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INTRODUCTION

Dr. Anfinsen has provided us with an intriguing account of the
spontaneous folding of a polypeptide chain into the unique three
dimensional structure of the native protein molecule. The information
carried in the amino acid sequence which dictates the spatial arrange
ment of the chain within the tertiary structure must also provide for
the assembly of the folded protein molecules into higher-order aggre
gates. The high degree of specificity of interaction among protein
molecules undergoing self association reactions is now generally
recognized, but the reasons for the interactions are still obscure.
To date the most extensive studies on interacting systems have been
reported on globular proteins, utilizing light scattering, osmometry,
sedimentation velocity, or sedimentation equilibrium techniques to
demonstrate the presence of interaction and to evaluate the type of
association process. It is well known that the ensemble of species
present in such interacting systems is critically dependent on the
ionic conditions, pH, and temperature. For example, we know that
α-chymotrypsin exists in a rapidly reversible monomer-dimer-trimer
equilibrium at an ionic strength of 0.2 M (pH 6.2) (Rao and Kegeles,
1958), but at lower ionic strength (μ = 0.03, pH 7.9) species ranging
in size up to hexamers are present ( Massey et ah, 1955; Gilbert, 1958,
1959 ). Monomeric insulin molecules are in rapid dynamic equilibrium
with dimers, tetramers, and hexamers at pH 2 (Jeflrey and Coates,
1966), yet this system is rapidly transformed into high molecular
weight fibrils on increasing the ionic strength and temperature
(Waugh et ah, 1953). It has been known for many years that the
monomeric globular form of actin (G-actin) is stable in the absence
of electrolyte, but rapidly polymerizes to form the double helical
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F-actin, or fibrous form, on the addition of neutral salts ( Straub, 1942;
Oosawa et dl., 1959).
Reports from a number of laboratories in recent years provide
evidence that these high molecular weight polymers are not simply
random aggregates of the monomers. Rather, the organization of
subunits in establishing the superstructure is systematic, often leading
to the formation of helical macrostructures. Moreover, the gross mor
phology of the superstructure is often dictated by the ionic conditions
prevailing during the self-association process. Waugh and his col
laborators (Waugh et al., 1953; Waugh, 1957) have shown that the
length and diameter of insulin fibrils varies markedly with alterations
in the solvent system. Abram and KofHer ( 1964 ) have reported that
at least two morphologically distinct structures are generated from the
globular protein subunits of bacterial flagellins merely by altering the
pH. At pH values below 4.7 the monomers are organized into regular,
compact structures 150-1000 Â in width with lengths up to 20 μ. In
the pH range 5^5.2, long wavy filaments of diameter 100-120 Â are
observed.
It will be recognized that these phenomena are not restricted simply
to polymers composed of globular subunits. The solvent-dependent
association of asymmetric molecules to form ordered macrostructures
is widely found and is of fundamental importance in constructing the
diverse structural forms characteristic of the fibrous protein systems
as well. These structures, unlike those generated by self-association
reactions of globular subunits, show a surprising simplicity and unity
in the design of their basic building blocks, as Astbury demonstrated
in his pioneering X-ray diffraction studies on a variety of fibrous
tissues. Only three stable polypeptide conformations, the a-helix, the
polyproline II or collagen conformation, and the /^-pattern are used
to construct the highly organized structures of the fibrous protein
systems. Three-dimensional networks of widely varying function and
physical properties are built up by adapting and varying these basic
conformations. It is clear that in these systems crucial biological func
tions depend intimately upon the ways in which structured, asymmetric
macromolecules interact with one another and upon the manner in
which environmental conditions regulate this interaction.
Over the past several years we have been investigating self-associa
tion reactions in solutions of myosin molecules, and much of what I
have to say will be devoted to the results of these studies. However,
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it will become evident that the methods employed and many of the
conclusions apply with equal validity to other fibrous protein systems
as well, and I will try to generalize some of our ideas in terms of these
other systems as we proceed, particularly in the concluding sections
of the paper.
THE STRUCTURE OF THE THICK FILAMENT
It is now clear from a combination of X-ray and electron microscopic
evidence (Hanson and Huxley, 1955; Huxley, 1957, 1960) that the
contractile structure of striated muscle is built up from overlapping
arrays of actin and myosin filaments arranged in space in a double
hexagonal pattern. The thick, myosin-containing filaments are situated
at the lattice points of the hexagonal lattice, and the actin filaments
are symmetrically disposed at the trigonal points between them.
Huxley's original proposal (Huxley, 1957, 1963) that a helical array
of cross bridges emanate from the thick filaments has been elegantly
confirmed by the most recent X-ray diffraction studies of Huxley and
Brown (1967) which support the view that the bridges are arranged
in pairs (on a 6/2 screw) at 143 Â intervals along the filament. The
bridges project out from the surface of each filament (see Fig. 1) with
each pair of bridges rotated with respect to its neighbors by 120 deB.
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FIG. 1. Arrangement of filaments and their cross bridges in a superlattice.
Schematic diagram on the right shows arrangement of cross-bridges on 6/2 helix.
Helical repeat is 429 Â, but true meridional repeat is 143 Â. According to Huxley
and Brown (1967).
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grees. The pitch of the 3-fold helix is thus 429 Â. Dimensions derived
from the X-ray studies suggest that the bridges attach to the thick fila
ments at a radius of about 60 Â and project out to a radius of about
130 Â.
It should be remarked that although this type of structure is com
mon to vertebrate striated muscle, in glycerinated insect flight muscle
the cross bridges along the thick filaments have a pitch of about 383 Â,
with eight sets of cross bridges repeating in three turns of the helix,
giving a true axial repeat of 1150 Â ( Reedy, 1968 ).
Hydrodynamic and electron microscopic evidence ( Rice, 1964; Hux
ley, 1963; Kielley and Harrington, 1960; Woods et al, 1963; Zobel and
Carlson, 1963) indicate that the topology of the individual myosin
molecules making up these structures may be closely represented by
a long rod which terminates in a globular region. The current con
ception of the molecule is that of a two-chain (Lowey and Cohen,
1962; Slayter and Lowey, 1967) or three-chain (Kielley and Harrington,
1960; Woods et al., 1963; Young et al.9 1965) structure with the chains
wrapped in a supercoil of a-helices in the rod segment of the molecule,
each chain folding into an ATPase-active globule at the end of the
molecule. It now seems clear that the cross bridges originally proposed
by Huxley can be identified as the terminal globules of each myosin
molecule acting either singly or in diad or triad clusters.
SELF-ASSOCIATION REACTIONS OF MYOSIN MOLECULES

It has been known for many years that myosin molecules associate
at low ionic strength to form long filamentous particles. Details of the
polymerization reaction have been studied by Jakus and Hall ( 1947 ),
Noda and Ebashi (1960), Kammer and Bell (1966a,b), Huxley (1963),
Brahms and Brezner ( 1961 ), and by ourselves ( Josephs and Harring
ton, 1966, 1967a,b, 1968). The aggregates are characteristically spindle
shaped, and, like the myosin-containing thick filaments of the myofibril of muscle, exhibit a corrugated appearance suggestive of a large
number of surface projections (Jakus and Hall, 1947; Huxley, 1963).
Huxley's electron microscope studies of the aggregates generated in
0.1-0.2 M KCl are most informative. Filaments ranging in diameter
up to 150 Â and with lengths between 2500 and 20,000 Â are seen,
but throughout this range each particle has a central region of in
variant length ( between 1500 and 2000 Â ) which is devoid of surface
projections. Outside of the bare central zone, projections are observed
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all the way out to the ends of the filaments. The close morphological
similarity between these structures prepared in vitro and the thick
filaments observed in thin longitudinal sections of muscle is re
markable, and it seems clear that monomeric myosin molecules in
solutions of low ionic strength show a strong tendency to align
themselves in an ordered array with dimensions approximating
to those observed in the living muscle. The remarkable similarity
between the native thick filaments obtained by mechanically disrupting
myofibrils in the presence of a relaxing medium and the synthetic fila
ments generated by lowering the ionic strength of monomeric myosin
solutions can be seen in the high magnification electron micrographs
displayed in Fig. 2.
When monomeric myosin solutions in 0.5 M KC1 are dialyzed against
low ionic strength buffers and the resulting system examined in the
ultracentrifuge at low temperature, schlieren patterns show the pres
ence of discrete, high molecular weight sedimenting components. The
number of these rapidly sedimenting peaks and their gross appearance
is critically dependent on the ionic strength and pH of the buffer. In
the pH range 6.2-7.5 three weight classes of particles are observed, all
clearly heterogeneous, judging from the diffuse character of the
schlieren peaks. A single, asymmetric, rapidly sedimenting boundary
with infinite dilution sedimentation coefficient S* = 1100 S is ob20 ,w

served at ionic strengths below 0.2 M and over the pH range 6.2-7.3.
At somewhat higher ionic strengths, in the neighborhood of 0.3 M KC1,
and over the pH range 6.2-6.6, a two-peak system is seen with infinite
dilution sedimentation coefficient SjJo.w — H00 S and 330 S. As the pH
is futher increased into the range 6.8-7.1, the 1100 S peak disappears
and a bimodal schlieren pattern with S20.W = 330 S and 180 S is
observed.
In addition to the high molecular weight polymeric species, a sig
nificant amount of monomer ( S°0 w = 6 S ) is always present, its rela
tive magnitude depending on the ionic environment and the total pro
tein concentration. Electron micrographs of these systems reveal the
presence of threadlike particles polydisperse both in length and di
ameter and exhibiting irregular surface projections when viewed at
high magnification (see Fig. 3). At low pH (6.2) the system of par
ticles shows a very broad bimodal distribution with lengths varying
from 2 to 12 μ and with diameters between 300 and 500 Â. The breadth
of the distribution and its bimodal character are both consistent
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FIG. 2. Thick filaments prepared by mechanical disruption of skeletal muscle
in the presence of a relaxing medium. Projections are seen all the way along the
length except for a short central region of about 0.2 μ. Specimens were fixed in
formalin before negative staining, (f) Synthetic "thick filament" made from
purified myosin. X 105,000. From Huxley (1963).
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FIG. 3A. Upper: Myosin filaments prepared by dialysis of monomeric myosin
(in 0.5 M KCl) against pH 6.2, 0.30 M KCl. Lower: Histogram of length distribu
tion for this system; 120 particles counted.
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FIG. 3B. Upper: Myosin filaments prepared by dialysis of monomeric myosin
(in 0.5 M KCl) against pH 7.1, 0.25 M KCl. Lower: Histogram of length distribu
tion for this system; 163 particles counted.
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FIG. 3C. Upper: Myosin filaments prepared by dialysis of monomeric myosin
(in 0.5 M KCl) against p H 8.3, 0.137 M KCl. Lower: Histogram of length distribu
tion for this system; 178 particles counted.
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with the diffuse two-peak pattern observed in the ultracentrifuge. In
the intermediate pH range (6.8-7.1) a relatively narrow size distri
bution is observed with mean particle length near 1.2 μ and diameter
of 100-150 Â. In general these particles show a close topological sim
ilarity to those observed and described by Huxley (see Fig. 2f ).
The complex sedimentation patterns characteristic of the pH range
6.2-7.3 are not seen above pH 8. As the pH is raised, the multipeak
schlieren system is transformed into a single hypersharp polymer
boundary with infinite dilution sedimentation coefficient, Sjj0 w —
150 S. Electron micrographs of a system prepared at pH 8.3, μ = 0.14 M
reveal a rather sharp size distribution with about 70% of the particle
lengths lying between 5600 and 7500 Â and a mean value of 6300 Â.
Kammer and Bell (1966a,b) have also recently reported that shorter
particles of relatively uniform length are generated from monomeric
myosin solutions at high pH (8.0) and at low ionic strength (0.10 M).
High-magnification electron micrographs of the pH 8.3-0.137 M KC1
system reveal irregular surface corrugations along the polymer surface
and a smooth central region of length 1500-2000 Â. The particles have
an average diameter of about 100-150 Â.
In view of the close topological similarity of these filaments to those
of the native thick filaments shown in Fig. 2, it seems likely that the
process of self-association of the monomeric myosin units generates a
prototypic three-dimensional array analogous to the structural pattern
found in muscle. Perhaps the most striking feature of these experiments
is the sensitivity of the filament size distribution to rather slight changes
in the ionic environment. The fact that we can obtain a very sharp
length distribution for the 1505 Â particle merely by varying the ionic
strength and pH suggests that the specific ionic environment present
in the developing muscle cell may well control the systematic organi
zation and length of the native thick filament.
A prerequisite for the successful study of the myosin-polymer sys
tem above pH 8 is the preparation of polymer solutions under con
ditions that minimize the amount of monomer present. If the salt con
centration or pH is too low (below 0.12 M KC1) then larger,
heterogeneous polymer aggregates are formed, whereas too high a pH
or salt concentration results in the presence of an excessive amount of
monomer. After investigating the effects of incremental changes in the
pH and ionic strength, we found that ultracentrifugation of myosin
polymers formed by dialysis of monomeric myosin against 0.137 M
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KC1 at pH 8.3 yields schlieren patterns that display a hypersharp
polymer boundary and indicate the presence of only a minimal amount
of monomer. Schlieren patterns obtained upon ultracentrifugation of
these preparations are presented in Fig. 4. It is noteworthy that the
polymer boundary maintains its hypersharp character over the entire
concentration range shown in the figure, and there is no detectable

FIG. 4. Sedimentation profiles of polymers formed by dialysis of monomeric
myosin (in 0.5 M KC1) against p H 8.3, 0.137 M KC1. Bar angle is 60 degrees. Pro
tein concentrations are given for each experiment, ( a ) 25,980 rpm, 12 m m cell; ( b )
19,610 rpm, 12 mm cell; ( c ) 13,410 rpm, 30 mm cell; ( d ) 21,740 rpm, 12 mm
cell. Temperature, 5°C.

tendency for the filament to dissociate into discrete particles of size
intermediate between the 6300 Â unit and monomer as the protein
concentration is decreased. However, close inspection of the schlieren
patterns invariably reveals the presence of a small peak immediately
centrifugal to the meniscus trace with sedimentation coefficient char
acteristic of monomeric myosin.
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The presence of small amounts of monomer is not readily detected
in the schlieren patterns presented in Fig. 4 because of the extensive
diffusion which occurs during the period of time required to sediment
the polymer. Additionally, the optimal rotor velocity for studying the
sedimentation properties of the polymer, 10-15,000 rpm, is low enough
to preclude the formation of a complete monomer boundary. Thus, on
both counts the low concentration of monomer present may be de
tected only under special circumstances. However, for a variety of
reasons that* will become clear below, it is desirable to know how
much monomer is present. The difficulties just enumerated may be

12 mm

30 mm

FIG. 5. Comparison of sedimentation profiles of myosin polymers ( p H 8.3,
0.137 M KC1) observed using 12- and 30-mm synthetic boundary cells. The arrow
indicates the position at which the synthetic boundary was formed. Protein con
centration, 0.084%. Rotor velocity was 13,410 rpm for both a and b . Bar angle 60
degrees.

overcome through the use of a 30-mm double sector synthetic boundary
cell, which allows the formation of a complete boundary as well as an
increase in sensitivity of 2.5-fold over that of the conventional 12-mm
cell. Thus the concentration change across the synthetic boundary
could be monitored within 1 hour after the boundary was formed,
minimizing thereby the effects of diffusion. The advantages of using
the 30-mm cell are clearly illustrated in Fig. 5, which compares sedi
mentation profiles obtained in 12-mm and 30-mm synthetic boundary
cells.
Although, as we have noted above, the salt concentration and pH
exert a profound influence upon actual amounts of monomer observed,
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the concentration change across the slow peak is virtually invariant
with protein concentration, at constant pH and ionic strength. For ex
ample using the Rayleigh optical system in conjunction with the 30-mm
synthetic boundary cell the concentration change across the monomer
boundary (of the pH 8.3, 0.137 M KC1 system) was observed to re
main constant at 0.01 gm/100 ml (1.0 fringes) over the entire concen
tration range examined (0.8-0.027 gm/100 ml).
This behavior is reminiscent of that observed in the formation of
micelles where condensation of a large number of monomeric units
occurs above a critical monomer concentration, but it differs from
these systems in that self association of myosin molecules generates a
highly differentiated, asymmetric structure of specific size.
Although the concentration of monomer is virtually constant and
independent of the polymer concentration at constant ionic strength
and pH, large variations are observed in the relative concentrations of
the two species when the salt concentration is varied at constant pH
and when the pH is varied at a constant KC1 concentration.
Figures 6 and 7 demonstrate graphically the alterations in velocity
sedimentation patterns observed under these two sets of conditions.
At pH 8.3, 0.12 M KC1 a single, rapidly sedimenting peak with sedi
mentation coefficient characteristic of the polymer ( S°0 w = 150 S )
can be seen. As the salt concentration is increased a gradual depletion
of the concentration of polymer and concomitant elevation in the
monomer concentration is observed. The transformation of polymer
to monomer is complete over a relatively narrow range of salt concen
tration, and this process occurs without any detectable appearance of
a particle intermediate in size between the two species. A similar,
though less dramatic change results on increasing the pH at constant
ionic strength and again only monomer and the 150 S polymer are
present throughout the pH range scanned, judging from the sedimen
tation coefficients of the two peaks. Intermediates are not observed.
The simplest interpretation of these phenomena is that we are deal
ing with a rapidly reversible equilibrium between monomer and high
molecular weight polymer and that the equilibrium constant is crit
ically dependent on the ionic strength and pH. It should be clear that
this does not imply that the polymer is formed through simultaneous
condensation of a large number of monomeric units. Instead, the
process very likely involves an initiation step, possibly the formation
of tail-to-tail dimer, followed by a succession of forward and reverse
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FIG. 6. Effect of ionic strength on the monomer-polymer equilibrium at p H
8.3. Bar angle is 60 degrees; 12-mm light path. ( a ) Lower pattern, protein concen
tration 0.25%; 27,690 rpm; upper pattern, solvent, ( b ) Protein concentration 0.21%;
19,160 rpm. ( c ) Protein concentration, lower pattern 0.51%; upper (wedge
window) pattern 0.27%, 29,500 rpm. ( d ) Protein concentration, lower pattern
0.7%; upper (wedge window) pattern 0.34%, 29,500 rpm. ( e ) Protein concentra
tion 0.7% in both cells, 24,630 rpm. (f ) Protein concentration 0.7%, 24,630 rpm.

steps which ultimately lead to complete and rapid transformation into
the stable polymer species. The process is analogous to the regener
ation of helices from random coil molecules. So long as the traversal
of the intermediate steps is rapid compared to the time scale of the
experimental measurement ( time of ultracentrif ugation ) we may treat
the system formally as a simple monomer ^ polymer equilibrium.
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FIG. 7. The effect of p H on the monomer-polymer equilibrium. All experi
ments were carried out in 0.15 M KC1, at the indicated p H in 30-mm doublesector capillary-type synthetic boundary cells, at 11,000 rpm with a bar angle of
60 degrees and a total protein concentration of 0.13%.

Molecular parameters of the 150 S myosin polymer have been esti
mated by several independent methods, and results are presented in
Table 1. Analysis of the shear dependence of the reduced viscosity
yields a measurement of the intrinsic viscosity at zero shear and also
an estimate of the rotatory diffusion coefficient, Θ, which is related to
the length of the particle (Perrin, 1934; Broersma, 1960; Haltner and
Zimm, 1959).
The particle length obtained by electron microscopy agrees closely
with that derived from the rotary diffusion coefficient, their mean value
being 6500 Â. The axial ratio of 62, estimated from the intrinsic vis
cosity at zero shear (Simha, 1940), is consistent with the value of
50-60 obtained by electron microscopy, while the diameter of the
polymer calculated from the sedimentation coefficient (Peacocke and
Schachmann, 1954), 120 Â, is indistinguishable from that observed in
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TABLE 1
PHYSICAL PARAMETERS OF MYOSTN POLYMERS
FORMED AT p H

$20, w = 150 S
[η] = 2.07 dl/g
é>i° = 36.5 sec" 1
Length = 6300 Ab
Length = 6800 Ac

8.3, 0.137

M

K O

Mw = 52 X 106 g/mole d
Mw = 47 X 106 g/mole e
Diameter = 120 A '
Diameter = 100-130 Ab
Axial ratio = 62»
Axial ratio = 52Λ

a

Prom Josephs and Harrington (1966).
Estimated from electron micrographs.
c
Estimated from rotary diffusion coefficient (see Broersma, 1960).
d
Estimated from [η] and S2o,w (Scheraga and Mandelkern, 1953).
e
Estimated from [η] and 0^ (Scheraga and Mandelkern, 1953).
f
Estimated from &2o,w (Peacocke and Schachman, 1954).
o Estimated from [η] (Simha, 1940).
h
Estimated from length determined by electron microscopy and diameter deter
mined from $20,w
b

the electron microscope. Finally, two estimates of the molecular
weight, 47 million and 52 million, were obtained from a combination
of [η] and [<9], and [η] and S°2Q w respectively (Scheraga and Mandel
kern, 1953 ). Taking 50 million as the mean, the number of monomeric
units in the polymer is given by the quotient of the polymer molecular
weight to that of the monomer [=600,000 (Woods et al, 1963; Kielley
and Harrington, 1960), but see Tonomura et al. (1966) and Gergely
( 1966 ) for discussion of controversial estimates of the molecular weight
of myosin] and is 50 X 10 6 /6 X 105 = 83.
The molecular weight may also be estimated in another, quite dif
ferent manner. As mentioned earlier, the recent X-ray studies by Hux
ley and Brown (1967) provide evidence that in the native myosin
(thick) filament the myosin cross bridges are arranged on a 6/2 helix
having a pitch of 429 Â. If each cross bridge represents a single mono
mer, then there are two monomers every 143 Â along the length of the
filament. The length of the synthetic polymer is 6500 Â, and if its
structure is similar to that of the native filament then there should be
6500/143 X 2 = 91 monomers in the 150 S polymer. Taking the mo
lecular weight of myosin as 600,000 yields a molecular weight of
91 X 6 X 105 = 54 X 106 for the polymer, a value close to that ob
tained from the solution data alone.
Assuming from the data in Table 1 that 83 monomer ( M ) units are
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associated to form the polymer ( P ) , we may write the polymerization
reaction as
nM^P

(1)

Then the equilibrium constant will be given by
(On

(Cm) 83

^

where cp is the concentration of polymer, cm is the concentration of
monomer, and, n, the number of monomer units undergoing asso
ciation to form the polymer. Measurements of the concentration of
each species from the areas of sedimenting peaks in velocity sedimen
tation patterns (see below) yields values of K ^ 1030 to 1050 (in con
centration units of gm/dl) depending on the ionic conditions. As a
result of the large number of monomeric units in the polymer, Eq. (2)
predicts that the monomer concentration will remain virtually constant
over large changes in polymer concentration. These equilibrium
properties of the myosin-polymer system have special significance in
the behavior of this system in velocity sedimentation experiments.
Gilbert (1955, 1958, 1959) has formulated a theory that describes
sedimentation profiles to be expected for a monomer-polymer equi
librium in which the rate of equilibration is rapid in comparison to the
time scale of the sedimentation experiment. Although the effects of
diffusion and the concentration dependence of the sedimentation co
efficient have not been taken into account (but see Gilbert, 1963), the
theory is able to predict successfully many of the sedimentation prop
erties of monomer-polymer equilibria. In general, such systems ex
hibit two imperfectly resolved schlieren peaks. Since equilibrium be
tween the monomer and polymer is maintained over all regions of the
cell having a finite protein concentration, it is not possible to identify
any single peak with either monomer or polymer. In fact both monomer
and polymer coexist (at different concentrations) within each peak,
and in reality the dual peak system represents a single reaction bound
ary. Probably one of the most dramatic and intuitively unexpected
features of this type of system, is that, although the area and sedi
mentation coefficient of the fast peak increases with increasing pro
tein concentration, the area and sedimentation coefficient of the trail
ing peak are both invarient with concentration (when two peaks are
observed). This latter property is exemplified in Fig. 4 where, as we
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have noted earlier, the area under the trailing peak remains the same
over a 10-fold change in protein concentration. A more extensive de
scription of this phenomenon is illustrated graphically in Fig. 8. Here
the concentration change expected across both the slow and fast peaks
derived from the Gilbert theory is compared to that actually measured
from a series of ultracentrifuge studies of the equilibrium system over
a concentration range of 0.06-0.85 gm/100 ml.
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FIG. 8. Plot of the monomer and polymer concentration against total (mono
mer + polymer) protein contentration.
Calculated from Gilbert theory;
O , · experimentally observed values for 0.17 M KC1, p H 8.3.

Previous ultracentrifuge studies of polymerizing systems have been
carried out under conditions for which the number of monomeric units
in the polymer rarely exceeded 10. In the present study this number
is 83. While the theoretical transport equations hold irrespective of
the number of units, n, in the polymer, quantitative changes in the pre
dicted shapes of the sedimentation profiles do occur. These are illus
trated in Fig. 9, which presents a plot of the concentration of monomer,
polymer, and their sum against radial position for the polymerization
of myosin. The slow peak is located at δ = 0, and the abscissa repre
sents the relative position of the fast peak. The plot shows that the
concentration of monomer remains virtually constant across the entire
reaction boundary and that the polymer concentration is essentially
zero in the region between the two peaks (0.15 < δ < 0.90). In fact
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the monomer concentration does change slightly across the boundary,
but the change is only about 5%.
Similar considerations hold for the polymer. Over the region for
which the monomer concentration changes by 5%, the polymer con
centration changes 110-fold (11,000%). One additional feature
stemming from large n is noteworthy. The near constancy of the mono-

FIG. 9. Concentration profile for the myosin monomer-polymer equilibrium
(at p H 8.3, 0.19 M KC1) calculated from Gilbert's equations (1958, 1959);
n = 83 and K = 1050. cP ( - - - ) ; cm (- — - ) ; c t (
).

mer concentration across the reaction boundary, as well as the negli
gibly low value of the polymer concentration across this region, means
that the concentration change across the slow peak observed in ex
perimental sedimentation patterns may be equated to the monomer
concentration. Similar arguments reveal that the polymer concentra-
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tion is closely approximated by the concentration change across the
fast boundary. The concentration gradients between the two bound
aries although finite are exceedingly small, and hence not readily
detected, giving the appearance of complete resolution between the
peaks. Thus, to a very good approximation, the slow boundary cor
responds to the monomer and the fast boundary corresponds to the
polymer.
The equilibrium constant for a self-associating system obeying
Gilbert's equations may be determined directly from sedimentation
velocity experiments. When a bimodal boundary system is observed,
the equilibrium constant is given by
K

_ ^-*(2η 2 - iy-\n

- 2)

where n is the number of monomeric units in the polymer, and cs is
the concentration change across the slow peak. If n is known then the
equilibrium constant can be determined directly from measurement
of cs.
The equilibrium constant is an informative parameter, and studies
of its variation under different experimental conditions will often con
vey a detailed picture of the reaction energetics. In particular, such
studies may shed light on the forces involved in stabilizing the myosin
filament. We have therefore undertaken to evaluate the equilibrium
constant for the polymerization of myosin under a variety of experi
mental conditions.
THE EFFECT OF SALT CONCENTRATION AND pH ON THE
MYOSIN ^ POLYMER EQUILIBRIUM CONSTANT

We have seen that the myosin ^± polymer equilibrium system is
markedly affected by variations in the salt concentration and pH. The
most obvious interpretation of these findings is that the equilibrium
constant for the polymerization reaction is a function of salt and pH,
since, according to the preceding discussion, the area under the slow
peak is a direct measure of the equilibrium constant. If salt or hydrogen
ions are stoichiometrically bound, then the polymerization reaction
may be expressed as
nM + dH+ τ± P + b KCl

(4)

where d is the number of moles of hydrogen ions and b the number of
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moles of KCl participating in the polymerization reaction per mole of
polymer. We then define a new equilibrium constant, K', as
K' =

(CP)(qKCi)6

= K

(fflKCl)*
+

(5)
(an Y
where aKC\ and aH+ are the thermodynamic activities of KCl and H+,
respectively. As the equation is written, the protein species include the
bound ions released upon polymerization. The value of K is that de
fined by Eq. (2) while according to Eq. (4) it is a function of
KCl concentration and pH. Indeed, the dependence of K on pH and
salt concentration defines the values of the coefficients b and d. These
may be evaluated ( see Wyman, 1964 ) from sedimentation experiments
similar to those described in Figs. 6 and 7, in which the salt concen
tration is varied while the pH is held constant, and in the complimen
tary experiment, in which the pH is varied while the salt concentration
is held constant. The slope of the plot of log K against the activity of
KCl at pH 8.3 corresponds to a value of the coefficient b = 11 db 1
while that of log K vs. pH at two different salt concentrations gives
d = 0.68 db 0.05 per monomer unit (see Figs. 10 and 11). Thus it ap
pears that in the process of self-association to form polymer about 11

I50l·

LOG a KCl
FIG. 10. Plot of log K vs. — log ÖKCI. Different symbols represent different
polymer preparations; the molarity of potassium chloride is indicated below each
experimental point. The p H of all protein solutions was maintained at 8.3 with
2 X 10~3 Ai Veronal buffer. Rotor velocities were between 9000 and 11,000 rpm.
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molecules of KC1 are released from each myosin molecule while ap
proximately 0.7 mole of hydrogen ion is absorbed.
The standard free energy change per mole of polymer can be cal
culated from Eq. (5) and AF = —RT In K\ If protein concentrations
are expressed in units of moles/liter, then Δ F = —181 kcal/mole of
polymer referred to a standard state of unit activity for each of the
reaction components in Eq. (5) and 55.5 M for water.
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FIG. 11. Plot of log K vs. pH at constant potassium chloride concentration.
All protein solutions were buffered with 2 X 10~3 M Veronal at the desired pH.
Rotor velocities were between 9000 and 11,000 rpm.
TEMPERATURE DEPENDENCE OF THE EQUILIBRIUM CONSTANT

The enthalpy and the entropy of the polymerization reaction have
been derived from a study of the temperature dependence of the
equilibrium constant. Experiments were usually carried out at three
or four temperatures between 0° and 16°C, since the myosin polymers
are extraordinarily sensitive to heat and undergo significant irrevers
ible aggregation upon even brief incubation at temperatures above
20°. Table 2 summarizes the data obtained from two sets of experi
ments carried out at different salt concentrations, where it will be seen
that the equilibrium constant does not exhibit any apparent trend over
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TABLE 2
EFFECT OF TEMPERATURE ON THE EQUILIBRIUM CONSTANT
FOR THE POLYMERIZATION OF MYOSIN"
KC1 Cone.

0.168 M

0.196 M

Temp. (°C)

1.1
5.9
10.7
16.5
2.1
10.4
16.2

log K

96.8
95.1
97.4
95.5
40.9
38.8
39.3

a
Equilibrium constants were calculated from Eq. (2) as described in the text.
All protein solutions were buffered with 2 X 10~3 M Veronal (pH 8.3). Polymer
solutions in 0.168 M KC1 were examined in 30-mm double-sector synthetic boundary
cells (total protein contentration = 0.13 gm/100 ml). Polymer solutions in 0.196 M
KC1 were examined in 12-mm double-sector synthetic boundary cells (total protein
concentration 0.7 gm/100 ml).

the temperature interval examined. The value of the enthalpy change
on self-association of myosin calculated from d log K/d (1/T) =
AH/R is therefore zero, and the entropy change derived from the well
known relationship AS = (AF —AH)/T
is 648 e. u. per mole of
polymer or 7.8 e. u. per monomer (at 5°C).
EFFECT OF PRESSURE ON THE EQUILIBRIUM CONSTANT

Our discussion up to this point has focused on results derived from
velocity sedimentation studies carried out at relatively low rotor speeds.
An unusual effect is observed if the rotor speed is rapidly increased
during a sedimentation velocity experiment. Under these conditions
the hypersharp polymer boundary splits into two peaks as shown in
Fig. 12. The left-hand frame displays schlieren patterns for the myosinpolymer equilibrium system obtained at a rotor velocity of 31,410 rpm
(KC1 = 0.17 M, pH 8.3). These patterns are similar to those previously
presented in that they consist of two sedimenting peaks, monomer and
polymer, which appear to be fully resolved. Sedimentation coefficients
for each species are indicated in the figure. The result of rapidly in
creasing the rotor velocity to 59,780 rpm after the polymer peak has
moved about half way through the cell is shown in the right-hand
frame. On acceleration of the rotor, the single polymer peak separates
into two peaks, the faster boundary retaining the characteristic sedi-

44

HARRINGTON AND

JOSEPHS

mentation coefficient of the polymer, whereas the newly formed peak
exhibits a sedimentation coefficient less than that of the monomer.
Further sedimentation at the high rotor velocity results in a progres
sive reduction in the area of the polymer peak as this species sediments
into ever increasing depths of the ultracentrifuge cell.
The origin of the phenomenon shown in Fig. 12 may be understood
if we assume a pressure dependence of the equilibrium constant. As a
consequence of the increase in the rotor velocity, there is a correspond-

FIG. 12. Effect of increasing rotor velocity on monomer-polymer equilibrium
( p H 8.3, .17 M KC1). Protein concentration of lower pattern 0.66%, upper (wedge
window) pattern 0.33%, 12-mm cell. Bar angle 60 degrees. The pattern on the right
(59,780 rpm) was photographed 5 minutes after the pattern on the left
(31,410 r p m ) .

ing increase in the hydrostatic pressure applied to the protein solution.
The increased pressure causes a shift in the equilibrium constant such
that a portion of the polymer dissociates into monomer. Because the
pressure change was effected over a short period of time ( ^ 4 min
utes), the shift in equilibrium occurs abruptly, hence the appearance
of a discrete peak on the slow side of the polymer peak. According to
this thesis both the newly formed peak and the peak near the meniscus
must represent monomer.
The reason for the low sedimentation coefficient of the newly formed
monomer peak is that it is a differential boundary. As Schachman
(1959) and his co-workers have shown, when a protein solution is
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layered over a solution of the same protein at higher concentration,
then the lower, differential boundary, will always migrate more slowly
than the upper boundary. This is precisely the situation observed in
Fig. 12. The upper boundary referred to is the original monomer peak
having S20,w = 5.4 S and the differential boundary is the newly formed
monomer peak with S20,w — 4.4 S.
If the phenomenon described above results from a shift in the equi
librium constant favoring monomer as the rotor speed is increased,
then, conversely, a deceleration experiment should favor the formation
of polymer. That this is indeed the case may be seen from the experi
ment summarized in Fig. 13. After an initially high rotor velocity

4
-T 4- ,τ 0
, ν0 0 r p m

I
In

i! # OOOrpm

i

J
11,000 rpm

li,000rpm

FIG. 13. Sedimentation profiles demonstrating the reassociation of monomer
to form polymer upon reduction of the rotor velocity. Rotor velocities are indicated
in the figure. Protein concentration 0.76 gm/100 ml in 0.19 M KCl, 2X10" 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 minutes, (b) 32 minutes. Time of centrifugation after
reduction of the rotor velocity to 11,000 rpm: (c) 37 minutes, (d) 133 minutes,
(e) 227 minutes.
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(44,000 rpm) had been maintained for a period of time sufficient to
sediment the polymer boundary through most of the liquid column,
the speed was reduced to 11,000 rpm. At the lower hydrostatic pres
sure now prevailing, some of the monomer reassociates to form
polymer and a new hypersharp polymer peak emerges from the fast
side of the monomer boundary.
The two experiments described above demonstrate shifts in the
monomer polymer equilibrium brought about by changing rotor veloc
ity. A direct proof that these changes stem from the effect of hydro
static pressure on the equilibrium constant is provided in Fig. 14. In

FIG. 14. The effect of hydrostatic pressure on the monomer-polymer equi
librium at constant rotor velocity. Varying amounts of mineral oil ( density = 0.85
gm/ml; previously equilibrated with dialyzate) were added to aliquots of 0.66%
myosin solution which h a d been dialyzed against 0.185 M KC1, 2 X 10~3 M Veronal,
p H 8.3. The lower (centrifugal) meniscus at the oil-solution interface is that of
the protein solution, and the upper (centripetal) oil-air meniscus corresponds to
the protein sector. Time of centrifugation was 75 minutes for each frame. Rotor
velocity, 40,000 rpm; temperature 5°C.
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this experiment increasing amounts of mineral oil (density = 0.85
gm/ml; previously equilibrated with dialyzate) were layered over
myosin-polymer solutions of identical concentration (0.66%) and
column height. Each solution was centrifuged at 40,000 rpm for 75
minutes to resolve the monomer and polymer boundaries. Thus the
effect of pressure on the equilibrium is established before separation
of the species occurs, and the only difference among the various studies
is the alteration in hydrostatic pressure on the liquid column resulting
from the overlayer. of mineral oil. From an analysis of the areas under
the monomer peaks shown in frames a, b, c, and d of Fig. 14, it was
determined that the monomer concentration increased gradually with
increasing hydrostatic pressure. The measured concentrations of
monomer were 0.11, 0.12, 0.15, and 0.26%, respectively.
The use of mineral oil to increase the hydrostatic pressure on the
protein solution column, coupled with a rotor acceleration experiment,
allows us to demonstrate complete pressure-dependent transformation
of an equilibrium system into monomer. This study is summarized in
Fig. 15. A myosin ^± polymer equilibrium system overlayered with
mineral oil was centrifuged at 24,000 rpm to resolve the hypersharp
polymer peak from the monomer boundary. Frame (a) presents the
schlieren pattern observed at 24,000 rpm just before accelerating the
rotor. Frame (b) was taken immediately after increasing the rotor
velocity to 60,000 rpm. Under these conditions the polymer has been
completely dissociated into monomer as evidenced by the absence of
a hypersharp polymer peak and the spreading of the resulting differ
ential monomer boundary. Frames (b) to (f ) show that the conven
tional monomer boundary at the meniscus is clearly overtaking the
differential monomer boundary (as a consequence of the difference
in sedimentation coefficients (5.4 S vs. 3.6 S ) ) , finally merges with it,
and subsequently only a single monomer boundary (S 20 , w = 4.4 S)
is seen in frames ( g ) - ( i ) .
The experiments presented in Figs. 12-15 provide evidence that the
monomeric myosin species is favored with increasing hydrostatic pres
sure, and we expect, therefore, that the monomer -» polymer transition
is accompanied by a positive volume change.
As a general rule, chemical reactions involving changes in ion or
salt binding are accompanied by volume changes. Protein interactions
are no exception, although the volume changes involved are usually
quite small and not easy to detect by conventional techniques. Quite
often a major structural alteration, such as hydrolysis or denaturation
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FIG. 15. Sedimentation profiles demonstrating the formation of a differential
monomer boundary upon increasing the rotor velocity from 24,000 rpm to 60,000
rpm (see text for details). Protein concentration 0.56 gm/100 ml, in 0.18 M KC1,
2 X 10- 3 M Veronal, p H 8.3.

is required to achieve a measurable shift in the partial specific volume
of a protein. It is likely that such changes are primarily associated
with alterations in the structuring of solvent around exposed ionic and
hydrophobic groups (Kauzmann, 1959; Linderstr0m-Lang and Jacobsen, 1941; Schachman, 1963; Klotz, 1960). Thus one aspect of the im
portance of effecting measurements of the partial specific volume,
v, lies in assessing the role played by solvent in self association reac
tions and in stabilization of the quaternary structure of proteins.
The means most commonly utilized for measuring volume changes
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in aqueous protein systems consist either in determining the partial
specific volume, v, of the species before and after the transition of
interest (the difference, Δ v, being a measure of the volume change),
or more directly by dilatometry. The former method is limited by the
inherent accuracy of v measurements, which routinely lie in the range
of ±0.01 ml/gm, whereas employment of the latter is technically ex
tremely tedious. Neither method is in current use for routine detec
tion of changes in.i) much less than 0.01 ml/gm. Bearing in mind that
the partial specific volume of proteins generally varies over a restricted
range of 0.69-0.76 ml/gm, and that even such far-reaching perturba
tions in structure as occur in concentrated aqueous solutions of
guanidine. HCl or urea rarely result in changes of v exceeding 0.02
ml/gm, it is clear that detection and measurement of Δ v between dif
ferent forms of native proteins is by no means an easy task. The general
paucity of data on volume changes for polymerizing protein systems
is an eloquent, if silent, testament to the difficulties involved.
Volume changes may also be evaluated from the pressure depend
ence of the equilibrium constant. The explicit form of the pressure
dependence of the equilibrium constant in a rotating ultracentrifuge
cell is given by
In K(x) = ΙηΚο-4τ

Γ

X

'

=X0

AV

(^)

dx

(6)

where K(x) is the equilibrium constant at any point x in the liquid
column and K0 is the equilibrium constant at the meniscus position,
x0. The change in molar volume upon forming 1 mole of polymer from
n moles of monomer is Δ V, and P, R, and T are the pressure, gas
constant, and temperature, respectively. Assuming solution incompressibility and making the substitution

Tx

= ρωΧ

(?

)

where p is the solution density and ω the rotor velocity, Eq. (6) can
be integrated to give
In K(x) = In Ko - ( | ^ ) ( l f ) (*2 " *o2)·

(8)

Thus the volume change is readily obtained from a plot of log K
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against pressure where the pressure at any depth x in the cell is
given by
rx

= ~^y \X

Xo )

Those features of the myosin ^ polymer sedimentation profiles that
may be attributed to pressure dependence in a conventional velocity
run make thçir appearance only gradually, as the rotor speed is in
creased. Thus, systems that display marked pressure-dependent char
acteristics at rotor velocities of 30,000 rpm may exhibit quite conven
tional behavior at 10,000 rpm. This is demonstrated in Fig. 16, which
presents the effect of rotor velocity on the myosin polymer system
(0.18M KC1, pH 8.3). Frame (a) presents a sedimentation veloc
ity profile obtained at 9000 rpm in a double sector cell. Here
it will be seen that the schlieren pattern displays the conventional
features observed for a polymerization reaction involving a monomer
and a high molecular weight polymer (n = 83). The two peaks are
well resolved, and the schlieren profile drops to the baseline between
the peaks, as expected from the considerations evolved during discus
sion of Fig. 9. Aliquots of the same protein solution were then run at
higher rotor velocities, and the schlieren patterns obtained are pre
sented in frames ( b ), ( c ), and ( d ). The most salient feature of these
patterns is the marked elevation of the baseline, both between the
monomer and polymer peaks, and centripetal to the polymer peak.
It will be seen that the effect of increasing rotor velocity is to enchance
the prominence of these features, which strongly points to their as
sociation with the pressure dependence of the equilibrium constant.
From sedimentation patterns such as those shown in Fig. 16, it is
possible to evaluate the equilibrium constant during sedimentation at
various depths of the centrifuge cell, each of which corresponds to a
particular hydrostatic pressure. Since we assume equilibrium at all
levels of the cell, the equilibrium constant may be readily calculated
from the simple mass action expression (Eq. 1), log K = log cp — 83
log cm. As we have shown elsewhere (Josephs and Harrington, 1968),
the concentration of monomer may be determined from a measure
ment of the entire area of the schlieren pattern centripetal to the
hypersharp polymer peak. The polymer concentration is then the dif
ference between the initial total protein concentration and the con
centration of monomer derived from the area in region I of Fig. 16
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FIG. 16. Effect of rotor velocity on myosin-polymer equilibrium, ( a ) Total
protein concentration, 0.4%. Time of centrifugation, 18 hours. The broadness of
the monomer peak is due to diffusion. This experiment was carried out in a
modified capillary-type double-sector synthetic boundary cell. The lower (cen
trifugal) capillary was 10.5 mm from the base of the cell instead of the usual
5.5 mm. ( b ) Total protein concentration, 0.6%. Time of ultracentrifugation, 5
hours, ( c ) Total protein concentration, 0.6%. Time of ultracentrifugation, 1.5
hours, ( d ) Total concentration, 0.6%. Time of ultracentrifugation, 1 hour. Alumi
num double-sector cells coated with a thin ( 1/32 inch ) layer of Kel-F were used.
Each polymer solution was exhaustively dialyzed against a common buffered
solvent of 0.18 M KCl, 2 X 10~3 M Veronal, p H 8.3, as described previously. The
rotor velocity is indicated in the figure. Temperature was 5°C.

appropriately corrected for radial dilution. The equilibrium constant
obtained is that prevailing at the radial position of the polymer peak.
[In practice the concentration change across the region centripetal
to the polymer peak (region I) is obtained by utilizing the Rayleigh
interference optical system, rather than by the less accurate method
of measuring the area under the schlieren profile.]
Typical plots of the logarithm of the equilibrium constant versus
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pressure for the myosin-polymer system are shown in Fig. 17 for two
different salt concentrations and rotor velocities. From the slopes of
these plots we estimate the same change in partial specific volume,
Δν = 6.4 X 10~4 ml/gm, for the n monomer ^ polymer reaction.
A more extensive compilation of data obtained from a series of
similar experiments under a variety of experimental conditions is
50
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FIG. 17. Plots of log K against hydrostatic pressure for the myosin monomerpolymer equilibrium. ( A ) Rotor velocity, 22,000 rpm, KCl concentration 0.194 M;
2 X 10 _ 3 M Veronal, p H 8.3; protein concentration is 1.0 gm/100 ml. ( B ) Rotor
velocity, 32,000 rpm, KCl concentration 0.18 M; 2 X 10"3 M Veronal, p H 8.3;
protein concentration 0.6 gm/100 ml.
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presented in Table 3. The first three columns in the table are selfexplanatory. The fourth column is the value of log K obtained upon
extrapolation of the log K versus pressure plot to the ordinate, and
is equal to the value of log K that would have been obtained had the
experiment been carried out at low speed. The last column is the
value of Av obtained from the slopes of the plots. It is of interest to
note that the value of log K ( 1 atm ) depends only upon the salt con
centration and is independent of the protein concentration and the rotor
velocity. This is clearly demonstrated by the constancy of log K (1
TABLE 3
E F F E C T OF VAKYING EXPERIMENTAL CONDITIONS ON
Protein concentration
(gm/100 ml)

0.6
0.6
0.6
0.4
0.9
0.4
1.0
1.0
0.7
1.0
1.0
0.26

KCl
(moles/liter)

Rpm

0.180
0.180
0.180
0.180
0.180
0.176
0.196
0.192
0.187
0.194
0.194
0.145

40,000
32,000
20,000
32,000
32,000
22,000
22,500
22,000
22,000
28,000
22,000
33,450

Ava

logK,
1 atm

Δν X 104
(ml/gm)

69
70
72
72

5.38
6.02
7.45
5.98
6.92
6.82
7.66
7.13
5.54
6.36
6.39
5.92

e9

78
36
45
58
45
45
142

a

Values of Av were obtained from the slope of plots of log K (P) vs. pressure
( = AvM-p/2.3 RT), similar to those of Fig. 17. Log K (1 atm) was estimated by
extrapolation of the same plots to 1 a t m pressure. Solutions were buffered with
2 X 10~3 M Veronal (pH 8.3). Other pertinent experimental conditions are indicated
in the table.

atm) for the first five table entries. Similarly, the values of Av show
no consistent trend with the experimental conditions; the average
value of Av is 6.5 χ 10-4 ml/gm.
In the light of the previous discussion regarding the sensitivity of
the equilibrium to salt concentration, it is important to determine
whether the gradients caused by salt distribution at high rotor veloc
ities might not seriously affect an analysis of the pressure-dependent
phenomena.
The magnitude of the salt gradient has been measured using the
Rayleigh interference optical system as a function of rotor velocity and
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time by ultracentrifugation of dialyzate vs. distilled water in a 30-mm
double sector cell. At the highest rotor velocity used in the present
study, 40,000 rpm, a gradient of 0.001 M/mm was established after 75
minutes of ultracentrifugation. From the data reported in Table 3 and
Fig. 10 we find δ log K/8aKCi is —1900 and the change in log K caused
by this salt gradient at a point % of the way through the liquid column
would be 4.7. Both lower rotor velocities and/or snorter centrifugation
times were commonly employed to determine Av, and we regard this
figure as the maximum error introduced by the salt gradient. Moreover,
since the normal scatter of the measured values of the log K data is
roughly 2-3 in a total log K change of 30-50, the error introduced by
the salt gradient will not significantly bias the results.
In another series of ultracentrifuge experiments, the pressure de
pendence of the equilibrium constant was determined by layering
increasing amounts of mineral oil over the protein solution column.
Since log K estimated at the oil-solution meniscus is not affected by
the salt gradient, and is unlikely to be influenced by effects arising
from transport during sedimentation, its measurement provides a
valuable cross check on the procedure employed to evaluate Av in
Table 3. From plots of log K (meniscus) against pressure for a series
of mineral oil experiments carried out at 32,000 rpm, a value of Av =
6.2 X 10~4 ml/gm was obtained, in excellent agreement with the aver
age Av presented in Table 3.
DISCUSSION

The processes involved in the polymerization of myosin are suf
ficiently complex to restrict us for the present mainly to qualitative
considerations. Even so, a number of interesting features emerge from
the present study. The most prominent among these is connected with
the effect of pressure. This feature of the polymerization equilibrium
has been treated at some length since it represents the first instance
of an ultracentrifuge study of a pressure-dependent, rapidly associating
protein system. In view of the striking changes in equilibrium con
stants with pressure in the myosin ^ polymer reaction, it is pertinent
at this point to inquire whether such phenomena may not also be
observed in other self-associating protein systems. In particular we
may ask how large a pressure change is necessary in order to achieve
a measurable shift in the equilibrium constant.
Kegeles, Rhodes, and Bethune (1967) and Ten Eyck and Kauzmann
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( 1967 ) have recently treated this question from a theoretical point of
view and have emphasized the importance of pressure on the sedi
mentation behavior of chemically reacting systems. In Table 4 the
change in equilibrium constant has been calculated as a function of
pressure for three hypothetical reactions for which the molar volume
change is 0.5% (see also Josephs and Harrington, 1967b; Kegeles
et al., 1967; Ten Eyck and Kauzmann, 1967). At first glance it may
seem remarkable indeed that such immense changes in the equilibrium
constant may be effected solely through the application of relatively
low pressures. However, clearly this sensitivity to pressure is a conTABLE 4
EFFECT OF PRESSURE ON INTERACTING SYSTEMS
MOLECULAR WEIGHT OF PRODUCTS0
Pressure
(atm)

1
40
80
120
160
200
300

MW = 105
(Ko/KP)

1
1.9
3.6
6.9

13.2
25.1
126

MW = 106
(Ko/KP)

MW = 107
(Ko/KP)

1
X
X
X
X
X
X

1028
1056
1084
10112
10140
10 2 1 0

6.3
4.0
2.5
1.6
9.1
9.8

1
102
105
108
1011
1013
1020

° KQ is the equilibrium constant at atmospheric pressure, and Kp is the equi
librium constant at the pressure indicated in the left-hand column. Results give
the ratio of K0 to Kp (i.e., the perturbation of the equilibrium due to pressure) for
three reactions in which v increases from 0.73 ml/gm to 0.73365 ml/gm, an increase
in molar volume of 0.5% (Ay = 3.65 X 10 -3 ml/gm). The molecular weight of the
products are 105, 106, and 107. At the maximum speed attainable in the ultracentrifuge (72,000 rpm) the pressure across the cell is 480 atmospheres; the pressure across
the cell at 59,780 rpm is 330 atm.

sequence of the extremely large molar volume of proteins which in
turn means that even a small fractional change in volume will result
in a large molar volume change. Since it is the molar volume change
rather than the fractional or percent change that governs the magni
tude of the pressure dependence of K, we see that the larger the
molecular weight of the interacting species the more readily pressure
dependence will be detected.
The pressure data presented in the present paper reveal that incor
poration of a monomeric unit into the myosin polymer is accompanied
by a volume increase of 350-400 ml. To what structural changes may
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we attribute this volume change? Over the past years a body of evi
dence has accumulated that points to the role played by the solvent
in stabilizing protein structure. The main forces involved are believed
to be associated with exposed ionic and hydrophobic groups. It is use
ful, therefore, to consider briefly the effects of each of these on the
solvent.
When a charged group or ion is exposed to water molecules, the
powerful electric field of the ion interacts strongly with the dipolar
water molecules. The result of this interaction, termed électrostriction,
is that the water becomes compressed about the charges. If two op
positely charged groups are brought together, then the strength of
the resulting dipolar field is very much less than the sum of that of
the single ions. The formation of such a dipole or salt linkage results
in reduced électrostriction and a consequent increased volume due
to released water. The thermodynamic properties of such linkages can
be derived from Born's theory of ion-solvent interactions and the main
result is that the driving force for the formation of a salt linkage is
due primarily to the entropy change; the enthalpy change being
close to zero. Thus the formation of salt linkages are characterized by
large positive entropy and volume changes and small heat effects.
A significant portion of the amino acid residues of myosin (25-35%)
are nonpolar in nature (Segal et al., 1967; Lowey and Cohen, 1962),
and it has been suggested (Kauzmann, 1959; Schachman, 1963; Klotz,
1960; Nemethy and Scheraga, 1962a-c) that when such groups are
brought into contact with water they induce the formation of a struc
tured icelike complex with aqueous solvent. The formation of this
complex is accompanied by a large decrease in entropy of the order
10-20 e. u., is exothermic with an enthalpy change of about 0-2 kcal,
and, significantly, a volume decrease of about 10-20 ml per residue.
Conversely, the transfer of a hydrophobic residue from an aqueous
medium to a nonaqueous medium is accomplished with an entropy
gain of 10-20 e. u. and a volume increase of 10-20 ml. The transfer is
endothermic with Δ H = 0 — 2 kcal.
Thus both hydrophobic and ionic residues appear to exert a similar
effect on aqueous solvent, though for quite different reasons. Hydrophobic and ionic bonds differ, however, in their response to increasing
ionic strength. This is shown in Table 5, along with other thermo
dynamic properties of ionic and hydrophobic bonds. Ionic linkages are
weakened by the addition of salt since increasing electrolyte concen
trations attenuate the electric field surrounding the separated ions.
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TABLE 5
ESTIMATE OF CHANGES IN THERMODYNAMIC PARAMETERS FOR THE
FORMATION OF IONIC AND HYDROPHOBIC BONDS' 1
Bond

Ionic
Hydrophobic

AH
(kcal)

AS
(e.u.)

AV
(ml)

0
0-2

10-20
10-20

10-20
10-20

Effect of
electrolytes

Weakens
Strengthens

° Abstracted from Kauzmann (1959) and Schachman (1963).

This results in a reduction of the entropy gained upon formation of
the ionic linkage from the separated ions. In contrast, hydrophobic
bonds are strengthened by increasing salt concentration.
Table 6 summarizes the thermodynamic properties of the polymer
ization reaction. The parallel with the preceding table is remarkable
in that the association reaction is accompanied by large changes in
the entropy and volume and strongly supports the view that the for
mation of ionic or hydrophobic bonds is the main driving force of
polymerization. It is not easy to decide which of these is primarily
responsible, although the near zero value of the enthalpy seems to
favor ionic bonding. Another characteristic of the reaction favoring
the choice of ionic bonding is its marked sensitivity to salt; however,
neither of these features can be considered compelling enough to ex
clude hydrophobic bonding. The picture which develops then, is that
in the monomeric form ionic and some hydrophobic groups of the
protein are in intimate contact with aqueous solvent, resulting in the
immobilization of large amounts of water. Upon polymerization, a
portion of these groups are transferred from contact with the aqueous
phase into the interior of the polymer, in the process of which a num
ber of ionic linkages are formed. While a large number of individual
reactions are undoubtedly taking place, positive and negative enthalpy
contributions appear to be equally balanced, and the net driving force
TABLE 6
THERMODYNAMIC PARAMETERS FOR THE FORMATION OF MYOSIN FILAMENTS 0

Per monomer
Per polymer
α
b

AFb
(kcal)

AH
(kcal)

-2.2
-180

0
0

Δ7
(ml)

Effect of
electrolytes

+384
3.2 X 104

Destabilizes
Destabilizes

AS
(e.u.)

+7.8
650

For the reaction n monomer ^ polymer where n = 83.
At 278°K.
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for the reaction is the gain in entropy realized by the release of water
bound to ionic and hydrophobic groups.
If ionic or hydrophobic bonds are chiefly responsible for driving the
polymerization reaction, then it is possible to make a rough calculation
of their number. Since the volume change per bond is about 10-20 ml
and there is a total volume change of 380 ml per monomer, using a
mean value of 15 ml per bond yields about 25 such bonds formed per
monomer assuming that little or no volume change occurs upon debinding of KC1 during polymerization.
Since there are about 1600 charged groups per mole of myosin
(Lowey and Cohen, 1962; Segal et ah, 1967), these 25 salt linkages
represent only a small fraction of the total charge. In any case it
appears that the likely explanation for the volume increase is the re
lease of water from the monomer upon polymerization, which in
essence, amounts to a partial dehydration of the protein. It is pertinent
to note in this context that dehydration of proteins generally results
in an increase in total volume of about 5-8% (i.e., protein plus solvent)
(Chick and Martin, 1913; Hipp et ah, 1952; McMeekin et ah, 1954).
Volume increases have been observed in other associating protein
systems as well ( Table 7 ). In the case of TMV ( Stevens and Lauffer,
TABLE 7
PROPERTIES OF SOME POLYMERIZATION REACTIONS

System

Poly-L-valyl
ribonuclease
Collagen
Myosin
Hemocyanin
Tobacco mosaic
virus
Actin
Flagellin
α
6

Molecular
weight,
polymer

Indefinite
>10 8

n,
degree of
polymerization

Indefinite
> 3 X 102

Δ7«
(ml/gm)

Reference
26

1.5 X 10~

8 X 10~4

50 X 106

83

6 X 10~4

3.7 X 106

10

3 X 10" 2

> 5 0 X 106

>500

6 X 10~3

Indefinite
Indefinite

Indefinite
Indefinite

1.5 X 10~3
3.8 X 10~3

K e t t m a n et al (1966)
Cassel and Christensen
(1967)
Josephs and Harrington
(1967b)
Van Holde and Cohen
(1964)
Stevens and Lauffer
(1965)
Ikkai and Ooi (1966)
Gerber and Noguchi
(1967)

For the reaction n monomer ;=± polymer.
Activation volume (AV*) obtained from rate measurements.
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1965), for example, the loss of water from the protein was measured
directly and found to be about 150 moles per 105 gm of protein. An
interesting feature common to all the studies cited in the table is that
the products of the association reactions are all polymers, with
molecular weights greater than 3 X 166 and degrees of polymer
ization exceeding 10 monomers. The formation of such large structures
is accompanied by a significant reduction in the surface:volume ratio.
This in turn implies increased contact between protein surfaces and
reduced protein-solvent contact. From these studies we might an
ticipate that in general, whenever such large structures are built up
from smaller protein subunits, the process will be accompanied by
volume and entropy increases due to reduced contact of the protein
surfaces with aqueous solvent. That the free energy for stabilizing
such structures can be derived from the entropy rather than the
enthalpy is not the sort of conclusion one might arrive at intuitively,
since the association process results in the immobilization of individual
protein subunits and the consequent loss of many degrees of translational and rotational freedom (Steinberg and Scheraga, 1963; Doty
and Myers, 1953). However, it appears that this loss is more than
compensated for by the gain in entropy due to the liberation of solvent
from around charged and hydre-phobie groups, and strongly under
scores the unique role played by aqueous solvents in stabilizing the
higher levels of quaternary structure.
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