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Abstract

An actin filament exhibits distortions longitudinally when it slides upon myosin molecules. We observed that the
actin filament demonstrated contractile distortions at low ATP concentrations and protractile distortions at high
concentrations. Temporal development of such distortions was identified, by tracing each of several speckled
fluorescent markers attached to the actin filament. Close association of the sliding movement to the moving
distortions of an actin filament suggests the presence of a unitary mechanism regulating the apparently two different
modes of dynamic movement. Q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

An actin filament sliding on myosin molecules
in the presence of ATP to be hydrolyzed pre-
sumes at least two different processes; one is for
how the energy stored in ATP could be trans-
formed into the mechanical energy for actualizing

w xthe sliding movement 1]8 , and the other is for
how each actomyosin complex along the filament

U Corresponding author.

could come to start hydrolyzing an ATP molecule
in relation to the similar ones in the immediate

w xneighborhood 9]14 . If the neighboring ac-
tomyosin complexes on the actin filament are
totally disorganized among themselves with re-
gard to their initiations of ATP hydrolysis, a con-
siderable amount of mechanical stains or distor-

w xtions along the filament could arise 15,16 . The
absence of a coordination of ATP hydrolyses along
the filament could yield the push]pull distortions
longitudinally due to the high likelihood of letting
each actomyosin complex on the filament be the
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mechanical load to the similar ones in the imme-
diate neighborhood. However, occurrence of the
higher mechanical distortions is unstable for the
perturbations lowering them. Further explication
of those actomyosin complexes urges us to ad-
dress the question of what could be responsible
for lowering the possible mechanical distortions
to be generated in an actin filament sliding on
myosin molecules.

In the present article, we shall examine the
nature of mechanical distortions to appear in the
actin filament sliding on myosin molecules and
the dynamic scheme of how these distortions could
be mitigated. For this purpose, we prepared a
speckled actin filament marked by fluorescent

w xmaterials 16 . Such a speckled actin filament
enables us to estimate how the filament could be
distorted longitudinally during its sliding move-
ment on myosin molecules.

2. Materials and methods

[ ]2.1. How to prepare a speckled actin filament? 16

Actin and myosin molecules were prepared
w xfrom rabbit skeletal muscle 17]19 . Speckled

actin filaments were made from a mixture of actin
filaments both unlabeled and labeled by rho-
damine-phalloidine. Unlabeled and labeled actin

Žfilaments 25 mM KCl, 25 mM imidazole]HCl
Ž . .pHs7.4 , 4 mM MgCl , 1 mM DTT were made2
and treated with equal molar phalloidin, and their
concentrations were maintained at 33 mgrml. The
mixture of the suspensions of labeled and un-
labeled actin filaments with their volume ratio 1:4

Žwere subjected to supersonic dissecting Yamato,
.Branson 3200 for 4 min. The mixture of dis-

sected actin filaments, both labeled and unlabeled
mixed together, was placed at 48C for 24 h for
their reformation of the filaments that could be
speckled ones.

2.2. Measurement apparatus

We prepared a standardized in vitro motility
w xassay 20 . The slide glass to fix HMM of concen-

tration 0.2 mgrml was hydrophobically treated

Ž .with butyltrimethoxysilane Shinetsu Chem. Co. .
The solution condition for observing the sliding
movement of an actin filament was 25 mM KCl,

Ž .25 mM imidazole]HCl pHs7.4 , 4 mM MgCl ,2
20 mM or 2 mM ATP and 1 mM DTT at a

Žtemperature of 258C. The microscope Olympus,
. ŽIX70 attached with the object lens Olympus,

.Uplan Apo 100= , oil was used with the aid of
Ž .the fluorescent equipment Olympus, IX-FLA

Žand the fluorescent filter Olympus, rhodamine
.filter . The image of the microscope was taken by

Ž .a video cassette recorder Sony, EVO-9500A car-
Žrying the ICCD-Camera Video Scope Internatio-

.nal, Ltd, ICCD-350F . The images were processed
by the image-processing software; NIH Image 1.6
ŽWayne Rasband, National Institute of Health,

.Research Services . Each image was taken at ev-
Žery 1r30 s through video grabber board Scion

.Co., LG-3 PCI into a computer. The spacing of
neighboring pixels was 100 nm, and the spatial
resolution of identifying the end of each speckled
segment along the filament was 100 nm. Observa-
tion of the displacement of an actin filament was
done at every interval of 1r30 s.

2.3. ‘Madara’ approximation

Further examination of the dynamic nature of
a speckled actin filament sliding on myosin
molecules will be attempted by referring to the

Ž .skeleton length of the actin filament see Fig. 1 ,
which has been renamed as the filamental length
in the madara approximation by Koshin Mihashi1.
The skeleton length, L, is the total sum of the
length of each linear segment sandwiched by two
adjacent fluorescent speckles. Another numerical
figure of interest will be the filamental winding
index, W, measuring the ratio of the end-to-end
distance, D, to the skeleton length, L, of the
actin filament. The winding index W will tell us to
what extent the actin filament would be winding
during its sliding movement. If the index W ap-
proaches unity from below, this would imply that
the filament would come to be straight as de-

1The term madara is a Japanese synonym of speckled
pattern in general.
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Fig. 1. A schematic representation of the madara approxima-
tion. Skeleton length, L, measures the length of a speckled
actin filament as referring to each front portion of several
speckled markers, while winding index, W, measures the ratio
of the end-to-end distance, D, to skeleton length, L.

creasing the extent of winding. In particular, the
case of large L and large W corresponds to a
protractile distortion, and the case of small L and
large W to a contractile one. Based upon this
classification scheme, we shall examine the devel-
opment of these variables at both low and high
ATP concentrations.

3. Results and discussion

The results of the development of the skeleton
length and the winding index are presented in
Fig. 2, in which the ATP concentration was cho-
sen at 20 mM. A significant feature is that the
winding index approached unity while the skele-
ton length became minimized. This implies that
the actin filament exhibited contractile distor-
tions. The extent of contractile distortions was as
much as 10% of the total length of the filament.
We did not identify any apparent evidence of

w xbuckling distortions 21,22 under the condition of
the present observation under a microscope. In
contrast, when the ATP concentration was as

Ž .high as 2 mM see Fig. 3 , there was no explicit
indication of such contractile distortions. How-
ever, even if mechanical distortion survives there,
it must be of a protractile character compared to

Ž .the contractile ones with a low 20 mM ATP
concentration. In either case of low and high ATP
concentrations, we could not observe any explicit
correlation of fluctuations of the sliding velocity
between the front and the end segment of the
actin filament. This implies that those distortions,
whether contractile or protractile, could be corre-
lated only locally within the actin filament.

Our observation of the contractile distortions
of an actin filament at low ATP concentrations
must be related to some internal deformation of
the actin monomers in the filament. X-Ray
diffraction studies of thin actin filaments reveal
that each actin subunit exhibits its stretching as
much as approximately 0.3% during isometric
contraction of muscles at full overlap length of

w xthick and thin filaments 23]26 . Although defor-
mations of each actin monomer constituting the
actin filament would certainly be involved in our
measurement, the contractile distortions as much
as of 10% in the total length of an actin filament
could not be attributed to such deformations of
each actin subunit alone. A likely candidate for
such sizable contractile distortions may be due to
transversal displacements of the actin filament as
depicted in Fig. 4. In fact, our previous studies
w x15 demonstrated an occurrence of the transver-
sal displacements of an actin filament at ex-
tremely low ATP concentrations that propagated
in the forward direction.

Fig. 2. Time development of both skeleton length, L, of a
speckled actin filament and winding index, W, at 20 mM ATP
concentration.
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Fig. 3. Time development of both skeleton length, L, of a
speckled actin filament and winding index, W, at 2 mM ATP
concentration.

On the other hand, as the ATP concentration
increases, the mechanical distortions expected to
occur along the filament could become protractile
in the sense of decreasing the extent of contrac-
tile distortions. Protractile distortions in the form
of variations in the longitudinal acceleration at
the ATP concentration as high as 2 mM were
observed to propagate in the backward direction
w x16 .

4. Concluding remarks

Mechanical distortions occurring in the actin
filament while contacting myosin molecules in the
presence of ATP must be mitigated. Otherwise,
those distortions would make the filament me-

w xchanically unstable 27,28 . The manner in which
those mechanical distortions are mitigated is at
the least through either ATP hydrolyses or not.
Our present observation of mechanical distor-
tions in the actin filament in the presence of ATP
reveals an indefinite sustenance of mechanical
distortions, whether they are contractile or pro-
tractile ones. Surviving distortions manifest fur-
ther generations of mechanical distortions as re-
sponding to the process of mitigating the preced-
ing ones in a propagative manner along the actin
filament. This may suggest that mechanical distor-
tion, whether contractile or protractile, could

Fig. 4. A likely mechanism underlying a development of con-
tractile distortions of an actin filament at low ATP concentra-
tions, in which it is noted that those myosin molecules actively
involved in ATP hydrolyses concurrently along a single actin
filament are relatively sparse.

serve as a factor coordinating mechanochemical
couplings in actomyosin complexes along an actin
filament.
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