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INTRODUCTION

Cytoplasmic extracts of the slime mold, Physarum polycephalum, are sensitive to
additions of small amounts of ATP!. This sensitivity manifests itself in a rapid
decrease in viscosity followed after a time by a spontaneous recovery. Since such
phenomena, if operative within the cell, could affect and perhaps activate the process
of protoplasmic streaming, it is of interest to isolate the responsible cytoplasmic
material, to characterize it, and to study the above processes on a molecular level.

The active principle, referred to as myxomyosin, has been isolated in concen-
trates which contain 75% myxomyosin. The remainder of the material in these
concentrates consists largely of degradation products of myxomyosin itself?. In the
present work, the concentrate has been examined by a variety of physical chemical
methods to establish the size and shape of the myxomyosin molecule. With the aid
of this information, the action of ATP on the system has been studied.

EXPERIMENTAL

Materials

Slime mold plasmodia were grown by previously described procedures!. Only the myxomyosin
concentrates designated solution V2, were used. These solutions contained o.2 # K maleate at
PH 7, a condition in which myxomyosin is stable®. This is also the pH of the unbufiered crude
extract of plasmodia and the pH at which ATP has a maximum effect upon the viscosity of the
crude extract!.

Adenosine triphosphate (ATP) from Pabst Co. was used without further purification. The
solution was neutralized with KOH to pH 7.0 before use. Yeast ribonucleic acid (RNA) from
the California Foundation for Biochemical Research and crystalline pancreatic ribonuclease
(RXNase) from Armour Co. were used. All other chemicals were of reagent grade.

Methods

Concentration of the dialyzed myxomyosin solutions was determined by differential refractometry.
The instrument used was that described by BRICE AND HALWER? and supplied by the Phoenix
Instrument Co., Philadelphia, Pennsylvania. The RNA content was determined by the amount
of TCA-precipitable phosphate as measured by a modification of the method of ALLENS.

The partial specific volume was determined from the difference in density of the solutions
and the solvent®.

Single and three-bulb Ostwald type viscometers were employed. Bulb volumes were 1.3 to
1.8 ml and maximum shear gradients for water were go to 700 sec1. The kinetic energy corrections

* Report of work supported in part by a grant No. RG-3977 from the National Institutes
of Health, United States Public Health Service.
** Contribution No. 2140.
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for these viscometers are small and were neglected. All viscosity measurements were made at
a temperature 24.42 . 0.05C.

Analytical ultracentrifugation was performed in the Model E Spinco ultracentrifuge equipped
with a temperature control system. The direction of sedimentation in the ultracentrifuge pattern
1s from right to left. All runs were performed at the speed of 47,660 r.p.m. in the synthetic boundary
cell’.® supplied by the Spinco Division, Beckman Instrument Corp.

Moving boundary electrophoresis patterns were obtained with the Perkin Elmer Model 38
apparatus and the 2 ml cell assembly. Prior to electrophoresis, samples were dialyzed with stirring
for at least 10 hours. Buffer and solution conductances agreed to within one percent. In experi-
ments with ATP appropriate amounts of cold, concentrated ATP solution were added just prior
to the run both to a definite volume of dialyzed protein solution and the buffer.

The electron microscope used was the Model EMU-2A, Radio Corporation of America. The
magnification was calibrated with carbon replicas of a grid containing 30,000 lines per inch
supplied by Ernest FF. Fullam, Inc. The myvxomyosin preparation was spraved immediately after
dilution with cold o.01 M KCl or o.01.M ATP containing standard polvstyrene latex, on to metal
screens coated with collodion. The screens were shadowed at an angle of about 61 with thorium.
The spherical polystyrene particles (2000 \ in diameter) serve as a check on the magnification
as well as on the shadowing angle.

The birefrincenge instrument emploved in this study was built at the California Institute
of Technology according to the design of EnsarLL, RIcH aND GOLDSTEIN®,

RESULTS AND DISCUSSION

The size and shape of mvxomyosin

Even though the most extensively purified solutions contained substantial quantities,
about 23°,, of nondialysable impurity?, it was possible to determine the mass and
dimensions of myxomyosin because, as will be shown below, the molecules behave
like rigid clongated rods. The impurities on the other hand are less asvmmetric and
are lower in molecular weight. The evidence for the elongated character of myxo-
myosin is found in the viscosity, electron microscope, birefringence, and sedimen-
tation data presented below. The physical character of the impurity is indicated by
the propertics of the supernatant materials obtained during the differential cen-
trifugation steps in the preparative, procedure, ¢f. Table IT Fig. 22

I7iscosity
The viscosity of myxomyosin solutions has been measured over a concentration range,
0.1 to 0.8%, and at shear gradients from 70 to 1goo sec~!. The data were extrapolated
to zero gradient and zero concentration. Some uncertainty was involved in the extra-
polation to zero gradient becausc of the non-linear character of the curves, which
for the dilute solutions are shown in Fig. 1. The extrapolated relative viscosities at
zero gradient obtained by drawing smooth curves through the data, give the values
for the reduced viscosity plotted in Fig. za and 2b. Here the results are given for
two preparations studied in two concentration ranges. On both systems the extra-
polated value for the intrinsic viscosity at zero gradient is 300 ml/g. The uncertainty
in this value is limited on the low side by the value of 250 obtained from results
interpolated at 100 sec ! (Fig. 2a, 2b). We estimate that the upper limit of error
will not exceed 109, and thus the intrinsic viscosity at zero gradient is 300 = 30 ml:g.
The presence of slowly sedimenting impurities, estimated to be 25°; by weight?,
introduces an crror in the above evaluation of the intrinsic viscosity of myxomyosin.
To correct this error, the viscosity of the supernatant solution from the first diffe-
rential centrifugation was measured. This solution consists largely of the less viscous
material. The reduced viscosity is independent of concentration, and gives a value
References p. 542,
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Fig. 1. The relative viscosity of dilute myxo-  Fig. 2. The reduced viscosity of myxomyosin
myosin solutions vs. maximum shear gradient.  solutions vs. concentration at two levels of shear

gradient. (a) Concentrated myxomyosin so-
lutions; (b) dilute myxomyosin solutions with
and without ATP.

of 63 ml/g for the intrinsic viscosity of the impurities. The corrected value for the
intrinsic viscosity of myxomyosin then becomes 380 ml/g. The corrected viscosity
increment based on a partial specific volume of 0.72 mljg is 530. If the protein is
assumed to be 25% hydrated, the viscosity increment becomes 396. This value
gives an axial ratio of 80 + 4* for a rigid prolate ellipsoid model. This model is
regarded as equivalent to a rod. The foregoing data were used in Perrin’s equation
to obtain a frictional coefficient of 3.63. The assumed hydration contributes a further
factor of 1.10 according to ONCLEY?, so that the total frictional coefficient of myxo-
myosin is 4.0. This value together with sedimentation coefficient will be used in the
calculation of the molecular weight. It should be noted that this value, calculated
from the intrinsic viscosity of 380 ml/g, varies by about 4°; as the assumed hydration
value is changed from o to 50%.

Partial specific volume and refractive index increment

The partial specific volume as determined on two separate preparations was found
to be 0.719 == 0.004. It is recognized that this is an average value for all the non-
dialyzable material. Since this non-dialyzable impurity consists largely of breakdown
products?, it may be expected to have essentially the same composition and partial
specific volume as myxomyosin itself. The refractive index increment, again measured
on the whole preparation, was found to be 0.185 ml/g.

" The value for the uncertainty in calculation of the axial ratio indicates the range of error
involved in the extrapolation of the viscosity data. The extent of the ambiguity which arises
from the assumed hydration value can be appreciated by noting that the axial ratio would be
90 for zero hydration and 70 for 509, hydration.

References p. 542.
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A plot of 1:5, . #s. concentration is given in Fig. 3. The extrapolated value at zero
concentration corresponds to a value of 30 + 0.5.5 for S”, .. This value of S, the
frictional coefficient of 4.0 derived from viscosity studies assuming a rod-like model,
and a partial specific volume of 0.72, give a weight average molecular weight of
6 million with an experimental error estimated to be + 10°, based on uncertainties
in the extrapolated sedimentation coefficient, the extrapolated reduced viscosity and
partial specific volume measurement. ‘The rod-shaped model is corroborated by
measurements of flow birefringence and by clectron microscopy. As indicated in the
following sections the 305 rods are not uniform in length; therefore, the value of
6 million corresponds to a weight average. It is not clear at present whether the
material occurs in this size distribution in cvtoplasm, or whether it suffers breakdown
to this size distribution in the course of preparative procedure. In the fifteen or more
preparations examined, high viscosity has alwavs been associated with the presence
of the 305 component.
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Flow birefringence

The extinction angle, y, of myxomyosin solutions was measured to determine the
length of the molecule. The results are given in Fig. 4 in which y is plotted as a
function of the shear gradient, , for various concentrations of myxomyosin. Based
on these data apparent rotarv diffusion coctticients were evaluated. The corresponding
molecular lengths were observed to vary with shear gradient from 6000 A at 1300
sec 1to 11,000 A at 38 sec lindicating a heterogeneity in length. An axial ratio of 8o,
a relative viscosity of the medium of 1.02, and the experimental temperature, 257 C,
were emploved in the calculations!!- 12, The reproducibility of the calculated lengths
among three separate preparations was in the range of 5°,, or 300-500 A.

As a result of the shearing action during a set of measurements, y increased
0.5 to 1.0 degree corresponding to a decrease in length of about 500 A (Fig. 4). This
change was invariably observed upon repeating a set of measurements, and was more
pronounced with concentrated solutions (0.3-0.4°,) than with the dilute solutions
(0.09-0.05°). The effect of shear appears to be related to the work softening effects
which were observed during the determination of viscosity of concentrated solutions

Referenees poo5g2.
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(0.8%). At these high concentrations, the relative viscosity dropped in successive
measurements by 2 to 5%. This viscosity behavior, which is believed to result from
the mechanical breakdown of molecular aggregates, is not found in the concentration
range below 0.3%. The aggregates apparently dissociate spontaneously at higher
dilution.

The values of y measured with unworked solutions at several concentrations
between 0.045 and 0.27% were independent of concentration. At these concentrations
the molecules are free to rotate without interference from one another.

Fig. 5. Electron micrograph of myxomyosin, Thorium shadowing; Magnification 26,000 x.

Electron microscopy
Electron micrographs of myxomyosin samples prepared by spraying and air-drying
dilute solutions reveal the presence of elongated rod-like structures and some globular
material (Fig. 5). The longest rods observed were about 7000 A with many falling
within the range of 3500-4500 A. All of the rods possessed diameters between 60
to 80 A as measured from their shadows. Based on the value for the partial specific
volume reported above, a rod 70 A in diameter and 7000 A in length should have
a molecular weight of 2o million, while a rod of 60 A in diameter and 3500 A in length
should have a molecular weight of 7 million. The smaller rods and perhaps the globular
material appear to be breakdown products of myxomyosin. These could have been
formed either during the purification of the active principle or in preparation of the
screens for electron microscopy. '

The dimensions by electron microscopy agree with those from viscosity data
based upon the rigid model, but are smaller than those obtained from flow bire-

References p. 542.
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fringence. The reasons for this discrepancy are not known, but may be related to
the fact that birefringence of flow heavily weights the longest molecules in a distri-
bution of rod-like molecules of varying length!. 14 In the case of desoxyribonucleate,
there i1s a similar disagreement in estimated length of the molecule as hetween light
scattering and birefringence datals.

Both the birefringence and electron microscopy results support the rigid rod
model assumed in the calculation of axial ratio from the viscosity data and in the
calculation of the molecular weight from viscosity and sedimentation data. In con-
clusion, these studies have revealed that myxomyvosin is a large, asymmetric and
stiff molecule which may possibly exist in a distribution of lengths. The weight and
dimensions of myxomyosin reported here substantiate the suggestion? that it belongs
in the category of structural proteins and closely resembles actomyosin in regard to
its unique physical dimensions!s. 7.

Degradation of myxomyosin at low ionic strength

After dialysis at 2° C overnight in 0.01.3/ KCl (pH 5) the reduced viscosity of the
solution fell to about 100 ml/g, (Fig. 2b), one-third of the previous value in 0.2 p
ionic strength, and this viscosity was little dependent on shear gradient (Fig. 1).
Both results suggest that the long rods had been degraded. In the ultracentrifuge
this solution showed a very broad boundary which moved slowly (ca. 10 S) and spread
rapidly until it almost disappeared during the run. Under the electron microscope,
most of the molecules are shorter than 1000 A, although some rods, 2000--3000 A in
length, are visible. Flow birefringence results confirm the view that the myxomyosin
has been degraded. The extinction angle (Fig. 4) indicates an approximately 509,
reduction in apparent length. The birefringence of the solution was also reduced. The
effect of low ionic strength upon the viscosity was not reversed by addition of KCl
to final concentrations of 0.2 and 0.5 3/ and incubation at 0° C or at room temperature
for two hours.

The behavior at low ionic strength is unlike that of myosin or actomyosin which
become insoluble, but similar to that of F-actin which transforms to G-actin. The
observed degradation suggests that charged groups arc involved in the stability of
the giant molecule. Reversal of the degradation by other methods such as addition
of Mg and Ca ions have not yet been tried.

The effect of AT'DP on myxomyostn

As is the case with actomyosin solutions, addition of ATP has a striking effcct on
the viscosity of myxomyosin solutions!.2.2. Physical-chemical mecasurements were
made to determine the molecular basis for this decrease in viscosity and to gain an
insight into the reaction between ATP and myxomyosin. The viscosity of a series
of solutions was measured after addition of 5.0 pmole ATP/ml and before perceptible
recovery was to be expected. The lines of Fig. zb are constructed from data obtained
by interpolation to 100 sec~! and by extrapolation to o sec . Tt is apparent that
at 100 scc~! and at these low concentrations there is substantially no effect of ATP
on the viscosity. This effect disappears gradually with increasing dilution. Thus ATP
reduces the slope of the line, but does not change the intercept nor the intrinsic
viscosity value of 300 ml/g. This observation suggests that the interaction of ATP
and myxomyosin does not change the molecular size or shape of the giant molecule.

References p. 542.
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It does not exclude, however, the less likely possibility that processes which increase
viscosity such as aggregation and swelling, and those which decrease it such as dis-
aggregation, dehydration and decrease in rigidity, occur concurrently and in such
a way as to cancel. The effect of ATP on myxomyosin has been investigated further
by electron microscopy and by ultracentrifugation.

Grids of myxomyosin diluted in o.o1/ ATP (pH 7.0) instead of o.otM KCI
just 5 minutes before spraying were prepared for electron mycroscopy. Qualitatively,
the myxomyosin rods were the same in the presence and in the absence of ATP with
no distinctive difference in the distribution of width or length.

The ultracentrifuge patterns obtained under identical conditions except for the
presence of ATP showed little difference in shape and relative area of the myxomyosin
boundary. These runs were performed at temperatures of 5-8° C, conditions in which
the viscosity does not recover. The sedimentation coefficients, S, ,, for 0.77% and
1%, myxomyosin were 26.7 S and 25.4 S respectively and were 25.3 S and 24.6 S after
addition of ATP. Under these conditions, however, the relative viscosity of these
concentrated solutions was lowered 20-30% by ATP. The ultracentrifuge and electron
microscope results support the conclusion from viscosity studies that the size and
shape of myxomyosin are not noticeably affected by ATP.

Calculations based upon the measured dimensions of myxomyosin show that the
molecule cannot rotate freely in solutions more concentrated than 0.2%, in substantial
agreement with the results of the extinction angle measurements. It is to be expected
then that in more concentrated solutions, strong interaction effects will be found.
Recalling that ATP does not affect size and shape, we attribute the viscosity effect
to a reduction of the tendency of myxomyosin to associate. This association di-
minishes with dilution as do the non-specific interactions. The equilibria involved in
the association must be rapid since only small amounts of polymeric material are
observed in the ultracentrifuge.

The drop in viscosity caused by ATP addition results from a process which is
substantially independent of temperature3. It has been suggested that this corresponds
to the binding of ATP to myxomyosin. Electrophoresis experiments have been per-
formed to examine this suggestion.

The ascending pattern of myxomyosin concentrates? in 0.2 p potassium maleate
consists of three boundaries related to the active principle with about 20% of material
which trails behind as impurities. The three boundaries have been described as?, A,
a nucleic acid (14.5-107% cm? volt-! sec~!); B, a nucleoprotein complex (8.1); and C,
a nucleic acid-free myxomyosin (6.6). In addition to the impurities, the descending
pattern contains a fast moving boundary, A, again the nucleic acid, (13.6-10-%) and
a complex boundary of nucleic acid and myxomyosin, B - C (6.9} which does not
resolve.

Neutral ATP solution was added in equal concentration (3 wmole/ml) to both
myxomyosin and to the buffer against which the myxomyosin was run. Fig. 6 shows
the effect on the original preparation and Fig. 7 shows the effect on a solution of low
RNA content (see following section for RNA content). The descending patterns are
essentially unaffected except that the resolution of the myxomyosin-nucleic acid
complex boundary is slightly enhanced. In the ascending limb, however, the relative
area of the faster moving B component is substantially increased with a concomitant
decrease of the C component (Figs. 6 and 7). The extent of transformation of C to B
References p. 542.
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depends upon the ATP:myxomyosin ratio. As this ratio was increased from 0.6
pmolemg to 1 wmole/mg, the decrease in C changed from 25°, to 45°,. Since ATP
does not change the frictional factor of myxomyosin, as shown by ultracentrifuge
studies at low temperature, the increase in mobility of the myxomyosin toward the
anode is interpreted as resulting from an increase in negative charge due to binding
of ATP. It should be noted that additions of a much smaller amount of ATP (ap-
proximately 3°,) are sufficient to give a maximum cffect upon viscosity®. The binding
appears to be specific. None is detectable by electrophoretic techniques when veast
nucleic acid, for example, is added to myxomyvosin solutions (Fig. 7).
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Fig. 6. Effect of ATP on the electrophoretic  Fig. 7. Effect of ATP and veast RNA on the
patterns of myxomyosin. Ascending pattern is RNA-poor myxomyosin solution prepared by

r
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6 mA. Time: 6,300 seconds. Medium: o.zy  left. Concentration: 5 mgiml. Current: 6 maA.
potassium maleate, pH 7.0. Time: gooo seconds. Medium: 0.2 g potassium

maleate, pH 7.0.

The propertics of myxomyosin in the presence of ATP have been studied by
flow birefringence. The values obtained for the distribution of lengths were about
5°, higher than obtained for samples without ATP. Since provisions were not
available for the measurement of flow birefringence at low temperature or over short
time periods, these data on the ATP effect must be regarded as dealing with myxo-
myosin in the refractory state?, a condition in which the viscosity remains high even
in the presence of ATP.

Removal of RNA from myxomyosin by ribonuclease

The myxomyosin examined in the above work contained about 9% RNA which was
not separated from the protein (by salt fractionation and the two cycle differential
centrifugation) in the preparative procedure?. In later experiments, however, it was
found that the RNA could be removed by the action of pancreatic ribonuclease, and
that the ATP-sensitive protein remained. In these experiments the resuspended
myxomyosin concentrate from the pellet of the first cycle of differential centrifugation
(solution IV)? was treated with 0.01% ribonuclease for one and a half hours at room
temperature. In this period the solution increased in turbidity. The ribonuclease was
removed with the supernatant in the second cycle of centrifugation (21, hours at

References p. 542,
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100,000 g). The redissolved pellet is referred to here as the RNA-poor solution. The
amount of RNA in this concentrate was about 1% as measured by TCA-precipitable
phosphorus.

Ultracentrifuge analyses show that the myxomyosin content of the RNA-poor
solution was 87.5% as compared with 75% in the original solution V preparation
(Fig. 8). Neither the sedimentation coefficient nor the shape of the boundary changed
as a result of removing the RNA. In electrophoresis experiments (Figs. 6 and %),
the fast moving A component disappeared, confirming the suggestion that the A
boundary was nucleic acid?. The B component in the ascending pattern?, thought
to be a nucleoprotein complex, became smaller but did not totally disappear.
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Fig. 8. The ultracentrifuge pattern of RNA-poor  Fig. 9. The effect of RNase (0.25 mg/ml) on
myxomyosin solution prepared by enzyme the viscosity of myxomyosin. Concentration:
treatment. Concentration: 6.4 mg/ml. Medium: 5 mg/ml. Shear gradient: 600 sec~!.

0.2 u potassium maleate, pH 7.0.

The viscosity of the RNA-poor solution was much higher than that of the
original solution. At 0.5% for example, the reduced viscosity of the RNA-poor
solution was 370 + 10 compared with 240 4+ 10. The above data were obtained at
shear gradients of 500-700 sec~!. This increase in viscosity is higher than can be
accounted for by the increase in purity of the myxomyosin preparation. The RNA-poor
solution exhibited a larger ATP response, 80 ml/g, than did the original solution
40-60 ml/g. Again, large amounts of ATP at room temperature caused the system
to become refractory to ATP in the course of the recovery3. Addition of ribonuclease
(0.03%) to a fresh RNA-poor solution did not affect the reduced viscosity nor the
response to ATP, showing that either the ribonuclease does not aggregate with myxo-
myosin or, less likely, that the solution has been left saturated with respect to this
reaction with the very small amount of ribonuclease remaining after the centrifu-
gation process. Addition of commercial yeast RNA also did not affect the reduced
viscosity nor the ATP response of the solution.

The effect of ribonuclease on viscosity of the original solution V, was also ob-
served. After the addition of ribonuclease (0.01~0.03%), a rapid increase in viscosity
of the solution occurred. This leveled off after ca. 30 minutes. Addition of ATP to
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such a ribonuclease treated preparation caused a large decrease in viscosity and a
large amount of ATP induced the refractory state. A second addition of ribonuclease
(0.01°%) to a solution already treated with enzvme caused no further change in
viscosity. When the original solution was first made refractory with large amounts
of ATP?, ribonuclease had no effect on its viscosity.

The above results show that the viscosity changes which occur upon enzymic
removal of RNA, are not caused by complexing of myxomyvosin with the enzyme.
A plausible explanation, though still speculative, for the action of ribonuclease, is
that the nucleic acid prevents the protein molecules from interacting with each other
by forming a negatively charged complex with the protein. Removal of the RNA
permits a more intensive interaction. As previously noted, this interaction can be
reduced by ATP. Nucleic acid will thus act in the same way as ATP, except that
it is less effective and not destroyed in the solution. Specificity appears to be involved
since the addition of yeast RNA to the RNA-poor solution produced no decrease
in viscosity. From the foregoing it is clear that RNA is not an indispensable part
of myxomyosin as far as its reaction with ATP is concerned. Recent results by
Minanyi ef al.'® indicate that crystalline myosin also constantly contains a small
amount of ribonucleic acid. This group of proteins because of their athnity to ATP
may have a tendency to combine with polyvnucleotides.

It was of interest to observe the effect of ribonuclease on the crude extract from
plasmodia since these extracts require activators before ATP shows a viscosity
reducing effect!. Tt was found, however, that although ribonuclease lowered the RNA
content of the crude extract by go°,, the viscosity of the treated solutions both before
and after the activation bv ATP was not affected, and response to ATP was un-
changed. The mechanism of the activation of the crude extract is thus still unknown,
but is probably not related to reactions involving RNA.
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SUMMARY

The size and shape of myxomyosin, an ATP-sensitive protein isolated from a myxomyccte, have
been investigated by viscosity, sedimentation, birefringence and electron microscope measure-
ments. These studies show that the myxomyosin molecule is a long rigid rod which, in the electron
micrographs, appears in a distribution of sizes whose most frequent dimensions are 4000-5000 A
in length by 70 A in diameter. The molecular weight based on viscosity and sedimentation data
is six million.

The myxomyosin molecule does not change in size or shape in the presence of ATP. The
effect of ATP on the viscosity of the myxomyosin solution is best understood in terms of a re-
duction of a concentration-dependent interaction between myxomyosin molecules.

Myxomyosin, substantially frec of RNA, can be prepared by including a treatment with
pancreatic ribonuclease in the preparative procedure. The myxomyosin concentrates contain less
impurity, are more viscous, and are more responsive to ATP than myxomyosin prepared without
the enzyme. It is concluded that nucleic acid is not essential to the interaction of myXxomyosin
with ATP.
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INTRODUCTION

In the course of its foetal and post-natal development the intercellular substance of
connective tissue undergoes certain changes which are sometimes called maturation.
Histological studies have been concerned chiefly with the morphology of the fibrous
material, which as a rule has a network-like appearance in the early stages, the fine
fibres having a strong affinity for complex silver salts (reticulin). This structure may
change gradually, via several intermediate forms, into a coarser, stiffer, bundled
structure, which is only very slightly argentophil (collagen). This maturation is not
a uniform process that takes place in the same way in all connective tissues. Some-
times the reticular type is maintained (reticular connective tissue) and sometimes the

* This work was aided by a grant from the Netherlands Organization for Pure Research
(Z.W.0)).
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