-Ph, one seventh that of phalloidin
(or phallacidin), coexisted in order to visualize single actin filaments.

The relation between the polymerization rate (r) and G-actin concentration
(c) can be expressed by:

r=k'c-k,,

where k* and k™ are the rate constants for polymerization and depoly-
merization, respectively. Thus, under the conditions examined in the
presence of phalloidin, k* was estimated to be 29.6(nmmin™)/(ugml™)
(= 7.5 x 10°M™?s™?) and 6.2 (nmmin™)/(ugml™) (= 1.6 x 10°M™'s™) for
the B-end in the presence of Mg* and Ca™, respectively (Fig. 4A), and
39.3 (nmmin™?)/(ugml™) (= 1.0 x 10’M*'s™) and 5.9 (nmmin™)/(ugml™)
(=1.5x 10°M™'s™) for the B-end and the P-end in the presence of Mg™, respec-
tively (Fig. 4B). In calculating the values in the parentheses, we assumed that
the molecular weight of actin is 42kDa, and the number density of actin
molecules along the filament is 2 molecules/5.5nm.
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On the other hand, in the presence of phallacidin, k¥ at the B-end
was estimated to be 34.9 (nmmin™)/(ugml™) (= 8.9 x 10°M™'s™) and
5.8 (nmmin™)/(ugml™) (= 1.5 X 10°M™'s™) in the presence of Mg?* and Ca®,
respectively (Fig. 5).

The values of k* obtained above in the presence of Mg** (Figs. 4B, 5) were a
little larger than, but consistent with, those obtained in solution under the same
solvent conditions except for the absence of phallotoxins (the values of k* at
the B- and P-ends were, respectively, 6.3 X 10°M ™" s™ and 1.1 X 10° M s™}; Suzuki
and Mihashi 1989). This differs, however, from the results that the addltlon of
phallotoxins reduced the value of k* by 20 to 50% (Coluccio and Tilney 1984;
Wendel and Dancker 1987; Sampath and Pollard 1991). Such an apparent dis-
crepancy may be attributable to the difference in experimental conditions.
Note that the value of k™ was almost zero in the presence of phallacidin, con-
sistent with the previous solution experiments (Estes et al. 1981; Coluccio and
Tilney 1984; Sampath and Pollard 1991).

We found that the addition of 10mM Pi in the presence of phallaci-
din slightly increased the value of k* to 39.0 (nmmin™)/(ugml™) (= 9.9 x
10°M™s™") and 6.9 (nmmin™)/(ugml™) (= 1.8 x 10°M™s™) in the presence of
Mg* and Ca®™, respectively, that is, by about 1.1 to 1.2 times (Fig. 5). This
demonstrates that Pi does not significantly affect the polymerization rate but
stabilizes the filament structure (Nonomura et al. 1975) through the decrease
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Fig. 5. Initial rate of polymerization at the B-end vs G-actin concentration in the presence
of phallacidin. Effects of Pi and divalent cations (Mg’ or Ca’) were examined. Conditions:
various concentrations of G-actin, 30mM KCI, 2mM MgCl, (circles) or CaCl, (squares), 4mM
ATP, 2mM MOPS (pH 7), 2mgml™ BSA, 1.5mM NaNj, with (closed symbols) or without (open
symbols) 1.5mM Pi, 105nM phallacidin, 15nM Rh-Ph, 10mM DTT, 0.3% (w/v) methylcellulose
and oxygen scavenger system (Harada et al. 1991). The time course of polymerization of actin
filaments was indistinguishable from that in the presence of phalloidin shown in Fig. 3, except
that the polymerization curve was slightly convex upward at every G-actin concentration we
examined
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in the rates of both depolymerization (Rickard and Sheterline 1986, 1988;
Funatsu 1986) and fragmentation as described below (Fig. 6).

It is also to be noted that, irrespective of the species of phallotoxins, in other
words, independent of whether the critical concentration was zero (Fig. 5 for
phallacidin) or not (Fig. 4 for phalloidin), the polymerization rate, k', was
nearly the same under the same solvent conditions. On the other hand, the
value of k™ for Mg-actin was five-to-six times larger than that for Ca-actin
(Figs. 4A, 5). This is in contrast to previous results obtained in solution that k*
for Mg-actin was, at most, only two times larger than that for Ca-actin (see
Estes et al. 1992). This apparent discrepancy may be attributable to the struc-
tural changes induced by the binding of phallotoxins and the difference in
experimental conditions. Another possibility is that the HMM-cross linked
nucleus may have amplified a small difference between the polymerization
properties of Mg-actin and Ca-actin.

What is most notable in the above experiments is that the critical concen-
tration for polymerization was practically zero in the presence of 105 nM phal-
lacidin with 15nM Rh-Ph (Fig. 5) but not zero in the presence of 105nM
phalloidin with 15nM Rh-Ph (Fig. 4). At first sight, the reason for this differ-
ence appears to be attributable to the larger dissociation constant of phalloidin
than that of phallacidin with F-actin. In practice, however, the dissociation
constants of phalloidin and Rh-Ph with F-actin are, respectively, reported to
be 67 and 40nM (Molecular Probes Data Book; Huang et al. 1992), and those
of fluorescent dye-conjugated phallotoxins such as coumarin-, NBD- and
bodipy-phallacidin are, respectively, reported to be 24, 18 and 38nM (Huang
et al. 1992). Thus, although the dissociation constant of phallacidin has not yet
been reported, there seems to be no large difference between phalloidin and
phallacidin. If the dissociation constant itself is practically indistinguishable,
the reason for the above difference may be attributable to the different rate
constants.

The apparent association rate constant of Rh-Ph for F-actin is reported to
be two-to-three orders of magnitude smaller than the rates of polymerization
and depolymerization (De la Cruz and Pollard 1994, 1996; 6 x 10°M™s™ at
20°C; and 5 x 10*M™'s™ at 40°C, Hotta and Ishiwata 1997). If this is also the
case for the newly polymerized ends of the filaments, there would be an appre-
ciable probability that the actin molecules once attached to the filament ends
are detached, so that the apparent polymerization rate becomes reduced,
resulting in the nonzero critical concentration.

This was not the case at least for phallacidin (as observed in Fig. 5), sug-
gesting that the association rate constant of phallotoxins for the ends of the fil-
aments is much larger than that for the bulk of the filaments. In fact, there is
a report suggesting that phalloidin binds to the filament ends more rapidly
than to the bulk of the filament (Cano et al. 1992). We infer that the rate con-
stant of attachment to the filament ends of phalloidin may be still much slower
than that of phallacidin.

Such a subtle difference may be produced by the structural change of actin
molecules incorporated into the filament ends. The result shown in Fig. 44,
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that the apparent critical concentration for polymerization was larger in the
presence of Ca®" than of Mg™, can be ascribable to this mechanism, and may
be related to the difficulty of nucleus formation for Ca-actin. That is, the asso-
ciation rate of phalloidin to the polymerized filament end may be slower for
Ca-actin than for Mg-actin. This difference may be overcome in the presence
of phallacidin, because the association rate constant of phallacidin at the
polymerized ends is large enough to overcome the smaller association rate
constant to Ca-actin. These mechanisms should be quantitatively examined
in future.

Fragmentation of Actin Filaments: Effect of Anions at High lonic Strength

Finally, the fragmentation of individual actin filaments was visualized using
the same technique as described above. In this case, however, the long actin
filaments polymerized beforehand in the presence of Rh-Ph were attached to
the glass surface through the short fragments decorated with cross-linked
HMM as shown in Fig. 6 (a similar technique has been used before: Bearer
1991; Maciver et al. 1991; Nishizaka et al. 1993). Various salt solutions were then
infused into the cell and their effects on the fragmentation were examined
under a continuous flow of the solutions.

As observed in a series of micrographs summarized in Fig. 6, shortening of
the filaments in the presence of 3 M KSCN occurred mainly by severing with
a lifetime of about 2min (upper micrographs, —Pi) and 10 min (lower micro-
graphs, +Pi), and finally all the filaments disappeared. Gradual depolymeriza-
tion from the ends of the filaments was not detected. We examined various
kinds of salts composed of K* as the cation, and CI, I, SCN7, etc as anions.

We found that the severing abilities were in the order of the Hofmeister
series (lyotropic number) for anions, ie, the order according to which the
hydrophobic interaction is destroyed: SCN™, I7, CI", CH,COO™, SO, etc (for the
Hofmeister series, see Melander et al. 1984; Cacace et al. 1997). This is in spite
of the fact that severing was largely retarded by phalloidin (for the effect of KI
in the presence of phalloidin, see Dancker et al. 1975).

The present results are consistent with the previous results obtained by the
phase-contrast image analysis of the dissociation process from the P-end of
thin filaments in the I-Z-I brush of myofibrils (Funatsu and Ishiwata 1985;
Funatsu et al. 1988), which was prepared by mildly etching the P-end of thin
filaments with 0.5M KCI treatment (Ishiwata and Funatsu 1985). The dissoci-
ation rate in the presence of 0.5M salts in the absence of phallotoxins was in
the order of SCN™, I, NO3, CI” and SOf, being consistent with the Hofmeister
series (Funatsu 1986).

These results suggest that a hydrophobic interaction between actin mole-
cules is important for the stabilization of the filament, even after the polymer
structure is stabilized by the binding of phalloidin. However, we cannot com-
pletely eliminate the possibility that the interaction between phalloidin and
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Fig. 6. Fluorescence images showing the time course of fragmentation of actin filaments in the
presence of high concentrations of chaotropic anions. To record the time.course of fragmenta-
tion of actin filaments, the filaments polymerized onto the nuclei of EDC-cross-linked acto-HMM
complex in solution were infused into the cell, so that the filaments were attached to the glass
surface through the short nuclei portion of the filaments and the polymerized portion of the fil-
aments showed Brownian motion. The assay solvent was then infused. The time (min) after the
infusion of the solvent is shown in each micrograph. Conditions as in Fig. 3, except that 3M KSCN
was added instead of 30 mM KCI and in the absence (upper micrographs) or presence (lower
micrographs) of 10 mM Pi. Temperature 25°C. Bars 5 um
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actin is weakened by the anions in the order of the Hofmeister series. It is to
be noted that PO, was exceptional because it did not obey the Hofmeister
series, ie, in practice, the shortening of the filaments did not occur in the pres-
ence of 0.5M Pi.

' The importance of hydrophobic interaction in the polymerization of actin
has been recognized for many years (Oosawa and Asakura 1975). Nowadays,
this discussion is based on the 3D atomic structure of G-actin (Kabsch et al.
1990) and the molecular model of F-actin (Holmes et al. 1990). These authors
suggested that the hydrophobic loop located between subdomains 3 and 4 plays
a role in stabilization of F-actin and this suggestion was supported by data
from actin mutants or isoforms (Holmes et al. 1990; Allen et al. 1996b; Kuang
and Rubenstein 1997).

Although we cannot add any information on the interaction between actin
monomers on the atomic level, the results obtained here not only confirmed
that the hydrophobic interaction is essential for maintaining the polymer
structure but also demonstrated that other kinds of interactions exist between
actin monomers, which are stabilized by phalloidin and Pi.

The manner in which phalloidin binds in the 3D structure of F-actin
(Drubin et al. 1993; Lorenz et al. 1993; Steinmetz et al. 1998) suggests that phal-
loidin functions as a glue making connections among actin monomers in the
filament. In practice, phalloidin can restore the polymerizability and also the
ability of actin to activate myosin ATPase in monomers which have been
impaired by chemical modifications of Lys 61 residue with FITC (Miki 1987),
with several lysine residues with (m-maleimidobenzoyl)-N-hydroxysuccin-
imide ester (MBS) (Miki and Hozumi 1991), and by large hydrophobic probes
at Cys-374 (Moens et al. 1994). Thus, actin filaments are stabilized by the coop-
erative nature of several kinds of molecular forces acting between actin and
the regulators, ie, phallotoxins and Pi.

It is interesting that the addition of 10mM Pi substantially lengthened the
lifetime of F-actin in the presence of 3M KSCN (Fig. 6), implying that Pi sta-
bilized the structure of F-actin against the chaotropic effects of anions (for KI,
see Dancker and Fischer 1989). For many years, the stabilizing effect of Pi has
been well known. For example, with the addition of mM Pi: (1) the fragility of
F-actin observed by negative staining in the electron microscope appeared to
become stiffer (Nonomura et al. 1975); (2) the depolymerization rate observed
in cuvette was slowed down (Rickard and Sheterline 1986, 1988; Carlier 1989);
(3) subdomain 2 of the actin monomer in F-actin became oriented so as to
interact strongly with the adjacent actin monomers (Orlova and Egelman
1992); and (4) severing activity of gelsolin (Allen et al. 1996a) and actophorin
(Maciver et al. 1991) was reduced.

Pi does not greatly accelerate the polymerization rate, as seen in Fig. 5,
and suppresses not only the depolymerization but also the fragmentation as
observed in Fig. 6, such that Pi shifts the polymerization-depolymerization
equilibrium to the polymerization side. The present results strongly suggest
that Pi is a stabilizer of the hydrophobic interaction between actin monomers
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which is essential for the polymerization of actin. On the other hand, phal-
loidin stabilizes the F-actin-ADP-Pi complex (Dancker and Hess 1990). Thus,
phallotoxins and Pi function as allosteric effectors that synergistically stabilize
the structure of actin filaments.

Conclusions

The polymerization and fragmentation processes of individual actin
filaments can be visualized by imaging the polymerized filaments through
binding of the fluorescent dye, Rh-Ph, under a conventional fluo-
rescence microscope. Thus, the polymerization process at the B- and P-ends
of actin filaments can be analyzed in the presence of Mg** or Ca**. By mea-
suring the rate of polymerization at various G-actin concentrations, we
- confirmed that the depolymerization process was inhibited by the attachment
of phallotoxins to the filaments (phallacidin was more effective than phal-
loidin), but the polymerization rate itself was not significantly affected, such
that the critical concentration of polymerization was essentially zero. Also, the
fragmentation process of filaments due to the addition of high concentrations
of chaotropic salts such as KSCN and KI (except Pi) can be observed and
stabilization of the hydrophobic interactions by Pi was confirmed. The
present study demonstrates that the polymerization and fragmentation
dynamics on single actin filaments can be examined quantitatively by fluores-
~ cence microscopy.
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