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Abstract

THE PURIFICATION AND CHARACTERIZATION OF
MYOSIN FROM BOVINE BRAIN
by
Michael J. Toma

Adviser: Professor Soll Berl

Myosin is an ATPase and a structural protein involved in the
contraction of muscle. The presence of myosin in non-muscle cells and
brain has led to the consideration that this protein is involved in
contractile events occurring within these non-muscle cells. The possi-
bility that cell motility, transmitter release, and axonal and dendritic
outgrowth involve some form of contractile mechanism warrants an investi-
gation into the nature of myosin from brain.

A study was undertaken to investigate the ultrastructure and
enzymology of myosin from bovine brain. A procedure utilized for the
isolation of myosin from platelets (Pollard et.al., 1974), was modified
and extended for the lsolation of myosin from bovine brain. Briefly,
this procedure involves extraction of bovine brain cortex with a high
salt buffer, precipitation of the myosin component by dilution to low
ionic strength, ammonium sulfate fractionation and column chromatography.

The enzyme is located in column eluted fractions by virtue of its K*-EDTA
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activated ATPase activity and further purified by two cycles of precipi-
tation with a concomitant increase in activity. The ﬁreparatiqn wasg
then examined by sodium dodecyl sulfate-polyaerylamide gel electrophoresis
and compared to myosines from skeletal and smooth muscle.

The ability of brain myosin to form filaments was compared to that
of skeletal muscle and smooth muscle myosins, electron microscoplcally.
A more detailed study of ultrastruethre.‘xas accompliehegi by comparing
subfragments of the myosin molecule prepared by proteolytic cleavage.
The 1ight meromyosin (IMM) subfragments of brain and smooth muscle myosin
assemble in a similar fashion, whereas the IMM portion of skeletal muscle
myosin assembles in a different fashion. The head portions, obtained by
proteolytic cleavage of all three myosins were able to bind to actins
from all three tissue sources with a similar periodicity of attachment.

The effect of pH on the substrate meturation kinetics of brain and
skeletal muscle myosin was also studied. Both proteins show similar Vmax
versus pH curves with a tendency of the Vmax values to inerease with
increasing pH. Plots of Km versus pH also show a tendency of the Km
values for both myosine to increase with increasing pH. Plots of pKm
versus pH reveal a possible lonization within the components of the
system at/or between pH 7.5-8.0 for brain Ca2+- and K+-EDTA-ATPa8e, and
skeletal muscle K*-EDTA-ATPase. Whereas for skeletal muscle myosin Ca2+-
ATPase it appears that there are multiple ionizations occurring over the
PH range.

The importance of the similarities and differences of the three
myosins studied is discussed in terms of their functioning in a contrac-
tile mechanism.
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INTRODUCTION

Myosin is an enzyme that plays an important role in the contraction
of muscle. The myosin molecule contalns the catalytic site that can
hydrolyze the terminal phosphate group of aldenosine triphosphate (ATP).
It is also a structural protein in that it is able to assemble into thick
filaments. It is the physical interaction of the thick myosin filaments
with the thin actin filaments in muscle, driven by the hydrolysis of ATP,
that causes the contraction of muscle.

Actin-like and myosin-like proteins have been found in a number of
non-muscle cells, such as platelets, amoeba, macrophages, slime mold
plasmodia, brain, and other cell types (Pollard and Weihing, 1974). The
unique involvement of actin and myosin in the contraction of muscle,
implicates their participation in processes occuring in these cells which
may be related to some form of contractility. Much study has been
directed towards non-muscle actins (Tilney, 1975; Korn, 1978; Vander-
kerckhove and Weber, 1978), yet the chemistry and structure of non-muscle
myosins have received little attention. Although it has been shown that
myosin isolated from chick brain can form filaments in vitro, and can
hydrolyze ATP (Bray and Thomas, 1975; Kuczmarski and Rosenbaum, 1978),
detailed investigation into the structure and enzypology of the molecule
has not been accomplished. It is the intent of this dissertation,
therefore, to further investigate the enzymology and structure of brain
myosin.

Many years of study on striated muscle and its prpteins has led to

a correlation of the structure and function of its contractile proteins.



With this in mind, it seems best to first understand the skeletal muscle
system in order to appreciate the involvement of the contractile proteins
in non-muscle cells, especially brain.

The sarcomere is the repeating sti'uctural unit in striated (skeletal)
muscle to which all morphologic events of contraction are referred
(Figure 1). It is the segment between two successive Z-lines. The thin
actin filaments extend in either direction from the Z-lines where they
occupy the interstices between hexagonally packed thick filaments (Bloom
and Fawcett, 1975). Myosin is the major component of the thick filaments
found in the sarcomere. A model of the myosin molecule may be seen in
Figure 2. It may be seen that myosin consists of two "heavy" polypeptide
chains of about 200,000 daltons each, and usually two kinds of "light"
polypeptide chains of about 16,000-21,000 daltons, contgined ih the head
region of the "heavy" chain. The light chains are essential for both
the enzymatic activity and the actin binding ability. of the myosin. The
head region of the "heavy" chains is formed by folding into globular
structures, whereas, the tail region of the "heavy" chain is ino{-helical
conformation. The head and fail portions can be cleaved by enzymes and
further studied. Brief treatment with trypsin cleaves myosin to yield
heavy and light fragments called heavy meromyosin (HMM) which contains
the head portion of the molecule and part of the tail and retains the
ATPase activity, and light meromyosin (IMM), which consists of the rest
of the tail portion. Cleavage by papain treatment ylelds a single head
called subfragment one (SF-1) and the tail portion.

Myosin in skeletal muscle exists in the form of filaments which are

believed to contain 400 myosin molecules per filament. The myosin



molecules are oriented with their heads away from the midpoint of the

- filament, as seen in Figure 3. The myosin filament disassembles into the
individual molecules at high ionic strength. (0.6M KC1) and can be re-
assembled in vitro by reducing the ioniec strength (0.1M KC1). It is
important to note that the IMM portion of the molecule, which is insoluble
at low lonic strength, forms the core of the filament,and the head
portion of the molecule which is soluble at low ionic strength projects
out from the filament ‘thus enabling it to interact with actin and ATP.

The ATPase activity of myosin, as well as the abillty to bind actin,
resides entirely in the head portion and is stimulated in the presence
of K*-EDTA or Ca2* and inhibited by Mg2+. The actomyosin complex also
involves other proteins, troponin and tropomyosin, which serve a regula-
tory function involving Ca?*, This is one of the important physiologic
features of this contractile system. Free Ca2* binds to troponin which
~ causes a configurational change that allows the myosin head to bind to
actin, forming a cross bridge which in the presence of Mg2+ and ATP causes
the actin filament to move across the thick filament resulting in
contraction of the muscle. Relaxation is brought about by a reuptake of
free 082+ in the cell and the replacement of the ADP formed in the
enzyme reection with ATP.

A light chain:-component of skeletal muscle myosin has been shown to
be phosphorylated by a Caz"'-requiring 13ght. chain kinase found in skeletal
muscle, although no physiologic role for the phosphorylation has been
established (Szent Gyorgyi, 1951; Huxley, 1963; Needham, 1971; Weber and
Murray, 1973; Pires et.al., 1977; Pepe and Drucker, 1979).



A model for the involvement of myosin and actin in the contraction
of striated muscle, that has p;'oved valuable with respect to theories
concerned with the role of coﬂtractile proteins in non-muscle cells, has
been proposed by Huxley (1969). The sliding filament model of Huxley is
based on the overlapping arrays of actin and myosin filaments which slide
past each other when the muscle changes length. The active sliding
force is developed by cross bridges in thick myosin filaments, i.e., the
biologically active ends of myosin molecules attach to and exert a
longitudinal force on the actin filaments. A cross bridge can thus pull
in an actin filament a certain distance, release and reattach at another
point and pull again. Important points in this theory are that the force
generating mechanism is a result of the actonwt;sin Mg2*-ATPase and is also
dependent on Caz*‘ and the regulatory proteins. Secondly, the structural
polarity required in the sliding filament model is of great importance
since the direction of relative force experienced by an actin filament
when it interacts with an appropriate myosin filament is specified by the
structural polarity of the actin filament itself (Mooseker and Tilney,
1975). Indeed, actin filaments are attached on either side of the Z-line
with opposite polarity (Huxley, 1963), and myosin is oriented in one
sense in half of the length of the filament and in the opposite sense
in the other half. '"Decoration" of an actin filament can be achieved by
treatment of the fiber with heavy meromyosin, which will then attach to
the actin filament in a specific structurally oriented "arrowhead"
configuration, as seen in the electron microscope by negative staining,
(Huxley, 1963) and which in fact, possesses a directionality (Woodrum,
et.al., 1975). '



The widespread occurrence of a two filament system in striated muscle
led to the expectation that all muscle cells would have two kinds of
filaments. However, the myofilaments of smooth muscle are less ordered
than those of striated muscle. The structure of smooth muscle filaments
is difficult to keep intact for microscopic study. One of the components
observed in vertebrate smooth muscle are the ribbons, which are believed
to consist of a backbone of lentofilaments and a surface lattice of myosin
molecules, apparent as projections on the ribbons which are arranged with
an axial period of about 140& (Small and Squire, 1972). In fact, purified
smooth muscle myosin has been shown to form, in vitro, ribbon-like
filaments with a 1408 period (Bray and Thomas, 1975). Small and Squire
(1972) propose that the ribbons possess an opposite polarity on one face
with respect to the other, such that thin filaments that interact with
one face of a ribbon would slide in the opposite direction to those that
interact with the other face. They consider the possibility of many
small contractile units in the cell, attached at their ends to the cell
membrane.

It has been shown that myosin.frnm smooth muscle requires phosphory-
lation of a light chain component for actin-induced activation of the
myosin-ATPase (Chacko and Conti, 1977; Sobieszek, 1977). This phosphory-
lation requires a light chain kinase which is dependent on the presence
of Ca?* for activation via the calcium dependent regulator calmodulin
(Dabrowska et.al., 1977).

As mentioned earlier, the contractile proteins actin and myosin
have been found in a number of non-muscle cells such as platelets, amoeba,

macrophages, slime mold plasmodia, leucocytes, brain amd other cell types.



They are thought to play a part in processes such as amoeboid movement,
neuronal outgrowth, endo- and exocytosis and neural transmitter release
(Pollard, and Weihing, 1974; Pollard, 1975; Tilney, 1975; Berl, 1975).

It has been shown that myosin from platelets (Adelstein and Conti, 1975)
also requires phosphorylation of a light chalin component for actin-induced
activation of the myosin ATPase activity. The phosphorylation requires

a light chain kinase which is Ca2+-dependent (Hathaway and Adelstein,
1979).

Huxley (1973) suggested that the more primitive systems share the
structural and biochemical features of the sliding filament model for
striated muscle. He speculated that these systems, such as the contrac-
tile apparatus in amoeba or a fibroblasf in tissue culture, as they
relate to cytoplasmic streaming and cell movement, operate on an active
shearing mechanism - sliding forces developed between polarized actin
filaments lying in the cortical gel in a parallel fashion and cytoplasmic
myosin in the fluid state propelled along carrying with it other cellular
constituents, thus causing cytoplasmic streaming. In tissue culture, a
cell would move relative to an attachment site whére actin filaments
anchor (as in the Z-line of striated muscle) and pass thru the membrane
to anchor on the substrate. The front of the cell is pushed forward
over the attached filaments due to internal pressure caused by the cyto-
plasmic stream and fresh attachment of actin filaments provides for
advancement. The protein ol-actinin could very well be a point of attach-
ment for actin filaments in non-muscle cells. &{-Actinin is a component
of the Z-line of skeletal muscle tissue, where actin filaments are

attached (Stromer and Goll, 1972), is present in non-muscle cells (Craig

6



and Pardo, 1979; Geiger et.al., 1979), and has been isolated from brain
(Schook et.al., 1978).

Bray (1973) set forth a cellular movement model explaining the move-
ment of the growing tips of neurites, It was the relatively constant
diameter (0.1 - 0.2‘pm) of cytoplasmic extensions, as revealed by electron
mieroscopy and the blocking of protrusion of cytoplasmic flow thru filters
with a pore size of 0.15 Jm, that led Bray to believe a common mechanism
of formation was at work. Since elongated vesicles are seen within such
filopodia, often lylng parallel to the axis, it was suggested that the
contractile proteins are arranged on the membranes of the cell and vesicle
within the cytoplasm such that the vesicles can move along and fuse with
the growing tip to form extensions of approximately a 0.2 jm diameter.

The primary fedture of this model is that contractile proteins that are
responsible for the movement of the membrane are linked in a polar fashion
to membrane surfacés providing for a prefefred direction of movement. It
is the distribution of this directlionality that can cause localized areas
of cellular extension. Further discussion on cell movement is taken up
by Tilney (1975) and Schroeder (1975).

Pertinent to this discussion 1s the established presence of actin
and myosin in the rat, bovine and cat brain cortex (Puszkin et.al., 1968;
Berl, and Puszkin, 1970: Puszkin and Berl, 1972) and synaptosomal
fractions (Puszkin et.al., 1972), in the chick embryo brain (Burridge and
Bray, 1975; Bray and Thomas, 1976; Kuczmarksi and Rosenbaum, 1979) and
chick sympathetic ganglia in tissue culture (Fine and Bray, 1971) as well
as the presence of myosin in a rat glial cell line (Ash, 1975). These

cells manifest elther in the course of development or in the mature state,



axonal and dendritic sprouting and/or cell movement. Modern electron
microscopy and autoradiography has led to the concept.that the recently
closed neural tube includes o£;§ one cell tjpe, the neuroepithelial cell,
which can divide and differentiate into neuroblasts or glioblasts
(Langman, 1969). Neuroblasts derived from this tissue will migrate out
and further proliferate until they round up as apolar neuroblasts and
differentiate further into bipolar and then multipolar neurons. Acto-
myosin could very well play a vital role in the migration of neuroblasts
with a mechanism comparable to amoeba, macrophage or fibroblast in tissue
culture. A mechanism very much like that ascribed to the membrane move-
ments in the neural growth cone, the tip of the growing nerve cell (Bray,
1973; Bunge, 1973), could very well describe the process which occurs in
the sprouting of primitive axons and dendrites of the differentiating
neuroblast. In fact, ultrastructural analysis of dorsal root ganglion
nerve cells undergoing axonal elongation in vitro reveals neurofilaments
and a network of interconnecting microfilaments particularly at the
growth cone of the axonal tip (Yamoda et.al., 1971). It was also shown
that cytochalasin B rounds up growth cones, causes retraction of micro-
spikes and cessation of axon elongation, a process which is reversible
after the removal of oytochalasin B.This 1s important since cytochalasin
B, the alkaloid metabolite of a fungus Helminthosporium dematioildeum
(Carter, 1967), has been shown to decrease acto-HMM-ATPase activity by
about 60%, with no effect on myosin alone, (Spudich and Lin, 1972) as
well as that of brain actomyosin (Nicklas and Berl, 1974). Further
processes sensitive to cytochalasin B, such as cytokinesis, single cell

movement (including glial cells), cytoplasmic streaming, blood clot
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formation (platelets), smooth muscle contraction, cardiac muscle cell
contraction, and caleium induced cortical contraction in eggs, is
reviewed by N.K. Wessels et.al. (1971).

Brain actin and myosin have also gained importance due to their
possible role in neural transmitter release as proposed by S. Berl, et.al.,
1973. The model proposed suggests that actin and myosin are involved in
the process of exocytosis by mechanochemical interaction between the
pre-synaptic vesicle and membrane. Conformational changes in the inter-
acting membranes lead to the extrusion of vesicle contents. The develop-
ment of this model was influenced in part by the torsional hypothesis
model for the molecular basis of mmgscle contraction proposed by Driezen
and Gershman (1970). This model explains the contractile event at the
cross bridge in terms of ATP splitting linked with a quatérnary structural
change between cross bridge and thin filament sites. Torsional movement
generated by cross bridge interaction is accompanied by contraction, a
process which is reversible upon loss of Ca2+. The current theory and
evidence holding that catecholamines are stored and released from pre-
synaptic vesicles, the importance of Ca?* influx in activating transmitter
release, and electron microscopic evidence for fusion of presynaptic
vesicles with presynaptic membranes are important to this model (Cf. Berl,
S., et.al., 1973, for review). This model came into form with the finding
that actomyosin is present in synaptosomal fractions of bovine and rat
brain, and not present in mitochondria, microsomal, myelin or supernatant
fractions (Puszkin et.al., 1972). It was then hypothesized that following
Ca2+ influx, due to an action potentlial, brain actin and myosin, at the

site of contact between pre-synaptic vesicles and pre-synaptic membrane,



combine to cause a conformational change in the membranes thus leading

to the release of stored transmitter material into the synaptic cleft.

Relaxation of this mechanism would occur with the efflux of Ca?*. This
mechanism is also applicable to reuptake of neurotransmitter.

This model is supported by other evidence in its favor; viz., the
finding of a troponin-tropomyosin like component in the brain (Mahendran
and Berl, 1977a,b), the further characterization of actin in synaptosomal
prepafations by "decoration" with heavy meromyosin, demonstraiing an
arrowhead configuration like the striated muscle actin counterpart
(Schwartz, et.al., 1977), and the inhibition of uptake and release of
putative transmitters of K*-stImulated synaptosomes by vinblastine,
colchicine and cytochalasin B and the demonstration of a direct detri-
mental effect of these drugs on the M32+-ATPase of brain actomyosin
(Nicklas and Berl, 1974; Nicklas, et.al., 1973). It has also been shown
that these drugs added to the incubation medium of guinea pig hypogastric
nerve caused an almost complete inhibition of release of dopamine
8-hydroxy1ase and norepinephrine, without modifying the ratio of the two
(Thoa, et.al., 1972). This indicated both an exocytotic release of
transmitter material and a dependence of this release on both micro-
tubules and microfilaments.

Because of the structural importance of myosin in the sliding
filament models just presented, and because of the presence of myosin in
the brain, a structural study of the myosin molecule was undertaken. The
first step in this study was the lsolation of myosin for bovine brain
cortex. It should be understood that the process of isolation of brain

myosin is much more difficult than that of skeletal myosin. As will be
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seen in the Materials and Methods, and Results section of this dissertation,
skeletal muscle myosin may be isolated by simple extraction of tissue
v;ith high salt, followed by a series of precipitations by dilution to low
salt. The brain myosin isolation however, involved a much more complicated
extraction medium, ammonium sulfate precipitation, column chromatography,
as well as precipitation by dilution to low salt concentration b_efore a
fairly clean enzymatically active protein could be obtained. Perhaps, it
is the difficulty of this isolation which has prevented many investigators
from studying this protein.

The purified protein was studied in terms of its filament formation,
electron microscopically, and compared to the much more intensively
studied skeletal muscle myosin filaments as well as smooth muscle myosin
filaments. Further investigation into its ultrastructure was accomplished
by tryptic digestion of the brain myosin molecule and the study of its
parts. The IMM portion of brain myosin was studied electron microscopically
and compared to the LMM portlions prepared from both skeletal muscle and
smooth muscle myosins. The head portions of all three myosins were studied
by comparing their ability to bind to actin isolated from brain, skeletal
muscle and smooth muscle. Enzymologically, a comparison was made between
the actlve sites of brain myosin and skeletal muscle myosin by studying
the effect of pH on the substrate saturation kinetics of both proteins,
and the determination of the Michealis constants Km and Vmax at each of
these pH values. As will be seen in the Results and Discussion section
of this dissertation, the Km value, as it relates to pH, is utilized to
egtimate the pK values of dissociating groups involved in the ATPase
activity of the enzyme.

11



In view of myosins structural and enzymatic relation to the
generation of force leading to the contraction of skeletal muscle, and
the apparent lack of a well-defined structural arrangement of this
protein with actin in brain tissue, a more detailed investigation of both
the structure and enzymology of brain myosin is important in order to

assess its involvement as a contractile component in neuronal tissue.
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Figure 1:

Representation of the interacting thick and thin filaments between
two successive Z-lines constituting a sacromere in striated (skeletal)
muscle. The actin or thin filaments extend from the Z-lines marked Z,
and the thick, or myosin containing filaments lie between the spacing of
the thin filaments. This diagram shows the overlap of the thick and thin
filaments at different stages of contraction. ¥From Lehninger, (1975).
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Figure 2:

Diagrammatic represéntation of a skeletal muscle myosin molecule,
from Lehninger (1975), showing the globular double head region and
Q-helical tail portion, composed of the two heavy chains. Light chains
ar;e contained in the head region and approximate proteolytic cleavage
points are designated for trypsin and papain. Trypsin cleavage produces
two major pieces, the double headed region with part of the.tail which
is called heavy meromyosin (HMM), and the rest of the tail region which
1s called 1ight meromyosin (IMM). Cleavage ‘by papain causes the release
of the individual heads called subfragment one (SF-1), and the rest of

the tail portion.
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Figure 3:

Schematic representation of a myosin thick filament. The filament
is seen to consist of a bipolar stacking of the myosin molecules with
their tall portions butting end to end and the head regions extending out
at opposite directions. From Lehninger (1975).
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MATERIAL AND METHODS

I. Preparation of proteins.

All procedures are carried out in a cold room at 49C or on ice,
unless otherwise stated.

A. Purification of brain myosin.

1. From bovine brain cortex.

Myosin is prepared from bovine brain cortex after the Pollard et.al.
(1974) procedure for the purification of myosin from human blood platelets,
with minor modifications (Figure 4). The meninges, blood vessels, brain
stem and cerebellum are removed from two bovine brains which are then
washed twice in normal saline. The cortex is removed from the white
matter by scraping it off with a razor blade. To this tissue is added
3X its volume of extraction buffer: 0.9M KCl, 1.5mM sodium pyrophosphate,
pH 7.0, 5mM'M3012, 1.4mM mercaptoethanol, 30mM imidazole HCl, pH 7.0,
and 10”°M phenyl methyl sulfonyl fluoride.

The solution of the protease inhiblitor, phenyl methyl sulfonyl
fluoride, is prepared immediately before use as a stock solution in
methanol. The final concentration of methanol in the extraction buffer
is 0.01% (v/v). The bovine brain cortex is given 3 short bursts in a
Waring blendor and then homogenized with 3-up and down strokes of a
teflon-glass homogenizer. The extract is stirred for 30 min and then
centrifuged at 34,800 X g for 30 min., The high ionic strength super-
natant containing the myosin is pooled and dialyzed overnight against
15X its volume of: 10mM imidazole HCl, pH 7.0, and 1.4uM mercapto-

ethanol, in order to precipitate the myosin component by dilution to low
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ionic strength. The resulting precipitate is collected by centrifugation
at 34,800 X g for 30 min and dissolved using a Dounce type A homogenizer
in: 0.6M KI, 5.0mM ATP, 2,8mM mercaptoethanol, 1.0mM MgCl,, and 2.0mM
imfdazole HCL pH 7.0. The high level of ATP in this buffer is intended
to help dissociate myosin complexed with actin, and the KI assists in
this separation by depolymerizing the setin, thus freeing the myosin
component for subsequent precipitation with (NH, )5S0 4+ The homogenate

is brought to 25% saturation in ( MI{4 )ZSO 4 by slow addition of crystalline
(NH4 )‘?_SO4 while stirring, and centrifuged at 34,800 X g for 30 min. The
supernatant is brought to 55% saturation in (NH4)ZSO4 and the resulting
precipitate containing myosin is collected by centrifugation at 34,800 X
g for 30 min. The pellet is suspended in the above mentioned buffer with
KI using a Douce type A homogenizer and centrifuged at 100,000 X g for 30
min to clarify the solution. The supernatant is then appli.ed toa 2.5X
90 cm column of Blogel A-15m 200/400 mesh (4% Agarose) prepared as
follows: the column is first equilibrated with a column buffer composed
of: O0.6M KC1l, 1.4mM mercaptoethanol, O.5mM ATP, O.lmM MgClp, and 10mM
imidazole HC1l pH 7.0. Then prior to addition of the sample, 50 ml of the
buffer containing KI (Figure 5) is applied. The column is then eluted
with the column buffer and collected in 3.5 ml fractions. Protein
elution is monitored by absorbance at 280 nm. The protein concentration
of each fraction is determined by the method of Lowry et.al., (1951) and
the myosin is located by virtue of its ATPase activity in the presence

of XK* and EDTA, K'"-EDTA-ATPase active fractions are pooled and precipitated
X by repeated dialysis against a 20X volume of: 10.0mM imidazole HC1,
PH 7.0, and 1.4nM mercaptoethanol, and homogenization in 0.6M"KC1, 10.0mM
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imidazole HC1, pH 7.0, and 1.4mM mercaptoethanol. Brain myosin may be
stored in 50% glycerol at -20°C (Szent-Gyorgi, 1951). The protein
composition of the isolated protein is analyzed by polyacrylamide-gel
electrophoresis in the presence of SDS.

2. Isolation of myosin from crude synaptosomal preparation.

Myosin is also isolated from a crude bovine brain synaptosomal
preparation prepared after the Puszkin et.al., (1972) modification of the
Clarke and Nicklas (1970) method for preparing brain mitochondria. The
myosin component ie then isolated from the crude mitochondrial-synapto-
somal pellet after the procedure of Pollard et.al., (1974), as described
above. The meninges and blood vessels are removed from 2 bovine brains,
which are then washed in normal saline. The grey matter is suctioned
off into a vacuum flask with periodic washings of sucrose, tris, EDTA
buffer (STE): 0.25M sucrose, 0.01M tris, pH 7.4, and 0.5mM tris-EDTA
to clear the suction tube and wet the cortex. For every 200 ml of STE
used to wash the tube, the solution is weighed and the weight of 200 ml
of STE alone is subtracted from it. This will give the welght of grey
matter obtained. The final mixture is brought up to volume with STE to
be 10% bovine brain in STE (w/v). The brain material is homogenized in
STE with a teflon-glass homogenizer with a 0.01 inch clearance at slow
speed, using 10 up and down strokes. The homogenate is centrifuged at
2,000 X g for 3 min. The supernatant is decanted and put aside. The
gsoft pellet is resuspeded with STE and centrifuged again, the super-
natant of which is decanted and pooled with the previous supernatamts.
The supernatant pool is centrifuged at 13,200 X g for 8 min. The crude

mitochondrial pellet which contains synaptosomes, 1s resuspended again
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in STE and centrifuged, The resulting mitochondrial-synaptosomal pellet
is measured volumetrically and twice its volumé of the extraction buffer
mentioned above is added. This is quick frozen in liquid ni@rpgen and
allowed to thaw out overnight in the cold room to rupture the synaptosomes.
The extract 1s centrifuged at 78,000 X g for 30 min. The supernatant is
brought to 3X 1ts volume with 2mM M’gCl2 slowly with stirring, brought up
to pH 6.2 with 0.M acetic acid and allowed to stand for 20 min, in order
to precipitate the myosin component. Thisliaucentrifuged~at'43,500iX’g for
30 min., The pellet is collected and homogenized in the buffer contalning
KI mentioned above. The rest of the myosin isolation from the crude mito-~
chondrial-synaptosomal pellet is the same as described above for bovine

brain cortex.

B, Purification of skeletal muscle myosin.

Myosin is prepared from rabbit skeletal muscle according to a stan-
dard isolation procedure of Richards et.al., (1967). This procedure
involves the extraction of the back muscles of one white rabbit with a
high salt buffer containing 0.37M KCl and 0.4mM ATP. Myosin in the
extract is obtained by a series of three cycles of precipitation by
dilution of the high salt protein solution to low ionic strength with
water,

Skeletal muscle myosin utilized for the kinetic experiments is
prepared according to the procedure used for bovine brain cortex
described above. Myosin prepared by both of these procedures is stored

for future use in 50% glycerol at -20°C,
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C. Purification of smooth muscle myosin.

~ Smooth muscle myosin from chicken gizzards was prepared according to
the procedure of Sobieszek and Bremel, 1973.

D. Purification of actins,

Actin from skeletal muscle was prepared from rabbits after the
procedure of Carsten and Mommaerts, 1963. Actin was prepared from chicken
gizzard smooth muscle after the procedure of Herman and Pollard, 1979,
and actin was prepared from bovine brain cortex after the procedure of
Bray and Thomas, 1976. Actins to be used for either enzymatic assay or
electron microscopy were taken from storage (1lyophylized) at -20°C and
dissolved in 1mM MgCl,, O0.IM KC1 and 10mM imidazole pH 7.0. This buffer
causes the polymerization of the actin monomers to form F (filamentous)-
actin,

E, Preparation of heavy and light meromyosins.

Heavy and light meromyosins are prepared by proteolytic cleavage of
myosins isolated from bovine brain cortex, rabbit skeletal muscle and
chicken gizzard smooth muscle after the procedﬁre of Lowey and Cohen
(1962).

Myosin is precipitated from 50% glycerol stock solutions kept at
-200C by dialysis overnight against 20X volume of: 10mM imidazole HC1
pH 7.0, and 1.4mM mercaptoethanol. The myosin is collected by centri-
fugation at 12,100 X g for 20 min and homogenized in: 0.5M KC1 and
0.IM phosphate buffer pH 7.0. Protein is determined by the procedure
of Lowry et.al., (1951) and the protein concentration is adjusted to
approximately 10mg/ml. Ten volumes of myosin is mixed with 1 volume of

trypsin stock solution at room temperature (approximately 23°C).
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The trypsin stock solution is prepared immediately before use; trypsin
0.5mg/ml in 0,001N HCl. The mixture of myosin and trypsin is incubated
at room temperature with stirring for 4-5 min, and the reaction terminated
by addition of 1 volume of trypsin inhibitor stock solution; soybean
trypsin inhibitor lmg/ml in H30 previously adjusted to pH 7.4 with NaOH.
The tryptic digest is then dialyzed overnight against one liter of; 10mM
imidazole HC1 pH 7.0, and 1.4mM mercaptoethanol at 4°C. The light mero-
myosin is pelleted by centrifugation at 100,000 X g for 60 min. The
supernatant containing heavy meromyosin is further purified by collecting
the fraction precipitating at 40-55% (NH, )2804 saturation. Collected by
centrifugation at 12,100 X g for 20 min, the HMM is homogenized in one ml
of; 10mM imidazole HC1 pH 7.0, and 1l.4umM mercaptoethanol, and dialyzed
against 100ml of the same buffer overnight. The light meromyosin is
re-precipitated 3X by repeated homogenization in: O0.6M KCl, 10mM imid-
azole HC1l pH 7.0, and 1l.4mM mercaptoethanol, and precipitation by
dialysis against a 20X volume of: 10mM imidazole HC1l pH 7.0, and 1.4mM
mercaptoethanol, the first two times, and finally by dialysis against
100X volume of: O.IM KCl, 10mM imidazole HCl pH 7.0, and 1l.4mM mercapto-

ethanol.

II. Protein determination.
The concentration of protein in a sample 1s determined by the method
of Lowry et.al. (1951), using bovine serum albumin as a standard.

III. ATPase measurements,

A, Assay condltions for the measurement of ATPase activity.



The total volume of each assay mixture is 1.0ml. The concentration
of myosin is 5-30;1g protein/ml, unless otherwise stated, and in attempts
at actin activation of myosin Mg2+-ATPase, polymerized F-actin is added
in concentrations 5-fold in excess of myosin. Incubation is in a water
bath at the designated temperature with moderate shaking. All time course
curves of myosin ATPase are done at a concentration of 1 or 2mM ATP.
Measurements of enzyme concentration versus ATPase activity were done with
2mM ATP.

1. Assay conditions for all routine assays at 37°C.

"a. For K'-EDTA or Ca®*-ATPage, the incubation mixture
consists of: 0.6M KC1, 2umM EDTA or 5mM CaCl,, 50mM imidazole HC1l, pH 7.0,
and 1mM ATP.

b. For Mg2+-ATPase with or without actin, the incubation
mixture consists of: 1mM MgClz, 50mM imidazole HC1l, pH 7.0, 0.1M ECl and
1mM ATP.

2. Assay conditions for kinetic studies at different pH values
at 35°C consists of: 0.6M KC1, 2nM EDTA or 5mM CaCl,, and the ATP
concentration varied. The desired pH ranges were obtalned with the
folluwing buffer system; for pH 5.5-6.0, 25nM acetate buffer is used,
and prepared by titrating 0. M acetic acid with 0.2 sodium acetate to the
desired pH. For pH 6.5-8.5, 50mM HEPES buffer is used, and prepared by
titrating the free acid (N-2-hydroxyethylpiperazine N'-2-ethanesulfonic
acid), with the sodium salt, to the desired pH. Glycine buffer is used
at pH 9,0; 50mM glycine buffer is used from a 0.1M glycine stock solution
titrated to the desired pH with 0.2N KOH.
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B. Colorimetric determination of inorganic phosphorus (,Pi).

The Py of ATPase activity of myosin was measured by the Puszkin
et.al.,, (1968) modification of the Marsh procedure (1958) for the colori-
metric determination of P; in the presence of ATP. A standard curve is

prepared using NaH2P0 4-H20 as the source of P:l'

IV. Gel electrophoresis.
A, Gradient slab gels.

Protein samples for electrophoretic separation and analysis were run
on a slab gel with a linear gradient of polyacrylamide in the presence of
sodium dodecyl sulfate (SDS)after the procedure of O'Farrell (1975).

B. Cylindrical gels.

Cylindrical gels for SDS-polyacrylamide gei electrophoresis

(SDS-PAGE) were prepared after the method of Weber and Osborn (1969).

V. Electron microscopy.

 Protein preparations are examined with a Hitachi HU-11F electron
microscope at 75 kV, after negative staining with uranyl acetate. All
procedures are carried out at room temperature.

A, Electron microscopy of myosin filaments and light meromyosins (IMM).

Myosin filaments and IMM are prepared by dialyzing 1ml of a O.3mg/ml

solution of myosin or IMM in 0.6M KCl against 100ml of 0.IM KCl, 10mM
imideazole HC1l, pH 7.0, and 1l.4mM mercaptoethanol. One drop is placed on
a carbon formvar coated grid and allowed to stand approximately 1 min.
The drop is removed by application of filter paper to the side of the
grid, 2% uranyl acetate (w/v) is applied after 1-2 min, the uranyl acetate
drop is removed with filter paper and the grid is allowed to air dry.
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B. Electron miecroscopy of actin and actin decorated with heavy mero-
‘myosin (HMM).

Carbon coated grids are prepared with actin alone or actin with HMM
as follows: 1 drop of polymerized actin is placed on grid, allowed to
stand for 1 min and washed off with a few drops of polymerizing medium.

1 drop of HMM 1s applied and allowed to stand for 1 ﬁin. This is washed
with 1 drop of H20 which is blotted off (Schwartz et.al., 1977). 1 drop
of 0.2% (w/v) tannic acid is applied and allowed to stand for 2 min

(Begg et.al., 1978). The drop is removed and 1 drop of uranyl acetate is
applied and allowed to stand 1-2 min. The uranyl acetate is removed and

the grid is air dried.
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Figure 4:

Outline of extraction procedure for the purification of bovine

brain myosin adapted after T.D, Pollard et.al., (1974).
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EXTRACTION PROCEDURE

Modified after T,D. Pollard, et.al., 197,

BOVINE BRAIN CORTEX
1. Extraction with 0.&6M KC1

10 mM PPy
1 mM DIT
20 mM imidazole HC1 pH 7.0
2, Centrifuged
34,800 X g 30!
Pellet SUPERNATANT
Discarded 1. Dialyzed ve 10X volume
u 1lmM DTT
10mM imidazole HC1l pH 7.0
2. Centrifuged
34,800 X g 30
[} ' '
PELLET - Supernatant
1. Homogenized in 0.6M K Discarded
5mM A
1 mMng 1,
2 mM DIT
20 mM imidazole HC1l pH 7.0
2, 25-60% (NH4)2SO4 Saturation
3. Centrifuged
34,800 X g 30
| |
PELLET Supernatant
1. Homogenized in KI Discarded

2, Centrifuged to clarify (100,000 X g60')
3. APPLIED TO COLUMN
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Figure 5:

Diagram of 90 X 2.5cm column of agarose-4B showing the discontinuous
gradient of the KC1 containing buffer comprising 85% of the column volume
and the KI containing buffer comprising 15% of the column volume. The
55% (NH4)ZSO4 fraction is applied to the column in the KI containing
buffer. The myosin component of the 55% (NH4)2804 fraction passes through
the KI into and elutes with the KC1 containing buffer.
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RESULTS

Purification of Brain Myosin.

Some minor modification of the Pollard procedure (Pollard et.al.,
1974) for the isolation of myosin from platelets were made in adapting
this procedure for brain., For the Pollard procedure, the myosin is
Precipitated from the extracted supernatant by diiuting it to 0.15M KC1
with 2mM MgCl, and adjusting the pH to 6.2 with acetic acid. Although
this does in fact precipitate myosin from the brain extract supernatant,
the volume of material is very large. Therefore, for the sake of
convenience, this first precipitation of myosin from the brain extract
supernatant was achieved by dilution to 0.06M KC1l by dialysis against
10mM imidazole pH 7.0. According to the Pollard procedure the (NH4)2804
precipitations are done by addition of a saturated solution of (NHQ’)ZSO4
to the protein solution until the desired percent saturation in (NH4)2SO4
is reached. Again, due to the large volumes dealt with, the protein
golution containing brain myosin was brought to the desired saturation
level by direct addition of crystalline (NH4)2804 with monitoring of the
PH of the solution. The final stage in the purification of myosin from
pPlatelets in the Pollard procedure is elution from the 4% agarose column.
Brain myosin, however, is further purified after the column elution, as
will be explained.

A typical elution profile of brain myosin using the 4% agarose
column is shown in Figure 6. Fractions 40-60, which have K*-EDTA-ATPase
activity are pooled for further purification by re-precipitatién as

detailed in Methods. The specific activity of the protein increasesd

A}
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with further purification as seen in Table 1. As shown by SDS-PAGE
(Figure 7), the pooled fractions contain a high molecular weight
contaminant which may be separated from the myosin by a series of
precipitations. Myosin is insoluble at low lonic strength, whereas the
high molecular weight protein is soluble. The ionic strength is reduced
by dialysis as described in the Methods section. Most of the high
molecularweight protein remains in the supernatant of the low ionic
strength dialysate. The supernatant is free of any myosin and devoid of
any detectable ATPase activity. SDS-PAGE of these proteins at different
stages of purification is illustrated in Figuie 7. From 200g of bovine
brain cortex about 20mg of K*-EDTA-ATPase active protein is obtained
after column chromatography, and ébout 5mg of protein is recovered from
this after two cycles of precipitation. ‘
Bovine brain myosin was electrophoresed on 10% and 12% cylindrical
SDS-polyacrylamide gels in order to resolve the light chains. 10% poly-
acrylamide gels sufficiently resolved the 20,000 and 17,000 dalton
(Kendrick—Jones, 1973) components of chicken gizzard smooth muscle myosin,
but did not clearly resolve the low molecuiar weight components of the
brain myosin preparation (Figure 8). Upon close inspection however, it
appears that this rather diffuse band in the 10% gel can be separated into
two polypeptides with estimated molecular weights of 18,000 and 16,000
daltons. Electrophoresis of the brain myosin on 12% gels led to a clear
separation of the low molecular weight components (Figure 9). Rabbit
skeletal muscle myosin electrophoresed on the 12% gel showed the 25,000,
18,000 and 16,000 dalton (Weeds and Lowey, 1971) light chains (Figure 9).
Comparatively the brain myosin revealed on the 12% gel, components with
apparent molecular weights of 18,000 and 16,000 daltons. No 25,000 dalton

component was observed for the brain myosin.



Filament Formation.

Bovine brain myosin forms bipolar filaments, as revealed by the
electron microscope, upon dialysis against 0.1M KC1 at pH 7.0 and
negatively stained with uranyl acetate. The filaments measure end to
end 0.350 & 0.035,p. The filaments appear dumbell shaped with a bare
zone in the middle of the filament, which measures 0.208 ¢ 0.011 p.
Globular regions are seen at either end of the filaments (Figure 10).
The above measurements are within the range reported by Burridge and
Bray (1975) of 0.270-0.420 u for myosin filaments from chick brain with
a bare zone of 0.150-0.200 p. Kuczmarski and Rosenbaum (1979) also
report myosin filaments from chicken brain to be 0.300 y.in length with
a bare zone of 0.150 p. As seen in Figures 10 and 11, the brain myosin
filaments were observed as a ladder-like assembly of dumbell shaped
filaments associated head to head (F;gure 10b,c and Figure 11) or in a
rather scéttéred head to head association (Figure 10a). Both these
arrangements were observed by Burridge and Bray (1975) and by Kuczmarski
and Rosenbaum (1979) for chick brain myosin.

Skeletal muscle myosin upon dialysis against 0.1M KCl1l at pH 7.0
forms cigar-shaped filaments.tﬁpered at either end as described by
Huxley (1963). These filaments measure end to end 1.230 *.0.221 p
which is within the common range of 0.500-1..500 '1 reported by Huxley
(1963), for skeletal muscle myosin filaments. Two electron micrographs
of skeletal muscle myosin filaments are seen in Figure 12a and b, at
magnifications of 85,000 and 24,750 respectively.

Smooth muscle myosin, upon dialysis against O0.1IM KCl at pH 7.0

revealed rather thickly branched structures of varying length, in the

34



electron microsecope. A typical field showing this effect at 20,500X
magnification is seen in Figure 13b. At a higher magnification of
85,000X a periodieity of 140 ﬁ is seen within this branching structure
(Figure 13a). A 140 A periodicity was found by Small and Squire (1972)
to be present on the surface of the ribbon-like structures in smooth
muscle. This reriodicity is believed to represent the spacing of the
myosin heads on the surface of the ribbon, which is capable of branching
in smooth muscle. Burridge and Bray (1975) also observed,electron
microscopically,in vitro formed smooth muscle myosin filaments with a

140 A periodicity similar to those pictured in this dissertation.

The Light Meromyosins.

As indicated In the Methods section, brain myosin, after brief
treatment with trypsin, can be separated into an IMM and HMM portion.
An electron micrograph (85,000X) of brain IMM dialyzed against 0.1M KC1
at pH 7.0 is seen in Figure 1l4a. Thése fibers are seen stacked next to
each other forming short filamentous structures with frayed ends.

Skeletal muscle IMM upon dialysis against 0.1IM KCl at pH 7.0
assembles into large structures of indefinite length and width. An
electron micrograph (85,000X) of skeletal muscle IMM (Figure l4c) is
shown next to the brain IMM at the same magnification for comparison.
The IMM portion of striated muscle myosin reveals an axial periodicity of
430 ﬁ containing a small band of 100 K in width. This corresponds to the
published observation of a 430 E axial periodicity containing a small
band of 100 A in width by Huxley (1963).

The IMM portion of smooth muscle myosin at 85,000X magnification
may be seen in Figure 14b, next to brain and striated muscle IMMs for
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comparison. The short filamentous structures have frayed ends and appear
to be composed of thin strands of protein stacked next to one another

much like the brain IMM.

Treatment of Actin Filaments with HMM.

Actin filaments from brain, skeletal muscle, and smooth muscle were
obgerved in the electron microscope. Treatment of the actin fibers with
the HWM portion of the myosin molecule yiélds the characteristically
decorated fiber originally described by Huxley (1963). Actin filaments
from the different sources deseribed above were treated with .HMM prepared
from brain, skeletal muscle and smooth muscle myosins.

Electron micrographs of undecorated actin fibers prepared from
brain, skeletal muscle and smooth muscle may be seen in Figure 15a,b, and
¢. Treatment of these fibers with brain HMM yields the characteristic
arrowhead pattern for brain actin (Figure 16a), skeletal muscle actin
(Figure 16b), and smooth muscle actin (Figure 16c). The periodicity of
the brain HMM attachment to the actin fibers measures 388 + 31 A for
brain, 387 + 23 & for skeletal muscle, and 436 + 83 & for smooth muscle
actins. This is in good agreement with the reported value of 366 *+ 15 A
for the decoration of skeletal muscle actin with skeletal muscle HMM by
Huxley (1963).

The presence of 1mM ATP has been shown to dissociate the skeletal
muscle HMM-actin complex (Huxley, 1963). ATP has also been shown to
dissociate the complex of synaptosomal actin and skeletal muscle HMM
(Schwartz et.al., 1977). Figure 164 shows the dissociation of the brain

HMM-brain actin complex after the addition of 1mM;ATP, and Figure 1l6e -
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ghows the dissociation of the brain- HM-skeletal muscle actin complex
after the addition of 1mM ATP.

HMM from skeletal muscle myosin also decorated actins from brain,
skeletal muscle and smooth muscle (Figure 17a, b, and ¢). The periodi-
cities of the arrowhead formation measure 398 ¥ 12 K for braln actin,

298 * 31 A for skeletal muscle actin and 376 ¥ 29 A for smooth muscle
 actin.

HVM prepared from smooth muscle myosin decorates brain, skeletal
muscle and smooth muscle actins also (Figure 18a, b, and ¢). Measurements
of the arrowhead periodicities are 358 ¥ 22 A for brain actin, 372 ¥ 29 A

for skeletal muscle actin and 376 ¥ 29 A for smooth musecle actin.

Attempt at Actin Activation of Bovine Brain Myosin.

Myosin from bovine brain cortex when assayed alone for Mg2+-etimulated
ATPase activity has a specificactivity anywhere from 0-0.03 ) moles Pj-
mg‘l-min"l. The addition of polymerized skeletal muscle actin or brain
actin doés not increase the Mg2+-ATPase activity, if any, of the myosin

prepared from brain.

Kinetic Studies.

A comparative study was done on the effect of substrate concentration
on the enzyme activity of both brain and skeletal muscle myosins at
different pH values. The specific activity ef the enzyme is expressed
as micromoles of inorganic phosphorus liberated from ATP per milligram of
protein per minute (v, J moles Py -mg'l-min'l). Substrate saturation
curves were plotted as V, versus substrate concentration. The values of
maximal velocity (Vmax) and the amount of substrate required to yleld
one-half Vmax (Km) were calculated by the computational method of
Wilkinson (1961) with appropriate standard errors.
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A1l assays were carried out at 25°C. The incubation time and
concentration of enzyme used for these assays were within a range in
which the enzyme aétivity was linear. Linearity was established with
respect to time of incubation for skeletal muscle myosin (Figures 19 and
20) and for brain myosin (Figure 22) at the extreme pH values tested,
where the labllity of the enzyme was of most concern. The time course
curve for skeletal muscle myosin Ca2*-ATPase fits a line with a correlation
coefficient value ,(rz) for linear regression of 0.997 at pH 5.5 and 0.998
at pH 9.0 (Figure 19). The time course curve for skeletal muscle myosin
K*-EDTA-ATPase has an r2 of 0.998 at pH 6.5 and 0.996 at pH 9.0 (Figure 20).

2 value of

The time course curve for brain myosin k" -EDTA-ATPase has an r
0.974 at pH 6.5 and 0.992 at pH 9.0 (Figure 22). Therefore, since time
usually chosen was within this linear ranée, the v,'s were indeed initial
velocities.

The linearity of ATPase activity of different concentrations of
enzyme was established at pH 7.0 for both of these proteins. The enzyme
concentration curve for skeletal muscle myosin Ca2+-ATPase has an r?
value of 0.998 and in the presence of K'-EDTA the r° is 0.995 (Figure 21).
The enzyme concentration curve of brain myosin K*-EDTA-ATPase at PH 7.0
has an r2 of 0.989 (Figure 23).

The ATP concentration range assayed for the K'-EDTA-ATPase substrate
saturation curve for brain myosin was 0.0125mM-1.0mM, and for striated
muscle myosin 0.0125mM-2.0mM. However, saturation with substrate was

2+-ATP49.se . Concentra-=

reached at very low concentrations of ATP for the Ca
tions of ATP less than 0.0125mM could not provide enough Pi upon hydrolysils

of as much as 25% of the substrate to be detected with the assay procedure
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utilized. Therefore, the Km values calculated for the Ca2*-ATPase of both
brain and skeletal muscle myosin are mostly at or below the lowest ATP
concentration used.

The pH range tested at varied substrate concentrations was 6.5-9.0
for the K*-EDTA-ATPase of both brain and muscle myosins, 6.0-9.0 for the
Ca2*-ATPase of striated muscle myosin. Above pH 9.0, activity of both
myosins was lost. This is most likely due to denaturation of the enzyme,
since it has been shown that the 1light chains of skeletal muscle myosin,
which are required for ATPase activity, are liberated from the intact
molecule at pH 11.0 (Driezen and Gershman, 1970). Below the lower pH
values mentioned above, activity was also lost.

The substrate saturation curves at different pH values for skeletal
muscle myosin Ca2*-ATPase are superimposed on Figure 24, and for skeletal
muscle myosin K*-EDTA-ATPase on Figure 25. Figure 26 shows the substrate

2"'-ATPase activity of

saturation curves at different pH values for the Ca
brain myosin and Figure 27 shows the substrate saturation curves for the
'K+-EDTA-ATPase oftbrain myosin. At high ATP concentrations, there is a
tendency for a decrease of the ATPase activity at the different pH values
with both myosins.

A statistieal method (Wilkinson, 1961) was used for estimating the
Km and Vmax values of the Michealis-Menten equation with appropriate .
standard errors from the data obtained by measuring enzyme activity under
varied substrate concentrations at different pH values. The Km and Vmax
values determined by this procedure are displayed in Table 2 which contains
these values for skeletal muscle myosin and Table 3 which contains these
values for brain myosin. The negative log of the Km values (pKm) versus
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PH were also plotted. This plot reflects dissociating groups of the
enzyme, enzyme-substrate complex, or substrate (Dixon and Webb, 1958).
A plot of Vmax versus pH for skeletal muscle myosin K*-EDTA-ATPase
is shown in Figure 28. It can be seen that the Vmax value. increases
with pH from 6.5-9.0. Below pH 6.5, there is no detectable K -EDTA-

2*_stimulated (Figure 31)

stimulated ATPase activity, whereas the Ca
ATPase activity extends further to pH 5.5_ with an apparent optimum at pH
6.5. Brain myosin K*-EDTA-ATPase also shows an increase in Vmax with an
increase in pH from 6.5-9.0 (Figure 34). Below pH 6.5, there is also no
detectable K -EDTA-ATPase activity, whereas the Ca*-ATPase activity
extends further to pH 6.0 (Figure 37).

The plots of Km versus pH for rabbit skeletal muscle K*-EDTA-ATPase
(Figure 29) and Ca2*-ATPase (Figure 32), like brain myosin K'-EDTA-ATPase
(Figure 35) and Ca2*-ATPase (Figure 38) show a tendency of the Km to
increase with pH.

A plot of pKm versus pH for skeletal muscle myosin K*-EDTA-ATPase
may be seen in Figure 30. This plot may be consistent with a dissociating
group between. pH 7.5-8.0. The plot of pKm versus pH for skeletal muscle
myosin Ca2*-ATPase (Figure 33) is suggestive of multiple ionizations.

For brain myosin K*-EDTA-ATPase, the plotof pKm versus pH (Figure 36)
is consistent with an ionization between pH 7.5 and 8.0. A break in the

2*_ATPase (Figure 39) occurs

line for pKm versus pH of brain myosin Ca
between pH 7.5 and 8.0, which may designate an ionization occurring between

these two pH values.
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Figure 6:

Elution profile of brain myosin off the agarose-4B column. -Xx-
represents mg of protein per ml of column eluant, and -B- represents
micromoles of inorganic phosphorus liberated from ATP per ml of eluant
for 30 min., in the presence of K* and EDTA (y axis), both plotted against

fraction number (x axis). Each fraction contains 3.5 ml of eluant.
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Figure 7:

0-15% polyacrylamide gradient slab gel. Column 1l: ribonuclease,
molecular weight 15,500 daltons, Column 2: chymotrypsinogen, molecular
weight 25,000 daltons, Column 3: skeletal muscle actin, molecular weight
42,000 daltons, Column 4: bovine serum albumin, molecular weight 66,000
daltons, Column 5: phosphorylase-A, molecular weight 95,000 daltons,
Column 6: skeletal muscle myosin, Column 7: skeletal muscle myosin,
Column 8: supernatant of third precipitation, Column 9: pooled fractions
49-60 after 4 cycles of precipitation, Column 10: pooled fractions 49-60
after three cycles of precipitation, Column 1l: pooled fractions 49-60
after two cycles of precipitation, Column 12: pooled fractions 49-60
after one cycle of precipitation, Column 13: supernatant of precipitation
one, Column 14: fraction 60, Column 15: fraction 54, and Column 16:
fraction 49.
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Figure 8:

Cylindrical 10% polyacrylamide gels of smooth muscle myosin and
brain myosin.
Figure 8a:

The 20,000 and 17,000 dalton light chain components of smooth muscle
myosin are clearly visible at the lower end of the gel.
Figure 8b:

The low molecular weight components of brain myosin are rather diffuse.

45



D et
i e
L

: %&.&&

LA,
s LSt iLs

46



Figure 9:
Cylindrical 12% polyacrylamide gels of skeletal muscle and brain

myosins.

Figure 9a:
The light chain componenets of brain myosin are visible at the
bottom of the gel within the molecular weight region of approximately

18,000 and 16,000 daltons compared to the skeletal muscle myosin standard.

Figure 9b:
The 25,000, 18,000 and 16,000 dalton light chain components of

rabbit skeletal muscle myosin are visible at the bottom of the gel.
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Figure 10:
Electron micrographs of bovine brain myosin filaments.

a) Brain myosin filaments at 85,000X magnification, showing the apx.
0.350 p dumbell shaped filaments with a bare zone (b) of apx. 0.208 P
A head to head association is also apparent.

b) Brain myosin filements at 85,000X magnification showing a ladder-like
assembly involving association of 'the heads.

¢) Lower magnification view (35,000X) of the ladder-like structure of

the brain myosin filaments.
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Figure 11:
High magnification view (160,000X) of brain myosin, showing more
closely the head to head associations of the dumﬁell shaped filaments

producing a ladder-like assembly.
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Figure 12:
Electron micrograph of rabbit skeletal muscle myosin filaments.
a) Skeletal muscle filaments at 85,000X magnification, showing the apx.
1.230 h long cigar-shaped tapered filament.
b) Lower magnification view (24,750X) of the cigar-shaped structure of

the skeletal muscle myosin filaments.
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Figure 13:
Electron micrographs of chicken'gizzard smooth muscle myosin filaménts.
a) Smooth muscle myosin filament at 85,000X magnification, showing a
periodicity of apx. 140 2 (arrows).
b) Lower magnification (20,500X) of smooth muscle myosin filament

showing a branching point.
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Figure 14:
Electron micrographs of light meromyosins.

a) Brain IMM at 85,000X magnification, éhuwing short filamentous
structures of somewhat indefinite length with frayed ends.

b) Smooth muscle IMM at 85,000X magnification with an appearance similar
to that of the brain IMM.

c) Skeletal muscle IMM at 85,000X magnification, showing a periodicity
of apx. 430 K
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Figure 15:
Electron mierographs of brain, skeletal muscle and smooth muscle

actins,

a) Polymerized brain actin at 85,000X magnification showing beaded
appearance.

b) Polymerized skeletal muscle actin at 85,000X magnification showing
beaded appearance.

¢) Polymerized smooth muscle actin at 85,000X magnification showing

beaded appearance.

29



60



Figure 16:
Electron micrographs of brain HMM decdrating actin filaments in the
presence and absence of ATP.

a) Brain HMM decorating brain actin filaments at 85,000X magnification
showing a 388 % 31 3. periodicity of attachment. Small arrows mark arrow-
head period, loné arrow marks direction of arrowhead attachment.

b) Brain-HMM decorating skeletal muscle actin filaments at 85,000X
magnification showing a 387 t 23 A periodicity of attachment.

¢) Brain HMM decorating smooth muscle actin filaments at 85,000X
magnification showing a 436 ¥ 83 A periodicity of attachment.

d) Brain HMM-brain actin complex dissociated by addition of 1mM ATP.
Magnification 85,000X.

e) Brain HMM skeletal muscle actin complex dissociated by addition of
ImM ATP.’ Magnification 85,000X.
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Figure 17:
Electron micrographs of skeletal muscle HMM decorating actin

filaments.

a) Skeletal muscle HMM decorating brain actin filaments at 85,000X
magnification showing a 398 k1 K periodicity of attachmant.

b) Skeletal muscle HMM decorating skeletal muscle actin filaments at
85,000X magnification showing a 398 ¥ 31 R periodicity of attachment.

¢) Skeletal muscle HMM decorating smooth muscle actin filaments at
85,000X magnification showing a 376 ¥ 29 A periodicity of attachment.
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Figure 18:

Electron micrographs of smooth muscle HMWM decorating actin filaments.
a) Smooth muscle HMM decorating brain actin filaments at 85,000X
magnification showing a 358 I K periodicity af attachment.
b) Smooth muscle HMM decorating skeletal muscle actin filaments at
85,000X magnification showing a 372 * 29 A periodicity of attachment.
¢) Smooth muscle HMM decorat;ng smooth muscle actin filaments at

85,000X magnification showing a 376 * 29 ! periodicity of attachment.
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Figure 19:

Time course curves for skeletal muscle myosin Ca?*-ATPase at pH 5.5
(82 ) and 9.0 (x-x). The y axis represents micromoles of inorganic
phosphorus liberated from ATP per mg of protein and the x axis stands for.
time in minutes. The plot of Caz*-ATPase of skeletal muscle myosin at pH
5.5 over a period of 20 minutes incubation time has a linear correlation
coefficlent value (r?) of 0.997 and at pPH 9.0 an 2 of 0.998.
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Figure 20:

Time course curves for skeletal muscle myosin K*-EDTA-ATPasé at pH
6.5 (&-® ) and 9,0 (x-x). The K*-EDTA-ATPase of skeletal muscle myosin
at pH 6.5 over a periofi of 20 minutes incubation has an r? of 0.998 and
at pH 9.0 an r of 0.996.
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Figure 21:

Enzyme concentration curve of skeletal muscle myosin Ca2+ and K*-
EDTA-ATPase at pH 7.0. The y axis represents micromoles of inorganiec
phosphorus liberated from ATP per ml of incubation medium, and the x axis
stands for micrograms of protein assayed. For the different concentrations
of skeletal muscle myosin incubated in the presence of ca?* there is an r?
of 0.998 and in the presence of K'-EDTA there ia an r2 of 0.995. Ca®*-

ATPase is represented by 8-1 and K*-EDTA-ATPase by x-X.
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Flgure 22:

Time course curves for brain myosin K*-EDTA-ATPase at pH 6.5 ( 1 )
and 9.0 (x-x). The y axis represents micromoles of inorganic phosphorus
liberated from ATP per mg of protein and the x axis stands for time in
minutes. The plot of k*-EDTA-ATPase of brain myosin at pH 6.5 over a

2 2

period of 60 minutes has an r“ of 0.974 and at pH 9.0 an r° of 0.992.

73



0.0

pmoles P;/mg.
g

23.0
TIME
min.

FIGURE 22

74

En.n



Figure 23:

Enzyme concentration curve of brain myosin K*-EDTA-ATPase at pH 7.0.
The y axis represents micromoles of inorganic phosphorus liberated from
ATP per ml of incubation medium and the x axis stands for micrograms of
protein assayed. For the different coﬁcentrations of brain myosin

2

incubated in the presence of K* and EDTA, there is an r“ of 0.989.
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Figure 24:

Substrate saturation curves for skeletal muscle myosin 032+-ATPase,
at different pH values. The y axis represents the specific activity
measured as F.moles Pi~mg'l-min“1, and the x axis represents the corre-
sponding concentrations of ATP S&Bstrate iﬁ millimoles.

+ pH 6.0, x pH 6.5, X pH 7.0, 8 pH 7.5, opH 8.0, ®DpH 8.5, @ pH 9.0.

Figure 25:

Substrate saturation curves for skeletal muscle myosin K*-EDTA-ATPase
at different pH values.
x pH 6.5, X pH 7.0, @ pH 7.5, ¢ pH 8.0, + pH 8.5, @) pH 9.0.

Figure 26:

2+-ATPase at

Substrate saturation curves for brain myosin Ca
different pH values.

+ pH 6.0, x pH 6.5, X pH 7.0, @pH 7.5, ¢ pH 8.0, ®pH 8.5, @pH 9.0.

Figure 27:

Substrate saturation curves for brain myosin K*-EDTA-ATPase at
different pH values.
x pH 6.5, X pH 7.0, @ pH 7.5, QpH 8.0, + pH 8.5, @) pH 9.0.
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Figure 28: -

Plot of Vmax versus pH for rabbit skeletal muscle myosin K*-EDTA-
ATPase. X axis represents pH range and y axis represents Vmax values
calculated according to the Wilkinson (1961) method, and has the
dimensions of micromoles of inorganic phosphorus liberated from ATP per
mg of protein per minute of incubation. The middle point stands for the

calculated value of Vmax and the points above and below it stand for the

calculated error.
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Figure 29:

Plot of Km versus pH for rabbit skeletal muscle myosin K*-EDTA-ATPase.
The x axis represents pH range and the y axis represents Km values calcu-
lated according to the Wilkinson (1961) method and has the dimensions of

millimoles of ATP.
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Figure 30:
Plot of pKm (-log Km) versus pH for rabbit skeletal muscle myosin
K+-EDTA-ATPase. The x axis represents pH range and the y axis represents

the pKm values, with standard errors.
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Figure 31:
Plot of Vmax versus pH for rabbit skeletal muscle myosin Ca2+-ATPase.
The x axls represents pH range and the y axis represents the calculated

Vmax values with standard errors.
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Figure 32:
Plot of Km yersus pH for rabbit skeletal muscle myosin Ca*-ATPase.
The x axias represents pH range and the y axis represents the calculated

Km values with standard errors.
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Figure 33:
Plot of pKm (-log Km) versus pH for rabbit skeletal muscle myosin
Caz'-’-ATPase. The x axis represents pH range and the y axis represents

the calculated pKm values with standard errors.
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Figure 34:
Plot of Vmax versus pH for bovine brain K'-EDTA-ATPase. The x axis
represents pH range and the y axis represents the calculated Vmax values

with standard errors.
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Figure 35:
. .
Plot of Km versus pH for bovine brain myosin K ~-EDTA-ATPase. The x
axis represents pH and the y axls represents calculated Km values with )

standard errors.
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Figure 36:
Plot of pKm versus pH for bovine brain myosin K+-EDTAqATPasQ. The x
axis represents pH and the y axis represents calculated pKm values with

standard errors.
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Figure 37:
Plot of Vmax versus pH for bovimm brain myosin Ca2+qATPase. The x
axis represents pH and the y axis represents calculated Vmax yalues with

standard errors.
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Figure 38:
Plot of Km veramus pH for bovine brain myosin Caz*éATPAse. The x
axis represents pH and the y axis represents the calculated Km values with

standard errors.
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Figure 39:
Plot of pKm versus pH for bovine brain myosin Ca2+qATPase. The x
axis represents pH and the y axis represents the calculated pKm values

with standard errors.
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Legend for Table 1:

This table shows the specific activity of column eluted brain myosin
expressed in }unqles of inorganic phosphqrus liberated from ATP per milli-
gram of protein per minute at 37°C. The ATPase activities measured were
both the K'-EDTA-ATPase and the Ca°'-ATPage of brain myosin. The 18mg of
protein accumulated in fractions 40-60, after being precipitated twice,
shows an increase in enzyme activity and the recovery of 4-6mg of proteln.
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Table 1:

Specific Aetivity ymoles/mg/min

Fraction Protein EDTA Ca.2+
40-60 18 mg 0.409 0.149
Twice Precipitated 4.6 ' 0.994 ' 0.370
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Legend for Table 2:

This table contains the Km and Vmax values with appropriate standard
erros, calculated by the Wilkinson (1961) method for skeletal muscle
myosin K*-EDTA and CaZ*-ATPase at different pH values. The -log Km is

also included.
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Table 2:

Rabbit skeletal musele myosin K'-EDTA-ATPase

pH Km ~-log Km (pKm) Vmax

6.5 | 0.0435 * 0.0066 1.3615 £ 0.1019 # 0.0034
7.0 0.0730 * 0.0223 1.1367 0.1203 * 0.0096
7.5 0.0815 * 0.0058 1.0088 0.2349 * 0.0046
8.0 0.1534 * 0.01337 0.8142 0.3196 * 0.0088
8.5 0.2228 * 0.0379 0.6521 0.3854 * 0.0228
9.0 0.2738 * 0.0625 0.5626 0.5344 * 0.0556

Rabbit skeletal muscle myosin Ca?’-ATPase

5.5 0.0463 ¥ 0.0045 1.3344 0.0470 * 0.0010
6.0 0.0323 * 0.0078 1.4908 0.0931 % 0.0045
6.5 0.0550 £ 0.0142 1.2596 0.1972 % 0.0124
7.0 0.0740 * 0.0103 1.1308 0.0817 * 0.0029
7.5 0.0287 * 0.0054 1.5421 0.0900 % 0.0031
8.0 0.0367 £ 0.0057 1.4353 0.0981 £ 0.0032
8.5 0.1417 * 0.0220 0.8486 0.1419 * 0.0069
9.0 0.2321 * 0.0288 0.6343 0.4044 £ 0.0175
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Legend for Table 3:

This table contains the Km and Vmax values with appropriate standard
errors, calculated by the Wilkinson (1961) method for brain myosin K* -EDTA
and Ca<*-ATPage at different PH values. The -log Km is also included.
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Table 3:

Bovine brain myosin K*-EDTA-ATPase

pH Km ~log Km (pkm) Vmax
6.5 0.0232 % 0,0046 1.6349 0.0803 % 0.0037
7.0 0.0333 & 0.0043 - 1.4775 0.1221 * 0.0041
7.5 0.0738 % 0.0079 ©1.1317 0.2132 ¥ 0.0064
8.0 0.0550 ¥ 0.0113 1.2614 - 0.1811 ¥ 0.0109
8.5 0.0956 ¥ 0.0115 1.0193 0.2188 ¥ 0.0084
9.0 0.1657 ¥ 0.0458 0.7638 0.4144 % 0.0410
Bovine brain myosin Caz"-ATPase
6.0 0.0097 ¥ 0.0023 2.0155 0.1010 ¥ 0.0039
6.5 0.0104 % 0.0029 1.9829 0.0946 % 0.0045
7.0 0.0078 ¥ 0.0035 2.1090 0.0946 * 0.0061
7.5 0.0086 ¥ 0.0038 2.0670 0.1095 ¥ 0.0073
8.0 0.0190 ¥ 0.0044 1.7220 0.2073 % 0.0061
8.5 0.0272 £ 0.0024 1.7641 0.2195 ¥ 0.0065
9.0 0.0161 ¥ 0.0037 1.7943 0.2555 ¥ 0.0121
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DISCUSSION

A: discussion of the possible physiological role of myosin in terms
of some contractile event, depending upon Caz* as a regulator in skeletal
muscle, smooth musele, neurons and glia, was covered in the Introduction.
Important in terms of assembling a theury for the function of myosin in
striated muscle, was the structure of the molecule and its chemical nature.
The contractile apparatus in muscle relies, in theury, on a structural
enzyme which couples the hydrolysis of ATP with a mechanical action that
produces work., This system in striated muscle 1s of a well defined
composite nature that 1s easlly accessible to microscopic and x-ray
diffraction studies. Coupling the structural and biochemical information
of this system has led to a more or less accepted conceptualization of
how this system works. However, the similar contractile proteins which
are present in smooth muscle and non-muscle cells, do. not form such
well defined structures as in striated muscle. The intactness of the
ultrastructure of smooth muscle, for example, 18 very difficult to
maintain upon chemical fixation, and thus it is difficult to visualize
the structure of the contractile mechanism (Small and Squire, 1972).

However, the structure, and chemistry of myosins isolated from each
of these cell types, although different in some ways, bear considerable
resemblance. Szent-Gyorgyl (1951) has provided an excellent anaiysis of
the basic chemistry of myosin isolated from striated muscle. Striated
muscle myosin is readily soluble in 0.6M KCl but insoluble in 0.1M KC1.
Thus, extraction of tissue with high salt and dilution of the extract

supernatant to low salt concentration results immediately in a partial
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separation of this protein from its tissue source and other proteins.
The property of high salt solubility also belongs to myosins outside of
the striated muscle system, and is utilized in the isolation of myosin
from these other sources. Solubilization of the myosin component from
striated muscle, smooth musecle and brain in 0.6M KC1l and precipitation
by reducing the ionic strength to 0.1-0.03M KC1 was utilized in this
research to purify myosin., However, this was not sufficient to fully
purify the myosin component from brain. As mentioned earller in the
Introduction, the purification of brain myosin requires more elaborate
manipulation of the proteins solublility properties. These properties are
shared by brain and other myosins, and have been utilized in some 150-
lation procedures. Precipitation by (NH4)2804 is utilized in the purifi-
cation of myosin from striated muscle (Richards et.al., 1967) and
platelets (Pollard et.al., 1974) and in this research from brain. Also,
the presence of 0.6M KI which was found to depolymerize striated muscle
actin (Szent-Gyorgi, 1951) was utilized in the purification procedure
for platelet myosin (Pollard et.al., 1974) and is utilized here for
brain. Glsbular actin (42,000 daltons) can be easily separated from
ﬁyosin (500,000 daltons) whereas F-actin of high molecular weight cannot.
The solubllity properties of myosin are consistent with a model of the
striated muscle myosin filament at 0.IM KC1 (Figure 3), where the non-
soluble tail portions assemble into the backbone of a filament which has
its heads projected outside and freely soluble to interact with actin
filaments (Huxley, 1963). Striated muscle myosin characteristically forms
cigar-shaped structures with tapered ends (Figure 12). The rough surfaces

are believed to be the heads of the individual molecules arranged in a
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pattern by the stacking of the rod portion of the molecules within the
core of the filament. The arrangement of the heads is belleved to be
apparent as the 140 A periodicity observed in x-ray diffraction patterns
and in some electron micrographs. The heads are arranged in opposite
directions at either end of the filament due to an anti-parallel stacking
arrangement of the molecules. This is considered to be the reason for a
bare zone in the middle of the filament, i.e., the bgre zone is the

area where the tall ends of myosin molecules lie next to each other and
butt end to end in an opposite fashion (Huxley, 1963). The 0.15-0.2}1
length (Huxley, 1963) of this region compares to the length range of the
myosin molecule determined by shadow casting in the electron microscope,
. which is 0.126-0.178 P (Huxley, 1963). Thus, if these molecules lie
next to each other in anti-parallel arrangement, the closest the heads
on opposite ends could be would be about the length of the molecule.

The brain myosin filament, albeit much smaller than the striated
muscle filament, shows a bare zone of the same length as the bare zone
for the striated muscle filament. Its dumbell appearance is consistent
with bipolar arrangement Qf molecules with a head and tail portion. In
fact, Huxley (1963) occasionally found in his preparation of striated
muscle myosin filaments, small dumbell shaped filaments. The smallest
of these filaments measures 0.25-0.3 p in length with a bare zone of
0.15-0.2‘p in length. The formation of such a small striated muscle
filament is not as consistently observed as the formation of the cigar-
shaped filament, which more closely resemble the electron microscopic
appearance of the filaments within the sarcomere itself. In fact, it
has been noted (Hinssen et.al,,1978), that the small skeletal myosin
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filament has not been observed since Huxley's (1963) report.

The association of other. proteins with the striated myosin filament,
such as M-line protein (Masaki et.al., 1968) and C protein (Offer, 1972)
suggests their possible involvement in the structure of the filament.

It is therefore possible that the assembly of these filaments may depend
on non-myosin proteins as well as the myosin molecule itself.

In smooth muscle, analysis of the tissue by x-ray diffraction shows
a 140 A periodicit& (Small and Squire, 1972). Electron microscopic study
of smooth muscle shows ribbon-like structures with a 140 R periodicity
(Small and Squire, 1972). 140 £ is the periodicity found in the striated
muscle filament and 1s believed to be the arrangement of the projecting
heads of the molecules (Huxley, 1963). Therefore, the 140 A periodicity
along the length of the branching ribbons in smooth muscle was considered
a marker for the spacing of the myosin molecules (Small and Squire,'l972).
The model proposed by Small and Squire (1972) for the native assembly of
myosin in smooth muscle includes a backbone protein that is not myosin,
called the lentofilmaent backbone. This model is bipolar in terms of a
sided-ness to the ribbon, molecules on one side face in the direction
opposite to those of the other side.

Myosin isolated from all sources shows upon SDS polyacrylamide gel
electrophoresis numerous small bands lying below the 200,000 dalton heavy
chain component of the molecule. Although the identity of these bands is
not established, they could represent either fragments of the molecule or
a fllament-associated protein like M-line or C protein which have molecular

weights of 155,000 and 146,000 daltons respectively (Masaki et.al., 1968;
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Offer, 1972). The bands lying beneath the 200,000 dalton component may
also be contaminants associated with the molecule during the purification
due to its solubility properties, and not at all involved in the formation
of filaments. It is interesting that the in vitro formed filaments shown
in this dissertation for smooth muscle myosin form huge branching struc-
tures with a 140 E periodicity. This could very well represent the ribbon
like structures described for smooth muscle by Small and Squire (1972).
There are also reports of short-tapered filaments and short bi-polar
filaments (Sobieszek and Small, 1972; Hinssen et.al., 1978), for in vitro
assembled smooth muscle myosin. These differences could be due to
differences in isolation and concomitant levels of associated filament
proteins., Perhaps the elaborate structures observed in the electron
micrographs in this dissertatlion are due to such an association.

Brief tryptic digestion of myosin forms two parts, one which is
soluble at low ionic'strength, and one which is insoluble at low ionic
strength (Szent-Gyorgi, 1951; Lowey and Cohen, 1962). The portion which
is soluble at low ionic strength possesses the ATPase activity and inter-
acts with actin. This soluble portion is the head or globular region of
the myosin molecule, and is called heavy meromyosin (HMM). The HMM is
represented by the projections outside the myosin filament which are free
to interact with actin and hydrolyze ATP. The HMM portion disintegrates
upon negative stain electron microscopy, but shadow casting reveals short
talled globular structures up to 800 A long (Huxley, 1963). The low ionic
strength insoluble portion, called light meromyosin (IMM), when solubilized
in 0,6M XC1 may be observed by shadow casting in the eleetron microscope.
The length of this rod-like structure is up to 900 A (Huxley, 1963). The
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IMM portion of this tryptic digest when dialyzed to 0.IM KC1l at neutral
pH, 1s visible upon negative stain electron microscopy. Striated muscle
IMM forms long structures with a periodicity of 430 A (Huxley, 1963).

The 1light-staining band which occupies 100 3 of the 430 A period is
believed to represent a denser protein area where possibly the IMM
molecules overlap upon assembly. This type of structure was reproduced
in this research with rabbit striated muscle myosin isolated using the
same procedure used for brain myosin isolation. However, the IMM portion
of brain myosin and smooth muscle myosin did not form these complex
structures. Rather, they formed short structures, somewhat indefinite in
length, and had frayed ends. This appeared much like a dumbell shaped
filament with its globular head region cut off.

Thé HMM portion of all three myosins is shown to interact with actin
filaments isolated from each of these sources. This interaction is in
the form of arrowheads, all possessing similar periodicities along the
length of the different actin filaments. The arrowhead configuration
bears a certain sophistication in that its periodieity follows the
structural repeat of the actin double helix. It is also unidirectional
along the length of any one filament, a molecular arrangement required
for a pull on the actin filament in a given direction by myosin. The
actin filament is a polymer of a 42,000 dalton globular unit. It consists
of two chains of units wound around each other in a double helix. The
pitch of the helix of each chain is about 700 K, and the two helices are
displaced relative to each other by a half a turn. Thus the resultant
structure repeats after 7003/2 = 3503. This 350 3 period is the period
seen by the attached HMM moiety on the decorated fiber (Huxley, 1963).
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The ability of the three myosins to decorate the three different actins
shows that all three of the myosins possess similar binding sites for
actin. The consistency of the periodicity of the HMM decoration of the
actin filaments from the three different sourgces shows that enough of the
structure of the actin is conserved so that they assemble similarly as a
double helix with a 350 K repeat.

The ATP dissociation of the HMM-actin complex is supposedly repre-
sentative of the dissociation in the association-dissociation scheme that
occurs between myosin and actin filaments which occurs during the contrac-
tion and relaxation of musele. This is coubled to the hydrolysis of ATP.
In view of this 1t is interesting to note that although the purified brain
mvosin,M22+eATPase is not activatable by actin, the brain HMM associatea
with actin and dissoclates in the presence of ATP.

Kinetic studies on striated muscle myosin ATPase have been under-
taken by several investigators in hopes of better understanding the
molecular dynamics of myosins hydrolysis of ATP and interaction with actin.
An excellent review on the mechanism of actomyosin ATPase was published
by Taylor (1979). Although the exact biochemical mechanism of the acto-
myosin ATPase activity is not known, an attempt was made by Taylor (1979)
to relate a structural model of the actin-myosin interaction to a probable
biochemical mechanism,

Most of the kinetic studies were performed on the SF-1 portion of
the myosin molecule, which is single headed and freely soluble at low
ionic strength. Evidence indicated that ATP dissociates the actomyosin
complex by binding at the myosin head, and that the hydrolysis step occurs

‘on free SF-1. Actin then recombines with the myosin product complex.
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Taylor fits this biochemical scheme to the structural model of the cross-
bridge cycle of Huxley. The structural model is shown in Figure 40. It
can be seen that the head of the myosin molecule which may be a myosin
product intermediate, assoclated with the actin filament, undergoes a
conformational change whereupon it dissociates from the actin filament.
This dissociated stage may be a myosin.substrate intermediate. The acto-
myosin complex therefore dissociates in the presence of ATP, and hydrolysis
. occurs on the myosin alone.

Apparently, in the presence of Mg2+qATP, brain myosin, although it
can associate and dissociate from actin, cannot repeat the cycle and
produce any turnover of ATP. Perhaps, the brain myosin heads, already
present as a myosin product complex were able to associate with actin,
undergo configurationai change and possibly release inorganic phosphate.
Although able to bind ATP and thus dissoclate from the actin, the brain
myosin was either unable to hydrolyze this freshly bound ATP in the
presence of M32+, or perhaps, was unable to liberate the end products of
hydrolysis and not be able to repeat the cycle of assocliation-dissociation.

In view of the recent observations that myosin from smooth muscle
(Chacko and Conti, 1977; Sobieszek, 1977), platelets (Adelstein and Conti,
1975), and macrophages (Trotter and Adelstein, 1979), require phosphoryla-
tion of a light chain component in order to demonstrate actin activation
of the myosin.M32+-ATPase, it seems ﬁoesible that myosin from braln could
also require such phosphorylation. Perhaps the phosphorylation effectively
permits the hydrolysis and/or product release of ATP on the myosin head
in the presence of M32+ and actin, Further evidence in favor of the

phosphorylation of myosin from brain is a report of a phosphorylated
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light chain component of myosin from murine astrocytes (Scordilis et.al.,
1977). Also, a kinase has been isolated from bovine brain which
phosphorylated platelet myosin and thereby rendered it activatable by
actin (Dabrowska and Hartshore, 1978).

Further attempts to better understand the nature of the brain myosin
molecule as compared to skeletal muscle myosin were done by studying
the ATPase activity of enzymes in the presence of Ca2+ or x* and EDTA.
Mommaerts and Green (1953) studied the effect of pH on skeletal muscle

2+-ATPase had an optimum of

myosin from rabbit. They found that the fia
activity at pH 6.3-6.5, a minimum at pH 7.0, and a steady increase of
activity above pH 7.0. They noticed that the Ca?*-ATPase optimum at pH
6.3-6.5 was very labile and within two days after preparation of the
engyme, decreased four fold and was barely apparent on a graph of
specific activity versus pH.

Barany et.al., (1964) studied the effect ‘of pH on both the ATPase
activity of rabbit skeletal muscle and cardiac muscle myosins. He also
observed for the Ca2+-ATPase of rabbit skeletal muscle myosin a pH'
optimum at 6.0-6.5, with a sharp increase in activity above pH 7.0 with

2+1ATPase of cardiac myosin on the other

increasing pH to pH 9.5. The Ca
hand showed a slight optimum at pH 6.0-6.5 and either decreased in
activity with increasing pH or remained the same. Barany observed that
the K*-EDTA-ATPase activity of skeletal muscle myosin was lowest at pH
6.0 and increased with increasing pH to pH 9.5. The K*-EDTA-ATPase
activity of the cardlac myosin was also lowest at 6.0 and increased with
increasing‘pH until pH 8.0 was reached whereupon the activity decreased

from pH 8.0 to 9.5.
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Wikpann-Coffelt et.al., (1975) compared the effect of pH on the Ca®*

and K*-EDTA-ATPase activity of canine cardiac myosin to canine skeletal
muscle myosin in the presence of a fixed amount of substrate. She also
studied the effect of sﬁbstrate concentration on the specific aetivity of
canine cardiac myosin at different pH values and calculated Km and Vmax
values from that data using the Lineweaver-Burke equation. It was observed
with canine skeletal muscle and cardiac muscle myosin that the K*-EDTA-
ATPase activity increased with pH from pH 6.5 to 7.5 and decreased with
increasing pH from 7.5 to 8.5. The specific activity of the Ca2+eATPase
of both of these myosins was measured from pH 5.0-7.5 with an apparent
optimﬁm at pH 5.5. In these latter studies, the substrate saturation
curves for the canine cardiac myosin were done over an ATP range of
0.125mM-5,.0mM ATP. It is apparent by looking at the velocity versus
substrate concentration graphs that above 1mM ATP, the v, values began
to drop. This researcher showed a parﬁllel between the calculated Km
and Vmax values, i.e., if the Vmax values decreased, the Km value
decreased, and if the Vmax value increased, the Km value increased. This
is similar to what is observed in this dissertation research. In this
dissertation, the effect of substrate concentration on the.enzxme :
activity at different pH values was studied. This was not done by
Mommaerts and Green (1953), Barany (1964) or Wikman-Coffelt et.al., (1975)
for skeletal muscle myosin. Rather, they studied the effect’ of pH on
velocity at a fixed amount of substrate.

The disadvantage of determining the effect of pH on vp at a fixed
substnate concentration is that the amount of the effective ionic form of

the substrate present may vary from pH to pH and thus introduce a
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possible effect on the calculated Yo values due to altered'amouny qf the
ionic form of biologically active substrate. The advantagestofs£h;ying
the effect of substrate conceﬁtrg}ion on thé enzymelactivity resides in
the calculation of a Vmax valdé ﬁhich represent maximal velocity extra-
polated to saturating substrate concentrations, thus annihilating the
PH effect on affinity for substrate (Dixon and Webb,.1958).

Another advantage to studying the effect of substrate concentration
on enzyme activity at different pH values lies in the determination of
the Michaelis constant Km. There exists a relationship between Km and pH,
derived from the Michaelis pH functions from which the pK values of the
dissociating groups may be calenlated (Dixon and Webb, 1958). The
relationship is:

pkm = pkm - pf o~ + pf,~ + pf,
where p stands for the negative l°g10’ Km represents the amount of
substrate providing one-half Vmax, ¥Xm is the Km value wheh both enzyme
and substrate are in the ionic forms that are enzymatically active, and
the f values are the Michaelis pH functions for the enzyme-substrate
complex(es), enzyme (e) and substrate (s). The Michaelis pH functions
apply to a substance which undergoes two successive ionizations with
ionization eonstants K1 and K2 (a symmetric dibasic acid) where for

m, o - L o

there are three pH functions:

f=]_+_19-_ + K1K2
H H

f== 1 + H ,K
K1 H

= . B W

f=1*% * iz



such that the amount of any ionic form of a substance is obtained by
‘dividing the total amount of the substance by the appropriate pH function.
For example:

Agota1® AHp + AH™ + A7

Ato-t,al" Anz(f)
Apotal™ AHT(£-)

Atotar= A (£7)

The Km is therefore dependent on the ionization of the enzyme, enzyme-
substrate complex and substrate (Dixon and Webb, 1958).

A statistical method was used for estimating the Km and Vmax values
of the Michaelis-Menten equation and their stan&ard errors (Wilkinson,
1961). This computational method has the advantage of determining the
Km and Vamx values from the linear form of the Michaelis-Menten equation:

=km+1.s
v Vv

<ln

rather than the usual Lineweaver-Burke double reciprocal plot, also linear:

l1=1+fm.1
v ¥V Vv =

which exhiblits much greater variation in accuracy over the ranges of
substrate concentraion suitable for determination of the Michaelis
constants.

As seen in the Results sectlion, the Vmax vales of both bovine brain
myosin and rabbit skeletal muscle myosin K*-EDTA-ATPase increase with pH
from pH 6.5-9.0 (Figures 34 and 28)., Above pH 9.0, the activity of both
myosins is lost. This loss of activity is probably due to a pH effect on

the stabllity of the enzyme. It has been reported that the light chains
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of skeletal muscle myosin, which are essential to the activity of the
enzyme, are liberated from the molecule at pH 11.0 (Driezen and Gershman,
1972).

Rabbit skeletal muscle myosin is known to have three kinds of light
chains, light chain 1 (LC1l) which is 25,000 daltons on polyacrylamide gels,
1ight chain two (LC2) at 18,000 daltons, and light chain three (LC3) which
is 17,000 daltons (Weeds and Lowey, 1971). The light chains of skeletal
muscle myosin are essential for the enzymatic activity of the molecule.
Dissociation of the light chains from the myosin molecule by treatment
with 4M LiCl destroys the ATPase activity as well as the ability to
combine with actin (Stracher, 1969). Reconstitution of the dissociated
myosin molecule leads to restoration of 30% of the control ATPase
activity as well as restoration of the ability to combine with actin.
Stracher (1969) has found that the loss of ATPase activity occuring
within 15-20 minutes exposure to pH 11.0 is irreversible.

Driezen and Gershman (1970) were able to restore 70% of the ATPase

“activity of 4M LiCl-dissociated myosin upon reconstitution. This loss of
ATPage activity and actin binding ability 1s believed to be due to the
removal of LCl and LC3 because papain derived proteolytic subfragment Sl
which is practically devoid of the LCR2 is fully enzymatically active and
can still bind actin. Papain-derived Sl is practically devoid of LC2
because of the susceptibility of this light chain to proteolytic damage,
whereas LCl and LC3 require rather drastic treatment with high pH or 4M
LiCl in order to dissociate (Weeds and Lowey, 1971). Although a function
for LC2 has not been elucidated, 1t appears that the presence of LCl and
I1C3 are essential for enzymatic activity as well as actin binding.

It is conceivable that isolated brain myosin is not activated by

actin because of the loss of an essential light chain during the rigorous
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isolation process, or as mentioned before, may require phosphorylation

of one of the light chain components. Bray and Thomas (1975) report for
chick brain myosin,'light chain components of 23,000, 20,006 and 17,000
daltons, whereas Kuczmarskl and Rosenbaum (1978) report for chick brain
myosiny 1light chain components of 16,000 and 21,000 daltons and occasionally
an 18,000 dalton domponent. The differences for molecular weight
determinations of brain myosin light chains may reside in the fact that
SDS-PAGE was used to determine molecular weights (Bray and Thomas, 1975;
Kuezmarski and Rosenbaum, 1978) rather than amino acid composition and/or
ultracentrifugation.

For both brain and skeletal muscle myosin there is a loss of K*-EDTA-
ATPase activity below pH 6.5 (Figures 34 and 28). However, the Ca2*-ATPase
activity extends below pH 6.5. For brain (Figure 37), this activity extends
.30 pH 6.0 and for skeletal muscle (Figure 31) the activity extends down to
pH 5.5.- The brain myosin Ca2+qATPase at pH 6.0 is of about the same level
of activity as it is at pH 7.0, whereas the K*-EDTA-ATPase activity at pH
6.5 is lower than that at pH 7.0. The skeletal muscle'myosin appears to
have a slight optimum of activity at pH 6.5. Although there is no apparent
optimum for brain myosin Caz*-ATPase below pH 7.0, it must be understood
that this is known to be a labile property in skeletal muscle myosin
(Mommaerts and Green, 1953). It should be noted that in the presence of
Ca2+, both brain and skeletal myosins are active below pH 6.5 whereas. «
without the Ca®’ they are not. Both the Ca?* and K*-EDTA-ATPase of both
brain and skeletal muscle myosins increased with pH.

The Km values of both proteins show a similar trend in that they tend

to increase with increasing pH. The pKm versus pH plots for these enzymes
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show a possible ionization for skeletal muscle K*-EDTA-ATPase (Figure 30),
and brain myosin K*-EDTA-ATPase (Figure 36), and Ca®*-ATPase (Figure 39),
between the pH values of 7.5-8.0. This suggests a similarity between the
aetive sites of both of these myosins. However, the pKm veraus pH plot
for skeletal muscle nwosin Ca2"'-ATPase (Figure 33) points in the direction
of multiple ionizations at or near the pH values 6.0, 7.0, 7.5, 8.0 and
8.5.
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Figure 40:

Schematic diagram of the cross-bridge cycle between actin filaments
and myosin heads, from Taylor (1979). The triangles mark the binding
sites. ‘

1) Myosin head which is detached from actin (may be a myosin-product

intermediate).

2) Myosin head at\ta.ched to the actin filament.

3) Myosin head hawing undergone a conformational change after

binding to the actin filament.

4) Myosin head detached from the actin filmment {may be a myosin-
substrate intermediate).
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SUMMARY

The isolation of myosin from bovine brain was discussed. Notice
was taken that the isolation procedure takes advantage of the solubility
properties of the myosin molecule which are similar for skeletal muscle,
smooth muscle and brain myosin.

The electrophoretic patterns of each of these proteins show a heavy
chain with an apparent molecular weight of about 200,000 daltons and 1light
chains. The light chain components are different for each of these myosins
as determined by SDS polyacrylamide gel electrophoresis. Since the light
chains of skeletal muscle myosin have been shown to be essential for the
enzymatic activity of the molecule as well as actin binding (Driezen and
Gershman, 1970; Stracher, 1969), it is possible that variation of this
component ofA the molecule between specles and tissue types may very well
reflect differences in the type of contractile mechanisms involved.

The structural nature of myosin from bovine brain, rabbit skeletal
muscle and chicken smooth muscle were compared electron microscoplcally
both before and after brief treatment with trypsin. The three myssins
all possess the ability to form thick filaments in vitro. This is
important because the thick filament in skeletal muscle is believed to
participate mechanically in the contraction of muscle through the
hydrolysis of ATP and interaction with actin.

Brief treatment with trypsin cleaves all three myosins into a light
meromyosin portion which 1s insoluble at low ionic strength and a heavy
meromyosin which is soluble at low ionic strength. The light meromyosin
portion is believed to form the backbone of the myosin filament and thus
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participate in its assembly. The structure of all three myosins appears
t0 be similar enough sﬁch that all three myosins possess an IMM portion
and form filaments at low lonic strength. Differences in the size and
shape of the filaments formed by each of the myosins may very well reflect
differences in the amino acid composition of the light meromyosin portions
which are believed to form the backbone of the filament structure. In
fact, the IMM of skeletal muscle myosin, upon examination by electron
microscopy, reveals an assembly quite different from that of smooth muscle
and brain IMM's.

All three myosins were shown to have an HM portion which interacts
with actins from brain, skeletal muscle or smooth muscle. This suggests
that the structure of this portion of the molecule is sufficiently
conserved to enable it to bind actin from the different sources. These
results also indicate that the actin structure is consefved sufficiently
to bind to myosin from the different sources. The feriodicity of attach-
ment of HWM to actin, is believed to follow the period of the helical
arrangement of the actin filament. The consistency of the periodicity of
attachment of HMM from all three sources to the actins from all three
different tissues suggests that enough of the actin structure is conserved
to form filaments with a period of about 3503.

The assoclation of brain myosin with actin is reversible upon
addition of ATP which is consistent with a molecular mechanism proposed
by Taylor (1979) for the actin and myosin interaction in skeletal muscle.
Although the actin and brain myosin do interact, as shown by EM studies
there is no stimulation of Mgz*-ATPase activity by actin from brain or

skeletal muscle. In view of the recent reports of a Ca2+-dependen$
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phosphorylation of a light chain as essential to this activity for

smooth muscle (Sobieszeck, 1977), platelet (Adelstein and Conti, 1975)

and macrophage myosin (Trotter and Adelstein, 1979), it is conceivable

that phosphorylation could play a role in the Mg2*-ATPase activity of
brain n&oein. Recent reports as to the presence of a kinase and phosphory-
lation of a light chain of murine astrocyte myosin (Scordilis et.al.,
1977), and the isolation of a Ca2+‘-dependent kinase from bovine brain
which phosphorylates the light chain of platelet myosin (Dabrowska and
Hartshorne, 1978) also supports this notion. It is also consistent with

a physiologic Ca®*-requiring contractile event.

Kinetic data which points in the direction of an lonization within
the pH range of 7.5-8.0 for both skeletal muscle and brain myosins suggests
that there is a similarity in the ac‘;ive sites of both of these proteins.
Enzymatic differences between skeletal myosin and brain myosin do exist.

As well as the lack of activation of brain myosin Mg2+-ATPase by actin,
pKm versus pH plots show a possible ionization occuring between pH 7.5 and
8.0 for brain myosin Ca2+-ATPa3e in contrast to what may be multiple
ionizations for skeletal muscle CaZ+—ATPase.
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