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Abstract

We studied the effect of deuterium oxide (D2O) on contraction characteristics and ATPase activity of single glycerinated muscle fibers of

rabbit psoas. D2O increased the maximum isometric force P0 by about 20%, while the force versus stiffness relation did not change

appreciably. The maximum shortening velocity under zero load Vmax did not change appreciably in D2O, so that the force-velocity (P–V)

curve was scaled depending on the value of P0. The Mg-ATPase activity of the fibers during generation of steady isometric force P0 was

reduced by about 50% in D2O. Based on the Huxley contraction model, these results can be accounted for in terms of D2O-induced changes

in the rate constants f1 and g1 for making and breaking actin–myosin linkages in the isometric condition, in such a way that f1/( f1+g1)

increases by about 20%, while ( f1+g1) remains unchanged. The D2O effect at the molecular level is discussed in connection with biochemical

studies on actomyosin ATPase.
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1. Introduction

In the ATP hydrolysis step by the cross-bridge

(Md ATP+H2OYMd ADPd Pi), water attacks g-phosphorus

atom of ATP. To obtain information about the kinetics of

myosin-ATPase activity, the effect of substituting deute-

rium oxide (D2O) for H2O has been studied by several

authors. Hotta and Morales [1] and Inoue et al. [2]

reported that myosin ATPase activity in D2O decreased to

about 60% in D2O. Chaen et al. [3] showed that ATP-

dependent actin–myosin sliding was about 40% slower in

D2O than in H2O, and that the slow actin–myosin sliding

in D2O was associated with a slow rate of ADP release
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from actomyosin–ADP complex and the increased affinity

of actin for myosin in the presence of ATP. On the other

hand, physiological studies on the effect of D2O on intact

skeletal muscle indicate that D2O affects excitation–

contraction coupling by depressing the Ca2+ release from

the sarcoplasmic reticulum (SR), thus reducing the rate of

force development on activation [4–10]. Despite the

above studies, however, little information is at present

available about the effect of D2O on contraction

characteristics of demembranated muscle fibers, which

can only be activated by externally applied Ca2+. The

present experiments were undertaken to study the effect

of D2O on the contraction characteristics and the ATPase

activity of glycerinated rabbit psoas fibers, and to relate

the results obtained with the effect of D2O on the ATPase

kinetics of actomyosin in solution.
cta 1659 (2004) 46–51
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2. Materials and methods

2.1. Muscle fiber preparation and experimental setup

Rabbits were killed by decapitation under pento-

barbital anesthesia. Strips of rabbit psoas muscle (diameter,

~2 mm) were dissected and tied to a glass rod and kept in a

50% (vol/vol) glycerol solution containing 50 mM KCl, 4

mM MgCl2. 4 mM EGTA, and 20 mM Tris maleate (pH

7.0) at 0 8C overnight. After a change of the solution, they

were stored at �20 8C for 1–3 weeks before use. Single

muscle fibers (diameter, 50–100 Am) were carefully

dissected from the glycerinated muscle strips and mounted

horizontally in an experimental chamber between a force

transducer (with a compliance of 0.1 mm/N and a resonant

frequency of 5 kHz; Akers, Horten, Norway; AE801) and a

servomotor (controlled by JCCX101 control unit; General

Scanning, Watertown, MA; G100PD) by gluing both ends

to the extension of the transducer and the servomotor with

collodion. The servomotor contained a displacement trans-

ducer (differential capacitor) sensing the position of the

motor arm. The compliance of the motor arm (length, 10

mm) at the point of attachment of the fiber was ~ 0.2 mm/N

when the servomotor system was operated in the length

clamp mode. The sarcomere length of the fiber was

measured by optical diffraction with HeNe laser light. The

fiber was kept at its slack length L0 (2–3 mm) with

sarcomere lengths of 2.2–2.3 Am. Relaxing solution con-

tained 80 mM K-propionate, 20 mM imidazole, 10 mM

EGTA, 4 mM ATP, 5 mM MgCl2, 15 mM creatine

phosphate, 15 U/ml creatine phosphokinase (pH 7.2).

Contracting (pCa, ~ 4) solution was prepared by adding 4

mM CaCl2 to relaxing solution.

D2O solutions were prepared by replacing about

99.9% of water in normal experimental solutions with

D2O. In most cases, experiments were first performed in

normal H2O solutions and then in D2O solutions. In

some experiments, this procedure was reversed. Similar

results were obtained irrespective of the time (10–60 min)

in which the fibers were kept in D2O solutions. Solutions

were kept at 15 8C with a thermoelectric device.

2.2. Stiffness measurement

Muscle fiber stiffness was continuously determined by

applying small sinusoidal length changes (1 kHz, peak-to-

peak amplitude, ~ 0.1% of L0) with the servomotor, and

measuring the amplitude of resulting force changes. Sinus-

oidal voltages were produced with a waveform generator

(Wavetek, San Diego; model 164). The sinusoidal compo-

nent of the force record was separated from muscle fiber

force with a high-pass filter with a cut-off frequency of 20

Hz, and its amplitude was measured with an absolute value

converter constructed by one of us (T.K.). The force and

stiffness changes were simultaneously recorded in a digital

wave memory of a digital oscilloscope (Nicolet; model
3091), transferred to a microcomputer (IBM; model PC-AT)

for data processing and analysis, and displayed on an X–Y

plotter (Hewlett-Packard; model 7470A).

2.3. Determination of force–velocity relation

The servomotor system was operated either in the length

control mode or in the force control mode [11,12]. First, the

system was in the length control (length clamp) mode so

that the fiber contracted isometrically when it was max-

imally activated with contracting solution. After the fiber

developed steady isometric force P0, the servomotor system

was switched to the force control mode, and a ramp decrease

in force P (=load) from P0 to zero was applied by feeding a

ramp force decrease signal from the waveform generator to

the servomotor system. The resulting shortening of the fiber

was recorded in the digital wave memory together with the

ramp decrease in force, and force–velocity (P–V) relation

was obtained and displayed on the X–Y plotter after data

processing with the microcomputer [12,13]. The rate of

force decrease was ~5.5 mN/s. The maximum velocity of

fiber shortening at P=0 was estimated from the point of

intersection of the P–V curve at the velocity axis. Since the

force on the fiber was continuously changing with time,

shortening velocity was determined by averaging the first-

time derivative of the fiber length change for each

consecutive time segment (duration 1 ms) during the course

of fiber shortening [11,13].

Some experiments were also made in which the velocity

of unloaded fiber shortening V0 was determined by the slack

test [14]. During the maximum isometric force generation,

the fiber was released quickly by up to 10% of L0 (in 10

ms), so that the fiber was first slackened and then shortened

freely before developing isometric force again. The time

from the onset of release to the onset of force redevelopment

(Dt) was plotted against the amount of release (DL), and the

slope of the straight DL versus Dt relation was used as a

measure of V0.

2.4. Measurement of ATPase activity

Mg-ATPase activity of the fibers before and during Ca2+-

activated isometric force development was recorded by the

decrease of NADH during cleavage of ATP [15,16]. The

fiber was mounted horizontally between the force transducer

and a stainless steel rod in the sample compartment (~0.1

ml) of a dual-wavelength spectrophotometer (model 156;

Hitachi) with a sample monochrometer at 340 nm and a

reference monochrometer at 400 nm, so that the decrease of

NADH was measured from the difference in absorbance

between 340 and 400 nm. Both relaxing and contracting

solutions contained 0.25 mM NADH, 1.25 mM phosphoe-

nolpyruvate, pyruvate kinase (50 units/ml), lactic dehydro-

genase (50 units/ml), 10 mM NaN3, 50 AM quercetin,

oligomycin (1 Ag/ml). The light path length through the

sample compartment was 10 mm, and solutions in the
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compartment were constantly stirred with a magnetic stirrer.

The outputs of the spectrophotometer and the force trans-

ducer were fed to the digital oscilloscope and displayed on

the X–Y plotter.
Fig. 2. Superimposed records of isometric force redevelopment following a

quick release (~1% of L0) applied during generation of steady isometric

force P0 in H2O (a) and in D2O (b). Note that the time course of the early

force redevelopment following the release is the same in H2O and D2O.
3. Results

3.1. Effects of D2O on Ca2+-activated isometric force and

muscle fiber stiffness

Single muscle fibers were maximally activated with

contracting solution (pCa, ~ 4) in both H2O and D2O. When

the fibers were activated in D2O, they were previously kept

in D2O relaxing solution for 10–40 min before application

of D2O contracting solution. After each application of

contracting solution, the fibers were made to relax com-

pletely in relaxing solution.

As reported by Allen et al. [10], the maximum isometric

force P0 increased by about 20% (range, 15–25%) in D2O

(Fig. 1A). The rate of isometric force development in

response to contracting solution was slowed markedly in

D2O. The half-rise time of force development was 1.6F0.1 s

in H2O and 7.3F0.5 s in D2O (meanFS.D., n=12). If,
Fig. 1. Effect of D2O on the Ca2+-activated isometric force and muscle fiber

stiffness in a single rabbit psoas fiber. (A) Superimposed records of Ca2+-

activated isometric force development in H2O (a) and in D2O (b). (B)

Isometric force versus stiffness relation in H2O (a) and in D2O (b). Both

force and stiffness are expressed relative to their maximum values.
however, the fiber was released quickly by ~1% of L0 (in 1

ms) to reduce the isometric force P0 to zero, the early time

course of force redevelopment did not differ between H2O

and D2O (Fig. 2), indicating that the slow force develop-

ment in response to contracture solution may be associated

with the D2O-induced slowing of the regulatory processes

but not with the D2O-induced slowing of cross-bridge

kinetics.

On the other hand, the force versus stiffness relation was

almost linear [13], and did not change appreciably in D2O

(Fig. 1B), so that the D2O-induced increase in P0 was

associated with the parallel increase in muscle fiber

stiffness.

3.2. Effect of D2O on the P–V relation during steady

isometric force generation

The P–V relations in maximally Ca2+-activated fibers

were determined by applying ramp decreases in force from

steady isometric force to zero. Typical fiber shortening in

response to an applied ramp force decrease is shown in the

inset of Fig. 3. The P–V curves obtained were double

hyperbolic in shape as with the P–V curves of intact single

frog muscle fibers (Fig. 3) [11,14]. The maximum short-

ening velocity Vmax was 4.6F0.2 L0/s (meanFS.D., n=10)

and did not change appreciably in D2O despite the increase

in the maximum isometric force P0. The P–V curves in H2O

and D2O were found to be identical in shape when velocities

were replotted against forces P expressed relative to P0,

indicating that the P–V curves were scaled in proportion to

the value of P0. Similar results were obtained with 7 other

fibers examined.

Fig. 4 summarizes the measurement of V0 by the slack

test. In both H2O and D2O, all data points fell around the

same straight regression line, indicating no appreciable

effect of D2O on the value of V0 (~ 4.5 L0/s) which was

within the range of Vmax determined from the P–V relation.



Fig. 5. Effect of D2O on the Mg-ATPase activity of a single muscle fiber

during generation of steady isometric force P0. Upper traces show decrease

of NADH fluorescence, while lower traces show isometric force. Record-

ings were made in H2O (traces a) and in D2O (traces b).

Fig. 3. Effect of D2O on the force–velocity ( P–V) relation. P–V curves

were obtained in H2O (a) and in D2O (b), respectively. Inset shows the

length (upper trace) and force (lower trace) changes in single fiber in D2O

in response to a ramp decrease in force, applied during generation of steady

isometric force P0.
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3.3. Effect of D2O on ATPase activity

The Mg-ATPase activity of maximally Ca2+-activated

fibers was measured in both H2O and D2O by recording the
Fig. 4. Relation between DL versus Dt obtained from the slack test. Open

and filled circles show data points obtained in H2O and in D2O,

respectively.
change in NADH fluorescence. The NADH fluorescence

measurement started when the steady Ca2+-activated iso-

metric force P0 was reached. As shown in Fig. 5, the Mg-

ATPase activity was nearly two times higher in H2O

(260F25 AMs�1, meanFS.E., n=4) than in D2O (140F30

AMs�1, meanFS.E., n=4).
4. Discussion

4.1. Effect of D2O on contraction characteristics and

ATPase activity

In the present experiments, we have shown that, in D2O,

(1) the value of P0 increased by about 20%, though the rate

of force development was markedly reduced (Fig. 1A), (2)

the force versus stiffness relation did not change appreciably

(Fig. 1B), (3) the value of Vmax (=V0) did not change

appreciably, so that the P–V curves were scaled depending

on the value of P0 (Figs. 3 and 4), and (4) the Mg-ATPase

activity during generation of steady isometric force P0 was

reduced by about 50% (Fig. 5). These results will hereafter

be accounted for on the basis of the contraction model of

Huxley [17], in which muscle contraction is caused by

alternate formation and breaking of cross-linkages between

the cross-bridges on the thick filaments and the sites on the

thin filaments (actin–myosin linkages).

Huxley [17] succeeded in relating the rate constants of

his contraction model with the force–velocity and the force

energy relation of Hill [18]. In terms of the Huxley

contraction model, the maximum isometric force P0 is

determined by the proportion of attached cross-bridges,

expressed as f1/( f1+g1), where f1 and g1 are rate constants

for making and braking actin–myosin linkages in the

isometric condition, respectively. As muscle fiber stiffness
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is a measure of the number of attached cross-bridges, the

parallel increase of muscle fiber stiffness and force in D2O

(Fig. 1A) indicates an increase in the proportion of attached

cross-bridges by about 20%. This means that the value of f1/

( f1+g1) also increases by about 20% in D2O.

Meanwhile, the maximum velocity of shortening under

zero load Vmax is determined by the value of ( f1+g1),

provided that another rate constant for breaking cross-

linkages related to muscle fiber shortening g2 is about 21

times larger than g1 [17]. As D2O had no appreciable effect

on Vmax (Figs. 3 and 4), it follows that the value of both

( f1+g1) and g2/g1 (~21) do not change in D2O. This idea is

consistent with the present result that D2O had no effect on

the early rate of isometric force redevelopment after quick

release (Fig. 2), which is also thought to be determined by

( f1+g1) [19]. Meanwhile, the total rate of energy liberation

during generation of steady isometric force P0 is determined

by the value f1 g1/( f1+g1). Since the Mg-ATPase activity

during isometric force generation is reduced by about 50% in

D2O (Fig. 5), the value of f1 g1 should be reduced by about

50% in D2O, as the value of ( f1+g1) remains unchanged.

4.2. Explanation of present results in terms of Huxley

contraction model

Based on the Huxley [17] contraction model, it is possible

to determine relative values of f1 and g1 in H2O and D2O to

explain the present results. First, we assume that, in H2O, the

proportion of attached cross-bridges during generation of

steady isometric force P0 is 0.75, a value nearly the same as

that in the Huxley contraction model (about 0.8). This means

that the value of f1/( f1+g1) is 0.75 [0.75/(0.75+0.25)]. In

D2O, this value increases by 20%, i.e. from 0.75 to 0.9,

while the value of ( f1+g1) remains unchanged. It follows

from this that, in D2O, f1 increases by 20% (from 0.75 to 0.9)

while g1 decreases by 60% (from 0.25 to 0.1), thus giving,

the value of f1/( f1+g1) of 0.9 [0.9/(0.9+0.1)]. As D2O had

no effect on Vmax, it follows that g2 also decreases in D2O

by 60% to keep the value of g2/g1 unchanged. The above

assumption on the effect of D2O on f1, g1 and g2 also

accounts for the present result that D2O decreases Mg-

ATPase activity of the fibers during generation of steady

isometric force P0 by about 50%, because the value of f1g1
is 1.9 (0.75�0.25) in H2O and 0.9 (0.9�0.1) in D2O.

4.3. Relation of present results to biochemical studies on

actomyosin and in vitro motility assay studies

Compared to H2O, D2O has higher viscosity, melting

point, heat capacity and temperature of maximum density

[20]. Crystallographic studies [21] have shown that MgADP

is held in the nucleotide binding pocket of myosin head by

hydrogen bonds. The above properties of D2O indicate that

the degree of hydrogen bonding in the nucleotide binding

pocket is higher in D2O than in H2O. When H2O in the

nucleotide pocket is replaced by D2O [22], the degree of
hydrogen bonding to hold ADP would rise to result in a

slower rate of ADP release from actomyosin-ADP complex,

as has actually been shown by Chaen et al. [3]. The

decreased rate of detachment of ADP in D2O would result in

the D2O-induced decrease of g1 and g2 in muscle fibers,

assumed in the present study.

Chaen et al. [3] also studied the effect of D2O on the

actin-activated ATPase activity of myosin subfragment 1,

and showed that its Km was 50 AM in H2O and 33 AM in

D2O, while its Vmax was the same in both H2O and D2O.

The increase in the affinity of actin to myosin may be

related to the D2O-induced increase of f1 in the fibers during

steady isometric force generation P0.

On the other hand, using an in vitro motility assay

system, in which actin filaments are made to slide on heavy

meromyosin (HMM) in the presence of ATP, Chaen et al. [3]

also showed that the actin filament sliding velocity on

HMM was about 40% smaller in D2O than in H2O. If the

actin filament sliding velocity is regarded to represent Vmax

in muscle fibers under zero load, their result contradicts with

our result that D2O had no appreciable effect on Vmax of

muscle fibers (Figs. 3 and 4).

It has been pointed out, however, that the actin filament

sliding velocity is not necessarily a good analogue of Vmax in

muscle fibers [23,24]. The in vitro actin filament sliding is

caused by a small number of myosin heads randomly

oriented on a glass surface, and the mechanism of how the

leading edge of an actin filament chooses appropriate myosin

heads in its zigzag motion is obscure. During the linear

myofilament sliding in muscle fibers, on the other hand, the

cross-bridges first attach to actin in the region where they

exert positive forces (positive force region), and then more

into the region where they exert negative force (negative

force region) to be detached rapidly from actin with a rate

constant g2Hg1. [17]. The discrepancy on the effect of D2O

on Vmax and the actin filament sliding velocity therefore

seems to arise from differences in the properties of actin–

myosin sliding. It should be noted that the present result that

Vmax remains unchanged in both H2O and D2O implies that

the value of g2 may not change markedly in D2O.

In summary, the present results can be accounted for in

terms of the Huxley contraction model [17] by assuming

that D2O increases f1 and decreases g1 and g2 without

changing the values of ( f1+g1) and g2/g1. The present

results also imply that D2O may not markedly change g2.
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