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On the Stability of Myosin Filaments”

Robert Josephst and William F. Harrington

ABSTRACT: Previous work has established that myosin
molecules are in rapid equilibrium with a single, high
molecular weight polymeric species (mol wt 50-60 X
10%) in the pH range 8-8.5 (KCl concentration 0.13—
0.20 Mm). In the present study the equilibrium constant of
this myosin—polymer system has been evaluated from
sedimentation velocity experiments as a function of
ionic strength, pH, temperature, and hydrostatic pres-
sure. Results indicate that the transformation of myo-
sin monomer into polymer is accompanied by the re-
lease of 11 moles of KCl/monomer unit while approxi-
mately 0.68 mole (per monomer) of hydrogen ion is ab-

V- Vhen the ionic strength of 0.5 M KCl solutions of
myosin is lowered by dialysis or dilution, the monomeric
units associate to form long, fillamentous macrostruc-
tures (Jakus and Hall, 1947; Noda and Ebashi, 1960;
Zobel and Carlson, 1963; Huxley, 1963; Kaminer and
Bell, 1966a,b; Josephs and Harrington, 1966). Huxley’s
(1963) electron microscope investigations of the fila-
ments formed at an ionic strength of 0.15 M near neu-
tral pH reveal that, although this system is heterodis-
perse in length, individual particles have diameters of
100-150 A, irregular surface projections, and a bare
central region (of the order of 1500-2000 A) strongly
reminiscent of the morphological features of thick fila-
ments observed in muscle fibers. Particles of similar to-
pology but with a relatively sharp size distribution (Ka-
miner and Bell, 1966a,b; Josephs and Harrington, 1966)
are generated in the pH range 8-8.5 (KCl = 0.10-0.20
M) and velocity sedimentation studies demonstrate that
these synthetically prepared myosin filaments are in
rapid, reversible equilibrium with monomeric myosin
molecules in solution. Only two sedimenting boundaries
are observed in the ultracentrifuge under these condi-
tions: a hypersharp polymer peak with sgovw = 150 S
and a slower sedimenting monomer peak with sgo,w =
6.5 S. Results from electron microscope and hydrody-
namic studies indicate that approximately 75-95 mon-
omer units are associated to form the polymer.

We have already provided qualitative evidence that
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sorbed. The equilibrium constant is independent of tem-
perature (over the range 1-16°), but is markedly affected
by hydrostatic pressure. The dependence of the equilib-
rium constant on the hydrostatic pressure generated in
high-speed sedimentation experiments has been eval-
uated and from these studies a positive volume change
of 380 cc/mole of monomer was estimated for the as-
sociation process. These results, when taken in conjunc-
tion, suggest that a maximum of 25 ionic bonds (per
myosin molecule) is formed when the monomeric units
associate to form the ordered macrostructure of the
polymer.

the myosin—polymer equilibrium is altered by variations
in the ionic strength and pH and shows a striking de-
pendence upon the hydrostatic pressure produced in
high-speed centrifugation (Josephs and Harrington,
1966, 1967). In the work to be presented below the effect
of these parameters on the monomer—polymer equilib-
rium constant is more fully documented, and it is shown
that the results give considerable insight into the forces
responsible for the stability of the myosin filament.

It seems likely from these studies and the recent re-
ports of Kegeles ef al. (1967) and TenEyck and Kauz-
mann (1967) that investigations on the effect of pres-
sure on interacting systems can provide important addi-
tional information on the fundamental mechanisms
underlying association processes.

Materials and Methods

Reagents. Glass-distilled water was used in all ex-
periments. Mineral oil (Gilpin Co., no. 641391) was USP
grade; all other reagents were analytical grade.

Preparation of Myosin Polymers. Rabbit myosin in
0.5 M KCl was prepared and polymerized by dialysis as
previously described (Josephs and Harrington, 1966)
and stored at 5° until use. All experiments reported here
were carried out within 7 days after sacrificing the ani-
mal.

Mineral Oil Experiments. In certain ultracentrifuge
experiments mineral oil was layered over protein solu-
tions in order to increase the hydrostatic pressure at
the solution—oil interface. The mineral oil was always
equilibrated with dialysate of the protein solution prior
to its introduction into the centrifuge cell. Schlieren
patterns taken at high speed revealed the presence of
very small positive concentration gradients in the oil
layer indicating that a small amount of water dissolved
in the oil. Negative concentration gradients on the solu-



voL. 7, No. 8, AuGgUsT 1968

tion side of the interface, indicative of oil dissolved in
the solution phase, were never observed.

The density of the mineral oil was 0.85 g/100 ml. The
oil underwent less than 5% reduction in volume upon
acceleration from 24,000 to 60,000 rpm.

Protein Concentration. Protein concentrations were
determined spectrophotometrically prior to ultracen-
trifugation, as previously reported. At rotor velocities
below 45,000 rpm, concentration profiles in the cen-
trifuge cell were always determined utilizing the Ray-
leigh interference optical system and assuming that a
shift of 40 fringes is equivalent to a concentration change
of 1.0 g/100 ml in a 12-mm centerpiece. At higher rotor
velocities concentrations were estimated from schlieren
peak areas.

Ultracentrifugation. With the exception of experi-
ments described to study the temperature dependence
of the polymerization reaction, all ultracentrifugation
studies were carried out at rotor temperatures near 5°.
The experimental conditions have been previously de-
scribed (Josephs and Harrington, 1966). Capillary-type
synthetic boundary cells were used to facilitate deter-
mination of the concentration change across the mono-
mer boundary for experiments performed at low rotor
velocities (less than 13,000 rpm). This was of special im-
portance in the studies of the pH, KCl, and temperature
dependence of the equilibrium constant. Either 12- or
30-mm synthetic boundary cells were used, depending
upon experimental conditions.

Absolute concentration gradients were calculated
from schlieren patterns in conjunction with Rayleigh
interference patterns. Since schlieren patterns record
the relative concentration gradient, it is necessary to
determine the proportionality factor relating the rel-
ative gradient to the absolute gradient. This factor is
readily obtained by numerical differentiation of an in-
terference pattern in a region of the cell where the gra-
dient is not changing rapidly. The absolute gradient thus
obtained is compared with the schlieren pattern at the
same radial distance,

Measurements of distances on ultracentrifuge photo-
graphic plates were made with the aid of a Nikon
Model 6 shadowgraph microcomparator.

Results

Equations describing the concentration profiles to be
expected in a rapidly equilibrating, pressure-indepen-
dent polymerizing system undergoing mass transport
have been derived by Gilbert (1955, 1959). For a polym-
erization reaction

M =P n
the equilibrium constant, X, may be expressed as

-
(cw)”

)

where ¢, is the concentration of polymer, ¢y is the con-
centration of monomer, and n is the number of monomer

units undergoing association to form the polymer. If
concentrations are expressed in weight units (g/100 ml),
then the appropriate equations are
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The parameter, 3, is the velocity of a point, x, referred
to a frame of reference in which the monomer has zero
velocity and the polymer unit velocity. If the velocity
of the monomer and polymer relative to an external
frame of reference are known, then § is given by

5 Sx = Sm )

Sp — Sm

where s, is the velocity of point x, s, and s, are the ve-
locities of the monomer and polymer, respectively, all
referred to the same external frame of reference.

In applying eq 1-5 to a polymerizing system under-
going transport in the ultracentrifuge the velocities of the
monomer and polymer are expressed as their respec-
tive sedimentation coefficients, and effects arising from
diffusion, radial field, and concentration dependence
of sedimentation are neglected. The errors implicit in
this procedure have been discussed in detail by Gilbert
(1955, 1959, 1963), Nichol et al. (1964),and Fujita (1962).

Concentration profiles for monomer—polymer equi-
libria are readily obtained by inserting values of K and
n into eq 3 and 4, allowing é to vary from 0 to a value
approaching unity. The total concentration at any point,
¢y, 1S cm + ¢, and for each value of § there is a corre-
sponding value of ¢,. Thus the maximum value of ¢, de-
fines the maximum value of 5.

In the present study values of ¢w, ¢, and ¢, have been
expressed in weight units of grams per deciliter. Unless
otherwise noted, these are always the concentration
units used to calculate the equilibrium constant, K.

Figure 1 presents a plot of ¢m, ¢, and ¢, vs. 8, calcu-
lated from eq 3 and 4 with n = 83 and K = 10% assum-
ing a molecular weight of the myosin monomer of
600,000 (Woods et al., 1963) and that of the polymer of
50 X 10¢, These parameters are appropriate for the my-
osin monomer—polymer equilibrium at pH 8.3, 0.19 M
KCl (Josephs and Harrington, 1967; see below). Two
boundaries are apparent; a slow boundary at § = 0,
and a fast boundary the location of which depends upon
Cinaxe 1he main features of interest are the extremely
small variation of ¢, with §, the very low polymer con-
centration for & less than 0.90, and the position of the
fast boundary, which is always located near § = 1. These
unusual features, all of which contrast sharply with
equilibrium systems studied heretofore, stem from the
large value of » (see also Gilbert, 1959, p 385). If eq 3 is
divided by eq 4 we obtain

cm n(l—290)

cp 6

®
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FIGURE 1: Concentration profile for the myosin monomer—
polymer equilibrium (at pH 8.3, 0,19 M KCl) calculated from
eq3and4.n = 83 and K = 10%, ¢, (---), Cm (- —— ), and
¢t (—).

which can be rearranged to give

n

é = @)
Co

Cp

If cu/c, << n, then § — 1. This is the situation most
commonly encountered for the myosin-polymer sys-
tem since, in order to have a readily measurable poly-
mer concentration, c¢.,/c, will be 5 or less, depending upon
experimental conditions. Using the example in Figure
1, where cafc, = 5, then ¢, = 0.06 g/100 ml and ¢; =
0.36 g/100 ml. The corresponding value of § is 0.95.
Higher protein concentrations will yield even lower
ratios of cu/c, and & values more closely approaching
unity. Since the fast boundary is located at § — 1, its
observed sedimentation coefficient will closely approxi-
mate sp.

The small variation of ¢,, with § and ¢, is also related
to the high value of n. If ¢, is calculated for two differ-
ent values of §, we obtain

Cay _ 6(1 — &) n_l].
Cay (52(1 - 51)) ®

Taking §; = 0.15 and é; = 0.95, which corresponds to
points adjacent to the slow and fast boundaries, respec-
tively, Cm,/Cm, = 0.95. Thus the monomer concentra-
tion increases by only 5% in the region between the two
boundaries, whereas the polymer concentration increases
by about 110-fold. These arguments show that the un-
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FIGURE 2: Plot of log K vs. —log axci. Different symbols
represent different polymer preparations; the molarity of
potassium chlroide is indicated below each experimental
point. The pH of all protein solutions was maintained at
8.3 with 2 X 10~% M Veronal buffer. Rotor velocities were
between 9000 and 11,000 rpm.

usual features of this system result from large n, and are
independent of K.

The transformation of the ¢ vs. 6 plot into a radial
concentration profile in a centrifuge cell requires a
knowledge of su, s,, and c.,, in addition to » and K.
The positions of the slow and fast boundary may be ar-
bitrarily chosen to give convenient resolution. Each ra-
dial position, x, between the two boundaries corre-
sponds to a value of s; and a value of § which are related
by eq 5. The concentration of monomer and polymer
may then be obtained fromeq 3 and 4.

Figure 1 demonstrates that the concentration change
across the slow boundary very closely approximates the
monomer concentration, c¢n, while the concentra-
tion change across the fast boundary closely approxi-
mates the polymer concentration, ¢,, and reveals that
the concentration change between the boundaries is ex-
ceedingly small. Thus, the slow boundary may be iden-
tified as monomer and the fast boundary as polymer.
From a knowledge of the concentration changes across
the two boundaries, the equilibrium constant may be
calculated from eq 2. Thus, paradoxically, this equi-
librium system appears to behave as a mixture of two
independent components. !

When Gilbert’s equations are obeyed (eq 3-5) a pla-
teau region exists on the fast side of the polymer
boundary; the equilibrium constant may then be calcu-
lated directly from the observed concentration profile by

' Tt @2n: = 2" - 2)

K =
n? — n)*

®

1 The behavior of this equilibrium system differs from that of a
mixture in that when two boundaries are observed the area under
the slow boundary does not increase with increasing total protein
concentration (see Josephs and Harrington (1966), Figure 13),
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FIGURE 3: Plot of log K vs. pH at constant potassium chloride concentration. All protein solutions were buffered with 2 X 1072
M Veronal at the desired pH. Rotor velocities were between 9000 and 11,000 rpm. (a) 0.15 M KCl and (b) 0.18 M KCI.

where ¢, is the value of ¢, at 6 = (n — 2)/3(n — 1). For
the myosin polymer system, » = 83, and the corre-
sponding value of & is 0.33. Because the polymer
boundary is located very close to 6 = 1, ¢, may be
equated to the protein concentration at a point one-third
of the distance between the monomer and polymer
boundaries (6§ = 0.33). Precise positioning is not crucial,
however, since only small (less than 0.02 g/100 ml) con-
centration changes occur in the region between the
boundaries.

Experimentally, the most critical parameter required
for determining K is an accurate measure of the con-
centration change across the slow boundary, since this
is equated to ¢, and raised to the power n (eq 2). In the
present and previous studies, K has ranged from 1030
to 1012, Because of the large value of » in the myosin—
polymer system, it is desirable to use log X rather than
K for the purpose of tabulation and comparison since
the experimental error in determining ¢, leads to a com-
parable error in log K i.e., for log K = 50, an error of
5% in ¢, and ¢, leads to an error of about 8% in log K
but an error of 104 in X.

The Effect of Hydrogen Ion and Potassium Chloride
Concentration on the Equilibrium Constant. Qualitative
evidence that both the salt concentration and the pH
have a decided influence upon the equilibrium constant
for the polymerization of myosin has been presented in
an earlier report (Josephs and Harrington, 1966). In
order to ascertain whether the polymerization involves
stoichiometric reaction of the protein component with
potassium chloride and hydrogen ion the previous qual-
itative studies have been extended here to provide quan-
titative data (Figures 2 and 3).

Since the equilibrium constant is also dependent upon
pressure (Josephs and Harrington, 1967) it is mandatory
to carry out the quantitative studies of the salt and pH
dependence at low rotor velocities.? At rotor velocities
of 11,000 rpm or less, the effects of pressure on the mass
distribution are inconsequential, thereby allowing the
utilization of eq 9 for calculating the equilibrium con-
stant.3

2 Methods to assay the influence of pressure on a polymeriza-
tion reaction have been discussed (Josephs and Harrington,
1967).

3 Tn practice eq 9 and 2 give essentially identical results.

The dependence of the equilibrium constant on the
concentration of H* and KCl is presented in Figures
2 and 3. In Figure 2 the logarithm of the equilibrium
constant is plotted against the negative logarithm of the
activity of the potassium chloride concentration. The
experimental results summarized in Figure 3a were ob-
tained from myosin solutions containing 0.15 M KCI
plus 2 X 10~3M Veronal, while those summarized in Fig-
ure 3b were obtained from myosin solutions in 0.18 M
KCl plus 2 X 10—%M Veronal.

If, by taking into account the salt and pH dependence,
the polymerization reaction is expressed as

dH* + nM T P 4 bKCI (10)

where d is the number of moles of hydrogen ion and b, the
number of moles of KCI participating in the polymer-
ization reaction per mole of polymer, then an equilib-
rium constant, K’, may be defined as

(ach)b
(an +)d

’ (P)(GKCl)b -
(cn)'(ar )"

1mn

where K is given by eq 2; axci and ag+ are thermody-
namic activities of KCl and H+, respectively. The con-
stant X’ differs from K in that it is independent of pH
and KCl concentration.* As the equation is written, the
protein species include the bound ions which are re-
leased upon polymerization. From eq 11, the slope of a
plot of log K vs. log akc ((8 log K/8 1og axci)r.p,.u) yields
the number of KCl molecules released upon formation of
1 mole of polymer from 83 moles of monomer. The
slope of the linear plot depicted in Figure 2 corresponds
to the liberation of 11 + 1 moles of KCl for each mole
of polymerized monomer. Similarly, —(5 log K/
6 pH)r.p.xc: is equal to the number of hydrogen ions
taken up upon polymerization of 1 mole of polymer. In
Figure 3 both series of experiments yield identical slopes

4Equation 11 fixes the standard state of KCl and hydrogen
ion at unit activity, whereas eq 2 does not. The choice of stan-
dard state is, of course, arbitrary, and convenience in treatment
of experimental data often dictates which standard state is pre-
ferable. In the present case the use of eq 11 allows determination
of the coefficients b and 4.
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TaBLE 1: The Effect of Temperature on the Equilibrium
Constant for the Polymerization of Myosin.=

KCI Concn (M) Temp (°C) Log K
0.168 1.1 96.8

5.9 95.1

10.7 97.4

16.5 95.5

0.196 2.1 40.9
10.4 38.8

16.2 39.3

s Equilibrium constants were calculated from eq 9
as described in the text. All protein solutions were
buffered with 2 X 102 M Veronal (pH 8.3). Polymer
solutions in 0.168 M KCl were examined in 30-mm
double-sector synthetic boundary cells (total protein
concentration = 0.13 g/100 ml). Polymer solutions
in 0.196 M KCl were examined in 12-mm double-sector
synthetic boundary cells (total protein concentration
0.7 g/100 ml).

from which we estimate an average of 0.68 4 0.05 mole
of Ht is absorbed for each mole of monomer incorpo-
rated into the polymer. If protein concentrations are ex-
pressed as moles per liter, then the standard free-energy
change per mole of polymer may be calculated from eq
11 and AF = —RT In K’. (The conversion of K from
weight units into molar units may be obtained from log
K (molar) = log K (g/dl) + 390). The value of AF (at
5°) thus obtained is —1.8 X 105 cal/mole, referred to a
standard state of unit activity for each reaction com-
ponent in eq 11, and 55.6 M for water.

It is pertinent to note that the above calculations, as
well as those in the succeeding sections, assume »n con-
stant and equal to 83 under all experimental conditions.
The value of n was determined from previous studies of
the molecular weight of the polymer (Josephs and Har-
rington, 1966) and monomer (Woods ef al., 1963; Kie-
lley and Harrington, 1960). Errors in either determina-
tion will change the value of n and require (proportion-
ate) revision in the calculated number of ions released
or absorbed upon polymerization.

The desirability of actually determining the molecular
weight of the polymer under differing conditions need
hardly be mentioned. However, the attendant difficul-
ties both in the application of theory and from an ex-
perimental point of view preclude rigorous determi-
nation of the polymer molecular weight in the presence
of significant amounts of monomer.

Temperature Dependence of the Equilibrium Constant.
The temperature dependence of the myosin—polymer
equilibrium constant was examined at 11,000 rpm in
capillary-type synthetic boundary cells, and equilibrium
constants were calculated from eq 9 as described above.
Polymer solutions, prepared by dialysis against a com-
mon buffered solvent, were introduced into the cen-
trifuge cells at 5°. These were placed in a rotor at the
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desired temperature and incubated for 0.5 hr prior to
ultracentrifugation.

Aliquots of polymer solution were centrifuged at
several temperatures between 1 and 16°. Since the pH
of the buffer solution (2 X 10~3 M Veronal) is temper-
ature dependent, the reported values of log K were re-
duced to a common pH (8.3) by utilizing the data on
the pH dependence of log K presented in the previous
section, Table I summarizes results obtained at two dif-
ferent salt concentrations.

The data in Table I fail to indicate a consistent changz
in log K with temperature, the variation observed being
within the range of experimental error in determining
log K.

Pressure Dependence of the Equilibrium Constant. CAL-
CULATION OF SEDIMENTATION PROFILES. The experiments
described in the previous sections were carried out at
speeds of 11,000 rpm or less. If rotor velocities greater
than 15,000-30,000 rpm are used, then as the more rap-
idly sedimenting polymer boundary moves through the
centrifuge cell positive concentration gradients develop
in all regions of the cell centrifugal to the monomer
boundary. The formation of these gradients is a con-
sequence of the pressure dependence of the equilibrium
constant, such that increasing pressure results in partial
dissociation of the polymer into monomer.

The equations used for calculating concentration pro-
files at low rotor velocity (eq 3 and 4) were derived for
K constant and independent of pressure, P. At the higher
rotor velocities (above 15,000-30,000 rpm), the pressure
gradient existing in the ultracentrifuge cell leads to large
changes in K, c., and c,, rendering eq 3 and 4 inappli-
cable. In the succeeding paragraphs we shall present an
approximate method by which the pressure dependence
of the equilibrium constant may be taken into account
to calculate the sedimentation profiles to be expected
for the myosin—polymer equilibrium.

When K is a function of pressure, K(P) is still given
by eq 2, and is related to pressure and radial position, x,
by

log K(P) = log ¢, — 83 log ¢, = log K —

M Arp pw?
o2 py - B2 (k2 — 2 12
2.3RT( ° 2 (x o )) (12)

where P, is the hydrostatic pressure at the meniscus of
the solution (x,), K, the equilibrium constant at 1 atm,
M, the molecular weight of the polymer (50 X 109),
A7, the change in partial specific volume on polymer-
ization, p, the density of the solution, and w, R, and T,
the rotor velocity, the gas constant, and the temperature,
respectively.

For experimentally convenient situations log ¢, <<
83 log c., and therefore the concentration profile of the
monomer may be obtained from eq 12 without precise
knowledge of ¢,. For the purposes of calculation, the
initial® (time zero) distribution of monomer and poly-

5 The initial or zero-time distribution is the concentration
profile of the reactants after the rotor has reached the desired
angular velocity, but before significant mass transport has
occurred.
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FIGURE 4: The effect of rotor velocity on calculated (a—) and experimentally observed (d—f) schlieren patterns for the myosin
polymer equilibrium system at pH 8.3, 0.18 M KCl; initial total protein concentration is 0.66 g/100 ml for all frames. (a—) Pat-
terns obtained by numerical differentiation of concentration profiles calculated from eq 12 (see text) with M, = 50 X 105, T =

278°K, log K = 71, A7 = 6.8 X 10~*cc/g, xo = 6,40 cm, p = 1.0 g/ml, and Py =

1 atm, (d-f) Experimentally observed sedi-

mentation profiles for the myosin polymer equilibrium (T = 273°K,log K = 71, As = 6.8 X 10~4cc/g, and x, = 6.4 cm). Time

of centrifugation: (d) 182 min, (e) 72 min, and (f) 46 min.

mer may be determined by assigning ¢, at the meniscus
any convenient value within the restriction en/c, < 5 at
every radial point within the liquid column. Then the
initial polymer concentration at each radial position
within the liquid column is the difference between the
initial total concentration and the monomer concen-
tration. According to arguments presented above, the
large value of n renders ¢, practically independent of
¢,. Consequently, sedimentation of polymer will have a
vanishingly small effect on the concentration profile of
the monomer. Conversely, as long as eq 12 is satisfied
for all regions of the cell, the polymer concentration
profile will be sensibly unchanged during sedimentation,
except for a small reduction in concentration due to ra-
dial dilution. Since s, << s, further simplification in
computing the mass distribution during sedimentation
may be realized by holding the monomer boundary
fixed at its initial position. The concentration profile
calculated for a conventional sedimentation velocity
experiment is the sum of ¢, and ¢, (=c¢,) at each level in
the cell, with c¢n (=¢.) in the region centripetal to the
polymer boundary. With these approximations, we have
previously (Josephs and Harrington, 1967) presented
concentration profiles depicting the progress of a sed-
imentation velocity experiment.

It is now of interest to explore the effect of varying

the rotor velocity upon sedimentation profiles predicted
by eq 12. For the purpose of comparison, the concen-
tration gradient is a more sensitive and illustrative pa-
rameter than the concentration itself and may be readily
obtained by numerical differentation of calculated con-
centration profiles. Figure 4a—c presents calculated con-
centration gradients (schlieren patterns) in which the
polymer has sedimented from the meniscus (6.4 cm) to
a position 6.8 cm from the center of rotation. The
schlieren patterns were calculated for three rotor velo-
cities, 22,000, 32,000, and 40,000 rpm, using experi-
mentally determined values of M,, T, log K, and A7 (see
below). Features common to all the patterns include the
existence of a positive concentration gradient of varying
magnitude in all regions of the cell. On either side of the
polymer boundary the concentration gradient is in-
creasing radially, the rate of increase being greater at
higher rotor velocities. The concentration gradient is
discontinuous at the polymer boundary, being greater
on the centripetal than the centrifugal side.

Figure 4d-f shows the experimentally observed ab-
solute concentration gradients which may be compared
with those calculated and shown in frame 4a—c.

The unusual boundary shape displayed by the sed-
imentation patterns in Figure 4a—f is a singular result
of the variation of the equilibrium constant with pres-
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FIGURE 5: Plots of log K against hydrostatic pressure for the
myosin monomer-polymerequilibrium. (a) Top: rotor velocity
22,000 rpm, KCl concentration 0.194 m; 2 X 10~% M Veronal
(pH 8.3); protein concentration is 1.0 g/100 ml. (b) Bottom:
rotor velocity 32,000 rpm, KCl concentration 0.18 M; 2 X
10~3 M Veronal (pH 8.3); protein concentration 0.6 g/100
ml.

sure. The origin of the most salient features in both the
calculated (a—c) and the experimental (d-f) patterns may
be qualitatively understood in terms of the gradients
generated by the “individual” sedimenting species. The
total gradient at any point is then obtained as the alge-
braic sum of the positive monomer and the negative
polymer gradients at the same point.

Considering first the gradient of the monomer con-
centration, we recall that previous studies (Josephs and
Harrington, 1967) have emphasized that increasing hy-
drostatic pressure causes a shift in the equilibrium to-
ward increasing monomer concentration. This property
of the myosin equilibrium system is evidenced in two
ways. At constant rotor velocity the pressure gradient
(6P/6x = pw?ix)increases with radial distance, and hence
the monomer gradient undergoes a similar increase, The
pressure gradient is much greater at higher rotor ve-
locities, and therefore we would anticipate correspond-
ingly greater monomer gradients at higher rotor
velocity. In calculating the concentration gradients,
the concentration of polymer centripetal to the polymer
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boundary is taken as zero (see above), and therefore the
gradient (calculated) over this region of the sedimen-
tation pattern is entirely that of the monomer. In Fig-
ure 4af, the experimentally observed and the calcu-
lated concentration gradients centripetal to the polymer
boundary clearly reflect the effect of the increase in the
pressure gradient, with both radial distance and rotor
velocity.

The factors influencing the shape of the schlieren pat-
tern centrifugal to the polymer boundary are more com-
plex. In this region of the cell the monomer gradient
continues to increase radially, but the polymer gradient
is negative (rather than zero) and is decreasing radially
(i.e., becoming more negative; for example, see Figures
3 and 4 of Josephs and Harrington, 1967). Recalling
that the shape of the polymer boundary is assumed not
to change during sedimentation (except by radial di-
lution), then at any radial position the absolute mag-
nitude of the negative polymer gradient will necessarily
be less than that of the monomer gradient at the same
radial position, resulting in a net positive gradient, This
expectation is confirmed in Figure 4 for both the ideal-
ized (a~c) and the actual (experimental) (d-f)
schlieren patterns.

As noted above, the polymer concentration gradient
changes abruptly from zero to a negative value at the
polymer boundary. This discontinuity is reflected in the
calculated as well as in the experimentally obtained
schlieren patterns by a sharp drop in the gradient on the
centrifugal side of the polymer boundary. Thus we see
that the main qualitative features delineated for the cal-
culated gradients are also evident in the schlieren pat-
terns of the experimental gradients.

The lack of rigorous theoretical treatment describing
boundary shapes for pressure-dependent interacting
systems in the ultracentrifuge (TenEyck and Kauzmann,
1967; Kegeles et al., 1967) has necessitated the intro-
duction of certain approximations to facilitate construc-
tion of the schlieren patterns in Figure 4a-c. It is useful
at this point to briefly review the nature of some of the
major approximations and to indicate, where possible,
the limitations of their validity.

In calculating the shape of the schlieren profiles con-
centration-dependent sedimentation of monomer and
polymer was not taken into consideration due to the
complexity of the resulting equations. Since the sedi-
mentation coefficients of both species are markedly con-
centration dependent, inclusion of these effects may re-
sult in modification of the calculated schlieren patterns,
particularly in the region centrifugal to the polymer
boundary, where it will be noted that significant differ-
ences between the shapes of the calculated and experi-
mental patterns do exist. For similar reasons the influ-
ence of diffusion was not taken into account as playing
an important role in determining the shape of the sed-
imentation patterns, although in view of the high mo-
lecular weight and asymmetry of the protein components
involved, this last omission is less likely to lead to serious
error.

Of greater consequence perhaps is the effect of keep-
ing the monomer boundary fixed at its initial position.
Sedimentation of the monomer may be considered
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roughly equivalent to a radial displacement of the entire
monomer gradient, with appropriate minor adjustments
of the boundary shape due to radial dilution and the
concentration dependence of the monomer sedimenta-
tion coefficient. Sedimentation of the monomer would
result in a reduction in the monomer concentration at
each radial position, and consequently some polymer
would dissociate in order to maintain the monomer at
the equilibrium concentration, thus effecting a reduc-
tion in the net gradient.

Finally, those simplifications in computation relating
to treating the sedimentation of monomer and polymer
as being mutually independent derive exclusively from
the large value of # for the myosin-polymer equilibrium,
and analogous treatments cannot be expected to hold
for systems where # is small (Kegeles et al., 1967).

The agreement between the main features of the cal-
culated and the experimental sedimentation patterns
lends confidence to the general approach used in their
computation. However, in view of the approximations
discussed above, the calculated schlieren patterns nec-
essarily represent a qualitative rather than a quantita-
tive description of the sedimentation profile. The utility
of this type of qualitative description in the analysis of
the experimental data will soon become evident.

Determination of the Volume Change upon Polymer-
ization. The pressure dependence of the myosin—poly-
mer equilibrium depicted in Figure 4 implies that an
increase in volume occurs upon polymerization. The
volume change involved may be evaluated from exper-
imental data by plotting log K(P) against pressure, the
slope of the plot being equal to A7M,/2.3RT.

In order to determine log K(P) as a function of pres-
sure it is necessary to measure the concentration of mon-
omer and polymer as a function of radial distance (i.e.,
at different hydrostatic pressure) in the liquid column.
Inspection of typical sedimentation velocity profiles of
the myosin-polymer system (for example, see Figure 7a
or Figures 1 and 2 of Josephs and Harrington, 1967)
reveals how this may be accomplished.

As can be seen, the polymer boundary exhibits a very
high degree of self-sharpening. By virtue of the very
steep gradient at the boundary, interference fringes re-
corded by the Rayleigh optical system stop abruptly
(without turning up) at the hypersharp polymer peak,
thereby virtually eliminating ambiguities regarding the
actual position of the polymer boundary, or the extent
of the region centripetal to it. Thus, definition of the
region centripetal to the polymer boundary is unequiv-
ocal, and the radial position of the polymer peak may
be precisely determined. The monomer concentration
is then equated to the total protein concentration at a
point immediately (0.02 mm) centripetal to the poly-
mer boundary (where ¢; = c¢.,) for different radial posi-
tions, x, of the polymer peak during sedimentation (see
above). The values of ¢.. thus obtained closely corre-
spond to the concentration of monomer in equilibrium
with polymer at the polymer boundary.

At the polymer boundary cp is roughly the difference
between the initial monomer concentration at the me-
niscus and the total initial protein concentration. (The
initial monomer concentration at the meniscus may be

estimated from the concentration change across the
major monomer peak extrapolated to the base line.) A
more accurate estimate of the polymer concentration is
unnecessary since even very large errors (five- to tenfold)
in ¢p will exert a negligible effect on log K(P).

Thus the equilibrium constant for the polymeriza-
tion reaction has been evaluated at various depths in
the centrifuge cell, each corresponding to a particular
hydrostatic pressure. Figure 5 presents plots of log K(P)
vs. pressure. The value of A7 calculated from the slopes
of the curves in Figure 5 is 6.4 X 10~ cc/g. Similar plots
were obtained from a series of experiments in which the
rotor velocity, protein concentration, and salt con-
centration were varied. In all cases the value of Ay was
6.5 = 1.0 X 1074 cc/g. The results of these experiments
are summarized in Table II.

TABLE 11: The Effect of Varying Experimental Conditions
on Ap.e

Protein A7 X
Concn Cl Log K 10¢
(g/100 ml) (mole/L) Rpm (1 atm) (cc/g)
0.6 0.180 40,000 69 5.38
0.6 0.180 32,000 70 6.02
0.6 0.180 20,000 72 7.45
0.4 0.180 32,000 72 5.98
0.9 0.180 32,000 69 6.92
0.4 0.176 22,000 78 6.82
1.0 0.196 22,500 36 7.66
1.0 0.192 22,000 45 7.13
0.7 0.187 22,000 38 5.54
1.0 0.194 28,000 45 6.36
1.0 0.194 22,000 45 6.39
0.26 0.145 33,450 142 5.92

« Values of A? were obtained from the slope of plots
of log K(P) vs. pressure (= ApM,/2.3RT), similar to
those in Figure 5. Log K (1 atm) was estimated by
extrapolation of the same plots to 1 atm. Solutions
were buffered with 2 X 10-% M Veronal (pH 8.3).
Other pertinent experimental conditions are indicated
in the table,

The procedure for determining log K(P) described
above is imprecise to the extent that the observed con-
centration gradients are attributable to processes other
than the pressure dependence of the monomer = poly-
mer equilibrium. For example, the generation of salt or
pH gradients within the liquid column during ultra-
centrifugation may cause changes in the equilibrium
constant unrelated to the effects of pressure. However in
this instance interpretative difficulties may be mini-
mized by utilizing experimental data recorded early in
the experiment (before sufficient time has elapsed for
significant distribution of the salt to occur) or near the
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FIGURE 6: Plot of log K at zero time against hydrostatic
pressure at the protein solution meniscus for myosin mon-
omer-polymer equilibrium (see text for details): 0.18 M KClI;
2 X 10~% M Veronal (pH 8.3); protein concentration 0.6
g/100 ml.

center of the liquid column, where the salt concentra-
tion is invariant with time.®

Additionally, while the arguments presented in part
of this section have not considered the possibility of
convective disturbances, calculations by Kegeles er al.
(1967) show that under certain circumstances convec-
tion may occur during sedimentation of pressure-de-
pendent equilibrium systems.

The significance of these effects as well as those dis-
cussed in the preceding section could be evaluated if
the pressure dependence of the equilibrium constant
were measured at zero time,® before any mass transport
could occur. We have effected this measurement in the
following manner. The equilibrium constant at the me-
niscus (i.e., at zero time) was obtained by extrapolation
of plots of log K(P) vs. pressure similar to those pre-
sented in Figure 5 to the pressure prevailing at the pro-
tein solution meniscus. Normally this pressure is very
close to 1 atm. However, the pressure at the
meniscus can be varied independently of other experi-
mental parameters through the expedient of placing a
layer of mineral oil over the protein solution. Schlieren
patterns obtained from this type of experiment have
been published previously (Josephs and Harrington,
1967). The pressure at the meniscus was calculated from
the density of the mineral oil (0.85 g/cc) and the posi-
tions of the oil-air and oil-solution menisci. By vary-
ing the thickness of the oil layer, values of log X(P) have
been obtained at the meniscus as a function of pressure
at zero time. These data are presented in Figure 6 and
Table III for a series of experiments carried out at a
rotor velocity of 32,000 rpm. The partial specific volume
change, A7, calculated from the slope of this plot is 6.2
X 104 cc/g, in good agreement with the average value
estimated in Table II. Similar results were obtained from
a set of experiments carried out at 40,000 rpm. Thus,
although the sources of error discussed above must cer-
tainly exist, their effect on the determination of A7 lies
within the range of the experimental error.

The summary of data already presented in Table III

¢ If a salt gradient great enough to effect significant changes in
log K(P) were present then we might expect the values of Av
obtained under differing experimental conditions to vary in a
manner reflecting the changing salt gradient. Examination of the
data in Table II fails to reveal any such variation.
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TABLE I: The Effect of Varying Hydrostatic Pressure
at the Oil-Solution Meniscus on Log K, Log K (1
atm), and Ap.e

Pressure at the Log K Log K Ar X 104
Meniscus (atm) (meniscus) (1 atm) (cc/g)
1 7h | 71 6.2
13.8 62 71 6.2
21.8 58 71 5.6
35.0 54 72 5.3

a Mineral oil was layered over protein solutions
(protein concentration = 0.6 g/100 ml, 0.18 MKCl, and
2 X 108 M Veronal (pH 8.3)) prior to ultracentrifuga-
tion at 32,000 rpm. The hydrostatic pressure exerted
by the layer of oil (at the protein solution meniscus) was
calculated from the density of the oil (0.85 g/ml) and
the measured position of the oil-air and oil-solution
menisci. Extrapolation of plots of log K(P) vs. pressure
to the pressure prevailing at the solution meniscus
(column 1) yielded log K (meniscus). Further extrapola-
tion to 1 atm yielded log X (1 atm) and the value
of A7 was estimated from the slope (=A0M,/2.3RT).

includes experiments in which the rotor velocity, pro-
tein concentration, and salt concentration was var-
ied. As can be seen from the table, the value of A5 ap-
pears to be insensitive to variations in these experimental
parameters.

Formation of a Differential Boundary upon Increasing
the Rotor Velocity. In our earlier report we demon-
strated the effect of increasing the rotor velocity from
33,000 to 60,000 rpm after the polymer boundary had
sedimented through approximately half of the liquid
column. The shift in equilibrium constant due to the
increased hydrostatic pressure produced a splitting of
the hypersharp polymer boundary resulting in the ap-
pearance of a slower sedimenting differential monomer
boundary. A quantitative analysis of this phenomenon
was rendered impractical due to the continual depletion
of the polymer boundary as it sedimented into regions
of incregsing hydrostatic pressure. This process in turn
led to the formation of increasing concentration gra-
dients in all regions of the cell between the monomer and
the polymer boundaries. This difficulty has now been
circumvented by placing a layer of mineral oil over the
protein solution. At low speed (24,000 rpm) the pressure
perturbation of the equilibrium is too small to generate
significant concentration gradients in the region between
the monomer and polymer peaks as shown in Figure 7a.
However, after increasing the rotor velocity to 60,000
rpm, the mineral oil layer exerts a pressure of 130 atm
at the solution—oil interface. This additional increase
in pressure upon acceleration is sufficient to cause com-
plete dissociation of the polymer into monomer. No
significant concentration gradients are evident except in
the region of the original monomer boundary and at
the position of the transformed polymer boundary which
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FIGURE 7: Sedimentation profiles demonstrating the formation of a differential monomer boundary upon increasing the rotor
velocity from 24,000 to 60,000 rpm (see text for details). Protein concentraton 0.56 g/100 ml, in 0.18 M KCl, 2 X 10~2 M Veronal

(pH 8.3).

is converted completely into a differential monomer
boundary. The effect of the increased pressure is shown
in Figure 7b—e, where it will be seen that the original
monomer boundary sediments more rapidly than the
transformed polymer boundary since the distance be-
tween the two schlieren peaks is closing. Frame f—i dem-
onstrates that after a sufficient period of time the mon-
omer boundary overtakes the differential boundary and
merges with it, and subsequently only a single boundary
is observed. This process is illustrated graphically in
Figure 8 which presents a conventional log x vs. time
plot, from which the sedimentation coefficient of the
differential boundary was estimated to be 3.6 S, while

that of the original monomer boundary was 5.4 S. After
the two boundaries have merged, the sedimentation co-
efficient of the single resulting peak is 4.4 S.

The mechanism by which the boundary at the me-
niscus overtakes and merges with the differential
boundary has been described in detail by Schachman
(1959). The sedimentation coefficient of the differential
boundary is related to the concentrations and sedimen-
tation rates of the sedimenting species according to the
equation

_ CaSa — C151 (13)

Sp
Ce — (1
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FIGURE 8: Plot of log radius vs. time for an experiment similar
to that shown in Figure 7. The sedimentation coefficients cor-
responding to each limb of the curve are indicated in the
figure.

where sp is the sedimentation coefficient of the differ-
ential boundary, ¢ is the concentration, and s is the sed-
imentation rate. Subscripts 1 and 2 refer, respectively,
to the protein solution behind (centripetal) and in front
of (centrifugal to) the differential boundary. In the ex-
periment depicted in Figure 8 the concentration across
the original monomer boundary, ¢;, was 0.13 g/100 ml
and the sedimentation rate, s;, was 5.4 S. In the plateau
region in front of the differential boundary the concen-
tration of the original protein solution (¢») prior to ultra-
centrifugation is 0.52 g/100 ml (corrected for radial di-
lution) and the corresponding sedimentation coefficient,
82, for monomeric myosin at this concentration is 4.15
S (Chung et al., 1967; Johnson and Rowe, 1960). In-
serting the appropriate values of ¢y, 51, ¢z, and s, into
eq 13 yields sp = 3.7 S, in good agreement with the ex-
perimental value of sp = 3.6 S. The single peak ob-
served after the original monomer boundary overtakes
and merges with the differential boundary is a conven-
tional boundary. Taking into account additional radial
dilution, the concentration change across this boundary
is 0.48 g/100 ml, and the sedimentation coefficient of
myosin at this concentration, 4.3 S, closely agrees with
the observed value, 4.4 S.

The agreement between the experimentally observed
and the theoretically predicted values of sp lends support
to the original thesis that a differential monomer bound-
ary is formed on increasing the rotor velocity, and that
its formation is due to the pressure dependence of the
equilibrium constant of the polymerization reaction.

Reassociation of the Monomer upon Reducing the Rotor
Velocity. At high rotor velocities positive concentra-
tion gradients form in regions of the centrifuge cell re-
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mote from the major boundaries. As discussed above,
these gradients result from the dissociation of the poly-
meric species due to the high hydrostatic pressure en-
countered in the liquid column. Accordingly, if, after
maintaining an initially high rotor velocity for a period
of time, the rotor velocity and consequently the hydro-
static pressure are reduced, we may anticipate that a
portion of the monomer will reassociate to form poly-
mer. This experiment, in essence, is just the reverse of
that described in the preceding section and is presented
in Figure 9. Frame 9a,b shows schlieren patterns ob-
tained at 44,000 rpm in a capillary-type synthetic bound-
ary cell. The vertical arrows over each frame indicate
the initial position of the synthetic boundary. In frame
9c-¢ the effect of reducing the rotor velocity is seen, At
the lower hydrostatic pressure now prevailing some
monomer does, in fact, reassociate to form a hypersharp
polymer boundary which sediments away from the dif-
fusing monomer boundary. The concentration change
across the monomer boundary in frame 9e, as mea-
sured by Rayleigh interference optics, was identical with
that obtained in a companion experiment in which a
sample of the same protein solution was centrifuged at
11,000 rpm for a period of time long enough to resolve
the monomer and polymer boundaries.

A similar, and perhaps more dramatic, example of
this phenomenon is demonstrated by the experiment
shown in Figure 10, Here the protein solution was sed-
imented at 40,000 rpm in a conventional double-sector
cell (10a). After the polymer had reached the base of the
cell, the rotor velocity was rapidly (within 5 min) re-
duced to 9000 rpm. About 5 hr after the lower speed was
attained, it became possible to discern a reduction in
the magnitude of the concentration gradient immedi-
ately centrifugal to the monomer boundary (Figure
10b). As before, relaxation of the pressure has resulted
in the reassociation of a portion of the monomer to
form polymer. The positive concentration gradient on
the fast side of the monomer boundary in Figure 10b
shows that the concentration of the reassociated poly-
mer is increasing radially. That is to say, the entire area
under the schlieren profile centrifugal to the monomer
boundary represents polymer as is clearly demonstrated
upon more prolonged ultracentrifugation by the absence
of detectable concentration gradients centripetal to the
polymer boundary (frame c—f). Since the sedimentation
coefficient of the polymer is strongly concentration de-
pendent, the radial increase in polymer concentration
must result in a radial decrease in sedimentation rate
across the boundary. This situation leads to a pileup of
mass as the rapidly sedimenting particles in the upper,
dilute solution overtake those sedimenting at higher
protein concentration in the lower solution, and accounts
for the striking buildup of the polymer boundary ob-
served in Figure 10d-f.

Discussion

The most striking feature of the present findings is
the inordinate effect of pressure on the equilibrium con-
stant of the myosin—polymer system. As we have seen,
the change in the partial specific volume, A¢, which oc-
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FIGURE 9: Sedimentation profiles demonstrating the reassociation of monomer to form polymer upon reduction of the rotor velo-
city. Rotor velocities are indicated in the figure. Protein concentration 0.76 g/100 ml in 0.19 m KCl, 2 X 10~3 m Veronal (pH
8.3). This experiment was carried out in a 12-mm double-sector capillary-type synthetic boundary cell. The vertical arrow in each
frame indicates the position at which the synthetic boundary was formed. Time of centrifugation at 44,000 rpm: (a) 16 min, (b)
32 min. Time of centrifugation after reduction of the rotor velocity to 11,000 rpm: (c) 37 min, (d) 133 min, (e) 227 min.

curs during self-association of the monomeric species
is of the order of 6.5 X 10~*cc/g which corresponds to a
positive volume change of 350-400 ml for each mole of
myosin transformed into polymer. In seeking the origin
of this volume change, we are led to consider both hydro-
phobic and ionic type bonding since it is likely that one
or both of these forces are predominantly responsible
for the stabilization of the filament. As Kauzmann (1959)
has emphasized, in association reactions brought about
either by hydrophobic or ionic bonding, A7 could be of
the order of 10-20 ml/bond, and would be positive. Both
ionic linkages and hydrophobic bonds are stabilized
primarily by entropic effects and the volume change re-
sults from release of bound water on formation of the
bond. In the case of the myosin system, ionic bonding
would seem to play an important role in the association
process since the stability of the filament is markedly
depressed on addition of salt. At pH 8.3, 0.137 m KCl,
nearly all of the myosin is present in polymeric form.
When the salt concentration is increased to 0.22 M, vir-
tually all of the polymer is transformed into monomer
(Josephs and Harrington, 1966). In general, an eleva-

tion in the concentration of electrolytes tends to
strengthen hydrophobic bonds as a result of the de-
creased solubility of nonpolar groups with increasing
polarity of the solvent.

The apparent lack of a temperature dependence of
the equilibrium constant (Table I) also favors the view
that the association reaction is brought about primarily
by ionic bonding. Sinced In K/d(1/T) = — AH/R, the en-
thalpy change for the association reaction must be close
to zero. Hydrophobic bonding between aliphatic side
chains is expected to show small positive enthalpies of
formation, often with an enthalpy increase of up to 2
kcal/mole (Kauzmann, 1959; Scheraga, 1963), whereas
ionic bonding is generally characterized by small heat
effects and the driving force for the formation of such
linkages lies entirely in the entropy change. Neverthe-
less, we cannot categorically exclude hydrophobic bond-
ing, and an appreciable fraction of the bonds formed
could be of this type.

We assume, then, that the positive volume change
observed in the monomer—polymer transition results
predominantly from the release of compressed water
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FiGure 100 Sedimentation velocity profile demonstrating the reassociation ol monomer (o form polymer upon reducton ot the
rotor velocity, Rotor velocities are indicated in the figure, Protein concentration (062 g/100 ml, 018y KCL 2 X 10 % s Veronal
(pH 8.3). This experiment was carried out in a [2-mm filled-cpon double-sector cell. Time of centrifugation alter reduction of
rotor velocity: (b) 5 hr, 22 min; (¢) 9 hr, 38 mun: ¢di 13 hr. 5S4 min: (e 16 hrz and (£ 17 hro 30 nun

about certain of the charged groups on the surface ol
the myosin molecules when these associate to form the
ordered macrostructure of the polymer. Accepting o
value of 10-20 mi/bond (Kauzman, 1939), about 23
bonds, the major fractuion tonic. will be formed mn the
reaction per mole of monomeric myosin. Although it s
difficult to estimate precisely the entropy change related
to this process in proteins. the average gain i unitary
entropy per mole of ionic bonds formed in simple aque-
ous systems is in the range of 20 30 eu (Kauzmann,
1959). Thus the negative unitary free energy change
(AF, = —TAS,) could be of the order of 140 210 kcal
on transferring the monomer into polymer at 5°

The data presented in Figures 2 and 3 are consistent
with the view that both hydrogen 1on and potassium
chloride bear a fixed stoichiometric relationship to the
protein components and therefore may be regurded.
from a thermodynamic point of view, as reacting species
Accordingly, an equilibrium constant, K’, independent
of both pH and salt concentration, was determined from
eq 11 and a free energy of polymerization (179 kcal’
mole of polymer) could be estimated. It may be noted
here that many polymerizing protein systems which are
sensitive to salt concentration or pH do not exhibit stoi-
chiometric relationships between the small ion and
protein components (Steinhardt and Beychok, 1964).
In these instances the sensitivity of polymerization to
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added wons s often atirtbuted to alterations in the charge
density or to changes in contormation ot the interact
mg protemn species, Since the equilibrium expression
of eq T meorporates both salt and pH eftfects 1t is not
necessary 1o nvoke these arguments. In addivon, the
potassium binding of myosmn has been meuasured by
Lews and Saroll (1957) and Mihalyvi (1930), These au-
thors report the binding of 250 300 1ons/mole ol mon-
omer (based on a molecular weight of 600,000). Thus
the formation of even as many as 25 wonic bonds with
the concomitant fiberation of {1 moles of KCl would
not represent an unduly large change in the charge dis
irtbution

On the busis of the clectron microscope and hydro-
dynamic evidence cited in the beginning ol the paper,
it appears that the quaternary organization of the mon-
omeric myostn molecules within the polymieric species
(500 150 Sy s closely similar to that ol the thick
filament of muscle. According 1o current sdeas (Huxley .
1963: Pepe. 1967a.bh. the myosin molecules  are
oriented in anuparallel (tail-to-tail) array in the bare
central region of the filaments and in parallel (head-to-
tail) array in the corrugated surfuce regions. In Pepe’s
(1967a,b) model of the filament there are 12 rows of
myosin molecules in a cross section in the bare central
region (M-line region) and 18 rows in a ¢ross section in
the corrugated-surface regions. Individual molecules
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are packed so that a triangular profile is obtained in
cross section with three centrally located molecules sur-
rounded by nine molecules on the surface. It is reason-
able to expect that the water layer which surrounds the
three interior molecules in their monomeric state may
be reduced somewhat during association to allow close
packing. As we have discussed above, the release of
water is probably associated with the formation of ionic
and possibly hydrophobic bonds.

An intriguing feature of the filament studies is the
fact that 24 myosin molecules (those making up the bare
central region) have a different packing arrangement
than the remainder. This means that, in the polymeric
species, about 3097 of the molecules is packed in anti-
parallel array and about 709 in parallel array. This
packing scheme correlates with the stoichiometry of the
protons bound per myosin monomer (0.68 2= 0.05 mole
of H) on transformation into polymer.
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