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1. Introduction

Cytoplasmic sireaming in plasmodia of the myxo-
mycete Physarum polycephalum is exceedingly vipor-
ous compared 1o that of plant cells or amoeba. The
fluid part of the cytoplasm streams at a rate up to
about 1.3 mm/sec, changing direction every 2—3 min.
Considerable effert has been devoted 1o elucidating
the physico-chemical basis of cytoplasmic movement
in this system [1] . It has been shown [2,3] that
both an actin and a myosin can be prepared from
Physarum. Since 1) it is an act of faith that a basic
mechanism common to all cellnlar movement will be
found and ii) there is an anzlogy between the re-
sponst of cytoplasmic sireaming and of muscle acto-
myosin in vitro to the action of various factors (e.g.
the addition of ATP 1o the plasmodia may augment
the motive force [1]), it is believed that ATP splitting
by an actomyosin system creates the driving force for
cytoplasmic streaming.

“Cell spp™ squeezed out from plasmodia by high-
speed centrifugation was found to contain a 208 .
peak considered to be primarily actin-like material as
well as appreciable Ca?¥-ATPase activity [4]. The
mechanochemical force in striated muscle is in all
probability generated = the result of an interaction
between ATP and the active sites of the actin and my-
osin filaments. The very generaiion of force does not
therefore seem to require the presence of the Z and
M lines which hold together the thin and the thick fil-
aments, respectively. or the chemically inactive shaft
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of the myosin filaments. We therefore considered the
possibility that in the above described **sap™, interac-
tion between the presumably free actin filaments and
the Physarum myosin (which is known to be very sol-
uble under physiclogical conditions) in the presence
of ATP might lead to the movement of the filaments
relative to the surrounding finid, i.e. the fluid will
flow past the filaments.

2. Experimental

In order to obtain massive streaming which counld
be visnalized under thie microscope, it is obvious that
the region observed should be anisotropic and con-
tain many filaments which are parallel to each other.
11 has been claimed by Kamiya [5] that {presumably)
B-actin filaments in a glycerol model of plasmodia of
Physarum gather closer to form fibrils on addition of
ATP and that there =xists a correlation between fibril
formation and motize force production in plasmodia.
“Liquid crystal” formation by rod-like macromole-
cules is known to be affected by the concentration as
well as by environmental factors sach as ionie strength
ete. [6]. In addition, parallel orientation might be
facilitated by confining the filaments in a microcapil-
lary whose internal diameter (i.d.) is not too large in
comparison with the length of the filaments. We
therefore introduced the sap into microcapillaries of
20—100 pm i.d. and 0.5—3.0 cm long. At both ends,
the capillaries were wider (about 1 mm i.d.). Liguid
occupied 0.5—2.0 ¢m in each of the wide ends.
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Microplasmodia of Phvsarum polvcepha. tm were
cultured at 23°C in shaken flasks containing 25 ml of
semi-defined medinm [7] . Thirty hours after inocula-
tion plasmodia from 10 flasks were sllowed to sedi-
ment in a 250 ml measvring tube at 4°C. All subse-
guent operations were ¢arried out in the cold. After
decanting the supesmaiant, the plasmodia were
washed 3 times by a solution containing 0.3 M KCl
and 1 mm EDTA pH 7.0. The plasmodia were centri-
Tuged at 35 000 g for 10 min and the pellet obtained
homogenized in a motor-driven Teflon homogenizer.
In some of the preparations, ATP was added to give a
final conen. of 5 mM. The homogenate was centri-
foged at 10 000 g for 10 min. Three layers could be
observed in the test tube: the lowest comprised of nu-
clei while the top, compact, layer contained mem-
branes and other particles. Cytoplasmic solution con-
taining small granular particles separated between
these two layers. This solution was sucked by 2 sy-
ringe and transferred into a test tube. We made sure
that the whole procedure did not exceed 2 hr. A érop
was sucked into a microcapillary and observed under
the microscope {magnification 125-250 X).

3. Results

A rapid movement of up o aboui 1 mm/sec of the
suspended particles could be observed. Movement of
the *“cell sap™ started within 1 min after its introduc-
tion into the cazillary. It was significantly faster than
the viscoelastic streaming which was observed immedi-
ately afier sucking. The meniscus of the ligwid in the
wider ends moved in the same direction as the parti-
cles indicating that the particles were passively
dragged by the streaming fluid.

‘When the microcapiliary was relatively narrow
{about 50 pm), the direction was reversed after 2 min,
the period of oscillation increasing and the maximal
velocity decreasing with time. After about 20 min of
this oscillatory smovements, streaming continued slow-
1y in one direcion only for abont 1 hr and then
stopped. During this peried streaming was mainiained
even against an opposing hydrostatic pressure differ-
ence of up to 4 mum water created by tilting the capil-
lary. The initial values of the velocity of streaming
and of the period of the oscillations wers quite com-
parable to those observed in the microgsapillary strands
of the intact Physarum,
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‘When wider capillaries {about 100 pm i.4.) were
used, the movement of the particles was jerky during
the first 1—2 min, even though they all moved togeth-
er. Later on, streaming took place in one direction
for aboui 4—5 min at the much higher velocity of
1 mm/{sec. It then stopped for a while, changed direc-
tion — now at a much smaller velocity — for about
half a minute. This cycle repeated itself 3—4 times.

In all experiments, new particles appeared towards
the end of the streaming. -

4, Discussion

The presence of actin and myosin in Physorim
does not prove that these proteins cause the cytoplas
mic streaming despite the role they are known to play
in the mechancchemical machinery of muscle. If,
however, we assume that some kind of interaction be-
tween these two proteins is responsibie for the siream-
ing then owr experiments seem to indicate that cylo-
plasmic streaming in the intact cell may at least be
partially a*tributed to free actin and myosin, i.e. actin
filaments and myosin which are #of bound to the plas-
malemmma or organized into “brushes™ like the sarco-
mere arrays of striated muscle. Cell-hee exiracts, ob-
tained from Amoeba projeus by centrifvogation, ex-
hibited characteristic patterns of sireaming in the
presence of ATF [8] and contained 50—70 A and
160 A flaments [9, 10]. The thick filamenis bear
some supesficial resemblance 1o the myosin filaments
of strinted muscle and on their removal, the prepara-
tioms exhibited little or no ATP-stimulated movement.
The thin filaments formed specific ATP-dissociable
complexes with muscle heavy meromyosin {(HIMM)
that were indistinguishable from those of HMM with
F-actin from muscle; these indirect methods were
claimed to provide tentative, though reasonable, iden-
tification of the thin filaments as F-actin and of the
thick filaments as myosin. The evidence for the pres-
ence of {soluble) actin and myosin in the Physaum
sap was, however, direct and beyond doubi.

if indeed free actin and myosin gre responsible for
streaming both i the sap and in the intact Physarum
then one may reverse the argument and apply a yn-
theic rather than an aralyrical approach io the mech-
anochemical basizs of cytoplasmic sireaming. Parallel
o proving the presence of these proiecins in the vari-
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ous non-mmuscular motile cells or trying to correlate
the effects of different physical and chemical factors
on cell motility and on the actomyosin system in
vitro, one may look for the possibility that an ague-
ous solution in which we dissolved aciin, myosin and
ATP might exhibit active sireaming. Such a system,
compared to an intact cell, or even an Yextract™ will
have the following advantages: 1) it is not con*ami-
nated by other, especially macromolecular, species
the role of which is unclear; i) we are free to vary the
concentrations of all the compenents {e.g. the ratio
of actin to myosin); and iii) we may have betier con-
trol on phase transitions such as sol—gel transforma-
tions so that we can see how and if such transitions
may be corrglated with sireaming.

Soch an attempi has been made (A. Oplatka and
R. Tirosh, submitted to Biochim. Biophys. Acta) and
proved to be snecessful: natural actomyosin (mnyosin
B) in the presence of ATP was introduced into micro-
capillaries similar to those wiilized in the preseni work.
The actomyosin was extracted from Physarum poly-
cephalurm and from rabbit’s striated muscle and the
protein concemtration was similar to that found in
Physarum [2,3]. These systems, under the proper
conditions, exhibited vigorous osciilatory streaming
which was very reminiscent of cytopiasmic streaming
in the intact Physgrun. The new par.icles which ap-
peared towards the end of streaming In the Physarum
sap seem to be superprecipitated actnmyosin, in anal-
ogy to the same phenomenon which was observed in
the experiments with myosin B.

Active streaming of ATP-contaiming actomyosin
solutions in microcapiliaries may thus serve as some
kind of a model system for eyzoplis:nic streaming, in
analogy tv the use of actomvosin threzds as models
for musenlar eoniraction. Sich strexming, as well as
the sliding of filaments in active mu: ;le, may also be
considered as special cases of *“active transport™ in
which hydrodynamic streaming is coupled to a chem-
ical (enzymatic) process.
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If, indeed, mechanical impulses [11] which lezd
to muscular contraction are generated in the region
where interaction between myosin and actin takes
place, then filament formation by myosin does not
seem to be obligatory for force generation. 'We are
therefore searching now for active streaming in solu-
tions containing actin, HMM (or HMM subfragment-
1 and ATP.

In view of the above, one may wonder whether
streaming in the microcapillary strands of Physarum
originates from a pressure difference established be-
tween the adjoining bulky regions. Such a pressure
difference has been claimed to result from either a
“contraction” of an actomyosin mairix associated
with a “*gel—sol™ transformation or a contraction of
the plasma membrane due to a force generated in at-
tached filaments of actin interacting with myosin [5].
The region where the native force is produced may as
well be in the microcapillary strands themselves in
which actin, and maybe also myosin, filaments are
oriented parallel to the axis of the strands.
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