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We demonstrated for the first time that F-actin bundles isolated from Nitella moved actively in
vitro, and also purified muscle actomyosin moved in a well defined medium consuming energy lib-
erated by ATP hydrolysis. These observations stimulated the recent progress in research of in vitro
motility by using video microscopy.

A single myosin filaments could slide along an F-actin filament, and a single F-actin filaments
slid on the myosintcoated glass surface unidirectionally at the velocity of ~6 um/s which corresponded
to the maximum shortening speed of muscle. The unidirectionality of sliding is specified by the
structural polarity of F-actin. Furthermore, F-actin was slid by interacting with proteolytic frag-
ments of myosin, heavy meromyosin, or even subfragment-1 which is a head portion of myosin con-
taining ATPase and actin binding sites whereas intact myosin has two headed structure. Only a
myosin head assumes the responsibility for force generation in sliding F-actin.

Accumulating evidence has been providing new information and brings serious questions against
the prevalent idea of rotational movement of myosin heads as the molecular mechanism of sliding
for muscle contraction.
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Various kinds of cell motility are based on the interaction between actin and
myosin. Amoeboid movement, cytoplasmic streaming, cell division as well as mus-
cle contraction are those examples. The typical one is contraction of striated mus-
cle which has a well organized crystal like structure of parallel arrangement of thin
(F-actin) and thick (myosin) filaments. Relative sliding between these two kinds of

filaments causes contraction.?

One of the most intriguing questions is how chem-
ical energy liberated through ATP hydrolysis by myosin can be converted into me-
chanical energy for contraction. The molecular mechanism proposed so far for
sliding is that relative sliding movement between myosin and F-actin filaments is
evoked by repetitive rotational motion of myosin heads on F-actin accompanied by
ATP hydrolysis.>*¥ The ATP hydrolysis site and the actin binding site reside in
the myosin head projected from the thick filament whose shaft is composed of the
myosin tails. Enormous efforts have been dedicated to confirm the rotational motion
of myosin heads during contraction by means of biochemical and structural ana-
lyses.»®"®  This question is yet unsettled.

We have been attempting to reconstitute the in vitro movement of F-actin and

myosin filaments for more than a decade and observed it at the molecular level, in
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order to gain deep insights of the molecular mechanism of sliding. We, first, ob-
served travelling of F-actin bundles isolated from green algae Nitella in an artificial
medium,” and successively observed the active movement of actin and myosin fila-
ments purified from muscle.”™? These observations triggered the recent progress
of the in vitro motility assay by light microscopy.

Dark field microscopy enabled us to see directly very thin filaments such as
bacterial fragella,"® single myosin filaments, F-actin bundles, and so forth. Fluo-
rescence microscopy visualized single F-actin filaments by lavelling with fluorescent
dyes in a solution.’™  Images of moving filaments were recorded by using a highly
sensitive video camera on video tape, and processed with a image processor.

Reconstitution of in vitro movements is now becoming a promissing technique,
and giving us new information, for example, on the occurrence of sliding between
single F-actin and myosin filaments in a solution, identification of loci responsible
for force generation in a myosin molecule, and so forth.

I. IN VITRO MOVEMENTS WITH PURIFIED MUSCLE PROTEINS,
ACTIN AND MYOSIN

I-1.  Superprecipitation

Actin polymerizes into double stranded helical polymer with polarity. Myosin
is an ATP hydrolysing enzyme which is activated remarkably by F-actin, and forms
bipolar filaments at low ionic strength. Upon addition of ATP at low ionic strength,
actin and myosin filaments give rise to superprecipitation which is a process of large
aggregates formation and has been thought to present muscle contraction in vivo.
After the first step of superprecipitation, active movements of fibers composed of
myosin and actin filaments were observed by dark field microscopy. Large precip-
itates dispersed gradually into networks of moving fibrils, repeating formation and
disintegration of fibrils in the presence of ATP, owing to interaction between actin
and myosin. Movements continued for about 30 min at room temperature and af-
ter consumption of ATP moving fibrils disappeared.

This observation demonstrated for the first time that purified muscle proteins
can really move in a solution by consuming energy of ATP hydrolysis.'?

1-2.  Unidirectional sliding of myosin filaments along F-actin bundles

Under the condition of superprecipitation at a high concentration of MgCl,
(~20 mM), a new type of F-actin bundles having a polarity were 'spontaneously
formed. Short myosin filaments (~0.6 um long) slid unidirectionally along these
bundles one after another at the average velocity of ~6.0 ym/s at room tempera-
ture for ~30 min as far as ATP remained in the medium (Fig. 1)."® This velocity
corresponded to the maximum velocity of muscle shortening under no load.

Electron micrographs exhibited F-actin bundles to which myosin filaments were
attached (Fig. 2a). It provided no knowledge about the direction of movement of
myosin filaments, since profiles of myosin filaments attached were structurally quite
‘similar‘in both sides of the filament. The F-actin bundles, however, had polarity:
When F-actin filaments in a bundle were decorated with heavy meromyosin (HMM)
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Fig. 1. Unidirectional sliding of myosin filaments on an F-actin bundle.
Two myosin filaments (arrowheads) started sliding before coming
onto the bundle. A myosin filament is leaving the bundle at the
other end (double arrowhead). Myosin filaments slid usually at
a constant speed along the bundle and continued sliding before
coming onto the bundle and after leaving the nundle for a while.
This indicted that F-actin bundles splayed out at both ends
into single F-actin filaments which were not visible by dark field
microscopy. Time interval between successive photographs is
1/4 s. The bar indicates 5 um.

which is a polypeptide fragment of myosin head portion cleaved by protease, all
arrowhead structures of acto-HMM pointed to the same direction in a bundle (Fig.
2b). This indicated that the unidirectionality of sliding movement of myosin fila-
ments was substantially specified by the polarity of F-actin filament, as myosin fila-
ment has a bipolar structure.

By dark field microscopy, bundles of F-actin filaments and individual myosin
filaments were observable, however, single F-actin filaments were not. There must
exist a lot of single F-actin filaments in a dark background of a microscopic field.
Along these dispersed single F-actin filaments myosin filaments also exhibited active
sliding movement, which was fast and had long straight spans distinct from Brownian

movement.'!

The myosin filament could change the direction by changing the
track of the F-actin filament, according to the polarity of the F-actin filament. These
observations showed clearly that muscle contraction occurs actually by mutual slid-
ing between actin and myosin filaments.

The sliding velocity of myosin filaments along F-actin filaments is constant and

(471)



Figy2;

Fig. 3.
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Electron micrographs of the F-actin bundle associated with myosin filaments. (a)
At low magnification, many bundles as well as dispersed single F-actin filaments
were observed. Some myosin filaments (arrows) attached to a bundle (A) evenly
in their both sides of the bare zone which is the central portion of a bipolar
myosin filaments. Electron micrographs did not give us evidence about the direction
of movement, even at high magnification. The bar indicates 0.5 um. (b) The
bundle decorated with HMM. In the absence of ATP, HMM tightly attached
to F-actin forming the arrowhead structure, which shows us the structural polarity of
F-actin filaments. In a bundle all arrowheads point to the same direction, indicat-
ing that bundles have polarity. Arrowheads in the photograph piont to the same
direction in those of acto-HMM filaments. The bar indicates 0.2 um.
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Sliding velocity independent of filament lengths. The sliding velocity of each myosin
filament was measured and was plotted against its filament length. The bar associ-
ated with each point is the standard deviation of the velocity of individual filaments.
The average velocity of this sample was 6.5 um/s.
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independent of the length of myosin filaments (Fig. 3).'%

II. FLUORESCENCE MICROSCOPY

In order to investigate the motility of myosin monomers or its proteolytic frag-
ments, and the motility under various conditions far from that of superprecipitation,
observing the movement of single F-actin filaments is one of the feasible strategies.
Fluorescence microscopy made it possible to observe them labelled with fluorescent
dye. In a solution, HMM and ATP augmented flexible motion of F-actin but

failed to cause sliding like movement."

Pursuing the molecular events and more
precise loci in a molecule requisit for force generation to slide, we found," inde-
pendently of Toyoshima and her coworkers,™ that F-actin could be moved by pro-
teolytic fragments of myosin, HMM which lost the tail portion and has two-headed
structure as in intact myosin molecule, and subfragment-1 (S-1) which has only one

head.

11-1.  Movement of single F-actin filaments

To observe sliding movements of single filaments, either of interacting proteins,
actin or myosin, should be fixed on a large substratum like the cover slip. Myosin
filaments attached directly to the glass surface, or to silicone coated, or nitrocellulose

Myosin HMM  s-1

T

Fig. 4. Sliding of single F-actin filaments labelled with fluorescent dye on the S-1 coated
surface. (a) Images of moving F-actin filaments were superimposed at a certain
time and after 6 sec. The track and direction of movement are indicated by the
dotted line and the arrow, respectively. Bar, 10 um. (b) Schematic illustration of

sliding of F-actin on an S-1 coated film, and the molecular shape of myosin,
HMM and S-1.
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coated glass surface produced sliding movement of F-actin filaments at 4 to 6 ym/s
at room temperature. Filaments composed of single headed myosin retained the
sliding ability.’”® Heavy meromyosin and S-1 attached properly on silicone coated
or nitrocellulose coated surface moved F-actin (Fig. 4). Although the sliding veloci-
ties were slower than that with myosin (~3 um/s with HMM, 1-2 um/s with S-1),
this fact clearly showed that neither tail portion of myosin molecule and filamentous
form, nor the hinge region which located in the area connecting HMM and the
tail, are required for sliding movement. Only the single head of S-1 is sufficient
for sliding.

We extensively surveyed motility of F-actin with myosin, HMM and S-1, by
varying KCl concentration.? Sliding of F-actin occurred at low concentration of
KCl (<60 mM with myosin, <40 mM with HMM, and <100 mM with S-1). At
around those upper limits of KCl concentrations for movements, fragmentation of
F-actin rarely happened and most F-actin filaments were very long (~10 ym long),
but they attached at only one or a few points on the glass surface. The moving
F-actin filament passed exactly this attached point from the anterior to the posterior
end of the F-actin filament at a constant velocity, though free ends of the filament
swayed markedly in Brownian movement. This point had to be the site of myosin
head interacting with F-actin and generating force for sliding F-actin.

11-2.  Biochemical properties

In case of myosin and HMM, loss of motility at the KCI concentrations over

L [e] ONN A
~ ~ ~. ~
(113 >~
~ -
. -
N 0
-~ .y i H{r 2
- N
» .
~ o\ —- *
wag | E P ~
£ E] - N -
= |32 -0 [T 5 bt
T - \ >
c Q.o \ —
— //‘ -
r r L_ . \ \ 5
5| 219 A W -5
- |z o H
c20[9 V! a
- - A [
% o .. . <
o > A *\
A N .
'""A--A-.A.*‘:-:A,.,_,._._..

L ! I )39
] 42 L1 129

[kcil (mM)

Fig. 5. Mechanochemical properties of acto-S-1. We examined motility, ATPase activity
and bindin gof S-1 to F-actin in the presence of ATP, by varying the KCl concentra-
ion. ATPase activity decreased steeply with increasing KCI concentration, whereas
the velocity of sliding was almost constant. The upper limit of KCI concentration
for sliding was 100 mM (arrow), but the ATPase activity was the same at KCl
concentrations over 80 mM and had no correlation wtih motility. Motility, howe-
ver, correlated well with binding.
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the limit correlated well with both decreasing ATPase activity and loss of binding
activity of myosin heads to F-actin in the presence of ATP.?® Subfragment-1, how-
ever, behaved differently: Acto-S-1 ATPase activity in a solution steeply decreased
with increasing KCI concentration from 0 to 60 mM. At the concentration over 80
mM, ATPase activity did not change up to 140 mM at low level, while no move-
ment was observed at the concentrations higher than 100 mM (Fig. 5). What is
involved in this switching of motility?

As shown in Fig. 5, motility of S-1 correlated well with the binding of S-1 to
F-actin in the presence of ATP, but not with the ATPase activity. Emergence of
motility thus coincided with the binding of heads of myosin, HMM or S-1 to F-
actin in the presence of ATP. The binding was quite strong at low ionic strength.
This would explain why the in vitro movement occurred at low ionic strength, but
not at the physiological ionic strength.

III. ENDOPLASMIC STREAMING IN NITELLA CELLS

In Nitella cells, endoplasm streams continuously and rotationally along the
array of chloroplasts which reside beneath the cell wall. Chloroplasts are linked
by F-actin bundles®” which are located in the interface between endoplasm (sol-
phase) and ectoplasm (gel-phase) and responsible for endoplasmic streaming.”

II1-1. Travelling of F-actin bundles isolated from Nitella

F-actin bundles squeezed out of the cell of Niella could move in an artificial
medium in an ATP-dependent manner. F-actin bundles continued travelling for
5-10 min in the vicinity of the surface of glass slide (Fig. 6).¥ The vigorous flow
of the medium to wash out chloroplasts which interferred with observation did not
affect the movements of the bundles, and the bundles continued moving. The av-
erage velocity of travelling of ~10 um/s was similar to that of endoplasmic stream-
ing in the living cell (~40 um/s). F-actin bundles would travell by interacting with
Nitella myosin attached to the glass surface. No filamentous structures like myosin
filaments, however, were found on the glass surface by dark field microscopy. Puta-
tive Nifella myosin might be soluble protein like myosin I from Acanthamoeba.”

F-actin bundles detached from the array of chloroplasts often formed rings which
rotated at the similar velocity. Direction of the travelling or ring rotation was never
reversed. This unidirectionality was again specified by the structural polarity of the
F-actin bundle, which was confirmed by electron microscopy of the bundle deco-
rated with muscle HMM.

Travelling of F-actin bundles required removal of Ca?*. Endoplasmic stream-
ing in the living cell was also inhibited by Ca®*!, and regulated by phosphorylation

of some regulatory protein(s).?*®

At present, Nitella myosin has not yet been con-
firmed. It may be quite different from muscle myosin and streaming may be re-
gulated in a different manner from that in skeletal and smooth muscle contraction.
In vitro motility assay methods can be useful for further investigation on the regula-

tion of streaming.
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Fig. 6. Travelling of F-actin bundles isolated from Nitella. A bundle of
F-actin filaments (upper right corner) moved in the direction
pointed by the arrow in (a). Movement was observed by dark
field microscopy and recorded directly on film. Bar, 10 gm.

111-2. Elongation of endoplasmic reticulum

Endoplasmic reticulum (E.R.) is a ubiquitous structure found in various kinds
of cells and is postulated to be implicated in piotein syntheses. But little is known
about its function. In Nitella cells, E.R. forms the network structure composed of
membrane tubes and moves along the actin bundles.™

When the cell contents were squeezed out of the cell, network structures of E.R.
spread and attached on the glass surface, and were stationary even in the presence
of ATP. By the addition of muscle actin (~0.1 mg/ml) to the medium containing
Mg-ATP and sucrose: the network fibers of E.R. tube formed many branches whcih
began to elongate at the maximum speed of about 30 um/s.”” Fibrous tube of E.R.
in the network branched, elongated and fused with another E.R. tube, and the
network pattern changed at every moment (Fig. 7).

A plausible explanation of this phenomena is that a presumptive Nifella myosin
or motor protein associated with E.R. membrane causes clongation by interacting
with added F-actin which might attach on the glass surface. So far as reported,
in cultured cells from animal sources, E.R. movement was microtubule-depend-

26,27)

ent®™®®) and in plant cells, such as Nitella, or onion cells,® it is actin-based

movement.
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Fig. 7. Elongation of E.R. induced by muscle actin. A small network
comprising of tubular membrane of E.R. isolated from Nitella
was attached on the surface of a glass slide. These network
fibers formed branches, and elongated (white arrow) or retracted
(brack and white arrow in (a)), upon addition of muscle actin
in the presence of ATP. The point where the branch started
elongation often moved along E.R. as indicated by the brack
and white arrows in (c¢) and (d). Bar, 5 um.

In the cell, the cytoplasm contains various subcellular structures such as mito-
chondoria, vesicles, E.R. and also soluble proteins and small molecules. It seems
to be in chaos. Some structures, however, move and change their localization ac-
cording to their functions during cell cycle. As suggested by our observation on the
movement in vitro, these movements may be well organized by submicroscopic struc-
tures of cytoskeleton composed of microtubules or microfilaments (F-actin). Some

32)

motor proteins as well as myosin and kinesin®” or cytoplasmic dynein®® may be

involved in such intracellular movements.

IV. APPLICATION OF IN VITRO MOTILITY ASSAY

In vitro motility assay techniques by using video microscopy are still developing

33)

and very informative, such as tension measurement. Nitella-based motility assay
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methods are also useful.3%

After washing out endoplasm with care from the lon-
gitudinally opened Nifella cell, myosin-coated beads were applied on it. The beads
were attached to and moved along the F-actin bundles. As long term observation
is possible without interference by light, e.g., bleaching of fluorescent dye, this method

is useful to assay slow movement of proteins, such as non-muscle myosins. %%

V. SLIDING MECHANISM

Evidences that we have obtained so far from the experiments on in vitro move-
ments, bring us to a new step for understanding the molecular mechanism of muscle
contraction and non-muscle cell motility.

Mouscle contraction is in fact the sliding between two kinds of filaments, actin
and myosin. Polarity of the F-actin filament specifies the direction of the sliding
movement and the head portion of myosin is sufficient for sliding. The head, S-1,
where actin binding site and ATPase site are located, assumes responsibility for
molecular events of sliding. Since, as described in the text, the sliding velocity is
independent of the length of both myosin and F-actin filaments, interactions of
myosin heads with an F-actin filament do not increase the velocity in an additive
manner. In other words, the velocity obtained by extrapolating to zero length of
the filament is the same as that of the maximum sliding velocity. It is very likely
that one or a few heads are sufficient for sliding at the maximum velocity. This is
also suggested by observations at KCl concentrations close to the upper limit: One
point (probably one myosin head) attached to F-actin casued continuous sliding of
the filament at the same speed as the average. In addition, a head of myosin once
attached to an F-actin can slide keeping interaction with F-actin from one end to
the other end.

The phenomena described above show that the sliding movement is not simply
due to the cyclic reaction of association and dissociation of myosin head concomitant
to ATP hydrolysis. In vitro movements occur at low KCl concentrations where the
binding of myosin heads to F-actin in the presence of ATP is strong.* The activity
of this binding correlated well with motility of F-actin (or myosin) in vitro. During
sliding, a myosin head keeps binding to an F-actin, but at the same time it has to
change the actin molecule interacting with it, consecutively along the F-actin fila-
ment. It must be a “dynamic state of binding” of actomyosin.

According to a scheme of actin activated ATPase of myosin, there are two
routes (Fig. 8). One of those is the ATP hydrolysis cycle of myosin without

_route il

AM + T —= AMT —— AM-D.P; ——~ AM-D —— AM

/! |

M+T—> MT —= MDP, — ~ MD —= M
, D

route |

Fig. 8. A scheme of myosin ATPase reaction activated by F-actin. Myosin hydrolyses ATP
without dissociation from F-actin through route IT (upper row)® 3 or repeating
association and dissociation from F-actin through route I¥. A, F-actin; M, myosin;
T, ATP; D, ADP; Py, inorganic phosphate.
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dissociation from F-actin: route IT in Fig. 8.**® Through this route sliding between
F-actin and myosin filaments can occur.

The ATPase activity does not directly determine the sliding velocity. The ATP-
ase activity of acto-S-1 does not change at the KCl concentrations higher than 80
mM, but motitlity is lost over 100 mM. Subfragment-1 cleaved by trypsin into three
polypeptides which associated non-covalently can slide ‘F-actin faster than myosin.*?
The dynamic state of binding must require the flexibility in myosin heads and F-
actin. A specific sequence of molecular motions in myosin heads and F-actin must
be important to produce “sliding”.

The velocity in vitro sliding (~6 ym/s) is quite similar to the maximum shorten-
ing velocity of muscle. One or a few myosin heads may produce” the sliding move-
ment, as described above. If the sliding is due to the head rotation coupled with
the ATP hydrolysis,”® the ATPase activity of 200s™" should be required. From
biochemical data, the maximum ATPase rate is 20-30s™" in a solution. According
to this value, the myosin head has to advance more than 60 nm by the hydrolysis
of one ATP molecule.'" This distance corresponds to more than 10 actin mole-
cules on an F-actin. Does a myosin molecule really take out stored energy in small
quantity during sliding?

We are now gaining insights into the molecular mechanism of sliding through
the experiments of in vitro movements. Advancing knowledge intensifies our curio-
sity.
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