ON PLANT MYOSIN

Thesis by

Paul On-Pong Ts'o

In Partial Fulfillment of the Regulrements
for the Degree of

Doctor of Philosophy

California Institute of Technology
Pasadena, California

1656



This thesis is affectionately dedicated to

Amy and Paul S. F. Ts'o



ACKNOWLEDGEMENTS

The author wishes to acknowledge his gratitude to the
people who have made this work possible, profitable and en-
Jjoyable. |

Dr. James Bonner has directed the research and the
educational program of the author in the Institute with far
sightedness and great interest. He has whole-heértedly
encouraged the author to study in the fundamental sclences
of physics and chemistry. With special effort, he has made
many facilities available for this training program and for
this research project. Dr. Jerome Vinograd patiently and
carefully taught the author protein physical chemistry and
served as an adviser on this aspect of the work. He helped
to design experiments and gave many hours in valuable dis-
cussion. It is also a pleasure to know him socialiy and
personally. Dr. Luther Eggman has designed the viscometers,
run the ultracentrifuge and helped out in many technical
difficulties including the printing of all the photographs
in this thesis. In association with him during_these years,
the author has acquired a higher standard of precision and
perfection in experimentation. The three individuals men-
tioned above have been an integral part of this research
program. It is only through their common efforts, includ-
ing correcting this thesis, that this work 1s in its.present
form.

Dr. D. L. Caspar and Dr. W. A. Jensen have contributed



“Appendixes I and II respectively in cooperation with the
author. Dr. Jensen has proof-read the manuscript before
typing. Drs. P. Y. Cheng, M. Delbrick, and A. W, Galston
have discussed with the author different parts of this work.

Dr. D. H. Campbell and members of his group in the
Chemistry Division have made their instruments available
for this work and were always fully cooperative. Many friends
and fellow students have made the 1l1lfe of the author at the
Institute a stimulating and enjoyable one,

Mrs. Alethea Miller typed the manuscript and Miss Mary
L. Slichter prepared most of the figures. Miss Muriel Wong
filled in the equations and the diagrams in the text.

The author has recelved financial support from teaching
assistantships and McCallum Summer Fellowship of the Biology
Division and from the Frank Shu Scholarship.

Mrs. Doris T. C. ¥Yip and Professor and Mrs. S. C. Lee
have made the opportunity for advanced.study possible for
thé author.

Finally; the author wishes to express his admiration
and appreciation to the One who creates and takes care of

the slime mold as well as the author.



ABSTRACT

A systematic study has been carried out both on the cellu-
lar and the molecular level of the mechanism of protoplasmic

streaming in the slime mold, Physarum polycephalum. This study

is based on the hypothesis that ATP-protein interaction is an
‘importantbfeature of the mechanism.

ATP has been found to have a liquefying effect. on the gel
structure ofvthe streaming plasmodium. Furthermore, when ATP
is allowed to react with protoplasmic material extracted from
plasmodia under proper conditions, the viscosity df the solu-
tion decreases immediately. This abrupt decrease in viscosity
of the protoplasmic solution is followed by a slow recovery.

The active protein which 1s responsible for ATP induced
viscosity lowering reaction has been identified by studles
of viscosity, électrophoresis and ultracentrifuge. It has
been purified to 75% by salt precipitation and differential
centrifugation. It is proposed that this protéin be termed

myxomyosin because of its similarity to actomyosin.

MyXomyosin is found tc complex with:RNA to ca. 0% of its
own weight. The RNA does not appear to be essential for the
ATP-protein interaction process, RNA does, howevef, exert a
great influence on the physical states of myxomyosin in solution.

Myxomyosin preparations possess an ATPase activity. The
turnover number of this enzymatic activity is small, namely, 30.
A refractory state of myxomyosin has been found. Immediately
after myxomyoSin reacts with a large excess of ATP, the systenm

enters into a refractory state which persists during the re-



covery of the viscosity level. In this state, the protein
is not sensitive to ATP.

Viscosity, sedimentation, flow birefringence and elec-
tron microscopy studies reveal that myxomyosin is a rod-like
molecule with a_weight average molecular weight of 6 millions
"+ 10% and with a range of 4.¢ to 10 millions. The molecule
possesses a dliameter of 50 X + 5 K and a most freguent length
of 4000 & with a range of 300C to 6000 R.

The effect of ATP on myxomyosin has been investigated
by viscosity, sedimentation, flow birefringence, electron
microscopy and electrophoresis studles. There 1Is no indica-
tion that myxomyosin breaks down into small units or suffers
an extensive change in shape when it reacts with ATP. The
present dataare best understcod on the basis that in the ab-
sence of ATP, myxomyosin aggregates in a concentration-
dependent manner. The binding of ATP to the myxomyosin molety
reduces the aggregation of the monomers. |

A proposed mechanism of protoplasmic streaming, suggested

by the above observations 1s presented.
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T. INTRODUCTION

A, The Conicepts.

The present research 1s based on two fundamental con-
‘cepts'devéioped over the last thirty years. The first is
the concept of ATP (Adenosine Triphosphate) as a carrier of
energy in bilological systems while the second is fthe concept
of the conversion of chemical energy to mechanical work by
interaction of ATP and protein. |

Through the findings of Meyerhof, Embden, Warburg,
Kalckar, Ochoa, Krebs, Lippman, and others the mechanism of

~

respiration and especially of oxidative phosphorylation has
been elucidated. The general significance of DhOSphO rylated
organic compouhds such as ATP was first clearly realized by
Lippman who termed them energy-rich. The hydwolysls of these
compounds to inorganic phosphate at physiologlcal pH 18
highlyvexothermic and exergonic in nature. Among such
materials, adenosine triphosphate has reéeived most atten-
tion because 1t is present in larger amounts than the others
and participates in many reactions. It was soon no lced

q

that the large negative A F of ATP hydrolysis might be
utilized to drive an endergonic reaction by sultable coupl-
ing of two systems provided only that the total sum of the

free energies of the two reactions 1s negative. This type

of coupling has been demonstrated not only to be the source
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of energy for phosphorylations but also for the synthesis
of fatty acids, the synthesis of small peptldes, and in
art for the photoéynthetic reduction of CO,. We now know
that by the coupling of phosphorylation to electron trans-
fer, ATP and similar compounds can be generated from!their
related ésﬁers’and,‘that, by coupling the hydrolysis of
energy-rich phosphate compounds to blosynthetic reactionS
other materials can be made. In a sense, ATP and similar
compounds Serve as energy carriers for the organism. Excerpt
for wminor disagreements over details such as nomenclature,
this concept permeates and dominates the field of biochem-
istry today. Not untll recently, through the work of
Millerd, Bonner, Laties, Stumpf, Albaum and others, was
this idea conclusively extended to the biochemistry of the
plant kingdom (1, 2, 3, 4, 5). A comprehensive and compara-
tive review of the development of the concept in both the
animal and plant world is given in the Ph.D. theses of Adele
Millerd (1951) and Paul Saltman (1953), available at C.I.T.
Recent measurements of the enthalpy and free energy of
ATP and pyrophosphate hydrolyses at pH 7 and EBOC;tempera—
ture indicate that these values are lower than earlier be-
lieved (6, 7). The free energy for hydrolysis of ATP to
ADP and inorganic phosphate 18 calculated to be 7900 calories
by Meister (8) who studied the glutamine synthesls system
and to be 6600 calories by Ouellet, Laidler, and Morales (9)

who have studied the myosin system. These values are con-



J

siderably lower than the 10,000 to 12,000 calories pre-
viously believed to be correct (10, 11, 12). The new
value for the free energy of ATP hydroiysils 1s however,
still sufficlently high to account for the role of the
substance biochemical reactions such as discussed abéve.

The Seoond concept mentioned above 1s even more closely
vrelated to the present research. ZHvidently a living organ-
ism does many things in addition to synthesizing new'com-
pounds. These activities usually require a source of energ.
Does ATP supply energy to endergonic but non-chemosynthetic
reactlons? The present research concerns only one, but an
important, activity of all‘living organisms, namely, mech-
anical movement. It is not intended to review here the
development of the physiology and chemistry of muscle.
Many good reviews of the subject have appeared (13, 14, 15,
16, 17). The basic concept involved will, however, ve pre-
sented below. The general approach of the muséle work has
been adapted to this investigation and at the end of this
thesis a comparison of the properties of the slime mold
myxomyosin with the properties of actomyosin ffom;the animal
world will be made.

The early experiments of Muralt and Edsall (18) pointed
out that large and highly asymmetric protein molecules can
be extracted from muscle. The facts suggested that 1f these
molecules were properly linked they might form the mechani-

cal basis of muscle structure contraction. In 1640, the



school of Syent-Gvdrgyl discovered the profound effect of

Il

salts and of ATP on the physical-chemical properties of the
extracted muscle protein. Engelhardt and Ljubimova (19)
at nearly the same time noticed that muscle proteins also
have the ability to hydrolyze the terminal phosphateﬁfrom
CATP. ihe molecular physiology of muscle has flourished

from the time of these two observations. Most of the studies
can be cauego rized into four general classes as follows:

1. The contraction of the whole muscle fiber has been
followed by chemical analysis, pH fluctuations, effects of
inhibitors and stimulators, spectroscopy over a wide range
of wave lengths, optical properties, thermal effects, elec-
tron microscopy, x-ray diffraction, mechanical properties,
volume changes and others

2. The muscle fiberisdisassembled in solutlon as
mildly as possible and the individual properties and inter-
actions of constituent proteins are examined. ‘Their enzy -
matlec activities, physical states, chemical compositions,
behavior toward salts, ilons and other combounds have been
described by methods such ag chemical kinetics, titration
measurements, optical studies, sedimentation and electro-
phoretic studies, hydrodynamic measurements, electron
microscopy, x-ray diffraction, spectroscopy and others
Efforts are being made to feassemole the import anc constit-
uent proteins into a unit capable of physical contraction,

namely, a fiber, as close to the original living muscle
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ber as possible.
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3. The notlon that ATP is the direct causal agent

in muscle contraction and the notion that the hydrolysis o

the terminal phosphate of ATP directly or indirectly sup-

(o’

lles the energy for contractilon, have been investigéted,
Effects of ATP on living muscle fiber, on individual con-
stituent proteins and thelr aggregates, on reconstituted
fibers, the rate of hydrolysis of ATP, the reaction products,
the specificity and effect of inhibitors; the amount and
source of supply of ATP, etc. are examined in the light of
chemical kinetics, thermodynamics, and modern colloid
chemistry.

4, Models, theoretical and experimental, have been
examined in order to demonstrate or support proposed theories
of the mechanism of muscle contraction.

The above approaches themselves outline the basic con-
cepts of modern muscle research. The great adVances in the
understanding of electron transfer, oxidative phosphoryla-
tion, and the biosynthetic pathways of cell metabolism are
contributions of organic chemistry to the underStahding of
life. The significant advances of molecular muscle research
are contributions of physics and of physical chemistry.
Through these contributions parameters referred to space and

structure are added tw the description of the 1life process.



o)

B. The Phenomena.

Many living organisms move around in various ways 1in
addition to Those employed by mammals., The idea that ATF
may supply The energy for such non-muscular mechanical
movement has been frequently put forward. Among theﬁob~
‘servations which suggest this hypothesis are: an effect
of ATP injection on the movement of amoeba (20, 21); a
cbrrelation bpetween The moblility of spermatozoan and the
amount of ATP inside it (22), a relationship of ATPase
activity to the mobility of leucocytes (23), and an effect
of ATP on the physical properties of cytoplasm 5f sea urchin
egg (24). It is indeed tempting to extend the concept as
the basic mechanism for all kinds of mechanical moveément in
living organisms.

The phencomenon of protoplasmic flow has attracted many
botanists since the discovery of the phenomenpn by Cori in
1772 (25). The streaming rate of protoplasm ranges from

1

=1, -1 . . v
0.6 mm sec in Physarum to 0.01 mm sec in Elodea or

even less Iin some species 1n special environmémts (25, 26,
27). Information concerning protoplasmic flow has also been
collected from studles on the effects of physical agents
such as temperature, light, electricity, shock, supersonic
waves, pressure, torsion, and centrifugation on the proto-
plasm (25, 27). Effects of chemical treatment by drugs,

alkaloids, dinitrophencl, anesthetic agents, salt, and acids

on protoplasmic flow have also been reported abundantly



(25, 27, 28, 29, 30). That these reports are contradictory
and confusing can be mainly attributed to two causes.

1. Inadequate knowledge of the primary reaction
caused by the applied agents. The primary reaction caused
by such treatments as x-ray, electricity, light, or auxin

" are far f?dm being understood 80 the complicated effects
‘of these agents on protoplasmic flow likewise cannot be
understood, On the other hand, effects caused by heat,
aclds, or salts are too general to permit unigue and con-
crete interpretation.

2. Inadequate control of the environment in which
the measurements are made. Thus the experimental results
are not reproducible, or comparable to each other.

Since the observations are bhased only on measurement
of rate of flow, a resultant expression of several inter-
acting forces, no specific information is provided regard-
ing any particular physioal/properLy of the prdtoplasm such
as viséosity,or surface tension.

In the strife over the mechanism of protdplasmic stream-
ing, one important but subtle point could be easily over-
looked in tThe overall plcture. It is rather-obvious that
the physiological function of muscle contractlon in the
animal kingdom 1is iIntended for 1little more than mechanical
movement. But is this also true 1n the plant world? Mechan-
ical movement may be s8tlll a major physiological function

of the protoplasmic flow of slime molds and like organisms,
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put it is highiy unlikely that the protoplasmic streaming
of green plant cells will serve this purpose., Most of

the living cells of higher plants exhibit protoplasmic

flow at all times or at certaln times in theilr life history.
" The physiological function of protoplasmic flow is there -

fore uncertain., It may perhaps Just circulate the cell

contents, but it may also accomplish other important func-

o>

reason, the recent proposal of Goldacre (31)

]._To
m
=3

tions. For th
is of interest. After Goldacre conclusively demonstrated
an effTect of inJected ATP on amoeba, he went on to observe
the absorption of vital dyes by amoeba, root hairs; and

Neurospora fillaments, especially with respect to the 1dca—
tion of the dye in relation to protoplasmlic movement., Through
a rather extensive but unconvincing argument which is too
long to be presented here, he suggests that protéplasmic
streaming 1s motivated by an ATP mediated folding and‘un~
folding of protein molecules, and that this change of con-
figuration leads to active absorption of solutes. There is
no clear evidence ag yet which establishes a relationship
between protoplasmic streaming and active uptaké of solutes.

The significance of proteins in relation to transport of

ions is well recognized (32) and active ion uptake is an

0

nergy requiring process (33, 34, 35). Therefore, even

<.

though there is nc clear evidence establishing a relation-

i

tween protoplasmlc streaming and active uptake of

solutes, the idea of transformation of chemical energy into
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csmotic work through a ATP-protein coupled system is nche-

the-less an attractive one. This concept lies beyond the

scope of this thesis which dealis

to mechanical movement. However, because of The funda-

mental importance of active uptake procesg and the pos-

V-Sibility that this process may be one of the physiologilcal
vfuncti@ns of protoplasmic flow, added interest ig attached
tb the present research.

C. The Problems.
Attention will now be focused on the special problem
of this thesis. The plasmodium of Myxomycetes, especially

that of the speciles, Physarum polycephalum, has been a

favorite experimental organlsm for research on protoplasmic
structure and streaming. Its 1ife history waé first de~
scribed by Howard in 1931 (36) together with some histologi-
cal studies. Act ties of some of the enzymes of the mold
have been reported by Holter and Pollock (37), and by Ward
(38). The cytology and structure of the plasmodla, especl-
ally in relationship to protoplasmic streaming, have been
described by Camp (39), Andreson and Pollock (40), Lewis

(41) and Seifriz (u

-
*

By injecting enzymes and salts into
the plasmodium, Haas has obtalned information about the ef-
fects of these substances in protoplasmic streaming and on
the chemical nature of the protoplasm, Sponsgler and Bath

provide electron microscope plcture of certaln structural
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components of the plasmodium (U44), Most of the important
observations on the protoplasmic streaming of Physarum have

veen summarized by Mars. land, Lewis, Kamivya, and Seifriz

in the monograph, The structure of Protoplasm, edited by

" Seifriz in 1042 (41, 42). Seifriz has also reviewed this
"subject thdroughly'in 1650 (25). A few of the important
facts concerning protoplasmlc streaming will be summarized
here so thatvthey may serve as a reference for later dis—
cussion.

The plasmodial strand is surrounded by a structureless,
slimy, and colorless sheath. This sheath consists of poly-
saccharides, waste products and contaminating microorganisms.
The slime substance 1s left behind by the moving plasmodium.
Closely under the sheath is a thin membrane, the plasmalemma,
as in amoeba. The plasmggel, a rather stationary gel layer
containing inclusion bbdies lies underneath the plasmalemma.
According to Lewis (41) and Camp (39), a layer'of clear
hyaliné cytoplasm 18 sometimes found between the plasmalemma
and the plasmagel as if the ground cytopiasm had filtered
through the gel structure and reached the membrane. Embedded
in the structure of plasmagel are much less viscous regions,
the plasmasols, in which the protoplasmic streaming takes
place. The streaming itself i1s made visible by the fact fthat
particular inclusion bodies of various kinds are born along
in the flow., The direction of protoplasmic streaming re-

verses periodically in a shuttle way and in the advancing
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plasmodia, the streams may be seen to branch and fuse again.
The following diagrammatic filgure illustrates the main struc-

ture.

Hasmage‘ Plasmalemma

Sheath

Plasma sof

Diagrammatic drawing of a cross section of a veln

of Physarum polycephalium on the surface of a

liguid (from Pollock and Holter).

Mars.land and Brown (44) have made a thorough>study of
the effect of high hydrostatic pressure on proﬁoplasmic flow
of amoéba and Elodea. They bbserved that with Elodea the
Streaming rate 18 reversibly and Pegulariy decreased as pres-
sure on the whole cell is increased up to 400 atmosphere.

As the pressure goes up, the viscosity of the cytqplasm de-
creases which suggests that solation of the protdplams, i.e.
conversion of gel to sol, is formed by high pressure., In
the case of amoeba, increase of the pressure to 4000 1bs per
gquare inch stops the movement and lncreases protoplasmic

solation. Marsland and Brown also report that there 1s a



=

gradient of rigidity in the plasmagel structure, The rigidity

n

decreasing from the base to the newly formed tip of the
pseucdopodium. Since high pressures increase solation of
protoplasm and decrease streaming rate in a proportional
fashion, they conclude that the sol-gel transformat ion is
“an importaht factor in protoplasmic streaming.

With the help of a very ingenious method, Kamlya has
recorded the rate of Streaming, changes in directlon and
periodicity of streaming of the slime mold (45). By Fourier
analysis, he demonstrated that these curves so obtained can
be represented by a combination of sine wave components with
different periodicities and different amplitudes. Kamiya
measured the driving pressure of streaming as usually about
15 em of water and he was able To accelerate, stop, or
reverse protoplasmic streaming by applylng an appropriate
pressure differential. He also showed that the velocity dis-
tribution in the moving protoplasmic front ié’parabolic,
being fastest in the middle of the strand and slowest along
the sides as 1s expected 1n a capillary f{low with peripheral
resistance. These facts taken together led him to conclude
that the protoplasmic flow 1s caused by rhythmic dlLIETODOCS
in oressure in different zones of the plasmodium (25). Lewis
(41) has closely observed the changes 1nside the plasmodium
during streaming and described them as follows.

Contraction and partial solation of the posterior

part of the gel layer forces the endoplasm forward
through the tube and channels to the anterior end,



where it forces out pseudopodia at weak places
and bhuillds forward the plasmodium at their bhases.
After about 30 seconds gelation sets in at the
anterior end; the resulting contractile tension
there, together with partial solation reverses
the endoplasmic flow and expands the posterior
weakened end. After about 30 seconds, gelation
at the posterior end increases the contractile
tension and reverses the flow and repeats the
cycle. There 1s net gain at the anterior end
and a net loss at the posterior end with each
cycle.

Lewls assumed that the regulating mechanism depends on the

tenslons and turgor pressures of the different parts ol

P

strand. Seifriz (42), using a camera, has made the Tollow-
ing observations.

I time-lapse moving pictures of the streaming
protoplasm of the myxomycete, . . . , are made, a
remarkable pulsation of the plasmodium is revealed.
Pictures taken . . . , show the plasmodium under-
goling rhythmic contraction and expansion when thus
optically accelerated resemble the pulsationsg of a
heart. At each contraction and relaxation the
direction of protoplasmic flow reverses . . . .
As the rhythmic contraction of the protoplasm is
synchronized with the streaming . . . , from which
the only constructive deduction to be made 1s that
the flow 1is the result of the rhythmic movement.
The mechanilsm of protoplasmic movement in slime
mold 1s, then, one of rhythmic contraction and re-
axation of the plasmodium with a total of ©¢5
seconds for each pulsation, 45 seconds for systole
and 50 seconds for diastole, the additional 5 sec-
onds in time of outward flow account for advance-
ment. '

Selfriz disagreed, however, with the view that the driving
force of protoplasmic flow is due to the contraction of
outer cortical layer of the protoplasm, and proposed that

the contraction is one of the whole protoplasm. The sur-

=

ace of the strand wrinkles as the strand contracts, which,
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suggested to Seifriz that the outermost layer of the

atrand is8 nolt under tension., He also described some cases
in which the contraction is not centered in the surface

layer, but at a point or peoints some distance inside the

Furthér information in regard to the mechanism of
'protoplasmic streaming can hardly be obtained from descrip-
tive observations on the cellular level, It 1s then neces-
sary to break down the plasmodium and to Study'the phenomenon
on a molecular level., In this case, however, the streaming
can no longer be observed. Some new expression'for the
transformation of chemical energy to mechanical movement
must be found, namely, reversible change in physical state
of the extracted plasmodium in response to experimental
treatment. Loewy in 1952 (46) has made a significant con-
tribution to this aspect of the préblem. He showed that
the addition of ATP or of ITP (Inosine triphosbhate) to
crude extract of the plasmodia causes reversible changes

viscosity, changes resembling those induced by ATP in

—

o)
actomyosin solutions. Inorganic phosphate was 1i5erated

during the process. This has opened the door to physical
and chemical studies of the nature of protoplasmic stream-

ing on a molecular level. This matter is the subject of

the present dissertaticn.



D. The approach.

The effect of ATP and related compounds on the stream-

Qs

ate

]_'n
d‘

ing of plasmodium of the slime mold has been investi

{TQ

Crude extracts were then prepared by suitable methods and
with these extracts reversible changes of the physical
pro pefci of the extract were found to be induced by ATP.

he extract chilefly responsible for the

o

'The component of
interreaction with ATP was then highly purified and was
found to be a nucleoprotein. The chemical composition,
the molecular dimensions, shape and moclecular weight of
this component have been extensively studied by several
physical and chemical methods. Informatlion pertinent to
the interreaction of ATP and the active component have
been collected. Pinally, a model is suggested to explain

the mechanism of protoplasmic streaming in relation to

these new findings.



IT. MATERTALS AND EXPERIMENTAL METHODS

A. Culture and Extraction of the Slime Mold Plasmodia.

Physarum polycephalum is cultured by a modifled pro-

.)e :
cedure of Loewy (46). An inverted dish wrapped with a
paper towel 1is sprinkled with oatmeal, and is inoculated

with sclerotia or a growing culture of the organism. The

3 )
1

dish is then placed in a pan containing a shallow layer of
water. The pan is covered with a glass plate and incubated
in dim light or total darkness at a constant temperature of

210 o 22°

C¢. In 48 to 72 hours the multi-nucleate plas-
modia are collected from the surface of the water and the
walls of the pan, drained free of water, and frozen and
stored at -10° C. |

For the extraction, the frozen plasmodia not older
than 2 months are first shattered into small pieceé and
the fragments ground to a slush in a cold mortar at ca.
0° ¢. The extraction medium, generally 1.4 ml per gram of
frozen plasmbdia, is added to this slush .and extracted for

0 0 . .
one hour at -3 C to 2 C. The slurry is then centrifuged

e

n the cold in a SS-1 Sorval centrifuge at 16,000xg for

0 minutes. The fturbid supernatant solution is decanted

N

through a filter pad of glass wool ©to remove partlicles and

the 1lipid material which has coalesced at the top. It 1s

b
The author expresses his gratitude to Dr. A, G. Loewy
for the myxomycete culture,.
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‘then centrifuged a second time at 20,000xg for 20 minutes,
The somewhat opalescent supernatant solution from the
second centrifugation is termed the crude extract and
usuvally contains about 1.5% by weight of trichloroacetic
acid (TCA) precipitable material. The crude extwacU4so

" obtained ié the starting material for further purification

‘as described in detail in Chapter IV.

B. Chemicals,
The dipotassium salts of adenosine triphosphate (ATP),
adenosine diphosphate (ADP) (both from Pabst Co.) and

adenosine monophosphate (from Ernst Bischoff Co.) were

o

n

used without further purification. The solutions were
neutralized to pH 7.0 with potassium hydroxide. All other

reagents were of reagent grade.

C. Methods of Chemical Analysis.
Analysis of carbohydrates by the anthronelreagent
This method was employed for the estimation of polysacchar-
ides which in these preparations derive principally from
the slime. The method has been described by Morris (47).
Analysis of protein by biluret method. This method is
‘seldom employed ag a measurement of the protein content
because of 1its low accuracy and also because the protein
solutions are not colorless., It serves wellihowever, as a
guick semi-guantitative method and also yields’qualitative

chemical evidence as to whether protein or polypeptides are



~present in the preparation. The method described by
Cornell, Bardawell, and David (48) was used.

The analysis of phosphorus by Allan's method with
glight modification (40), This method is employed for
" the determination of total phosphate in the myxomyosin

g |

‘preparation and for study of the ATPase activity o

PR |
L

oGNe
erude extract. A Beckman model B spectrophotometer was
used and readings were taken at 650 millimicrons,
The determination of inorganic phosphate by the Lowry

and Lopez method (50). The enzymatic hydrolysis of ATP

by purified myxomyosin was followed by the analysis of
inorganic phosphate. This method is very mild and does
not hydrolyze phosphate esters such as creatine phosphate

which are even more labile to acid than ATP and ADP.

D. Measurement of Concentration of Macromolecules;
Trichloroacetic acid precipitation method. This
method for the measurement of concentration of macromole-
cules, mosﬁﬁ%proteins, is employed in the investigation of
the behavior of the crude plasmodial extract and the i1so-
lation of the myxomyosin as described in Chapter II and IV.
The proteinsg in the soluticn were precipitatéd by addition
of cold 1 N TCA to a volume ratio of 1:2. The precipitate
was then centrifuged down after one hour or more at 0° ¢
and washed twice with 0.5 N TCA, The washed precipitate

s L ] 3 4 ava O ‘ ] P Ly s
was dried fto constant welght at 100~ C, usually about 72-100
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‘hdurs. The range of dry weights was 10 to 20 mg per sample.
Differential refractometer method. Thilis method was
used for bthe measurement of protein concentration in the
gstudies on the properties of purified myxomyosin. The ad-
vantages of this method are that it gives a precise énd
immediate answer, and that the solution is unchanged by
'the measurement. The solutlon must first, howevér,  be
thoroughly dialyzed. The principle and the instrumenta-
tion of the method are described by Brice and Hawler (51).
The apparatus is that of the Phoenix Precision Company.

It consists of an AH-3 mercury lamp, a filter which iso-

jor

lates 546 mu wave length band, a divided prismatic dif-

-

ferential cell, a projection lens, a billateral slit, and a

h

ilar micrometer microscope, all mounted on a horizontal

cal bench. A parallel monochromatic beam of light is

O
N

pt
allowed to pass through a hollow pfismatic cell which is
divided obliquely into two equal compartments.‘ If the
golutiors in the two compartments have the same Index of
refraction, n, the light path will suffer no deviation. If,
howevef, the dialyzed protein solution is placed ih one com-
partment and the buffer against which the protein was di-
alyzed in the other compartment, then the instrument is

S50 designed‘that the slit ilmage A d as determined by the
filar micrometer is proportional %o the difference in re-

Tractlve index, Aan, of the two solutions.
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An = K. Ad

The proportionality constant K can be calibrated f{rom
the geometry of the instrument or from a golution of known
concentration and known refractive index increment (dn/dc).
" The apparatus constant for the present instrument 1is
0,287 x 1O'4.* So, if the refractive increment, dn/dc, of

any solute is known, the concentration can be calculated

by the following equation:

For the time being, the dn/dc of myxomyosin at 546 mu wave-
length is assumed to be 0.185 (concentration in gm/cc) in
accordance with the average value for most proteins. The
working equation for the measurement of protein concentra-

tilon in the myxomyosin system is

c = (0.502) Ad

where ¢ 18 in weight percent. It should be noted that
both the methods employed for. concentration determination
“yield values for total macromolecules content and may in-
.

clude small amounts of nucleic aclid and polysaccharides as

well as the major protein component.

This constant was obtained by Dr. L. Eggman based on the
calibration of KC1 solution. The dn/dc value of KC1

was taken from the data of Gosting (72: 4418, Jour. Amer.
Chem. Soc. 1950).
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’fE. ‘Chromatography.

In order to demonstrate the presence of RNA in the
myxomyosln preparation the chromatographic analysis method
of purine and pyrimidines of Wyatt (52) was employed. The
myxomyosin in the pellet obtailned from centrifugatioﬁ;was
'lyophilized'to dryness and then hydrolyzed with 70% perchloric
 acid at lOOO C for one hour. The hydrolysate was neutral-
iéed with KOH to pH 2 to 5 and allowed to stand at~00 C.
The sample was centrifuged to remove the debris and the
potassium perchlorate precipitate. The supernatanf gsolution
was then concentrated in an oven at 50O C. The chromatography
was done on Whatman No. 1 paper with an isopropyl alcohol-HC1
solvent described by Wyatt. The positions of spots on the
chromatogram were detected by ultraviolet photography (52).
A RNA sample was treated in the same way as the myxzomyosin
in the presence and absence of salt and were cchhfomato—
gramed with the myxomyosin as reference standards for the

identification of the nitrogen bases.

F. Ultraviolet Spectroscopy.
The UV spectrum of the myxomyosin was obtained with
the Cary recording quartz spectrophotometer model 11M

manufactured by Applied Physics Corporation.* The UV

*
The author expresses his gratitude to Dr. Makio Murayama
for his valuable assistance with the Cary spectrophoto-
meter. : '
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speétrum of the yellow plgment was obtalned with the Beckman
spectrophotometer Model DU.

Since maleate lon absorbs strongly in the 240 Ml wave
Wenguh region, 1t 18 necessary to completely remove maleate
from the buffered solution in which the myxomyosin is
"normally pfepared. The protein sample 1s dialyzed exhaus-
‘tively against a large volume of 0,01 M KC1 for 24 hours
or more and the concentration and the spectrum of the sample
against 0.0l M KC1 was obtained. The sample was then
redialyzed agalinst fresh solution of O0.01 M KC1 fdr another
24 hours and the concentration and spectrum again obtained.
It was found that the spectrum and the magnitude of the
extinction of the sample was the same after the second

dialysis as after the first. If 1s concluded that all the

[.._!u

maleate lons were removed except those which are tightl
bound to the protein. For this reason, the absorption
spectrum of maleate of known concentration and'against
0,01 M‘K01 was also obtain=l to serve as a check on pog-

31ble errors in the spectrum caused by bound maleate lons.

The yvellow pigment isolated from the dialyzed protein is
assumed to be free of maleate.
" G. Electrophoresis

Theory of migration of charged particle in the liguid

medium. : B

o3

The main feature of

o

this theory has been developed

C—I

a
and surveyed by Gorin and others (53,54). A brief discus-
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ston of some points In the the tinent to the problem
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of this thesis is presented here.
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The mobility of the particle

bl <

V = velocity

X = fileld strengt

4

The mcblility of an iscliated charged varti

J_.

glectric fluid is given by

*
U =0 2
kT

@ = charge

k = Boltzmann constant

=3
i

absolute temperature

where the (D¥*/kT) term is inversely proportional to viscous
drag as is the electric mobility U. The mobllity of &
charged particle of intermediate size in an electrolyte

sclution may be shown on the basis of the diffuse double

~layer theory of Guoy and Debye and Hickel to be



@ = charge on the particie
N = viscosity of the medium
= gdlelectric constant of the medium

1/R = d = thickness of double 1ayer
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r (T,D, Jionic length )
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In the derivations of the foregoling squat

assumed that

1. The ratio of the effect of 1 ctrical enerry tc the
effect of thermal energy on the distribution of
lons is much lessg than unity.

2, That the particle is of spherical shape,rthat there
is no field distortion, and that the radius of
curvature of the particle is much larger than the
thickness of 1ts double layer.

'S

If one considers the modification introduced by Henr

N
correction for the effect of distortion of the electric
field by non-conducting particles, and by Gorin's correc-

tion for the finite size of ionsg in the double laver, then



+the electric mobllity of a sphere 1is given Dby the following
equation
~ . PR
U o, I\Kf)(l -+ pr.)
7 Y ,»
bwmr (T + Kr + Kri)
r;. = radius of the ions

r = radius of the particle

f{ K1) = Henry's function of Kr.

If the particle is a long cylinder with length, 1, and radius,
a, rather than a sphere, the following relations are obtained

(53,54).

- DC
U=
M
_ 20
$=pavme fiKe)

= the distortion effect by the cylindrical

@

non-conducting particle to the electrical field

Finally, the electric mobility of a long cylindrical

molecule ig given by the equation:

310

R (’\Q
U = Tl_é—i—:—?fa) r (Ka, Kri)

{ Ka, Kri) = the terms of ionic interference and
effect of the thickness of the double

layer.



Therefore, for moleculesgs - of . the same shape and for
the same lonlc strength of the medium, the mobility of &
rod shaped particle is directly proportional to i1ts charge

and inversely proportional to its length 1, and radius, a.

Measurement of electrophoretic mobility.

kThe theory of the moving boundary method for the deter-
mination of electrophoretic mobility has been described in
detail (55, 56, 57) and will not be repeated here.

The portable Tiselius electrophoresis apparatus Model
38 manufactured by the Perkin-Elmer Corporation with 1ts
2 ml cell assembly is employed. The schlieren photographs
were obtained with Longsworth scanning optics. The pro-
tein solution samples were dialyzed usually for 10 to 12
hours with constant stirring at 2° to 4° ¢ temperature.
The conductivities of the buffer and of the protein solu-
tion were found to be the same after the dialysés. The
conducﬁanoe of the buffer was measured at 1.50 C for the
calculation of mobility. Two buffering solutions, 0.2 1
(ionic strength) K-maleate, or (0.1um KC1 + 0.1 u K-maleate)
have been used. Both buffers were adjusted to pH 7 unless

specified otherwise,

ot
Ii
il

R R 0 volt !l s
o em” volt ec
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Where distance moved by boundary in time, t.

pr=g
i

crose sectional area of the cell,

X
i

specific conductance of the buffer in mhos.

= duration of run in seconds

ct
i

I = current in amperes.

‘H. Flow Birefringence,

Flow bifefringence measurement may be used tTo determine
rotary diffuslon coefficients. The theory behind this ap-
plication has been readily reviewed (57, 58). Sihce in our
system we will encounter complications resulting from poly-
dispersity and inter partiéle interaction, a brief summary
of the vprinciples of flow birefringence 1s given below to
provide a basgis for the discussion of the results obtained.

It is posSible to orient a large asymmetric molecule
in solution by applying a mechanical shearing force. The
orienting force 1s opposed by randomizing thermal forces.

The intensity of rotary Brownlan movement of a molecule can

be defined by its rotary diffusion coefficient, O,

KT
g

where k 1s the Boltzman constant, T, the absolute tempera-
ture, and { , the rotational frictional constant, 1s the
torgue necessary to malntaln a unit angular velocity. © may

be evaluated from the results of streaming birefringence
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measurements by the followir

B}
il
Qo

where G is the veloclty gradient in the solutions, a-
.Guaﬂul“* det ermlned by the known dimensions and rotational
. gpeed attalned in thé instrument, and &« is a measure of
relative strengths of orienting forces due to the Velocity

gradient and the disofienting forces of Brownlan movement.
The term o« , is a functilon of the extinction angle X
which is determined instrumentally. Scherage, Edsall and
Gadd (59) have computed the values of o for various values
of X based on the Peterlin: and Stuart eouablom, thus
from any measured value of X and G, the value of X may
be 1mmediately obtalned. For a rigid, non—interacting
ellipsoild, Perrin's eqguation relates © to the molecular
Gimensions, |
P

6 - Trye3 (210 T -1)
where a, is theklength of the ellipsoid, a/b is the axial
ratio, and Y] , the viscosity of the solvent. The length a,
can therefore be calculated using the value of a/b which is
supplied from viscosity data. This assumes, of course, Tthe
correctness of a non-interacting Pibid prolate ellipsoid

model. For large axial ratios, the rotary diffusion con-
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stant depends substantially on a, and is insensitive to
changes in b. There are, however, complications to this
determination as for example, interactilion, polydispersity
and deformation phenomena.

There 1s no quantitative theory to account for the
'dependencé and hence of apparent particle length on the
concentration of the solution., In the cases of DNA (57),
6 is inversely proportional to concentration, while in
case of fibrinogen (57, 60), the length, 1, is proportional
to concentration. The usual practlice 1s to perfofm the
experiment at a concentratlon low enough that these phe-
nomena disappear. The concentration dependence 1s guali-
tatively visualized as resulting from inter particle
interference of the asymmetric molecule which increases
their observed rotational frictional constant, 7 .

‘Polydispersity of the sample has a large éffect on
birefringence data. At low shear gradients,‘bhly the
1omger’molecules which have the low rotary diffusion con-
stant are oriented. As the shear gradient 1is g°adually
increased, the shorter molecules with a higher rotary dif-
fusion constant begin to be oriented. Thus the contribu-
Tion of short molecules to the measurement will increase
as the shear gradient lncreases.

Sadron (61) first derived an equation for the calcula-
tion of the total contribution by various componéﬂts in a

non-interacting heterogeneous system., Sadron's equation
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has the form
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where An ig the birefringence and the subscript i denotes
~ the value of Aﬂ and A Tfor the ith compcnent. For the

cagse of stiff rods
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is constant and independent of molecular welght, Done

gives a limiting formula for the diminishing gradient,
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C being the volume con
diffusion constant at zero gradient. I the molecule 1s
sufficiently elongated, the ¢ will be sensitive only To tThe
length a, and the average length measured I
at zero gradient as denoted by &r . p(0) will be gilven by

2en(0) = (<& >/ <a”>)

where the brackets denote welght average over the distribu-
tion., As indicated by the above eguation the average length
sc obtained is weighted strongly in favor of the longer

detailed

©

particles. CGoldstein and Relchman have given
discussion of this problem in relation to DNA (63).

The deformation effects of shear are important for
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molécules which are not rigid. The shear tends to lengthen
the molecule thereby inéreasing the value of the rotary
diffusiom’constant. A sufficlently high Sheafing force may
even break the molecule into smaller pieces. An increase
of X and € at the same gradient with time indicates the
'occurrencé‘of such breakage.

The bilrefringence instrument employed in this s

E

puilt at the California Institute according to the design

of Edsall, Rich, and Goldstein (64). The dimensions of
the apparatus and the eguation for the calculation of the

shear gradlent, O, are

Inner stator radius R, 1.8 em
Roftor cup radius R2 1.1 cm
Height of the scolution
in the cup , 4,0 cm
Gap (Rg"ﬁl) d 0.1 cm-
pe 1 Bw o 2miE
d- d d

the rotor, and R is —s .

I. Viscosity.

Newton first defined the coefficient of viscosity“q with

o
D

following equation
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‘here T is the shearing force between Two parallel planes
v £

in a 1liguid in relative motion, %%,, the velocity gradient

perpendicular to the planes, and A 1s the area of the planes.

@]
[e2]
3

8 expressed in units of poise and has
] - 1 ; s
~ sec 1. The work spent in overcoming

-

e

 The qUantiﬁy, M s
‘the dimensions gm cm
frictional resistance 1s transformed into heat. The heat,
q, liberated per unit time in a unit volume at constant
veloclty is |

2

dv
q = n T

-

The intrbduction of large particles into a flowlng liguid
distorts the stream line so that an additional amount of
work 1is required to maintain the gradient. This ilncrease
in viscosity has been related to the size and'shape of the
particles. The relationship, has however bveen derived for
isolated particles randomly orlented in the fiuid. When
these conditions apply, 1t is possible to calculate the
effective volume and the shape cf the particle from vis-
cosity data.

In the simplest case, for a very dilute solution of

incompressible spheres in a fluld, the relation is, accord-

G

ing to Einsteiln,
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where
’nor=,solvent viscosity
M = solutlon viscosity
fnvel = relative viscosity
1°C.
’nso = gpecific viscosity
@ = volume fraction of the solute in the solution.

It should be noted that it is the volume fraction, not the
size, of the solute particles which is related to viscoslty.

For molecules, other than ideal spheres, the viscoslty of

T

l«_!n

the solution is increased by at least two further factors;

the resistance generated by the asymmetry in shape and by
the volume increase caused by the hydration of solute.

Simha has shown for rigid ellipsolds in the condilition of

overwhelming disorientation by Brownlan moment, that the re-

lationship between viscosity and the axial ratio, P(= &), is
o 5

f

I—J
e

1im > >
Nep _ v - p p B

g—0 g 15(1n P-3) " 5(in2p 5)" T

|

Wi

1

The relations between V and p Tor oblate and prolate

ellipsoids have been tabulated (657, The volume fraction,

Q, can be obtained from welght concentration, c¢, and the

particle density, P , through the relationship 7 =

c
po
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This presupposes, however, that the particle 1s neither

£

internally or externally hydraéed. It should be noted that
Simha's equation can be applied only in the case of random
orienvation or =>%-QK | . The increase of viscosity of a
golution over that of solutions of the 1deal spheresﬁof

" the same VOiume fractlon can be assigned to the increase of

volume of the solute in solution due to hydration. .In this

case, the volume { becomes

(1 + XP

= &
g & 2

p—

where w is Tthe hydration ih grams of solvent per gram of
protein and Ps is the solvent density, which 1s here as-
gsumed to be the denslity of hydrating fluid. It 1s important
to note that on the basis of viscosity studies alone, the
contribution of viscosity due to the shape fagtor or the
hydration factor cannot be separated. From tﬁe measurement
of axilal ratio, p, the frictional ratio, f/fo, of a prolate

ellipsoid can be calculated by means of Perrint's eqguation

Fad 2 \ T

= w2 2/ ( 1 - p_) T

fo 3 (1l -p2)5
0 in ‘lﬂél p)2

The intrinsic viscosity of two non-~interacting com-

ponents (A and B) in a mixture can be calculated additively,

o
Q

1 their weight fraction is known

i

¢
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where

total weight fraction

[®!
1
i

]

C. = known weight fraction

C., = known welght fraction

The reduced viscosity of the total mixture, —=
g
then equal to the sum of the reduced viscosities of A

and B, Thus

Nep? _ Mep? %, Msp® %
CT Cp CT CB CT
T Y oD :
If l;ﬁﬁ_. is known and if €w§£m~ can be determined, tThese

guantities together with the weight fractions of component

A and B, permit calculation of the reduced vis scosity of

A s

A , - .
P p'P by the above relationship.
7
A

When the viscoslty of a solution is‘meaSUPed‘at finite
concentrations, the interactlon of the particles iends to
increase the energy required to malntailn theishear gradient
~and thus ordinarily increases the reduced viscoslity. It is

necessary here to distingulsh bLetween two modes ©

interaction each of which in

rease
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the volume of solvent necessary for the development of
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normal streamline pattern around each molecule. This ef-

PA

fect may be observed at relatively low concentration for

bt

elonga“e"soluﬁe particles and at higher concentration for
symmetrical solute particles. The second kind of inter-
action involvesvactual aggregation of solute particles, so

" that the aVerage'particle is now larger., If this increase
"in size 18 accompanied by an increase in asymmeltry or
h&dfatiom a net increase in reduced viscosity will result.
If, on the other hand, a decrease in asymmebtry attends
aggregation, a reduction In reduced viscosity wili result,
A1l systems which exhibit a concentration dependent aggrega-
tion of solute particles will tThen exhibilt a concentration
dependence of the reduced viscosity. The reduced viscosity
at zero concentration may be obtained by extrapolation.
Systems of the same reduced viscosity at infinite dilution
may exhlblt gulte different slopes of their reduced viscoslty
vs., concentration curves due to differing degfées of aggre-

gation, This situation will be encountered in Chapter VII

In the case of solutions which contain large and
asymmetric molecules, corientation effects at high shear
gradients reduce the viscosity of the solution; it is there-

=

to Zero shear gradilent.

"

Fore desgsirable to extrapolate the data
With solute which aggregate by formation of bonds which are
weak relative to the total mass involved in the aggregation

reaction, nhigh shear gradients may disrupt the aggregates



partially or completely thus tending to reduce viscosit

Y Fa

This phenomenon is referred to as the destruction of "struc-

1t

tural viscosity.”
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present work were of
the Ostwald type and were built in this laboratory. -The

‘v1scomeuews used 1in The early experiments on

)

acts had the volumes of about 3.5 ml, flow time for watler

e
UL
of 60-70 seconds and maximum shear gradients for water of
-1 ; . \ .
approximately 1500 second . The scolutlons examined were
hagin (Y

2 to 3 times more viscous than water. Several viscometers

j o

were used in the studies of the molecular dimensgion of

myxomyosin. They all possessed a bulb volume of ca. 1.3 ce,

and maximum shear gradients for water of 90 sec ~ to 700

-

g B

sec ., The kinetic energy corrections for these viscometers
ig small. The same relative viscosity was obtalned with

J

[}

all viscometers including that of the lowest shear gradlent

™ i —L i » o I a ) -
(90 sec '). This viscometer was 118 cm in length, 0.5

(N
jon
=

3
o

=
’\_[)

radius, 5 em high and a flow rate of only 1.4 x 107° cc per
second. All viscosity measurements were made at a tempera-
e 4 ) D, e ~=0 ]
ture 24.42 + 0.057 C.

The calculation of the maximum shear gradient in a vis-

cometer for a given liguid 1s made with the following edua-

tion
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where V is the distridbution of v in the liqul
the cylindrical tube of radius, r, length, 1, pressure
gifferential, P, and a is the distance from tube axis at

any point. Differentiation o

spect to a gives

av Pa

da 2m 1

and the maximum shear gradlent at the wall where r = a,

av Pr

v
de & 7 2m 1

From Poiseuillets law, the relation

=

is obtained where V 1s the volume of liquid flowing through

pe)

n unit time. By substituting V into the shear

ot

the - tube

gradient equation, the relationship

v _ _ b ¥
dir T 3

‘18 established.

Sample calculation,

2 sl

Radius of the ca

3
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)
R

A
1
R
1
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O

J
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(@)
=

) ' - 2
r2 = 1,326 x 10 b cm

w



Hhulb volume, B = 1,22 cm3
flow time, t, = 68.2 sec
B 1.22 ce L -2

V=z= G"u; oo = 1.788 x 10 ce/sec

then, the shear gradient
-0
dv 41,788 x 107° ce/fsec . -
dr Ty m = 171.7 sec

J. Ultracentrifugation and Related Measurements.

-~

Preparative Ultracentrifugation:

]

The fractionatlion of proteins by differential centri-

n

fugation is performed 1n the preparative ultracentrifuge
Model L, manufactured by the Specialized Instruments Corpora-
rion. The chamber and the 40 head are always refrigerated
before and during the run. The theory of angle rotor centri-
fugation is presented by Pickels (66) and is unlike the
non-convectlve, radial centrifugation of the ananoi al
instruhent. _ The operation procedure employed in this work

ig essentially empirical. In general the rapidly sediment-
ing component is the object of the i1solation procédures,

and is recovered in the form of a gelatinous pellet at the
bottom of the centrifuge tube.

"

Analytical Utracentri

° P
I

ugation:

Sedimentation constant measurement.

The ultracentrifugal analysis of the proteln samples
in the isolation procedure studies (Chapter IV) were per-

s

formed wilth the ultracentrifuge designed and built at this
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Institute. A detalled description of the machine has been

)

given in the Ph.D. thesis of Hggman (1953). The sedimenta-
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es on themyxomyosin (Chapter VII), were performed

with the Ultracentrifuge Model E manufactured by Speclalized

</

Instruments Corporation.

In order to observe the area and the mobility of the

1

"slov moving boundary, the synthetic boundary cell has been

used. This cell has been described by Schachman and Harring-

g

ton (67) and also by the technical manual of the manufactu

5

the cell and from

o)
)

ing company. Because of the nature

other considerations, the samples were first dialyzed against

the maleate buffer which is also used in the electrophoresis
studles. The centrifuge runs were performed at temperatures

, 0 -0
between 20 and 25 C.

2

The sedimentation constant, 3, is defined as (68)

o . dx/dt
o= W

where dx is the distance cm in the cell which the boundaries
move in time (seconds) dt, W is the angular velocity
(radians/second) and x 1s the distance from the axis of
rotation of the centrifuge head. The sedlmentation con-
. i e . o aA—l3

stant, 8, is expressed in units of 10 cm/sec/u 1t gravi-
tational field or Svedbergs).

o R s , P O AN s

The sedimentation constant obtained at 207 C in the

water medium wag arbitrarily chosen as Lhe standard value



Cpy S‘eubeﬁw and Federsen (68)}. For the correction of
experimental values of S obtalned at any temperature and
in any solvent to the standard value, the following correc-

tions are used.

4

Sw,2C = 8q ¢ X T X
2 o J.

M.

The term 3, w,t corrects the viscosity of the experi-

mental solvent at temperature to
temperature., For ordinary buffers this usually is 1 to 2%.
The second term, Y]w,t/ Y\W,EO compensates the viscosity of

water at the experimental Temperabture to that of water at

D

-0~ s . y 4 0
207 C, and is usually 2% per degree of difference from 20 C.

The last term

w,20
1-V po
P,z:b',g“

corrects for the discrepancy in the buoyant forces due to
The difference in density of the solvent at Tewmperatur
O o~ iy = - n] s - ’} L4 ﬁ‘ fal '“ ] P :’\/\O

jf78 . s a8 compared to the density of water at 21 o

DL,0 - . W, U

V ig the partial specific volume of the sedimenting component.

The integration of the above differential equation,

~yvilelds that for the calculation of S,

[wy
-
5
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Molecular weight calculatio
Since the rate of sgedimentation of a molecule 18 re-
1ated to 1ts mass and to its partial specific volume, 1t

can bpe shown that

M ': (_‘:.u.‘) f@ "JQOJ W

1 VrF

f, the molar frictional

=
=
o
3
o
"
[}
i
o
®
=
o
—
o
Q
=
‘_J
S
K
@
§_J
0
=

coefficient, (f/fy) the frictional ratio, V, the partial
special volume of the anhydrous protein, and, /7 , the
1

density of the solvent. From the Stoke's law calculation

of fg5, the calculation of M can take the following form,

3V R

6 Tﬂ]u£rﬁf ) 520, w (?b)

M o= A
1-V(J

Partial Specific Volume Measurement,

Partial specific volume was measured by the method of

P-a N

dgifference in density of the solution and the solvent (69).

A

The densities were measured with a pycanometer welghed tTo

£

one part in ten thousand. It is assumed that the partial

e

&}

~specific volume is independent of the concentration and 1

4

equal to apparent specific volume,
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more rapidly than molecules just in rfront of the boundary.

.

This results in a boundary sharpening effect as compared

to boundaries formed by symmetrical particles

o
£

For the concentratlion area analysis of a mixture which

oA

t moving component, the compl

l.__ln

consists of a slow and a ras ca-
~tion of the Johnston and Ogston effect (70) enters in. This
based on the fact that The slow component. sedi-
ments more rapidly in the region behind the boundary of the
fast component. The concentration of the slow component
tends therefore to be higher behind the fast-movi ﬂa boundary

~

and to be lower in front of the fast-moving boundary. The

L 4

result is that in such a mixtur e, The optical measurement

gives too high a value for the apparent concentration of the
slow component and too low a value for the fast component,
Since these phenomena are related to the retardation of the

sedimentation constant of the slow component, J hnston and

Ogston proposed the use of following relation
ol EN k) &

o]

- - Il
oos._ 8,mi )
Cs ( S - s _

o

where C% 18 the true concentration of the slow component,

S% 18 the sedimentation constant of the slow component when

K

sedimenting alone, and SF and SS mix 2re the sedimentation
o LK
constants of the fast and the slow component in the mix-

ture (71). Trautman et al. with the ald of radial-dilution
law and with the assumption that the effect of protein con-

centration on the sedimentation rates of both comnonnnus



1

sedimenting in the presence of each other is the same, have
obtained the relation
; 2
— obs,
o Obs. ! 0 %y
8 Xo 3
1 -0 .
T = —obs. > 1 (if Johnston-Ogston
L Lo effect is present)
In ———
' X
l- 0
— 0ObhS,
L
I
in
N
o]
where
Al = Johnston-0gston effect cormectlon factor.
hl O e 2 - e 4 . . A )
C. = concentration of the slow component at zero time,
g _
ohe, ; . ; . . . .
CS = ' ! " " " reported optic-
ally.
Xy = meniscus position from the axis.
- O-:OS- MR RV PR 1 T ey £ g - . o A
X = position of the boundary of tTthe slow component.
— Obs' % ty ¥ t i o) J.
XF — " §1 H 11 1 it fast 1 .
. O
SS ) ;
g = _2_ .. 1if the effect of concentration on both
S "\O ‘ .
B sedimentation constants 1is the same.

The effect of Johnston and Ogston can be es d

these eguations.

through
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K. Electron Microscopy.
The electron wmicroscope availilable for this work 1s
the‘model HEMU-2A, Radlo Corporation of Amerlica, eguipped

Py

with electromagnetically focussed lens. The magnlfication

(10,000 x on tap 5) is calibrated with carbon replicas of

"a grid containing 30,000 lines per inch supplied by Ernest F.
. , %
"Fullam, Inc. The detalls of the principle of electron

microscopy are given by Wyckoff (72) and Hall (73).
Electron microscopy on myxomyosin was done as follows:

Fal]
L

The sample of proteins in 0.2 p maleate buffer was first
giluted to 0.2 mg/ml with 0.01 M KC1 3 to 5 minutes befor
use. This solution mixed with standard polystrene latex
was sprayed with a nebulizer to a metal screen coated with
coilodion. The sample dries In air rapldly. The screens
were shadowed with chromium or thorium as specified below
with a shadowing angle of 5:1. The spherical polyétrene
particles (2600 X in diameter) serve as a chéék of the mag-
nificatiOn power as well as of the shadowlng anrle.

The measurement of the dimensiong of the protein mole-
cules were done on enlarged prints (5 or 10 x) of only

Y 2 O]

those original negative (10,000 x) which were in critica

ot
s

focus.

L., Tiber Formation.

F~*

The fact that myxomyosin 1s a very long molecule in-

*

The i1nstrument was calibrated by Mr. E. Henderson of the

chemlistry department.



cluble in concentrated ammonium sulphate solutions sug-
IS £ low]

gests The possibllity of forming myxomyosin fibers. The

pegt possible way for forming an oriented fiber has not

ry

yet been determined because of the limited supplies of

“he pure material but the method described in the following
P ‘ 2

]

’paﬁag:aph'yields a stable, rather stiff fiber which has
"pbeen 1nvestligated in a preliminary way.

The myxomyosin is concentrated to 40-50% in a pellet

2

to a 1 cc

1

form by centrifugation. The pellet is then put 1In
syringe equipped with 19 gauge needle (approximately 0.7 mnm

in diameter) of 1.5 cm long Saturated ammonium sulphate

[

solution at neutral pH at room temperature is used as the

tating

&)

p) o

precipi solvent. Because of Tthe high density of the
ammonium sulphate solubtlion, the protein solution is ejected

L] .

uoward From the bottom of the ammonium sulphate solution.
A

The protein solution is slowly forced out from the needle

and is dmmediately precipitated as a {lber which is held
vertically by its buoyancy. Thils fiber can be stored in

saturated ammonium sulphate solution in the vrefrigerator

for several weeks.

M. Microinjection.

The P. de Forbrune micromanipulator manufactured by

2

¢. H. Beauadouln Company, Paris, was employed. Operations

were carried out under a microscope with a mechanical state

and at 100 to 200 x magnification. A 3-~5 micron needle was



for injection of
gervatlions with inert

gsolubtion, showed that

injury to the organism that could be observed afi

hour period.

U8

[0
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solutions into ths

solutions, such as dilute phosphat

the injection procedure



TII. THE EFFECT OF ATP? AND RELATED CCOMPOUNDS ON PLASHODIAL

c
EAMING AND ON fLA%*ODIAL EXTRACTS

A. The effect of ATP on Plasmodial Streaming.

=

MicroinJjection of low concentrat

!._h

ong of neutral ATP
solutions inte plasmodia under proper condltions partlially
- liguifies the plasmagel and appears to increase the rate of

protoplasmic streaming. A few seconds to a few minutes

{

after microinjection, protuberances appear randomly on the
periphery of the plasmodium and enlarge to clear hemlspheri-
cal forms. Similar results are obtained 1f the ATP is
introduced into the strand by diffusion from the medium,

The tTinme coufse of protuberance formatlon and morphology
varies with the ATP concentration.
low ATP concentrations are similar to an advancing pseudo-
nodial tip. At higher ooncentratiQLS of ATP, much. of the
plasmagel is liguefied, organized Streéming stops, fgrmaﬁlo@
of protuberances 18 very rapid and high pressure appears to
develop 1in them. One or more of the balloon~like'protuberm
ances soon rupture, leaving a definite mémbranenlike shell,
The cytoplasm leaks out. Concurrently, expansibﬂ-of other
protuberances on the same strand stops. The protuberances
may even shnlnk somewhat in size as 1f the pressure driving
their growth had been relased. These effects of ATP on

myxomycete nlasmodia are similar In many respects to those

on amoeba recently reported by Goldacre and Lorch (20).
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The phenomena outlined above are largely sveciflc for
ATP although sodium phosphate also causes the formatlon
of protuberances on the strands as discussed below. Ofuao~
phosphate, ADF, and AMP are all without effect. Immerslon

of plasmodia Into dilute solutions of detergents, organic
“golvents, écids and alkalies, kill the protoplasmic strand
.’but wlthout formation of protuberances or the accompanying
intrastrand changes described for ATP.

Dinitrophenol (DNP) in the concentration of 1 x 1073 m
gtops protoplasmic streaming of the immersed plasmodial
strands within five minutes. DNP in a concentration of
2 X 10_4 M gradually slows the streaming which stops
completely in 30 to 40 minutes. Those strands in which
the streaming has stopped remain intact but appear to be
dead. The streaming does not commence again when the
gtrands are returned to water.

The above observations show that ATP has a unigque and
stri livg effect in liquefying the gel structure of the
plaswmodium, and thereby, in influencing protoplasmic stream-
ing., It is known that the whole plasmodial strand is
ordinarily under pressure and if one end of it is cut abg
ruptly, the plasmosol rushes out through the strand as if
lriven by a pressure difference (36). These considerations
suggest that excess amounts of ATP present at a particular
region will tend to ligquefy the gel at that region. The

reslistance to internal pressure ag well as the viscosity of



\J1
ok

-

" the fluid in that area will be reduced. Plasmasol would

then tend to flow to the area and a protuberance would be

"
ot
j—

in the continuous presence of an excess

formed. TFina
of ATP, the gel structure of plasmodium eventually dig-

solves to the extent that 1t can no longer retain the plasmo-
“sol.

No detailled studies have been made to compare the ef -
fect of ATP with that of sodium triphosohate. Qualita~
tively, in the presence of triphosphate, protuberances
also occur except that they are smaller and form slower than
in case of ATP at the same concentration.

DNP 1s knownito act in uncoupling phosphorylation,
though the mechanism of this action is not well understood.
No simple conclusion can be drawn from the above experi-
ment, however, since the plasmodium appears to be killed by
the DNP. Whether the effect of DNP on plasmodia is solely

4

on the inhibition of phosphorylation process or whether
other processes are affected has not been determined.
Conclugion: ATP has a liquefying effect on the gel

structure of the plasmodium. This is attended by a flow

of protoplasm into the liquefied portion.
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he BEffect of ATP an ted Compounds on Plasmodial
Extracts in Phosphate-KC1 Buffer.

Further experiments were carried on with the extracts
of plasmodia in which the system 1s capable of analysis by
chemical and physical methods. It was soon found out that
" the natufe'of the extraction medium has a profound influ-
.‘ence on the characteristics of the plasmodial solution.

Addition of ©.2 to 2.0 uM of ATP per ml to an extract
prepared with 1.4 M KC1 0.1 M phosphate buffer (pH 7.8 to
8.0) or with 1.2 M KC1 0.1 M phosphate buffer (same pH),
causes a small rise in viscosity (Fig. 1, curve A). This
result is in marked contrast to that of Loewy (46) who
found that similar amounts of ATP, O.4 pM, produced sharp
decreases 1in the viscogity of extracts prepared in the
same medium. Since extracts prepared at higher concentra-
tion of XKC1l, 1.4 M, were more active than the others de-
scribed below, extraction with 1.4 M KCl—phoéphate buffer
mixtures was routinely employed unless otherwise indicated.

AMP in concentrations of 0.04 to 2.0 pM per ml of
extract causes an immediate rise in viscosity (Fig. 1, curves
B and C). Subsequent addition of ATP to this AMP-treated
system, however, evokes a sharp decrease in viscosity fol-
lowed by a gradual recovery (Fig. 1, curve C). It would
appear that certain physical pr rties of the extracts
are changed by AMP, and that, therefore, the mode of action

 ATP on the treated extracts is also changed. Thus,



s

0Q

o)
.

Effect of ATP and AMP and of Ca and Mg ions upon
the viscosity of 1.4 M XKC1-0.1 M phosphate

(pH 7.9) extract. Reagents added at times indi-
cated by arrows. Concentlaﬁions are in uM per

ml of extract.
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pefore ATP can be effective in decreasing the viscosity

",

of these extracts, the system must first be brought to

& A

a high viscosity level with AMP Evidently,

evel of the extract 1s determined by the inter-

-t

vigcosity
actlion of protein, AMP, and ATP, and is a function of
their respe ective concentrations.

The minimum concentration of AMP which evokes a rapid
dnd sizable rise in the viscosity of these crude extracts
is 0.04 uM per ml while 10 times this amount elilcits a
near maximal response (Fig. 1, curve C). Stil higher con-
centratlons of AMP do not produce greater respohse but
are definitely inhibitory to the recovery phase of ATP
action (Fig. 1, curves B and C). A minimum of about 0.4 pM
of ATP per ml 1s required to cause a decrease in viscosity
of extracts previously treated with an optimal amount of
AMP. - Higher concentrations of ATP cause somewhat greater
decreases in viscosity but lengthen the reco#efy period
and reduce the extent of recovery. An ATP concentration
of 2.0 uM per ml is sufficient to evoke a near maximal
responge but in many instances the system shows 1ittle ten-
dency to return to a high viscosity state, especiaily in
the presence of more than minimal amounts of AMP. Addition

of more AMP to a system brought to a low viscosity level

with excessive amounts of ATP does not again increase the

}._J-

viscosity, as it does in the original extract.

[y

pa

For AMP to be effective in ralsing the viscosity, it
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muét be added prior to addition of ATP. Even when AMP and
ATP are added simultaneously, the AMP i1sg ineffective in
increasing the viscosity. For example, when 0.04 pM of
AMP and O.4 pM of ATP per ml are added simultaneouslj to
the crude extragt, a small increase in viscosity occ@rred,
“similar to that caused by addition of the same concentra-
‘tion of ATP alone to a crude extract in the absence of
AMP (Compare Fig. 2,curve A with Fig.1l, curve A). Further
addition of excess of AMP gives no great effect. However,
when AMP was added separately to the samé preparaﬁion
(Fig. 2, Curve B), a grea’t increase in viscosity is ob-
served.

Magnesium and calcium lons (as the chloride salts) in
concentrations up to 2 pM per ml either individually or
Jointly have no effect on the viscosity of the crude ex-
tract 1tself, nor do they have any gualitative efféct upon
AMP or ATP response of the system. :

The magnitude of increase in viscosity caused by
optimal amount of AMP and the subsequent magnitude of drop
in viscosity caused by an optimal amount of ATP serves as
a preliminary measure of the activity of the system.

Applylng this criterion, it was found that the protein
'system extracted by 1.4 M KC1 solution with the same amount
of phosphate buffer (0.1 M) at the same pH (pH 7.9), is
more active than the system extracted by 1.2 M or C.6 M

KC1 (Fig. 3).
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Effect of AMP and of an AMP-ATP mixture upon the
viscosity of a 1.4 M KC1 - 0.1 M phosphate

(pH 7.9) extract. AMP alone was added‘initially
to solution of Curve B whilé AVMP-ATP mixture

was added to the solution of Curve A,
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Fig. 3. Effect of maximal amounts of ATP upon the viscosity

of solutions prepared by extraction with buffered
(pH 7.9) KC1 solutions at several KC1l concentra-

tions
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When the plasmodla were extracted with and investi-

ed in media containing 1.4 M KCl and 0.1 M phosphate

g
ok

ra

o

buffer but at oH 8, pH 7.4 and pH 6.7, it was found that
the protein system extracted as well as examined at pH 8
. waé more active than those obtained at pH 7.4 and pH-6.7.
Substitution off 0.1 M THAM buffer (Trihydroxyl-
mebthyl-amino methane) at pH 8.4 or 0.1 M potassium maleate
vuffer at pH 7.0 for the phosphate bulffer in the extraction
solution resultes in extracts which are completely inactive.
Conclusion: The plasmodial extract made in i.& M

KC1 - 0.1 M phosphate solution at pH 8 can be activated

<
e

by AMP to give a solution of high scosity. Subsequent

]

introduction of ATP evokes a sharp decrease in viscosity
followed by partial and gradual recovery of the viscosity
level. The system therefore requires activation and i1s

only partially reversible.

C.v The Effect of ATP and Related Compounds on Plasmodial
Exbtracts in Unbuffered KC1 Solutions.

The plasmodial solution extracted by unbuffered 1.4
M KC1L was found to possess a pH of 7. The properties of
this neutral extract differ markedly from thdse of the ex-
tract obtalned with KC1 alkaline phosphate buffer.

ATP, AMP and phosphate ions all cause an increase in
the viscosity of KC1 extracts. The threshold concentration

and the maximum efTective concentration are different for -

each compound, AMP being the most effective on a molar hasis.



The threshold requirement for AMP is 0.02 to 0.04 pM/ml.
AMP in a concentration of 0.15 pM/ml evokes a falirly

large increase in viscosity (Fig. 6, curve A). An initial
addition of ATP to the original extract causes an increase
in viscosity of the 1.4 M KC1 extracts (Fig. 5, curve A),
“just as with extracts made in phosphate-buffered KC1

(Fig. 1, curve A). Subsequent additions of ATP, however,
evoke a reversible deqrease in the viscosity (Fig. 5, curve
A).

Addition of phosphate ions to the unbuffered KC1 ex-
tract brings about an increase in viscosity which is more
rapld and larger than that caused by any other reagent
tested, although the concentration required is also higher.
The nature of the response to phosphate ion is illustrated
in Fig. 4, 5, and 6. Fig. 4 shows the effect of addition
of pH 7.0 phosphate buffer to the extract to a final con-
centration of 0.05 M or O.1 M. 0.1 M phosphate initiates
a greaﬁerjmcrease in viscosity than does 0.05 M phosphate.
Addition of more phosphate to the 0.05 Mjsolution to make
the final concentration 0.1 M elicits some furthe?iincrease
in viscosity, but the addition of phosphate in th incre-~
‘ments is not nearly as effective as a single addition of
phosphate to the same final concentration;

When pH ¢.2 phosphate buffer is added to a final pE

Py

of 5.0 and 0.1 M concentration of phosphate, there is no

change in viscosity other than the small decrease due to
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Phosphate ion effect upon the viscosity of

unbuffered 1.4 M XKC1 extracts.

tration:

ca. 10 mg/ml.

Protelin concen-
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g, 5. iffect of phosphate ilon and ATP upon the viscosity

e}

of an unbuffered 1.4 M KC1 extract. Protein

concentration: 14.5 mg/ml.
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Effect of phosphate ion, ATP and AMP upon the
viscosity of unbuffered 1.4 M KC1 extracts.

Protein concentration: 14,0 mg/ml.
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dilution, Precipitation of the protein occurs in 20 to

Addition of AMP to KC1l extracts previousiy made C.1 M
in phosphate ion and already in the high viscosity state;
causes a further small increase in viscosity (Fig. 6, curve
¢). If sufficilent AMP is added bto produce & maximal AMP
‘response, subsequent addition of a previously optimal amount
of hosmhane causes 1little or no further increase in viscosity.

Concentrations of ATP which initiate only.small increase
in the viscosity of crude KCl extracts, evoke large and re-
versible decreases in the viscosity of Solutioné first brought
to a high-viscosity state w1+h 0.1 M phosphate or with AmP

4

(Figs. 5 and 6). Continuous introduction of ATP into the
system cause a maximum decrease in viscosity and maintain
this low viscosity state for a longer period (Fig. 7). If

AMP 1s used to raise the viscosity prior to addition of

ATP, the AMP tends to inhibit recovery of the system to a
high-viscosity level (Compare curves C with curve B, Fig. 6).

»

The specificity of the system constructed by addition
of 0.1 M phosphate to the 1.4 M KC1 extract has4oeen tested
briefly. Adenosine 1s without effect. ADP causes a small
drop in viscosity (less than that caused by a similar con-
centration of ATP) but the recovery process is considerably
slower than with ATP. Sodium triphosphate has no effect
on a gystem initlally in either a low or high viscosity

state. Sodium pyrophosphate causes precipitation o orotaln

£




e

Effect of continuous addition

viscosity of a buffered 1.4 M

=

initial addition of phosphate

of ATP to the
KC1l extract after

ion.
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Unbuffered KC1 extracts lose all of their ability to
respond to phosphate, AMP or ATP if they are dialyzed
against 1.4 M KC1l or buffers overnight. HNearly all of
the activity 1s lost if the preparations are stored at O

of time. Approximately half of - -the

bt
O
ks
m
w0
e
=
o
s
v
=3
ke,
o

eriod
Cactivity is lost if the material 1s frozen and stored at
-10° C for a week.

Conclusion: The viscosity of the plasmodial extract
of unbuffered 1.4 M KC1 solution can be increased by either
AMP or phosphate ibns. Higher concentration is needed than
of AMP, but phosphate treatment elicits a higher level of
viscosity. Subsequent introduction of ATP into such a

olution evokes a sharp decrease Iin

[o3]

phosphate activated
vigcosity followed by a rapid and complete recovery of the
viscosity level. The system so constructed is thus com-

pletely reversible,

D.

=

he Effect of ATP and Related Compounds on Salt Frac-

=

tionated Plasmodial BExtracts.

When the 1.4 M KCl extract is fractionated with am-

monium sulphate at pH 7.0 and 0° C, the ability to change
viscoslty in response to ATP 1s found only in the fraction

Ry
o

precipitated between 30% and 40% ammonium sulphate satura-

tion. This active fraction is designated as the 30-40% SAS

-

fraction. All fractions are readily soluble in KC1l solu-

tion, and in the experiments described in this section, the
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precipitates were dissolved in 1.4 M KC1 unless otherwise
indicated,.

The initial viscosity of the 30-40% SAS fraction is
high in comparison with that of elt ther the crude KC1 extract,
the 0-30% SAS fraction or the supernatant which remains

tion of 0.2 to O.4 uM ATP/ml

“""

‘after 40% salt saturation. Add
‘causes a rapld, reversible decrease in the viscosity of the
30-40% SAS fraction (Fig. 8). The magnitude of the decrease
in viscosity caused by an optimal amount of ATP 1s greater

£y

in partially purified preparations than in the crude KC1
extracts. The recovery phase 1s, however, easily suppressed
by an excess of ATP. A single addition of 3 uM of ATP per
ml of solution is sufficient to keep a salt-fracticnated
preparation in a low viscosity state for hours. This amount
of ATP has been used later as the standard amount for study -~
ing the effect of ATP in lowering the viscosity. Addition
of phosphate ion, ANMP and ADP to the 30-40% SAS fraction,
has no‘effect on viscosity. It has not been possible to
demonstrate any effect of magnesium or célcium ilons on the
viscosity of thisg fraction also.

The amount of total phosphorus (TP) and trichloroacetic
acld precipitable phosphate (TCA-P) as well as the activity

of ATPase and phosphatases present have been measured in

each fraction of several preparations. Repres enbablve re-
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Fig. 8. Relationship between the ATP-induced change in
viscosity and rate of release of inorganic phosphate

ion in 30-40% SAS fraction.
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. 5%
sults are summarized in Table 1. It is interesting to

4 s

note that the active fractlon contains a substantial portion

of the TCA-P of the whole

phosphorug in the TCA precilpitates, which, as indicated later,

cox respozds to 12 to 16% On the cther hand, most of
the phoanabase activity as well as conventional ATPase ac-

tivity have been removed from the active fractlon by the

ractionation of salt. There is, however, assoclated with

o

the purified fraction an ATPase activity which acts speci-
fically in connection with viscosity changes induced by ATP.
Increase in viscosity (the recovery phase) is accompanied
by release of inorganic phésphate from ATP (Fig. 8). It
should be noted, nevertheless, only one pM of phosphate has
been liberated from the addition of 2 uM of ATP into a 4 cc
orotein Solutibn after 10 minutes, but the viscoSity of the
solution has gone back to the original level already,‘ It
would imply that after the protein sclution reacted with
ATP, it would return fto its original level in spite of the
presence of a certain amount of excess ATP. This aspect
has been further studled and wlll be discussed Tacev on the
purifled myxomyosin

The lowering of viscosgsity evoked by ATP decreases as

the protein concentration is reduced. The reduced viscositie

The experiment reported in Table 1 was performed in the
writer'!'s absence by Drs. L. Eggman and J. Bonner, It 1s
included here for the sake of completeness. The author
wishes to express his thanks for permission to reproduce
these results ‘
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of the protein in the presence and absence of ATP are gilven

e

n Fig. 9. These data do not provide unambiguous informa-
tion about the molecular dimensilon of the protein, because

the impurity of the system and the high shear gradient

o]
=

£

employed. The. results do, however, indicate a relationship
betWeen'protein'cohcenﬁratiom and response to ATP,

The 30-40% SAS protein solution at 1-2% concentration
in high salt medium is thixotropic and the viscosity>be—
havior depends on the thermal history of the éample. This
is 1llustrated in Fig. 10. Curve A represents the viscosity

ral

fect of

il
L

of the freshly prepared protein solution. The e
addition of 0.4 pM/ml ATP lowers the viscosity, followed

n time by recovery. Addition of twice the amount of ATP,

',..“

0.8 pM/ml, then causes an almost doubled viscosity ldwering,
followed by a’slight recovery. Curve B represents the be-
havior of an aligquot from same initial solutiqn which has
veen stored for 12 hours at 0° C. The viscosity of this
sample was measured in the viscometer without walting of
attainment of fthermal equilibrium. As the solutipn warmed,
the viscosity increased rapidly rather than drbpping as
might be expected. Addition of ATP to this solution (Curve
B) in accordance with the treatment for the sample of curve
A, produced a great lowering of viescosity which decreased
almost to the level of sample A. Curve C represents results
from the same protein solution as that of curve B, a sample

stored at 0° ¢ for 12 hours. When sample C was introduced



—~J

\C

The plot of reduced viscosity (cc/gm) vs. protein
concentration of the 30-40% SAS fraction in the

absence and in the presence of 3 pM/ml ATP.
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Fig, 10. Work-softening and thermal history effects upon
the viscosity of the 30-40% SAS fraction. See
text for details. Protein concentration:

18 mg/ml.
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>

into the viscometer, 1ts viscosily was measured lmmediately
and then not again until the thermal equilibrium had been
reached. Curve C indicates that the increase of viscoslty
after low temperature treatment is a functlion of time ahd
temperature and is not caused by work hardening, attending
movement up and down through the capillary of fthe visco-
meter. BSample C, after 1t has reached its high vigcosity
‘state, shows thixtropic behavior., The viscosity goes down
after each measurement. The level of curve C is higher
than of curve B, because of the fact that The solution of
curve B has been worked more times. The fact chat the high

viscoslty generated after ccld treatment 1s reduced by ATP,

18 clearly indicated by comparison of curves B and A. The

/)

Chixotroplic hehavior of the high viscosity g ate suggests
that 1t is an aggregation phenomenon, resulting from the
formation of large structural elements that can be pértially
destroved by flow through the viscometer.

The experiment, Fig., 11, shows that the storage of the
protein sclution at 0° ¢ for two hours is sufficien% to

P

generate the high viscosity state when the solution is re-
o o . .

turned to 24.5° C after that period. Curve A of Fig. 11

represents the viscosity of the protein solution stored in

the viscometer at 24.50 C for two hours. The viscosity

iod., Curve B

"o

of the sample is constant during this pe:
represents an aliguot of the same protein solution which

has been held at 0° C for 2 hours. At the end of this cold
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e

fect of storage at 0° ¢ for 2 hours
viscosity of the 30-40% SAS fraction.

concentration: 20 mg/ml.

on the

Proteln
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treatment, the sample of curve B was brought into the

9

viscometer and 1ts viscosity immediately measured. It is

'Y

apparent that viscosity is raplidly increased after the
cold treatment. The addition of ATP reduces most of the
increased viscosity. It should be noted that the ordinate

.

n Fig. 11 1is reduced viscosity. Vhen this stored protein

[N
[

O

olution 1g frozen at -10- C for 2 hours, an even greater

0N

SubSequent increase 1n viscosities was apparent. The
solution becomes highly thixotropic (each measurement
causes the drop of 30 reduced viscosity cc/gm) and exhibits
a large ATP effect (Table 2, exp. 1). It is clear that the
protein system after storage at low temperaturé undergoes
an aggregation process with a positive thermal coefficient.
ATP substantlally dissociates the aggregates so formed.
Dialysis éf the protein overnight against 1.4 M KCI1
causes a large decrease 1in viscosity and lowers both the
tendency to aggregate thermally and to respond to ATP.
Addition of 0.25 - 0.5 pM/ml ATP into the dialyzing medium
preserves roughly 40% of the reduced viscosity of the pro-
teln solution, but does not prevent the loss of'ATP re-

sponse. The viscosity of the 30-40% SAS protein solution

in high salt medium is evidently not stable.

When the 30-40% SAS protein is dissolved in low ionic
strength medium, such as 0.1 M KC1, 0.1 M K-maleate, or
P

0.1 M KC1 + 0.1 M maleate, the reduced viscosity of the

solution is comparable to that in 1.4 M KCl. The ATP re-
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sponse 1is somewhat lower but is substantial (Table 2,

exp. 2). It was soon observed, however, that protein
solutions in low lonic strength medium do not show the
thermal aggregation effect and can be stored either at

OO ¢ or frozen at -10° ¢ for several hours without de-
veloping Stfuotural viscosity (Table 2, exp. 3). The
>pWOb€¢ﬁ solution can alsgo be dialyzed overnight in low
ionic strength media with 1ittle loss of reduced viscosity

]

ATP response. Thig finding opened the way for the
physical-chemical analysis of the 30-40% SAS fracﬁion and
its further purification. A further technological matter
observed at this stage racilitated experiments wilth the

materials. The 30-40% SAS precipitates can be stored

ge Tor at least four days at O C or -10 C.

B
ct
oy
Q
o
o
@)
jny
Q

S

Purification of the protein may be 1lnterrupted, therefore,
at the 30-U40% SAS stage. |
Conclusion: AllL of the ATP response actiﬁity can be
fractionated from the 1.4 M KCl extract by salt precipi-
tation. This protein fraction, which cehtains twenty
percent of the total protein, need not be activat -ed since
it is already viscous and reacts with ATP reversibly with
liberation of phosphate during the recovery phase. The
protein system aggregates at room temperature after cold

~

storage. In O.

2

the

!_.l

~—
St

KC1 + 0.1 p maleate, however,

protein can be stored or dialyzed at low temperature for

8-6 nours without inducing a tendency to aggregate at room



temperature.

8¢

-

- - el -
erved for

seven

days in the form of the ammonium sulphate precipitate.

%. Properties of the Slime Material.

4 mucous slime surrounds fthe protoplasmic strands of

Physarum. The guestion may be raised as to whether €

P
ae

slime substance, mostly high molecular weight carbohydrates,

influences the viscosity behavior of the 30-40% SAS pro-

tein prepared from the whole organlsmn.

It is known that

material such as methyl cellulose have a positive tempera-

ture coefficient of viscosity as does the plasmodial ex-

tracts.

A small amount of high mclecular weight carbohy-

drate could concelvably accompany the protein through the

present fractionation procedure and influence the tempera-

ture characteristics of the system.

using the anthrone reagent method

]

e

ac
as 16 to 18% of the total
of the total TCA precipita

cive salt-fractionated material

soluble

v ble material

(calculated as glucose equivalent). A

bohydrate 1is probably due

to the sugar

material

Quantitative analysis,
(chapter II), of the

indicates that as much

and about 10%
is carbohydrate
portion of the car-

component of the

ribonucleic aclid which 18 a constituent of myxomyosin com-

4

ScuUsSsed

[

w:

plex as d helow,

also present
the slime as free

as

poss

to study the

Other carbohyd

ort was

of th

M
e

th

lasmodial strands

’

rates are apparently

en made to collect

slime under conditions simllar to those used
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with the protein. It was found that some slime materilal
did go through the centrifugation and salt fractionation
procedures and that the resultant preparation does have
g rather high viscosity. This slime solution does not,
however, react with ATP and does not exhibit anv'thefmal
-histdry effects or aggregation phenomenon. The behavior
bof salt fractilonated protein solutlon extracted from plas-
ﬂGClal strands free from slime substance is similar To
those solutions contalning small amounts of Slimekmaterial.
It appears then that the carbohydrates from the slime have
no relation to the ATP-response and the theﬂmal ag rregatlion
phenomenon of the protein soluulon, but merely‘contfivute
to the ground level of the viscosity of the solution.
Conclusion: The carbohydrate material from the slime
' o 4.

has no relationship to the activity of the salt fractlon-

ated protein system.



Tv. THE ISOLATION OF AN ACTIVE COMPONENT--MYXOMYOSIN

8 of the 1.4 M KC1 Plasmodial

l_.l-

Iy

A, Hlectrophoretic Analys

Ty

Extracts, and of the 30-40% SAS Fraction. Further
PUrifAbatlon by Successlive Salt Precipitation and

fal

Preliminary Centrilfugat:

;—b

on.
The behavior and viscosity response to ATP of the
1.4 M KC1 plasmodial extract has been described in the

previous chapter. Such extracts were inactivated by dialy-

sis against either 1.4 M KC1 or 0.1 M KC1 at oY ¢ for 24
hours. The electrophoretic pattern of inactive preparatlon
obtained by extraction with 1.4 M KC1 and dialyzed in O.

M potassium maleate buffer at pH 7 is given in Flg. 12.
There are twWo g ups of boundaries in the pattern, a fast
group which clearly consists of a variety of proteins’and

a

w

slow group which do not resolve. The latter group nmust

possess isoelectric pointes near pH 7, since they hardly mov

in the electrical fileld at this pH. It will be later shown
that the large fraction of the total protein with low

mobility at pH 7 18 1nactive and may be considered an 1m-
purity.
The 30-40% SAS fraction was found to retalin 1ts actl-

NN

vity after a fTen hour dialy

k—-n

against 0.1 p KC1 + 0.1

A0 s . . s -
K-maleate at 27 C. The dialysis carried out is complete

in ten hours with stirring, as indicated by the agreement

2
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Fig. 12. Electrophoresis patterns of the 1.4 M Kul
crude extract

(Migration proceeds from right to left)

kse.

Desc.

Buffer: 0.1 pn K-maleate
pHs 7.0
Current: 6 ma.

Time: 5500 seconds



within 1% of the conductance of the proteln solution and

of the buffer, The electrophoretic pattern of this material
is shown in Fig. 13. The peaks in the electrophoretic
patterns were arbitrarily identified as A, B, C, and D,

in order of decreasing mobility. This pattern may be com-
'pared'wifhbthat of the original 1.4 M KC1l extract. It is
'apparent that the purification reduces the amount of slow
moving boundéry (D) component and that the component of
moderately fast moving boundary, C, emerges as one of the
major components.

When the 30-40% SAS protein solution 1s refractionated
by ammonium sulphate, the active principle is precipitated
by 25-36% SAS. The activity of the refractionated material
is enhanced as compared wlth the original 30-40% SAS pre-
cipitates as shown in Table 3.

The activity of the salt refractionated méterials is
further enhanced by centrifugation at 42,000 x‘g (25,000
rpm) for one hour as indicated in Table 4. The supernatant
from the centrifugation is clearer and more aétive than
before. Heavy inert material has evidently been éentri—
fuged from the system. The electrophoretic pattern of the
centrifuged matefial (Fig. 14) shows in proportion that
the area of slow moving peak D, has been greatly reduced

and the area of the peak C substantially increased.'



. Electrophoresis patterns of the 30=4

f eta = R [Py - JPC - Feue P R Wt 4 o
{Migeotion proceeds fyon pight

Ago .

Desoc.

Buffer: 0.1 n KCl1 + 0.1 pn K-maleate

Current:s 9 m=,
Time: 9500 seconds

Concentrations 12./ mg/ml
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Fig. 14. Electrophoresis patterns of the 30-40% SAS fraction
after a preliminary centrifugation (80,000xg 30 min)

( Migration proceeds from right to left )

Asc.

Desce.

Buffer: 0.1 p KC1+0.1l p K-maleate
pa: 7.0

Current: 9 ma.

Time: 9000 seconds

Concentration: 10.8 mg/ml
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Table 3

The Effect of the Ammonium Sulphate Refractionation (25 - 36% SAS)

on the Viscosity end the ATP Response of the

30 « 40% SAS Fraction

. Material

. 30-40% SAS Fraction

Refractionation
(25-36% SAS) of the
30=40% SAS Fraction

Concentration Reduced
(mg/m1) Viscosity
(cc/gm)
18.4 13567
18,2 171.5
Table 4

Decrease of Reduced
Viscosity Caused by
3 pi ml ATP

36.2

53.8

The Effect of Preliminary Centrifugation (42,000 x g 1 hour) on

the Viscosity and the ATP Response of the

Material

30=40% SAS Fraction

30-40% SAS Fraction
purified by a
preliminery
centrifugation

30 = 407 SAS Freaction

Concentration Reduced
(mg/m1) Viscosity

(ec/em)

17,0 180,4

14,6 174,8

Decrease of Reduced
Viscosity Cauwsed by
3 pM/ml ATP

391

47,4



B. The Identification of the Active Prineciple by Electro-

phoresis, Ultracentrifugation, and Viscosity Studies.

| The protein preparation described in the preceding
section is a mixture of components as evidenced by electro-
phoretic pattern. It is however, possible to ascertain
‘which compohent'is the active principle. The active mater-
ial can be sedimented differentially in the preparative
centrifuge. This procedure was combined with electrophore-
tic and viscosity measurement to identify the active material.

A protein solutlion purified by salt precipitation and

preliminary centrifugation (at 80,000 x g 30 minutes) was
centrifuged at 60,000 x g (30,000 rpm) for 3 hours in the
angle preparative centrifuge. The top 2 cc and the bottom
2 cc of the supernatant were collected separatively. The
pellet at the bottom of the tube was then redissolved in
fresh KCl-buffer., The viscosity behavior of each solution
is given in Table 5. The active principle has.a high sedi-
mentation constant since the pellet fractlion was most ac-
tive of the three solutions while the top fraction was
.inactive. The ultracentrifugal and electrophoretic pat-
terns of these three fractions are shown in Fig. 15. The
ultracentrifugal patterns suggest that the protein solution
before centrifugation is composed of essentially two centri-
fugal components with a large difference in sedimentation
constants; The fast moving fraction has a sedimentation

constant above 24 S (Sverberg unit) while the slow moving



Tu/u)
2I9U80U0Y

42 o~

[ )°*3 "B judi ‘UOT

ol

*os8(qg

99 B4 ‘ajeaTEM-I o o0+ T o T'0 = J835dg

M

*02 g dog *09 g mWo330d UOTIOBIL. 3ITTAd

8 % 000*Q0T 38 Samoy € UCT3RINJTIUED I93F8 UOTRORIF GYS F0Y7=0€

peryTand £TTeTqIed Jo sulesiwd orjeaoydorgoeTs pui ednJTIquedsasrn ‘4T *ST4



99

Table b

The Viscosity Data of Protein Solution Partially Purified After

3 hours Centrifugation at 60,000 x gm (40,000 rpm)

Pellet Fraction Bottom 2 ce

Concentration
(mg/ml) 4,0 4,3

Reduced viscosity '
(oc/em) 186,7 110,3

Decrease of

Reduced Viscosity

Caused by

3 pM/ml ATP 54,7 11,3

Top 2 cc
345

3644

1.1
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fraction has a sedimentation constant of 3 to 4 S. The
top fraction of the centrifuge tube contained the protein
components of low sedimentation constant and low elegtro—
thretic mobility, and was inactive (Table 5 and Fig. 15).
On the contrary, the pellet fraction of the tube confained
‘a high condentratioﬁﬂof fast sedimenting component, and
v'eleotrophoretically three fast boundaries. The pellet
fraction was the most active of all (Table 5 and Fig.'15).
Since the amount of the high S component is so well related
with the activity of the three fractions (Table 5; and Fig.
15), it may be concluded that the active principle is as-
sociated with the fast-sedimenting boundary.

The electrophoretic mobilities of various boundaries
are gilven in Table 6. Peak A possesses the mobility of a
nucleic acid or nucleotide (74,75), a mobility eSSentially
~equal to that of ATP (Table 6). There is 9% RNA in the
highly purified active component (Chapter V) Peak A,
which contributes ca. 5-10% of the preparation (concentra-
tion by area) at}this stage, is identified as the RNA
component. Two peaks, B and C, appear in the asCehding
pattern, but only one, B + C, in the corresponding’position
of the descending pattern. The peak, B + C, in the descend-
ing pattern moves with a moblllity close to that of peak C
in the ascending pattern (Table 6). The dn/dx area for
peak, B + C, is equal to the sum of the areas from peaks

B and C.
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Table €
The Electrophoretic Mobilities of the Boundaries of the Active
Material (pH. 7.0, 0e2 p ionic strength, KCl-maleate

buffer or K-maleate buffer)

Limb, Boundary Mobility (cm®volt™ sex0")
Ascending A _ 14,3 -« 14.6

B 8ol = 843

¢ Be8S = 7,0
Descending A | 13,3 - 13,8

B+C 6e6 - 6,9

Ascending ATP 15.3
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The iInteraction of nucleic acids with various pro-
telns in electrophoresis has been analyzed by Longsworth
and MacInnes (74), by Goldwasser and Putman (75), and .
others (76). Under conditions in which the dissociation
of the nucleic acid-protein complex is not complete, the
_.descending and.ascenaing patterns are not always enantio-
graphic to eachother. The ascending limb frequehtly exhl-~
bits more boundaries than does the descending limb. In a
mixture of one protein and nucleic acid the number of
boundaries 1s usually 3 and 2 respectively. In the present
experiments, nucleic acid 1s present in the ascénding
protein solution, and moves into the buffer region. In the
descending limb, nucleic acid leaves the protein boundary
region and moves down through the original solution with a
reduced mobility owing to chemical and physical interaction
effects.

The present electrophoretic patterns may be explained
1f one assumes that the rate of equilibration Qf the nucleic
acid-protein complex is comparable with the rate of electro-
phoretic separation of the two components. Thus the nucleo-
proteln complex 1is dissociated in the ascending limb to
vield a free nucleilc acid boundary A (5-10% in area) a
protein boundary C (50-55%) and a nucleoprotein boundary
(10-15%). In the descending limb, the nucleic acid rapidly
moves away from the original boundary, leaving behind a

substantially pure protein boundary, B + C (60-65%)(Fig. 16).
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It should be noted that the area percentages of peak A, B,

anc C, are different in the more purified preparation as

shown in Table 7 of the following sectlion. Peak A, the

RNA component, 1s decreased and peak B and peak C increased.
It will be of interest in future work to analyze samples

‘withdrawn from the tfailing descending boundary for nucleic

acid. Such experiments will serve to check the explanation

presented above.

C. The Purification Procedure by Differential Centrifugation.
Results presented in the previous section suggescted that
purification by differential centrifugatlion might be fruit-
ful, Two difficulties arose, however, when this was attempted.
In the first place, the pellet obtained by centrifuga-
tion in 0.2 p buffer redissolved slowly and to a limited ex-
tent; 20 percent of the peilet dissolved in ten hoﬁrs of
extraction with C.2 n buffer at 2° ¢ with occasional stirring.
When 1 M salt solution was used as the extracting agent even
less, about iO%, of the pellet went back into solution.
When the protein solutlon was centrifuged in a 0.05 u K-
maleate buffer and the resulting pellet extracted with the
same medium, the rate and the amount of dissclution of the
pellet was increased. Gentle but constant stirring with a
magnetlc stirring device also facllitated soluticn. A re-
covery of 75% of the protein in the pellet was obtained

when the protein solution was centrifuged and subsequently
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redissolved in the 0.05 n maleate buffer with stirring.
The redilissolved pellet was recentrifuged for a second
cycle in the same puffer. 80-85% of the protein in the
pellet from the second cycle centrifugation redissolved.:

The second difficulty concerned the fact that the
- sedimentation COnstént of the active orinciple is highly
concentration dependent while the sedimentation of the
impurities is not. As the protein concentration is in-
creased the sedlimentation constant of the active principle
1s decreased and the effectiveness of the separation re-
duced. The differential centrifugation is therefcre
carried out with a dilute 0.5 - 0.45% protein solution. In
this case, a shorter period is required.

A protein solution purified previously by salt precipi-
tation and preliminary centrifugation, was diluted to 0.5%
and was centrifuged at 100,000 x g (40,000 rpum) fof 2 and
one-half hours. The electrophoretic and ultraéentrifugal
patterns of the supernatant and the solution from the dis-
solved pellet are shown in Fig. 16 and Fig. 17. The single
cycle pellet material was agaln centrifuged at 100,000 x g
for two and a half hours and the pellet again redissolved.
_The electrophoretic and ultracentrifugal patterns of the
doubly cycled product (Figs. 18 and 19) show %hat the ratio
of the fast to slow components has been increased over that
of the single cycled product. The improvement is, however,

not as great as expected. A triply cycled material was also
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Fig. 18, Electrophoresis patterns of the asctive principle (myxomyosin)
after two and three cycles of differential centrifugation
(Migr:tion proceeds from right to left)

Buffer: 0.2 p K-maleate pH: 7.0

#
Second cyele product Third cyecle product

Desc °

Current: 6 ma, 9 ma,
Time; 10,000 seconds 9,000 seconds
Concentration: 5e5 11.8
(mg/ml)
*

Boundsry A has left the
visible part of the cell



=

Fig, 19. Ultracentrifuge patterns of the active principle (myxo

after two and three cycles of differential
(Sedimentetion proceeds from richt to left)

Buffer: 0.2 n K-maleate pHE 7.0

Second cycle product Third cyele product

Rotor speed 848 850
(rps)

Concentration : S T8
(mg/m1)
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obtained. ZIts pattern did not differ from that of the
doubly cycled material and the slow-moving component was
sti1ll present (Fig. 19).

Examination of the electrochoretic patterns shows that
the RNA boundary i1s found in the supernatant fractioh of
“the first cycle centrifugation, as well as in the pellet
fractions of the first cycle, second cycle and even. the
third cycle centrifugation. In the supernatant of the first
cycle (Fig. 16), RNA moves ultracentrifugally wish the pro-
tein impuritles as one broad boundary, having a sedimentation
constant of 3-4 S.This means that some RNA was bound to the
heavy and active material during sedimentation, for other-
wise all RNA would have left in the supernatant after dif-
ferential centrifugation. The distribution of RNA during
centrifugation was also followed by total phosphorus analysis,
The starting solution was the highly purified‘solution‘from
the pellet of the first cycle centrifugation. .The results
are gi?en in -Table ¢, The supernatant was enriched with
ANA percentage wise after centrifugation.. A large portion
of RNA (55-60% of the total RNA) still adhered, howsver,
to the fast sedimenting component., In othe words, the fast
sedimenting component aopears to be a complex of nucleic
acid-proteln, and during centrifugation brings down with it
a substantial amount of bound RNA, namely, 9% of its total
weight.

Area measurements for the calculation of the concentra-
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tion percentage of each fractlon wers carriesd out for the
electrophoretic and ultracentrifugation patterns. The
areas of veak B and peak C In the ascending pattern or

]

peak B + C In the descending pattern of electrophoresis,
correspond to 70-80%, ca. 75%, of the total concentration
(Table 7). If peak A 1s also included as part of the ac-
vive component, then the sum of the areas of peaks A, B,
and C, makes 75-80% of the total, varying from one prepara-

ieg are encountered

i

tion to another (Table 7). Difficul’
in exact separatlon of %the areas of peak C and that of

the trailing impurities (D). This is dons by arbitrary
extrapolation of a Gaussian curve to the base line.

The relative concentrations of the fas® sedimenting
peak, i.e., the active principle, as determined by area
measurement, recgulre corrections for radial dllutlon and
for Johnston-Ogston effect. The correction for the Johnston-
Ogston effect, calculated by the method of Trautman et al.
is about 5-¢% as shown in Table 8. The exact amount varies
wilth concentration in the run and with position of the
boundaries in the centrifuge cell. Estimasion of the ef-
fect from the Johnston-Ogston squation and assuming that
the sedimentation constant of the slow component sedimenting
in the original solution, gives a value of 5-10%, depending
on the assumed values of Sg p (Chapter II-J). The Johnston-
Ogston correction 1s necessarily small since the ratio of

the sedimentation constants of the fast and slow componen:s
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Table 7
The Peroentage Ares of Various Boundaries in the Electrophoretic

Patterns of Myxomyosin Products of Two Cycle Centrifugation

Rm No, Patterns Boundary A Boundary B + Bowndary C Boundary D

| (mA) %2 or Boundary B + ¢ % (impurities) %
TPE-28 Ascending 4 76 | 20
Desoending 4 76 | 20
TPE~33 Ascending 345 T2.5 _ 24
Descending 5 80 ' 15
TPE=35 Ascending 545 71.5 . 23
Descending 5 : 78 19
Tabls 8

The Percemntage Area of the Two Boundaries in the Ultracentrifugal

Patterns of Myxomyoein Products of Two Cycle Centrifugation

Run No, Boundaries Area Radial Dilution Johnston-0gston Percentage

Correction (Xb/X,)?% Correction Area
~11e1=5 Fast 220 l.128 1.06 7045
Slow 100 1.028 1,08 2945
Gelad Fast 180 1.121 1.054 68
Slow 118 1.019 1,054 32
10=led Fast 180 1.109 1,09 71
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is much larger than unity, in this case, about 5-7. After

all tThe correction, the area of the fast sedimenting peak
is ca. 70% as shown in Table 8. There are indications, at
least in certain runs, that there is an elevated base line
between the fast and the slow peak as well as in front of
the fast peék. This phenomenon, which adds %o the diffi-
culty of correct area measurement, suggeste some dissocia-
tion of the fast comoonent during the run as well as the
presence of a true heavy material. As will be shown later
Chapter VIL), the active principle is a thin rod, ca. 50

o .
ameter and 3000-7C00 A in length. Both the electro-

e
o

jon
~te

phoresis and centrifugal patterns are consistent with such
dimensions., In these circumstances neither analytical
method can distinguish between a system containing a dis-
tritution of molecular sizes and a systen containing mole-
cutes of a unique size., This situation is observed with
samples of DNA, which give sharp centrifugal bdundaries,
but which can be shown, at very high dilution, to contailn
molecules of widely varying sedimentatior constants (77).
The slow sedimenting component, with én S value 6-7
times lower than tha’t of the active component, has not been
removed by two or even three cycles of differential centri-
fugation as would be expected (Table 8 and Fig, 19). It
18 now clear that the slow component arises in vart fronm
the dissociation of RNA molecules from the nucleocoprotein

complex. There are several other factors which also tend
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bto reduce the efflclency of the differential centrifugation.
Firstly, the failure of ﬁhe~fasﬁ éedimenting component to
redissolve completely (Section B in this chapter). Secondly,
the_fast component tends to dissoclate during the expéri—-
ment. In later section 1t is shown that the slow component
'increasesrih concentration during storage. This process is
‘accelerated as the ionic strength of the medium 1s reduced
(¢f. Chapter VII).

The best preparation of the active principle so iar
prepared 1s that obtained from the redissblved peliet after
two cycles of centrifugation. It is estimated to be T75%
pure. It exhi®its a large viscosity change in response 50
ATP addition as is shown in Table 10. The active component

has been named Myxomyosin, because of 1ts origin and 1ts

similarity to actomyocsin.

D. Sﬁmmary of the Purification Procedﬁre for Myxomyosin,
The procedure for the preparation of Myxomyosin is

as follows:

1. 500 grams fresh welght of frozen plaémodia (stored at
-10° ¢ for less than two months) is crushed, and ground
to a slurry at 0° ¢. |

2. The ground plasmodia is extracted with 700 ml of
1.0 M KC1 at 0° C for 1 hour. The extract is centri-
fuged in a Serval SS-1 centrifuge for 20 minutes at

16,000 x g. The supernatant is filtered through a
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Table S
Distribution of RMA in Freotions Obtained by Differemtial

Centrifugation (100,000 x g 2.5 hours)

Total RIA Content The Estimation
Fraction ' Phosphorus Based on P Value of the Distribution
' of RNA

- Original Solution
(solution from pellet
of one cyols :
centrifugation) - 1.0% 10-11% 100%

Supernatant of the

original solution

after the second

cyole cemtrifugation 1.4% 15% © 45-40%

Redissolved Pellet

Fraction of the

original solution

after the second -

oyole centrifugation 0.85% 9% 55-80%

Table 10

The Viscosity Data of Myxomyosin, (Products of Two Cycles Centrifugation)

Sample Conoentration Reduced Viscosity Reduced Viscosity
Decreased by
(mg/ml) (e0/gm) 3 jM/ml ATP
Fresh 546 33045 113.5

Under storage at
09C for one week 5.5 305,5 90,0
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class wool pad; the sedimented debris and particles
discarded.

The extract is next fractionated with ammonium sul—
phate, the fraction which precipitates between 32 and
40 percent saturation (OO C and pH 7) is retained.
The précipitate iS usually frozen in tThe freezer at
-10° ¢ overnight at this stage.

The matérial is refractionated by ammonium sulphate
between 25-36 percent saturation. The precipitate

is washed with a solution 36% saturated in ammonium
sulphate. |

The washed precipitate is redissolved in sufficient
0.05 1 K-maleate buffer to make up a solution approxi-
mately 1% in protein., The solution is centrifuged
at 80,000 x g (35,000 rpm) for 35 minutes in the
Spinco preparative centrifuge{ The pellet is dis-
carded. |

The supernatant from 5 is dilalyzed against 0.05 p
maleate buffer for 6-7 hours.

The dialyzed supernatant is diluted to approximate
concentration of 0.5% and centrifuged at 100,000 x g
(40,000 rpm) for 2.5 hours. The supernatant'is dis-
carded.

The pellet is extracted with 0.05 p maleate at 0° ¢
with stirring for ten hours. The>solution is then

centrifuged at 30,000 rpm for 12 minutes to remove
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the undissolved pelliet. }The supernatant is adjusted
to contain ca. 0.5% of protein. |

G. The solution 1s agaln centrifuged at 100,000 x g for

2.5 hours. The supernatant is discarded.

10. The pellet is extracted with 0.05 8 maleate at 0° C
with étifrimg for elght hours. The solubion is then
dialyzed against 0.2 p K-maleate for ten to twelve
hours.‘ | |

11. The dialyzed solution 1s centrifuged at 30,0QO fpm
for 12 minutes to remove undissolved particles., The
final yellow solution contains 200-240 mg 6f'highly
purlfied myxomyosin.

12. The myxomyosin solution may be stored at 0° C and

should be studied within 3-4 days.

- E. Storage Behavior of the Purified Myxomyosin.

This problem has not been investigated ihjdetail. The
present culture methods for slime mold and the préparative
procedure for myxomyosin both have such a limlted produc-
tive capacities that serious storage problems never arise.
A myxzomyosin soluticn susually studied and used up within
3-U4 days. The preparation has been usually kept in a |
refrigerator at ca. 2% ¢ until just before use,.

Aliquots of the same preparation (the doubly cycled
material) used for the electrophoretib<and ultradentrifugal
patterns of Figs. 18 and 19, and the viscosity data of

Table 10,were stored at 0° C and at -10° C for one week.
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Thé'electrophoretic and ultracentrifugal patterns of these
aliquots are given in Fig. 20 and Fig. 21, and a portion
of the related viscosity data . One week stofage atAOO C,
lowers the viscosity and the ATP response of the orepara-
“tion (Table 10) and increases the amount of the slowly
‘sedimentihg'COmponent. Some convectlon and anomalies in
‘electrophoretic patterns also have developed. The ultra-
céntrifugal and electrpphoretic patterns of the aliqubt
frozen at -20° C for one week did not, on the bﬁher hand,
show any differences from the original. The viscoéity of
the material under storage at -10° C has not beeﬁ quanti-
tatively studied. There are indications that the viscosity
and the activity may be lower. The behavior of myxomyosin
under storage at 0° C suggests a slow decomposition of the

molecule under this condition.



Fig, 20. Electrophoretic patterns of myxomyosin stored for
one week at two temperztures
(Migration proceeds from right to left)
Buf

fer: 0.2 p K-maleate pH: 7.0

Current: 6 ma. Time: 10,000

w
]
Q

2
o)
)

3

0 w O #
At 0" C At =10 C

Dese,

Concentration: 5.5 mg/ml

#*

Boundary A has left the visible part of the cell



Fig. 21, Ultracentrifuge petterns of myxomyosin stored for

one week st two temperatures

(Sedimentation proceeds from right to left)

Buffer: 0.2 p K-maleate pH: 7.0

Concentration: 5.5 mg/ml

At 0% C it 0% ¢

rotor speed 850 853

(rps)

¥
rotor vibration
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V. THE CHEMICAL NATURE OF MYXOMYOSIN

The ultraviolet absorption spectrum of myxomyosin in
0.01 M KC1 at pH 6.3 is given in Fig. 22. For the Peasoﬁs
~stated below, iﬁ‘appears that this absorption Speétrﬁm‘

: re?resents contributions of a protein moiety, ribonucleic
acld, one or more yellow pigments and possibly some‘tightly
bound maleate ilons introduced during the preparati#e‘pro—
cedure.

Protein isbthe major constituent of myxomyosin as indiQ
cated in the data of Table 11 in which 1t 1s shown that the
protein weight percent of a myxomyosin solution by the
pluret method agrees substantially with that obtainédvby
the TCA precipitation method. The discrepancies are coh—
sistent with the fact that the biuret measurement is based
onvthe number of peptide bonds present, and, as will be
shown below, approximately 10% of the precipitable mass 1is
non—proteina&xus. The x-ray diffraction pattern df myxo-
myosin (Appendix I) is similar to a typical protein powder
pattern and particularly resembles that of the keratin-
e?idermis—myosin type. |

- The presence of RNA in myxomyosin which was suspected
from the UV spectrum, was conflrmed by paper chromatography.
The hydrolysis and chromatographic procedures empioyed are

fully described in Chapter II-E, Four ultraviolet-absorbing
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Fig. 22, Ultraviolet absorption spectrum of myxomyosin

and the yellow pigment. See text for detail.
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Table 11
Comparison of the TCA Precipitation Method and the Biurst Method
for the Determination of Protein Concemtration

of Myxomyosin Solutions

Protein Concentration (weight per cemt)

TCA Precipitation Biuret Determination*
Samples
1 1,04 + 401 +96 + 408
2 +94 + 01 o84 &+ 05
3 77 + <01 «60 + .05

sk
Based on Bovine gserum albumin color standard
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Jépdts are found on a myxomyosin hydrolysate. Based on
their Rf values and on co-chromatography with similar
'hydrolyéates of yeast RNA, these Spqts are ldentified as
uracil, cytidine, adenine and guanine, If 8 and ETOrare
.taken as the values of E (extinction coefficient of 1 em
1% Solution) for the protein and ribonucleic acid‘respec—
tively, the nuclelc acid content of myxomyosin may be com-
puted from 1ts extinction coefficient. This calculation,
based on an extinction.coefficient of 40, gives 13% as the
nucleic acid content of myxomyosin, Sincé The yeliow plg-
ment also absorbs in the 260 region, this result may be
too high, Calculated on a total phosphorus content of
0.8% (Chapter IV), 9% RNA is present. The fastest moving
| peak, A, in the electrophoretic pattern of myxomyosin,
which moves with the mobility of free nucleilc écid, has an
area corresponding to a concentration of 3.5 - 5% RNA R
(Chapter IV). The value of 0% for the amountvbf'RNA is
tentatiVely,adopted because there 1s less ambiguity in the
estimation of RNA based on the phosphorus content than in
the other estimations. £ should be noted, howevef, that
RNA content of myxomyosin may vary to some extent in dif-
ferent preparatioms, as has been reported for otherbcytoplas~
mic nucleoproteins (80). This aspect has not yet been
examined systematlically. It has, however, been noted that
bthe area.of the fast moving peak in the electrophbretic pat-
tern varles in different preparations. » |

Myxomyosin solutions are always slightly yelloWish and
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are fluorescent. The vellow color cannot be removed from
the protein by exhaustive dialysis, nor by extraction with
benzene, ligroin, ether, or carbon tetrachloride. It also
cannot be removed by the precipitation of the protein fron
solution with salt, TCA or by centrifugation. The yellow
‘plgment, however, can be liberated substantially oy precipl-
tation of the vrotein with acueous acetone, or by ammoniacal
adueous acetone (3% ammonia - 90% acesone) solution.

A myxomycsin solution freed from maleate ion by dialysis
was extracted with ammoniacal acetone., All protelns were
precivitated and removed. Both ammonia and acetone were
then evaporated at SOC ¢ wilth successive additions of small
quantities of distilled water to prevent ccmplete dryling
of the residue. Finally, the residue was taken up in 0.C1
M KC1., The clear yellow sclution gilves a yellow fluorescence
when irradiated at 360 mp. The ultraviolet absorption spec-
trum possesses a minimum at 245 mp, a maximum at 265 mu, and
a plateau at 300 tTo 320 mp, as indicated in Fig. 22.

Since nelther the protein nor the nucleilc acld absorb at
35C mp, it seems reasonable to assume that the myxomyosin
absorotion maximum at 350 mp 1s caused b7 one or more of
these pigments. It would also appear fthat not all of the
myxomyosin absorption at 260 mp is due tc RNA since the
vellow compound also apsorbs in this region. Vhether one
or several compounds are present in the yellow solution is
not yet known, but it is unlikely to be seriously contanl-

nated by nucleotides hecause of the mild treatment. The
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pigmenﬁ is probably not the same as that described by
Seifriz and Zetzmann (78),‘sinée it does not change color
from yéllow to red with a pH change from 7 to 1 as reported
by Seifriz. Filtrol, an activated clay, completely absorbs
the yellow color and the fluorescence from a perchlofic acid
'hydrolysatebof myxomyosin. A large part of the yellow color
and fluorescence 18 recovered by elutlon of the filtrol with
ammoniacal acetone. When the hydrolysate is chromatogramed
in an isopropanol-HC1l system, most of the yellow color and
the fluorescence stays at the origin although a portion
travels diffusely. The chemical nature of this yellow
pigment is unknown. Since the yellow pigment 1s not con-
centrated in myxomyosin but 1s also present in the other
nonactive fractions, it is unlikely that this pigment plays
any significant role in myxomyosin,

It should be noted that the absorption spectrum of
myxomyosin 1s very similar to that of the cold;acid ex -~
traéts‘of Fractlion I nucleoprotein of green leaveé (79).
This extract containing nuclelc aclids and yellbwishfbrown
pilesments also has an absorption maximum near 340 mp.

It has been mentioned above that maleate ions, which
‘absorb in the far violet region, might possibly bebbound
to myxomyosin and remalin even after exhauétive dialysis.

It is therefore, necessary to obtain the spectrum of maleate
ion at a known concentration in ordef to determine the mag-

nitude of any necessary correction. The optical density of
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2 x 1077 M malsate at 260 mp is 0.2. Taking the molecular
weight of myxomyosin as six millions, as reported later, it
may be célculated that if one moleculs of nmyxomyosin ab-
sorbs one million maleate ions, the contribution of maleate
ilon to the absorption of myxomyosin will be 0.5%. This
‘calculation indicates that the contribution of maleate to
the myxomyosin spectrum should be small, siance it is un-
likely from our general knowledge of ion birding that
myxomyosin would bind so many maleate ions.

Conclusion: Myxomyosin is a nucleoprotein complexXx,
containing approximately <% RNA anc one or sevefal'yellow

and fluorescent plgments.



VI. THE KINETIC ASPECT OF ATP-MYXOMYOSIN INTERACTION

It was indicated in Chapter TIII that the active
principle in the 30-40% SAS fraction changes in viscosity
in responSe»tb ATP and that the ATP is hydrolyzed concur-
-_reﬁtly with tThese changes‘ A preliminary investigaﬁion (

of these reactlons has been carried out with myxomyosin,

A, The ATPase Activity of Myxomyosin.

The fate of ATP during the enzymatic process is not
known. The end product could be either AMP and‘pyro-
phosphate, or ADP and orthdphosphate. By analdgy with the
muscle system, ATP is probably hydrolyzed to ADP and ortho-
phosphate. The method for determination of orthophosphate
described by deny and Lopez (Chapter II) is claimed to be
" a very mild one which does not hydrolyze 1abi;é phésphate
ester such as creatine-phosphate. Therefore, ﬁhe analyti~
cal'meﬁhod‘employed should not hydrolyze ADP and pyrophos-
phate. Thus, the orthophosphate measured is ﬁhat liberated
by the enzymatlc activity of myxdmyosin. \ |

Fig. 23 shows the activity of myxomyosin as an ATPase
‘under conditions of substrate saturation. Thesedata, to-
gether with knowledge of the molecular weight of myxomyosin

(gg, 6 x 106 reported in Chapter VII) and the purity of' the
preparation, enable the turnover rate of the enzyme to be

calculated in terms of moles of substrate hydrolyzed per



Fig. 23. The dephosphorylation of ATP by myxomyosin in

0.2 n K-maleate buffer, PH 7 and at 24.450 0,
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mole of enzyme per minute.  This turnover rate of myxo-

myosin at o4.5° ¢ and pH 7 is about 30. This turnover

number may be compared with 6000 for actomyosin% and with

100 to 300,000 (81) for enzymatic reactions in general. The
low ATPase activity of myxomyosin railses the question that
'the.aCtivity measured may be caused by a small ATPase contami-
nant and 1s not due to the myxomyosin molety. No attémpt

has been made to resolve this guestion here., However, silnce
myxomyosin changes 1ts physical state reversibly 1n reponse

to ATP, the ATPase must be intimately related to the system.

It should be mentioned that the same question exists in the

case of actomyosin.

B. The Change of Physical State of Myxomyosin Folldwing

Tnteraction with ATP. | |

The changes in viscosity of myxomyosin as a fﬁnction
of ATP concentration is plotted in Fig. 24 and Fig. 25,
These data were obtalned with a single preparation of
myxomyosin; ét a concentration of 0.5%, and with a shear
gradient of 600 Sec_l. The ATP employed was estimated from
free inbrganic'phosphate measurements to be 90% pure on
molar basis. Data are expressed as reduced Viscosity 80

as to compensate, to a large extent, for the effects of

Calculation of the ATP turnover number 1s based on the
data of Oullet, et al. (82). (Maximum reaction velocity
0.5 uM liter—1 sec-T for 0.1 gm liter™" of enzyme; mole-
cular welght of enzyme, 2 x 107).



Fig.

2L,

Changes 1in viscosity of myxomyosin as a function
of ATP concentration., Concentration of added
ATP is as indicated adjacent to curves,.

Portion of curve shown in detall in Fig. 25

(5.9 pn M ATP/ml) has been superimposed for

reference. Myxomyosin concentration: 5.0 mg/ml.

Shear gradient: 600 sec™t.
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Chahges in viscosity of myxomyosin in large
excess of ATP (5.9 pM/ml). HMyxomyosin con-
centration: 5.0 mg/ml. Shear gradient:

-1
600 sec .
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dilution due to addition of reagents into the system.

The results indicate that the same decrease in vis-
cosity can be brought about by 0.09 uM, 0.19 pM, 0.59 uM
or 5.9 pM per ml of ATP. This means that at a concentra-
;tibnvof 0.09 uM/hl of ATP, the system is already ATP:
'saturated'sb far as the reaction which results in a de-
v'crease in viscosity i1s concerned. It can be calculated,
from data cohcerning the purity of the preparation“and the
molecular welght of myxomyosin, that less than 130 to
140 ATP molecules are required to saturate one molecule of
myxomyosin in solution. ‘This amount of ATP is about 1.5%
of the total weight of myxémyosin in solution, Howevef,
- the concentration of ATP added increases, the raté of
recovery of viscoslty decreases. The shape of the curves
in Fig. 24, describing the changes of viscosity,‘is'

- similar to those observed for the aétomyosin—ATP inter-
action as measured by light scattering (83) orvviscoéity
(84, 85); Subsequent addition of 2.9 - 5.9 pM/ml ATP to
the recovered solution, brought the QiscoSity ievel down
again to’the low level evoked by first addition'oflATP.

The addition of a large excess of ATP, 5.9 uM/ml,
vcorresponding to 8400-8500 ATP molecules per molecule of
myxomyosin in solution, alters the relation between ATP
concentration and the rate of viscosity recovery (Fig. 25).

Recovery of viscosity of such a solution is linear with
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time even after 2800 secohds in contrast to the hyperbolic
recovery curvés of the solution containing many times less
ATP. FPurthermore the rate of recovery is larger and to a
higher level., The system 80 obtained 1s refractory to

ATP, Addition of ATP in large quantitlies after BOOO'éeconds
has 1little effeot ontthe viscosity of this system."The’
refractory behavior of myxomyosin during recoverj in the
presence of hilgh concentration of ATP 1s not obser#ed in
the case of myxomyosin solutlong reacted with 10, 30, or

60 times less ATP. That myxomyosin should exhib;t a re-
fractory period during recovery of viscosity after:addition
of ATP, might be detected from enzymatic studies. Following
~addition of 0.9 pM/ml of ATP to the solution, there is still
at least 4 pM/ml of ATP left in the solution after 3000
seconds. If the viscosity of the splution can recdver  and
rise in the presence of 4 uM/ml of ATP; further addition of
ATP to,the system should have no effect. This is found to
be ﬁhe case.

Two significant deductions can now be made.
First, the rate of ATP destruction must berolése to

the rate of Tormation of orthophosphate as méasured. This
18 shown by the following arguments. If the bulk of

the ATP were hydrolyzed into AMP and pyrophosphate at the
usual rate for this reaction, and if the orthophosphate
found 1is the result of the activity of>contamiﬁating:ATPase,

then at the end of 3000 seconds, there should be no ATP
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left in solution. Further addition of ATP should produce
a second effect. Since further addition of ATP at 3000
geconds does not have any effect, The system must still be
saturated with ATP. ATP must, therefore, be slowly trans-
formed to ADP at the approximate rate observed for the
libératioh of orthophosphate

Second, the existence of a new state for myxomyosin
is indicated. This state is one which has a high viécosity
but refractory to ATP. This refractory,state.cannoﬁ'be
explained on the basis of competition for multiple-points
attachment in the presence of excess substrate; Ir this
were the case, one would ﬁot expect to get the observéd
initial decrease in viscosity in the presence of a large
excess of substrate.

_Somewhat similar results have been observed with acto-
myosin., For example, Watanabe, §§_§1§ (86) has repofted
that beyond a certain optimal ATP concentratibn,»thére is
a stréng substrate inhibition effect in the ATPase activity.
Inhibition of ATPase activity by ADP has also‘been reported
(87). Intermediate complexes of suitable half life such as
actomyosin-P (88) or actomyosin-ADP (37) which are Incapable
of reacting witthTP have bzen postulated. Based on our
observation and by analogy with these proposals fbr actomyo-
sin, the following scheme for the reaction between ATP and

Myxomyosin 18 proposed.
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Tentative scheme of ATP and Myxomyosin interaction

M represents myxomyosin as 1t exists in the initlal
high viscosity state. M(ATP) represents the low viscogity
state of the myxomyosin-ATP complex. The rate,'kl, of the
transformation between the two states iIs very largé as
indicated by the rapid decrease of viséosity after intro-
duction of ATP into the syvstem. Less than 130 molecules
of ATP per molecule of myxomyosin is sufficlent to con-
vert all the available myxomyosin from state M to state
M(ATP). M(ATP) is next transformed to state wt at a
moderate rate k2' M* is the high viscosity state which is
refractory to ATP. Whether M consists of M-P, or M-ADP,
or whether 1t represents a particular conflguration ilncap-
able of reacting with ATP, cannot be determined from the

data at hand. M* decays to M at a rate k3 tc complete the
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cycle. The rate constant kg of this ftransformation is pre-
sumably much smalier than ky or ko. This must be so 1f
myxomyosin 1s accumulated in state M% in the presence of
excess ATP. Orthophosphate is libverated either in the
transformasion of M(ATP) to M or of M. to M. In exéess
-ATP, the rate of cycling will be constant. Therefore,

‘the rate of liberaticn of orthophosphate should be coastant.
This 1s found experimentally (Fig. 23). Addition of a large
amount of orthophosphate has no effect on the viscosity
(Fig. 24). No quantitative treatment of the kineties of
viscoslty recovery can be given here because oflthé scanti-
ness of the present data. Thus,by varying the magnitude

of’ rate congtants (kfv k2> kB) and assuming the viscosity
level of M, M(ATP) and M* (M* is required to have higher
viscosity than M), the viscosity behavior of the ryxomyosin
system in response to various concentration of ATP may‘be
eXplained.

The effect of shear gradient on the viscosity recovery
has also been studiesd to some extent. The appérent vis-
cosity and the decrease in viscosity caused by ATP, tut
not the rate of recovery, is strongly affected by shear
gradient (Fig. 26). Shear gradient might be expected to
Influence the rate of recovery of concentrated (2%), and
viscous (relative viscosity over 3) solutions. A% low pro-
tein concentrations (0.3%), however, no effect of the shear

gradient on the rate of recovery has been detected (Fig. 26).
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Flg. 26. The effect of shear gradient (G) on the viscosity
of myxomyosin solution. Myxomyosin concentration:

3 mg/ml.
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It may bpe noted that the 2% protein solution of 30-40%
SAS fraction (befcore purification by differential centrifu-
gation) can ote held for hours in the low viscosity state

with 3 pM/ﬁl cf ATP in contrast to the above described
behavior of the purer material. The reason for this is
not vet known. It is possible that the protein-ATP ratios
employed in these experiments with the 30-40% SAS prepara-
tions were those which zive rise to a low recovery rate.
On the other hand, other chemical “actors may have been

operative. Addition of large excess of ATP to 30-40% SAS

fraction has not been investigated.

C. The Action of RNAase on Myxomyosin.

Since RNA has been found to complex with the protein
in sclution, the effect of RNAase on the ATP respcnse of
myxomyosin was studied. RNAase was introduced into a 0.5%
myxomyosin solution to a final concentration of 0.03%. This
myxomyogin solution was an aliquot of that used for activity
measurements described in the foregoing sectlion, All solu-
tions were treated identically and their behavior can be
directly compared. RNAase 1s a small symmetrical molecule,
The amount added is 6% by weight of the myxomyosin. There-
fore, the contribution of the RNAase to the reduced vis-
cosity will be small. If RNA 1s depolymerized to small
polynucleotides by the enzyme, the reduced viscosity should
be lowered to some extent. The result.found is, however, quite

different, as shown in Flg. 27. Curve B represents the
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Fig. 27. The effect of RNAase (0.25 mg/ml) on the viscosity
of Myxomycsin., Myxomyosin concentratioh: 5 mg/hl.

Shear gradient: 6CO sec™ 1,
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RNAase treated solution. The reduced viscosity of the
soluticn rose very rapidly after addition of RNAase, in-
creasing ca. 30% in half an hour. The viscosity increase
generated by the actlon of RNAase may be reversed by ATP
as 1ndicated by the addition of 5.C pM/ml ATP and as/in the
case of the untreated zliquot (Fig. 27, curve A), a refrac-
tory state is found in the presence of this large excess
of ATP.

There are several olausible explanations for the effect
of RNAase. First, RNAase may non-gpecifically aggregate
with my.{omyosin and lncrease the asymmetry or hYdfation of
the myxomyosin molecules in the process. Thils would be an
artifact. This hypothesis would lead to the further conclu-
sion that the nonspecific RNA-myxomyosin aggregate is oroken
up by ATP and that the residues reversibly aggregate even
in the presence of ATP. The highly specific ATP rasponse
does not, however, seem likely to be involved in a non-
specifilc aggregation process. In addition, the RNAase and
the myxomyosin are both negatively charged at.the pH of
These experiments and hence could hardly be expected to
aggregate strongly.

Secondly, the myxomyosin may be unfolded when RNA 1is
removed. This explanation 1s not convincing, because one
would have to postulate that ATP can refold the myxomyosin

polypeptide chains, which reversibly unfolds itself again

and becomes refractcery to ATP.



146

As proposed in Chapter VII, the effect of ATP on the
physical state of myxomyosin can be best explained on the
basis that ATP dissoclates asymmetric or hydrated aggre-
gates to the monomer. The monomer 1s about 4000 K in length
and 5C X in diameter with a molecular welght of roughly 6
millions. The effect of RNA can be reasonably explalned
on the basis that the nucleic acid keeps the profein molety
from aggrezation by forning a complex which will be strongly
negatively charged and therefore tend to aggregate o a les-
ser extent than the protein alone. When RNA 1s removed,
the myxomyosin can aggregate to a large extent. ' This aggre-
gatlon can be, however, broken by ATP. The explanation
assumes that the mechanism whereby the viscosity level
generated by RNAase i1s decreased by ATP is.the same mech-
anism whereby the viscosity 1s decreased by ATP in tThe ab-
sence of RNAase. Such a similarity 1s indeed 1ndilcated
from the experiment. Nucleic acid, therefore, écts in a
manner essentially similar to that of ATP in keeping the
myxomyosin from aggregaticn., RNA 1s, hoWever,.less effec-
tive and is not destroyed by myxomyosin, It is teﬁtatively
concluded that nucleic acld may not be an indispensable part
of the system, but its presence 1in complex form with the
protein, does exert an influence on the physical state of
myxomyosin in solution.

Conclusion: The ATPase activity of myxomyosin has been
found to be about 2C0 times less than that of actomyosin,

with a %tTurnover rate of 30. Approximatelyl30 molecules of
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ATP per molecule of myxomvosin are enough to evoke the
maximum effect of ATP? on the viscosity of myxomyosin solu-
tion in these experiments. Higher concentrations of ATP
decrease the rate of recovery, and in very large excess o7
ATP, upon recovery, a refractory state o7 high viscosity
is found. RNAase increases the reduced viscosity of myxo-
myosin to ca. 30% within 30 minutes and this increase in
viscosity 1s reversibly decreased by ATP. It is tentatively
concluded that myxomyosin aggregates more strongly when
RNA 1s removed from the complex. This aggregation in the
absence of RNA can be reversed by ATP as 1t is in the

presence of RNA.
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VII. CHARACTERIZATION OF THE PHYSICAL-CHEMICAL STATE OF
MYXOMYOSIN: CHANGES INDUCED IN MY{OMYOSIN BY
ADDITION OF ATP OR REDUCTION OF THE IONIC

STRENGTH OF THE MEDIUM

Th

®

molecular weight and dimensions of the myxomyosin
rnolecuie have beer studied by a variety of physical-chemical
methods, The effects of ATP and of changes in ionic strength

of the medium on these measurements have alsc been obhserved.

A, Viscosity.

The effect of shear gradient on viscosity and the ATP
response of myxomyosin have been illustrataed in Fig. 26 of
the previous chapter. In order to obitain information con-
cerning the dimensions cf the myxomyosin molecules, vis-
cosity measurements were made at a series of‘shear gradients
and extrapolated to zero gradient as shown in Fig. 28 and
Filg. 29, Some uncertainty is introduced through this opera-
tion because of the non-linear character of the extrapola-
ticn, but this uncertainty may be minimized by the use of
dilute solutions. A plct of reduced viscosity vs. concen-
tration can be made to obtain the intrinsic viscosity of
randomly oriented moclecules in solution.

The relative viscosity of the more concentrated myxomyo-

sin solutions plotted as a function of shear gradlent in
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Flg. 28. The relative viscosity of concentrated My xo-
myosin solutions (0.2 to 0.8% as indicated at

the end of each curve) vs. shear gradient.
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Flg. 29. The relative viscosity of dilute myxom&oSin
solutions (0.1 to 0.3% as indicated at the

end of each curve) vs. shear gradient.
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'Fig. 28. From the information of Fig. 28, the upper plot

in Fig. 30 has been constructed. At zero gradient, an
intrinsic viscosity of 300 cc/gm is obtained., Certain ancma-
lies 1In the viscosity, such és work hardening and work soft-
ening, have been noted. Tor example, the spread of’points

on the O;S%booncenﬁration curve at 50 sec-l gradient in

Fig. 28, is due to work hardening. These anomdlies disappear
lwhenysolutions less Qoncentrated than 0.3% are invesfigated.

In Fig. 29 relative viscoslty is plottedias’a function
of shear gradient for dilute solutions (0.1 - 0.3%). The
extrapolations of Fig. 29 are fairly reliable, because of
the small slopes of these curves. The 1owest'curve of
Fig. 29 shows that 1f myxomyosin is dlalyzed against 0,01
M KC1 rather than 0.2 M neutral buffer, the viscosity is
consliderably reduced and is independent of shear gradient.
Addition of KC1l to a final concentration of 0.2 to 0;5 M
and incubation at 0° ¢ or at room temperature for tWo hours
does hot reverse the effect of low ilonic strength treat-
ment on the viscosiﬁy.

The study of the effect of ATP on the viscosity at zero
shear gradilent 1s difficult, because the effect changes with
time (Chapter VI). A set of measurements were made, however,
at low shear gradients within 300 seconds after addition of
5.0 pM ATP/ml. During this 300 second interval, the recovery
is expected to be less than 10% Extrapolation to zero grad-

lent of the data obtalned at two shear gradients was carriled
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The reduced viscosity of myxomyosin solutions

vs. concentration. The shear gradients are

indicated at the end of each curve.

Uppér plot: concentrated myxomyosin éolﬁtions
(O.é to 0.8%).

Lower plot: dilute myxomyosin solutions (0.1 to
0.3%) with and without ATP. See

text for detall.
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out, bearing in mind the slopes of tThe curves obtalned in
the absence of ATP (Fig. 31). The lower plot of Fig. 30
1s constructed from data obtained by interpolation to 100

sec or extrapolation to O sec-l of the results presented
in Fig. 29 and Fig. 31. It is apparent that at 100 sec™t
_-and at thése iow'conCentrationS there is substantially no
>effect of ATP on the viscosity. At zero gradient, on the
oﬁher hand, ATP significantly reduces the viscosity. .This
effect disappears gradually with increasing diiution{ Thus
ATP reduces the slope of the line, but does not change the
intercept. This iIntercept again gilves an intriﬁsib vig-
cosity value of 300 cc/gm.‘ The uncertainty of the inter-
cept 1is estimated to be + 15 cc/gm. The reduced viscosity
of myxomyosin at one concentration and in 0.01 M KC1 is
also given in Fig. 29. The single point indicates an
intrinsic viscosity not higher than 85 cc/gm.

The presence of slowly sedimenting impurities, ésti~
mated to be 25% by weight, (Chapter IV),‘introdﬁces an
error in the above evaluation of the intrinsié viscosity of
myxomyosin. To correct this errdr, the viscosiﬁy of The
supernatant solution from the first cycle centrifugation
‘was measured at 600 secwl gradient (Table‘12). The re-
duced viscosity of this solution is independent of concen-
tration and therefore may be assumed to be independeht of
shear gradient. A value of 63 cc/gm for the intrinsic:

viscosity of the impurities has been adopted. The appro-



Fig. 31.

The relative viscosity of myxomyosin solutions
with 5 pM/ml ATP vs. shear gradlent., Measure-
ments were obtained within BOOFSeconds aftef
addition of ATP. Protein'concentrations are

indicated at the end of each curve.
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Table 12
The Reduced Viscosities of the Supernatant Solutions from the
First Cycle Centrifugation Measured at

Shear Gradiemt 600 sec™t

Cone eﬁtra‘bidn Reduced visco sii:y

(mg/m2) "~ (oo/gm)
8.5 | 64,2
4.5 | 63.8
3.0 | 63.6

1'5 63;5
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priate calculations are made with the equation of Chapter
IT, p. 35. The corrected intrinsic viscosity of myxomyosin
is found to be 380 ce/gm. With the partial specific volume
(0,72) determined in this work, the viscosity increment of
the unhydrated protein is 530. If the protein is aséumed

" to be 25% hydrated,lthe viscosity dncrement of the hydrated
‘protein 1s 395. From the table given by Mehl, Oncley and
Simha (65) Which 18 based on the rigid prolate ellipéoid
model, a value 80 is obtained for the axlal ratio‘of‘myxo-
myosin. The total uncertainty in the viscoslity increméht,
compounded from uncertainties in the extrapolétion‘cf.data,
The errors 1n partial specific volume, and the purlty df
the preparationvis estimated to be + 25. This corrésponds
to a range of axial ratios of 84-76. It should be noted
that the rangevof error 1n concluding that ATP dbes not
affect the axis ratio at infinite dilution is_smaller;
since a single preparation was involved. For fhese éxperi~
ments,vit is-estimated that a change in axial ratio outside
of the range of 82-78 would have been detected.

Perrin's equation (p.34) relating frictional Eoeffi—
cient and axlal ratio gives a value of 3.63 Tfor the frictional
vcoefficient of a prolate ellipsoid with an axial fatio of
80. The hydration (assumed to be 25%) will contribute another
£/f, factor of 1.10 according to the table of Oncley (89).
Therefore, the total frictional coefficlient, f/TO, ofkmyxo~

myosin is 4.0,
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B. Flow Birefringence. |

Measurement of the extinction angle,‘X' s> of myxo-
myosin were carried out to obtain information‘about the
length and the shape of the molecule. In Fig. 32, X
is plotted as a function of the shear gradient, G, fér
“various cbﬁcentratiéhs of myxomyosin., Table 13 gives the
calculated rotary diffusion, O, and the apparent length
of the moleéule based on the tabulated }( values and cbr—
responding shear gradients. An axial ratio ofASO, a fela-
tive viscosity of the medium of 1.02, and the experimental
temperature 250 C were employed in the calculafioné involv-
ing the equation of Chaptef II, p. 28. The reéults indicate
That the length of myxomyosin varies from 5,800~10,00Q X,
depending on the shear gradient employed for the measure-
ment, The reproduciblllty among three separate preparations
- is in the range of 5%, or 300-500 A B

The length of myxomyosin in 0.01 M KC1l was found to be
approximately L4000 R, substantially shorter than that of
myxomyosin in 0.2 p (Table 13). The cross of isocline is
diffuse ahd the birefringence is éonsiderably wéakénedv
in these preparations.

In taking the birefringence measurement at various
gradients of 50-1500 sechl, the solution suffers a certain
amount of shearing action. Vhen such a solutionyis‘measured
a second time, the;X- was found to have increased 0.50

l.OO. Thls phenomenon is more pronounced in the case of



162

Fig. 32. The extinction angle )( of myxomyosin solutions

vs., shear gradient.
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‘Table 13.
The Rotary Diffusion Coefficients and the Apparent Lengths of

Myxomyosin Calculated From the Flow Birefringence Data

CQﬁcentration Shear Extinction Rotary : Apparent

of protein Gradient Angle Diffusion Length
(mg/ml)  (sec"l) (degres) Constant :

- ' (seo™1) (1000 })
2.7 38 - 32,6 12,9 11,42
: ‘ 82 28,2 18,8 . 10,04

206 23.9 31.6 : 8,46

308 21.8 39.0 7.92

411 21,0 48,0 : 7.38

523 19.9 54,8 T.08

878 18,3 77.4 6428

1315 17.0 98.2 K 5,78

*remeasurement 302 24,0 46.8 T.44
530 221 68,8 6,52

0.9 2065 23,6 30,7 8,56
415 19.9 43,5 : 7.82

858 17.0 84.5 . 8,868

1323 15.9 85,9 8,08

- remeasurement 304 22,0 39.3 : 7.88
830 19,9 65,2 . 7.02

0.45 - 535 20,6 59,8 6,86
9156 18,0 7749 v 6428

1323 18,0 87,1 6.04

2,9(in 0,01 ¥XC1l) 861 28,0 193.5 . 4,80
1318 25,0 22344 4,40

E
See text on the effeoct of shearing force,
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mOrévconcenﬁfated solutions (0.3 - 0.4%) and reéults in a
shortening of 500 X of apparent length (Table 13). The
effect 1s smaller in the same solutlion 1n the presence of
ATP, or in the 1ess concentrated solution (0.09 - 0.05%)
“in the absence of ATP (Table 13). This phenomenon is not
‘well Undefsfood;‘butﬂappears to be related to the work
‘softening effects Found in the viscosity determinatiohs.

It is interpreted as resulting from mechanical breakdown of
the molecular aggregates which tend to dissociate at high
dilution or in the presence of ATP,

The value of X has also been measured at several con-
éentrations of myxomyosin (0.045, 0.09, 0.2, 0.3, and 0.4%),
each.solution being a fresh one. It has been found that
the ;( values agree with each other within the.experimental
error at all of these concentrations. This is in agreement
- with the results of the viscosity studies (Fig. 32). It
will be recalled that the feduced viscosity of myxomyosin
is_indépéndent of concentration below 0.3% and at shear
gradients above 100 Sec~l. Under these obnditions, the
moleculeé are free to assume any spatial orientatibn wilthout
interfering with each other.

The values of %. for solutions containing eXéess ATP
(10 pM/m1) are given in Fig.32-A for Varyiﬁg shear gradients.
The calculations of € and of the length of molecule are
given in Table 14. The apparent length of mqumyosin in

o
an excess of ATP is 6,000 - 12,000 A. - ATP does not increase



Fig. 32-A. The effect of ATP (10 uM/ml) on the extinction

angle;K of myxomyosin solutions.
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Table 14,
The Effect of ATP (10 jM/ml) on the Rotary Diffusion Coefficiemts
and the ‘Apparémt Lengths of Myxomyosin Caloulated From the Flow

Birefringence Data

Concentration Shear Extinotion Rotary Apparent

of protein Gradient Angle Diffusien * Length
(mg/ml) (sec=1) (degres) Constant : o
(sec'l) - (1000 A)

2.7 46 27,0 9.8 12,48

213 2.8 25.8 9428

309 18,5 27.8 - . 8,84

409 17.8 34,1 " 8426

537 : 16,9 39.9 - 7.82

927 14,8 51.5 7.18

1343 14.1 6842 ) 6.54

remofasurement 306 19,2 29,7 8.84

546 : 17.2 42,2 7,68

049 321 21,2 . 38.3 7,94

401 2046 44,8 " T7.54

534 18,5 48,1 , 7.38

886 17,5 T0.9 6446

remeasurement 318 2045 35,8 8.18

528 19,1 50,8 - To24

0.45 - B33 19,5 53.4 7410

888 16,5 82,5 6474

1336 15.5 82,0 ' 6,16
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ﬁhe %: valués for solutions of 0,05 - 0,057 comcentraﬁion.
The apparent length of myxomyosin is therefore not changed
by more than 5% by ATP, ;( values for solutions at

0.2 - 0.4% concentration were increased slightly by ATP
indicating an increase of rotary diffusion coefficieht, and
an inerease of apbarent length of 5-8%. This effect is not
well understood., However, the measurements on ﬁhe solutions
| contalning ATP at a level of 10.0 uM/ml, required a period of
an hour. In the presence of such concentrations of ATP,

the myxomyosin will be converted to the refractory high vis-
coslity, state M%. This-will be further discussed iﬁ,the

last section in this chapter,

C. Electron Microscopy.

Preparationsof myxomyosin with and without ATP'have
been examined under the electron microscope, The samples
were sprayed and air dried (Chapter II-K). Excess ATP
was added to the sample 5 minutes before spraying. Since
myxomyosin is unstable in 0,01 M KCl, ahd since higher
concentrations of salt interfere with electron microscopy,
the dilution bf myxomyosin with respect to salt was also
carried 5 minutes before spraying. The photographs (Figs.
33, 34), reveal fod—like molecules of 3000-7000 K, mostly
within the range of 3500-4500, in length and 50 & in dia-
meter.' The accuracy of the diametef measurement is‘estif

o)
mated at + 5A. The shape of the rod in cross section cannot
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Fig. 33. Electron micrographs of myxomyosin molecules

in high concentration

(Chromium shadowing; x 25,000)
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hs of myxomyosin molecules

mierograp

Fig. 34. Electron

in low concentretion

x 25,000)

(Chromium shadowing
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“be'determined. 'Many of the rods are somewhat deformed.
Some globular material is also visible.

The myxomyOSin rods appear to be qualitatively the same
in the presence and in the absence of ATP (Fig. 35, and Fig.
36). | |

: Withrthe value of partial specific volume, 0.72, the
diametér 50 A and the length 4000 A and with cha assump-
tion that bhe myxzomyosin is a cylindrical rod, the moleculaf
weight may be calculated to be 6.6 mlllions. The average
length of 4000 X is arbiltrarilychosen on the basis of the
result of the viscosity study (axial ratio of 80) and be-
cause of the presence in théeﬂectron micrographs of a large
~proportlon of molecules of this length. However, molecules,
5000 K in length (molecular weight 8.3 miilions)vand mole-
cules, 3000 X ih length (molecular weight, 4.9 millions) are
‘also present in substantial numbers. |

Electron micrographs of myxomyosin which hés been
stoved in 0.01 M KC1 for ca. 24 hours (Fig. 37) show that
the molecules have been considerably shorﬁened; The lengths
of some molecules remain in the range QOOO—BOOO'K But most
are less than 1000 X.

D. Partial Specific Volume.

The partial specific volume was calculated from density

and concentration determinations. The concentrations were

measured with the differential refractémeter and with the
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Fig. 35. Electron mierograph of myxomyosin molecules’

in 0,01 M ATP solution

(Thorium shadowing; X 25,000)
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Fig. 36. Electron micrograph of myxomyosin molecules
in 0.01 M ATP solution

(Chromium shadowing; x 25,000)
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Fig. 37. Electron micrograph of myxomyosin molecules
dialyzed in 0,01 M KC1 overnight

(Thorium shadowing; x 25,000)
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‘assumption that the refractive index Ilncrement of myxomyosin
is 0.185 cc/gm. The partial specific volume obtained for
one preparation was 0.723, and for a secorld preparation,
0.715. An average value of 0.72 is taken ag the partial
specific volume. This value, because of the uncertainty

in the assumed‘refractive index increment, 18 conéidefed

reliable to about 5%.

E. Sedimentation.

Detalled sedimentation studies of myxomyosin for the
purpose of evaluating the sedimentation constant ‘and its
change in the presence of ATP were carried out at varying
protein concentration. A plot of 1/'820’W vs.. concentra-
tion 1s present in Fig. 38. The extrapolated value of
Sgo,w at zero concentration, evaluated from the:plot,
is 30 + 0.5 S. Using this value of 8, the friotional coef~
ficient of 4.0 derived from viscosity sﬁudies;and a partial
specific volume of 0.72, a molecular weight of 6,1 millions
may be calculated from the equatioh givén in‘Chapter 1T,

v, 42, |

Because of the uncertainty in the partial specific
volume, this value of 6.1 millions for the molecuiar welght
of myxomyosin must be regarded as uncertéinty~f 6%. This
uncertainty, together with uncertainties of the’values of
S and f/fo, contributes a total maximum uncertainty‘gg,

+ 10%.



Fig. 38. The 1/320 - of myxomyosin vs. concentration.
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The Slowly sedimenting material, which consists of
protein impurities and some RNA (Chapter V), has a sedimen-
tation constant of about 3 to 5 8, with an average of 3.8 9.
This value appears. to be independent of concentration, The
uncertainty of the S value of the slow boundary is due to
boundary spreéding which results from polydispersity,

Sedimentation studies of myxomyosin in the presencé of
ah excess of ATP have been carried out with 3 different
preparations. None of the =xperiments were pefformed; how~
ever, 1n such a way that the S value in an excess of ATP
could be extrapolated to infinite dilution. Thfee:perti~
nent conclusions can, neveftheless, be made on‘the basis
of these studies. Flrst, within the expérimental error of
estimatlon, the area under the myxomyosin boundaries is'
not decreased or transformed into other componenﬁslby ATP,
Second, ATP sharpens the boundary df mYXomyosin to a mbder—
ate extent. This sharpening effect is shown in Fig. 39.
The effect is pronounced in concentrated solution but less
evident in dilute solution. Third, in addition to the
sharpening effect, a decrease of 5 to 10% in thé sédimenta—
tlon constant is caused by ATP. For example, at a protein
concentration of 0.75%, myxomyosin has a SZO,W value of
20.2 in the absence of ATP and of 19.1 in the presence of
. ATP. (Correction for the contributions of ATP to‘thé vig-
cogity and density of the medium have been includedvin’the

calculation of the corrected sedimentation constants,)



Fig. 39. Ultrscentrifuge patterns of myxomyosin in the presence and
* v amT [ - /o )
in the absence of ATP (12 pM/ml)
[y * . £ \
(Sedimentation proceeds from right to left)

Buffer: 0.2 p K-maleate pH: 7.0

In the Absence of ATP In the Presence of ATT
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'TheSe experiments were performed with samples which were in
contact with excess ATP (5 to 10 uM/ml) for periods of about
30 minutes before sediméntation began and for one hour dur-
ing sedimentation. Therefore, the myxomyosin studied was -
probably in the state M* as discussed in Chapter VI,

The above observations lead to the conclusion that the
bulk of the myxomyosiﬁ is not drastically affected by ATP.
Myxomyosin does not break up into small units or suffer
an extensive change in shape. The small decrease in sedi-
mentation constant is prdbably due to an increasé in thev
frictional ratio, as suggested by boundary sharpening.

The ultracentrifuge pattern of myxomyosin in 0.01 M KC1
(Fig. 40) differs greatly from that of myxomyosin in 0.2 n
beffer. In the low ionic strength medium, the pattern con-
sists of a very broad and comparatively slow moving boundary
which spreads and almost disappears durihg the run. }An even.
slower boundary, corresponding to the impurity‘ihitiaily
present, 1s also observable. Spreading of the major boundary
suggests the presence of a polydisperse syétem rather than
a relatively homogeneous one as found in high sait concentra-
tion. These observations suggest that in 0.01 M KClrmyxof
myosin undergoes a degradation process to give a Sefiés of

products of smaller size.

F. Electrophoresis,
This section will consider the influence of ATP on the

electrophoretic pattern of myxomyosin. The electrophoretic
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 behavior of purified myxomyosin has been described in
Chapter IV. 1In the present work, myxomyosin purified by
one cycle or by two cycles of centrifugation was used,

In the study of the material pﬁrified by one cycle
centrifugation, ATP (3 pM/ml) was added to the protein solu-
-tion beforé’the.fun.A The electrophoretic scanning patterns
~of the same préparatibn with and without ATP are_given’in
Fig. 41, The boundary A ié increased in area in ﬁhe-ATP
treated sample because'ATP moves with the mobility of RNA
as shown in Chapter IV. 1In the présence'of ATP; the B .
boundary of the ascending limb 1s substantially‘increased
in area at the expense of the boundary, C, which is thé
major boundary in the original preparation. Tha ma jor
| boundary, B + C, iIn the descending pattern is not affected.
At this boundary ATP is abéent since it migrafes away ffom
- the boundary region. A minor boundary,disturbénce:in the
region of the descending starting boundéry_is“noted. >

FOrvthefstudy of myxomyosin purlfied by two-cycle
centrifugation, ATP (3 pM/ml)kwas added not only to thé
' protein solution but also to the whole buffer sYstem. This
reduces startihg boundary anamolies and, of course, now
causes all components to move in the presence of ATP at 511
'times. The patterns for the same preparation with and
without ATP, are given in Fig. 42. Four observations can
be madevfrom these patterns. First,'the disturbance near

the descending starting boundary disappears. Second, the



Fig. 41. Electrophoretic patterns of myxomyosin with and without
ATP in the solution

(Migration proceeds from right to left)

Current: 9 ma. Time: 9000 seconds

Concentration (mg/ml): 6.0

Buffer = 0.1 p KC1 + 0.1 pu K-Maleate, pH 6.6

A
" l Without ATP 1’

v
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boundary A does not increase in area, confirming the hypothe-

sis that the previous increase was the result of the addition

of an ATP boundary to the patterh. Third, the boﬁndary B

'in the ascending pattern is again substantially iﬁcreased

while the boundary C correspondingly decreased. The descend-

Ving boundary, B +#C, is split into two boundaries for the

first time. This last finding supports the notion that in

the presence of ATP, the protein component is present in

two boundaries, one faster and the other slower‘moving.

In the absence of ATP, as in the descending limb of Fig. 41,

the protein component moves in the single boundary, B’+ C.
The patterns in Fig. 42 show that the major effect of

ATP 1s to convert boundary C to boundary B which has a

higher mobility in the direction of the anode. This might

be due elther to a reduction of the frictional résisfance of

myxomyosin, or to an increase in the negatiﬁé charge of the

myxomyosin. Since no great change in the molecular dimen-

slions of m&xomyosin due to ATP can be detected by other

methods, the explanation based on a charge effect is re-

garded as more applicable. An enhancement. of the negative

charge here implies that negatively charged ATP‘is bound

to the protein to form a myxomyosin-ATP Complex. It should

be noted that the electrophoretic studies of myxomyosin-ATP

interaction were carried out at 1.50’0 in which the enzymatic
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activity is ordinarily largely suppressed. Interaction of
myxomyosin with ATP at this temperature has not been

studied by other physical methods.

G. Swelling of Extruded Fiber of Myxomyosin.

The myxomyosin fiber formed by extrusion of ﬁyxoﬁyosin
‘solﬁtion into an ammohium sulphate solution as described
in Chapter II, 1s estimated to contain 50% by weighﬁ of
protein. The fiber exhibits some birefringence,' When'the
fiber is placed in buffer solution, 1t swells but does not
dissolve even after several days at room temperature. The
rate of increase in volume of the fiber in buffer, and the
effect of ATP on the swelling rate have been studied, An
~ apparently uniform fiver was chosen, rinsed briefly in_
water to remove most of the ammonium Sulphate'and broken
~in half. One half was placed in buffer alone,-thezother
half in buffer with ATP (0.02 M). The increase in volume
of the fibers under these two conditions at a period of 50
hours is shoﬁn in Fig. 43. Similar results have been ob-
tainedin a second experiment.

The data of Fig. 43 show that a greater increase in
volume of myxomyosin fiber occurs in the presence of ATP
than in its absence. This is evident after 2 hours and
the effect persists for 24 hours when the fibef volume has
increased in ATP by 120% compared to 30% in the absence of
ATP. The volume increase is primarily>due to diameter}

changes. The sudden increase in the volume of the control
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Fig. 43. The percent increase in volume of the myxomyosin
fibers suspended in 0.2 p maleate buffer in the

presence and the absence of ATP,
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fivber after 24 hours 1s believed to be the result of the
formation of large fissures in the fiber.

The enhanced swelling of myxomycsin in the presence of
ATP is associlated with a binding of ATP as indicatgd by
the electrophoresis study. An increase 1n net negative
chafge would be expected to result in an increase in swelling

because of the Donnan effect.

H. Discussion and Conclusion.

The molecular welght and dimensions of myxomyosin
preparations containing 25 percent of low molecular welght
impurities have been studied by viscosity, sedimentation,
electron microscopy, and flow birefringence procedures,
These studies have revealed that myxomyosin is a highly
asymmetrical, fairly stiff molecule, which may possibly exist
in a distribution of lengths. |

Sedimentation and viscosity studies indiéate a weight-
average molecular weight of myxomyosin of 6 millions + 10%
and an axial ratio of 80 + 5% based on the assumption that
the shape of the molecule may be approximated by a rigid
prolate ellipsoid model. The errors introduced by the
presence of the impurities have been substantlally eliminated
in these calculations,

The electron micrographs confirm the above assumption
that myxomyosin is a rod-shaped molecule, and show that 1t
has a diameter of 50 2 + 5 g, and a range of lengths of

C o
3000 to 6000 K, the most frequent length being 4000 A. The
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The correspending moleeular_weight range for a cylindrical
rod, 50 & in diameter, is 4.9 to 9.9 millions. The mole-
cular weight for the most frequent length of 4000 & is 6.5
millions. |

Measurements of the extinction angle fromrflew bire-
fringehce support:the above findings and give a distribution
bf apparent lengths of 5,800 - 10,000 K. Theivaiues S50
 obtalned are greater than those estimated from Qiscosity
and electron microscopy. A few molecules 7000 K or longer
in length can however be seen in the electron‘micrographs;
The reasons for the greater apparent length from‘flow bire-
fringence data have not been known. The discrepancy may
be due to the fact that birefringence of flowvheaQily weights
the longest molecules, as explained in Chapter II, p.‘30.
In the case of DNA, there is a similar disagreement in esti-
mated length of the molecule as between light. scattering
and birefringence data. This has not yet been explained
(63).

ATP has a striking effect on the physical»p:operties
of concentrated myxomyosin solutions as shown by the vis-
cosity studies Qf previous chapters. As the concentration
of myxomyosin in the solution decreases, however, the ATP
effect beeomes less pronounced. Viscosity studies show
that the immediate reaction product of highly dilute myxo-
myogin and excess ATP is not different in molecular dimen-

sion (f/fo) from the starting material. Nevertheless, the
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slope of the line which relates reduced viscosity to pro-
tein concentration is lowered by ATP. This suggests that
ATP does not change the molecular dimensions of myxomyosin
(dimensions of state M are similar to dimension of state
M(ATP)), but that ATP reduces the aggregation of myxo-
'myosin monomers with each other., Dilute preparations of
myxomyosin show no qualitative difference traceable .to ATP
which can be detected by electron microscopy. Flow bire-
fringence measurements on dilute myxomyosin (0.09-0.5%)
show no changes in apparent length of myxomyosin molecule
‘after reactlon with an excess of ATP for 30 to 60 minutes.
The myxomyosin thus observed is probably in the M* state
rather than in the M(ATP) state as suggested in Chapter IV.
Sedimentation studies and birefringence measurements
at moderate concentration (0.2 - 0.4%) of myxomyosin reveal
some new aspects of ATP-myxomyosin interaction. In these
studies, an apparent slight increase in the friétional co-
efficient of myxomyosin has been observed. This corresponds
to an approximate 5 to 10% decrease in S value and 6-8%
increase in apparent length from flow birefringence. The
tentative interpretation of these data 1s that the myxo-
myosin in the M* state is associated in end-on complexes,
The electrophoretic studies of myxomyosin in the

presence of ATP show that a substantial portion of the
myxomyosin acguires an increased mobility towards the anode.

This 1s interpreted as indicating that myxomyosin molecules
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haVe increased in negative charge owing to the binding of
ATP. | |

Concentrated myxomyosin fibers (50% by weight) suspended
in buffer solutions swell more rapidly and to a greqter exX~
tent in the presence of ATP than in the absence of ATP. This
isvfurthér evidence that ATP increases the net negativé
charge on myxomyosin. |

In low ionic strength media (0.0l M KC1), myxomyosin
undergoes degradation to form a series of much smaller
products. This has been shown by sedimentation, viscosity,
flow birefringence and by electron microscopy studies.

The degradation 1s apparently not reversible.



VIII. DISCUSSION

A. Problems Related to Extraction and Purification.

/Onerwould_iikeuto know the amount of myxomyosin,present
in the plasmodium of the slime mold. This question cannot
yet be answered without ambiguity, because the extractability
of myxomyosin by the method employed in this research has
not been determined. Héwever, of the total non-dialyzable
material in the 1.4 M KCl crude extract 3-5% is myxomyosin.
If one assumes that all of the myxomyosin can be extracted
by the present procedure, then this material makes up at
least 1% of the total dry weight of the plasmodium. This
impressive figure suggests that myxomyosin is'an imporfént
constituent of the plasmodium on a weight basis.

It has been pointed out in Chapter III, that only when
the plasmodium is extracted with a concentrated salt solu-
tion (1.4 M KC1), does the fesulting crude extract éxhibit
an ATP response. This interesting fact may be'cansidered
in the 1ight of our knowledge concerning the influence of
RNA on the behavior of myxomyosin. The findings of Chapfer
VI indlcate that myxomyosin aggregates more strongly and
exhlbits a larger viscosity response to added ATP, after
RNA has been removed from the protein‘moiety. It is well

known that nucleoproteins dissociate in medium of high salt
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concentration (1-2 M). It may be that when the plasmodium
is extracted with a dilute salt solution, the soluble
myxomyosin becomes bound by cytoplasmic RNA which is also
extracted during the process. The formation of a RNA-.
protein complex of myxomyosin (about 15% RNA is'présent
in the 30-40% SAS fraction of the‘l.ﬂ M KC1 extraét)‘would
’tend to reduce the aggregation of myxomyosin ahd to_suppress
the response of myxomyosin to ATP. When the extraction of
the plasmodia is carried out in strong salt medium, any
excess RNA will not become bound to the proteip to such a
large extent. The myxomyosin molecules are thenzfree to
aggregate with each other‘to yield a high viscosity level
and a large response to ATP. On the other hand, the pos -
sibility cannot be dismissed that a certain amount of RNA
is originally and specifically bound to the myxomyosin
protein moiety for some purposesuhknoWn. It.is clearly
desirable that a detalled study of the properties of
myxomyosin freed of RNA, be made. |

The present preparation of myxomyosin prepared by dif-
ferential centrifugation still éontains about é5%'by
weight of small molecules. Whether this is due to the break
v down of myxomyosin during the preparation, or whether it is
at least in part due to the inherent characteristics of the
convective centrifugation of the angle rotor, has not been
determined. If differential centrifugation can be per-

formed by non-convective centrifugation with a swinging
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bucket type df rotor, then the movement of the boundaries

and therefore the efficiency of centrifugation can be quanti-

tativelybcalculated and observed. - The stability of myxo-

myosin during storage as affected by various factors, such

as ionic strength, pH, temperature, suppressionfof bossible

contamiﬁating protéolytic enzymes should also be inVestigated.
Whether or not myxomyosin molecules with the dimensions

observed in this research exist as a unique moledﬁlér-species

in the plasmodium, has not been directly detefmined; In

the present preparation a range of various lengths of mole-

cules has been found (Chapter VII). This may be due to the

breaking of the long moleéules during the extraction and

purification processes., It 1s also possible that a distri-

bution of sizes of myxomyosin molecules does exist in the

plasmodium. It should be noted, however, that afﬁer degra-

dation in low lonic strength medium, the original myxomyo-

sin molecule cannot be reassembled and its response to

ATP is not restored when it is put back into high salt

medium, _Therefore, in order for the myxbmyosin to respond

to ATP, it must possess a certaih minimum sizerand a specific

configuration.

B. Problems Related to Kinetics of ATP-myxomyosin Inter-
action and the Physical-chemical States of Myxomyosin,
The kinetics of the ATP effect on the physiéal—chemical
states of myxomyosin is an interesting problemfwhichkrequires

more investigation. The state M(ATP) can be studied by some




195

rapid methods, presumably by light scattering. The state
M* has been investigated Only indirectly by sedimentation
and flowbbirefringence methods. Presumably, light scatter-
ing and intrinsic viscosity measurements on material in the
M state should-provide information concerning 1ts néture.
Carevshoﬁld bebtakenlin setting up experiments for the 
| study of the two states, M(ATP) and M', since bdth’are
ﬁransitional in the hypothetical cycle. v
Experiments other than electrophoresis shbuld bé per-
formed to study the binding of ATP to myxomyosin. The
binding of ATP can perhaps be guantitatively folléwed
analytically. This, together with information on the charge
of myxomyosin should yield some insight into the mechanism
of the reaction of ATP on myxomyosin, |
Myxomyosin fibers of better orientation should be. pre-
pared. The effects of ionic strength,'pH, temperature
and other reagents on the physical dimensions and mechanical
propertiés of the fiber may reveal further faqts concerning

the behavior of myxomyosin in a structuré.

C. Studies of the Structure of Plasmodial Strand of Slime
Mold.

The tendency of myxomyosin to aggregate in vitro sug-
gests that it probably exists in vivo in a structural form
rather than in a soluble form. Therefore, attempts have
been made to look for the oriented microscopic'structurésvof

myxomyosin in the plasmodium, structures similar td those
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of the striation of muScle. in order to avold the change

of structure caused by chemical fixatives, the mild freeze-
dry technique wag adopted for fixation. The detailed

results are reported in Appendix II. No evidence of

oriented striations were seen unger magnifications‘up to
1000 xveither'in the longitudinal or cross sectional views.
There are areas of the plasmodium which suggest that they

‘ possess a gel structure such as that reported by HoWard

(36) on the basis of histological studies and by others

(39, 40) on the basis of observation of the living specimens.
(Appendix II). Striations of the myxomyosin étructure are,
however, either so minuté or so small 1n amoﬁnt as td be
invisible under the present conditions. It is also pos-
"sible that the myxomyosin structure may take the fofm‘of

a net work réther than a side by side aggregation. The
‘hypothesis that myxomyosin assumés a net structure ié favored

by the present author.

D. A Brief Comparison of Actomyosin and Myxomyosin,

It is of interest to compare certain properties of
actomyosin ahd myxomyosin.

Four similarities of the two proteins may first bé
noted.

The molecular weight and the molecular dimension of
actomyosin vary widely according to the method of prepara-
tion and even from one preparation to the next. The Weber~

Edsall "natural' actomyosin has been reported to possess a
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‘molecular weight of from 4-20 millions or more, and the
molecules to be 60 B in diameter by 4-10,000 £ in length
(14, 83, 90, 91). Their width appears under the electron
microscope to be from 50-250 K and their length up to‘
15,000 8 (92). Actomyosin and myxomyosin appear to be the
‘longest ahdrmost asymmetric undenatured pretein molecules
 so far isolated.

Solutioﬁs of the two proteins react similarly to ATP,
the solution viscosity first decreasing and then recovering.
Studies of the nature of the ATP protein interactien by
electron microscopy and sedimentation methods cannot be yet
directly compared. |

ATPase activity has been shown to be present in prepara-
tions of actomyosin and myxomyosin. The enzymatic activities
in both cases are much lower than that of conventional
~ ATPase (14). | | |
’ ‘ 'Actomyosin is believed to be closely asseeiated‘with
the'acﬁiVity'of muscle contraction. Myxomyosin is believed
to be closely related to the phenomenon ef proﬁoplasmic
streaming.‘

Three differences between two proteins may aléo be
noted. |

Actomyosin is an interaction product.of»two distinct
proteins, actln and'myoxin. Myxomyosin has not thus far
been observed to consist of two proteins, It apbears

rather to be a complex with RNA as is nucleotropomyosin (14).
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The effect of ATP on actomyosin is sensitive to Ca and
Mg ions (14, 15, 89). The ATP response of myxomyosin dbes
not seem to be affected by these two ions. The effect of
Ca and Mg ions on the ATPase activity df myxomyosin has not
been determined. |

The éolubiiity of the two proteins is apparently dif-
'ferent. Actomyosin, behaves llike a true globulin and
pfecipitates‘in the absence of salt. Myxomyosin is sdluble

in water, but undergoes a breakdown.

E. The Significance of the Findings Concerning‘Myxomyosin.

It has been mentioned in the introduction, that bdth
actomyosin and myxomyosin are believed to be the essential
parts of the machinery for the transformation of chemical
energy into mechanical wofk in biological systems, Myxé—,
- myosin appears to be the simpler system. Whether or not
work on myxomyosin will reveal baéic information on the
transformation of chemical to mechanical energy, informa-
tion not readlily obtained in muscle research, cannot be
decided,’ Two contributions to the understanding of bio-
logical energy‘transformation might result frOm work on
myxomyosin, contributions which are difficult to make with
the muscle system,

Firstly, organized protoplasmic movement as it exists
in the living cells of green plants, slime molds, amoebae,

leucocytes, and fibroblasts, 1s more likely to be explained
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wiﬁh the basié principles revealed by work on myxomyosin
systems'thanbby analogy from work on muscle which is highly
specialized. |

Secondly, the myxomyosin system operates in a single
cell in contrast to the muscle tissue which is a more
compiicated system.  Therefore, the control and the opera-
| tion mechanism of myxomyosin-like systems, mighﬁ be more
éasily understood. Such an understanding wili cohtribute
to the knowledge of the physiology and the orgénization of

the living cells.
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IX. MECHANISM FOR PROTOPLASMIC STREAMING

It 1s of interest to examine the results of this study
of myxomyosin from the standpoint of what they may contri-
bute to buf understanding of the mechanism of protoplasmic
streaming. The results, presented in this thesis, suggest
an hypothesis concerning protoplasmic streamiﬁg which is
consistent with known facts. It is necessary to this hy-
pothesis, however, to impute to the plasmagel.layer certain
properties which have not yet been established; Experi-
mental tests of thé basic‘ideas of the presenﬁ hypotheéis
requlre further work,

The experimental facts on which the present propbsal is
based on are réviewed briefly below: |

'A. Results from microscopic éxaminationvpf the stream-
ing strand. | |

1. The whole plasmodial strand is under pressure.
If one end of the strand is cut abruptly, plasmasql spurts
out (Howard (36)). | o

2. Protoplasmic streaming can be accelerated,

stopped or reveréed by applying an appropriate pressure
differenced across a plane normal to the longitudinal axis
of the strand (Kamiya (45)). The pressure differencé needed
1s usually about 15 cm of water. Kamiya has also shown that

the velocity distribution in the moving protoplasmic front
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is parabolic, being fastest in the middle of the strand
and slowest along the sides as expected in laminar flow.
These facts taken bogether led him to conclude that the
protoplasmic flow is caused by differences in pressure in
différent zones .of tﬁe plasmodium (Chapter I-A). - |

' 3. The direction of protoplasmic flow reverses
’during each cycle of contraction and relaxation (Seifriz
(42)). Seiffiz has concluded that the mechanism of proto-
plasmic movement of the slime mold is one of the rhjthmic
contraction and relaxation of protoplasm, reminiscent of
the action of a heart (Chapter I-A).

L, A plasmodial Strand, in the course of normal
growth can penetrate a pore with an average size of:l
micron. It cannot, however, survive ejection through a
pore - 0.2 mm ih diameter. Moore (93) has concluded on the
' basis of these observations that the plasmodium reQuirésan
intact’structure of large size, namely the walis Qf the
strand, in'order'to survive, Nevertheless, protoplasm con-
tains available pre-structural eleménts of moiecular magni-
tude which can be mobilized to form the walls of freshly
formed strands.

5. ATP has a liquefying effect on the gel struc-
ture of the plasmodium (Chapter III-A). This is attended by
a flow of protoplasm in the direction of the 1iquefiéd por-

tion.
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B. Resuits from the study of the myxomyosin system.

1. It is known that actomyosin forms the structure
of muscle and serves as the mechanical basis for contrac-
tion., Because of the similarities between actomyosin and
myxomyosin in physical dimensions and in other unique charac-
teriétics, myxémyosin is here regarded ag a structural pro-
}tein. It apparently constitutes a major portioﬁ of the
blasmagel (cf. 5 above). | |

2. ATP reduces the aggregation of mykomyosin in
solution and increases the rate and the extent of sweliing
of the artificial myxomyosin fiber, Myxomyosin‘iﬁcreases
its negative charge by binding ATP. |

3. Myxomyosin hydrolyzes ATP,

C. Results on the chemo—mechanical behaﬁior,of cross-
linked polyelectrolyte gels.

Lightly cross-linked polymers which contain chérged
groups, such as cross-linked polyacrylic acids, expand
when theilr polar groups are charged. Such systems confract
when the’charged groups are nheutralized. These effects are
large, SOmetimes several hundredvpercent, and are indefinitely'
reversible (92)." | |

A mechanism of protoplasmic streaming of slime mold based
on the foregoing results is presented as follows:

Sufrounding the channels inside the plasmodial strand
in which the plasmasol flows, is a gelatinous iayer Which

serves as a sheath for the strand and elastically resists the
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bpfessure devéloped in the protoplasm by the osmotic uptake
of water (A-1). The frame of the gel is composed of
myxomyoéin (A-4, A-5, and B-1) partially crbss—linked, and
sensitive to ATP (A-5, B-2). When ATP is made available

at a particular area, it is bound to the myxomyosin frame-
work and enhénées the negative charge on the myxomyosin
(B-2). The gelatinous layer swells by virtue of the Donnan
.effect (B-2, C), the frame work tends to dissociaté'(B—Q),
and the whole structure becomes less able toiresist‘the in-
ternal pressure. In consequence, the gel layer yieldé and
protoplasmic flows occur, relieving the pressﬁré'in-other
portions of the strand. ‘A contraction of thé frame-work
then occurs simultaneously in other active portions of the
strand in response to the tension exerted by the frame-work.
Enzymatic removal of ATP (B-3) in the expanding area causes
the process to come to a halt. Accumulation'bf ATP at the
bther end of the strand sets off a reverse flow. The re-
Versibility of this system can be viewed as resulting from
the relationships between the rates of'suppiy and removal
of ATP in various parts of thevframe work of thé plasmagel.
The mechanism for control of the ATP level in the rhythmic

manner postulated, cannot yet be explained.
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APPENDIX I
*
THE X-RAY DIFFRACTION PATTERN OF MYXOMYOSIN

The myxomyosin flbers prepared by extrusion into am-
'mdnium sulphéte have been described in Chapters IT and IIT
of this dissertation. These fibers show very weék,bire—
fringence indicating that only partial orientation has been
achieved. The orientation must be very limited since the
%x-ray diffraction corresponds to that of a powder rather
than of a fiber. The x-ray pattern obtained with copper
K A radiation ( A = 1.54 £) and with a sample to film
distance of 5 cm, shows three rings on a 7 hdur exposgure,

The spacings for the rings, determined from Bragg's equa-

tion, d = §—§%E§- , are tabulated below.

Ring position Diameter (cm) Spacing (E) Intensity
oﬁter-— 5.2 + 0.2 3.25 + 0.2 medium (diffuse)
middle 3.6 + 0.01 4,50 + 0.1 very weak (sharp)
imer 1.5+ 0.2  10.5 + 1.0 strong (diffuse)

There is a certain similarity between this'patterh from
myxomyosin and that obtained from both « - and(3 -myosin,
but the present results are not adequate for detailed com-

parison.

This work is done in cooporation with Dr. D. L., Caspar.
The author wishes to exXpress his thanks for permission
to reproduce these results.
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APPENDIX II

CYTOLOGICAL STUDIES OF MYXOMYCETE PLASMODIUM EMPLOYING
THE FREEZE-DRY METHOD

Thé pufpoSe of this study is to re-examine the struc-
ture of plasmodium using material prepared by fhe’freeze~
‘dry technique. This technique has been shown to be superior.
to chemical fixation for the preservation of éytological
detail (94). Because of the striking simllarity between
actomyosin and myxomyosin, it is of interest to léok for

the existence of oriented microscopic structures that may

be composed of myxomyosin.

Plasmodial strands showing active streaming weré frozen
in isopentane cooled with liquid nitrogen (-160° C) and de-
hydrated in a moving air freeze—dfy apparatus_at —300 C.

The tissue was then infiltrated with pararffin and imbedded.
Sections of 5 microns and 7 microns were cut, These sec-
tions were stalned with Heidenhain's hematoxylin‘and counter
stained with safranin, | o

Microscoplc examination of the preparation reveals
striking differences between the plasmagel and plasmasol.

The plasmagel appears to be less dense than the plasmasol

This work 1s done in cooperation with Dr, W. A. Jensen.
The author wishes to express his thanks for permission
to reproduce these results.
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‘on the basié of the amount of dye bound, The plasmagel
contains ajlarger number of nuclei, mitochondria, vacuoles,
and other cytoplasmic inclusions than the plasmasol. The
types of inclusions bodies found and their morphology were
similar to those described by Andresen and Pollbck»(MO).

 While no brgahization of fibers was observed analogous
- to muscle fibers, there are definite indicatioﬁs bf_very
‘thin (0.3 micron or less in diameter) fibersforming,a loose
net work oriented approximately parallel to the longitudinal
axis of the strand. The indication of these fibers 1s most
pronounced in the longitudinal section of the plésmagel and
is far less distinct in the plasmasol.

At present it 1s not yet possible to show‘thét these

fibers are composed of myxomyosin. Their eXistence, how-
ever, agrees with other observations (Chapter.lxy and

supports the mechanism of streaming presented in Chapter IX.
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