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The Interaction of Actin Monomers with Myosin

Heads and Other Muscle ProteinsT

P. D. Chantlert and W. B. Gratzer*

ABSTRACT: The simplest interacting unit of actomyosin, viz.,
single myosin heads (subfragment 1) with actin monomers,
has been studied at physiological ionic strength, by isolating
the actin molecules from each other on a solid support. The
interaction is characterized by a binding constant of 10° to 108
M-l in the temperature range 4-30 °C. It is endothermic with
a standard enthalpy of 24 £ 10 kcal mol~!, and a standard
entropy of 110 + 40 eu. It is thus, like many protein-protein
association processes, entropy-driven. Despite the high affinity
of the association, which is comparable in its binding constant
to that of subfragment 1 with F-actin, there is only very small

In approaching a complete description of the mechanism by
which the interaction of myosin heads with the components of
the actin helices, constituting the thin filaments of skeletal
muscle, leads to relative motion, it is necessary to define each
binding process individually in terms of its intrinsic thermo-
dynamic and kinetic parameters. Compared with the function
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activation of myosin ATPase. The ionic-strength dependence
of the interaction shows unusual features. Binding of the pro-
teins of the relaxing system to the monomeric actin was also
examined: troponin binds both in the presence and absence of
calcium ions, but neither tropomyosin nor the tropomyosin-
troponin complex was found to bind significantly. Monomeric
actin has also been examined as a function of ionic strength by
spectroscopic methods; it appears that conformational dif-
ferences between the G and the F state are the consequence of
polymerization, and not of the change in ionic strength required
to bring the conversion about.

of a single multi-subunit enzyme, which can be described in
terms of a small number of equilibrium constants, the system
is obviously extremely complex. It is still a matter of debate
whether the two heads on a single myosin molecule are func-
tionally identical, and practically nothing is known about the
interaction of each head with its binding site on a single actin
molecule. This interaction must be studied in isolation if the
nature of the interaction of the two-headed myosin molecule
with the constellation of accessible monomers in the actin
filament, both in the presence and absence of ATP, is to be
understood, as well as the relation of the process to the reported
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changes in the configuration of the thin filaments in the course
of contraction (Wakabayashi et al., 1975), and the manner in
which it is modulated by the regulatory proteins present in the
thin filament.

The difficulty in studying the basic interaction in anything
approaching physiological solvent conditions is that the mo-
nomeric G-actin polymerizes rapidly to the fibrous form. One
therefore has the choice of attempting a specific chemical
modification, which will leave the protein in the native con-
formation, while inhibiting interaction with its neighbors in
the filament, or of isolating the monomer by coupling G-actin
at low ionic strength to an isoluble matrix. We have shown
{Chantler and Gratzer, 1973) that the G-actin coupled to a
Sepharose gel matrix remains substantially in the native state,
as judged by retention of its nucleotide, and that it is able
specifically to bind myosin, and separated myosin heads
(subfragment 1). We present here the results of an equilibrium
study of its interaction with subfragment 1. Thermodynamic
parameters for the binding process have been obtained. The
extent of activation of the myosin ATPase by the monomeric
bound actin, and its dependence on ionic strength have been
determined. The interaction of the relaxing factor complex,
and of tropomyosin and troponin separately, with the bound
actin have been studied, and the conformational basis of the
polymerization of G-actin has been examined by spectroscopic
methods.

Materials and Methods

Proteins. Rabbit skeletal muscle actin was prepared from
the acetone powder with ATP and calcium chloride under the
conditions described by Spudich and Watt (1971), and purified
by one polymerization cycle followed by exposure to 0.6 M
potassium chloride to dissociate relaxing system proteins. Some
experiments were also performed with actin prepared by the
somewhat different procedures of Martonosi (1962) and of
Drabikowski and Gergely (1964). Actin concentrations were
determined spectrophotometrically, using a specific absorp-
tivity, Ejem'® = 11.0 at 280 nm (Houk and Ue, 1974). Rabbit
skeletal myosin was prepared according to Perry (1955), and
subfragment 1 by digestion with soluble papain by the proce-
dure of Margossian and Lowey (1973), followed by precipi-
tation with 55% ammonium sulfate. Specific absorptivities,
Eicm'®, at 280 nm of 5.3 (Perry, 1955) and 7.7 (Younget al.,
1965) were used for concentration determinations. The re-
laxing protein complex was prepared from acetone powder
residue (Spudich and Watt, 1971), and troponin was prepared
by extraction with lithium chloride (Ebashi et al., 1971). In
addition, the troponin-tropomyosin complex was fractionated
by ion-exchange chromatography on a hydroxyapatite column,
using a linear phosphate gradient, as described by Eisenberg
and Kielley (1974). For concentration determinations, specific
absorptivities of 3.1 (Holtzer et al., 1965) and 1.1 (van Eerd
and Kawasaki, 1973) were used for tropomyosin and troponin,
respectively. The preparations were free of contaminating
proteins as judged by polyacrylamide gel electrophoreses in
the presence of sodium dodecyl sulfate (Weber and Osborn,
1969).

Chemical Modifications. The coupling of G-actin to a
Sepharose 4B matrix was effected by the cyanogen bromide
activation procedure (Porath et al., 1967) under the conditions
previously described (Chantler and Gratzer, 1973). Before use
the Sepharose was extracted with 2% sodium dodecyl sulfate
for 15 min with stirring. Gels with “spacer arms” were pre-
pared by way of the N-hydroxysuccinic imidoester of agarose
(Cuatrecasas and Parikh, 1972), and a commercial activated

2220

BIOCHEMISTRY, VOL. 15, NOo. 10,

1976

CHANTLER AND GRATZER

matrix (Enzacryl Polyacetal, Koch-Light Laboratories), used
as described by Epton and Thomas (1971), was also tried.
Photo-oxidized actin in which one histidine and one methionine
residue were destroyed was prepared according to Offer et al.
(1972).

Dansyl myosin subfragment 1 was prepared by prior dialysis
of the protein against 0.1 M sodium bicarbonate, adjusted to
pH 8.0 (Horton and Koshland, 1967); dansyl chloride (1-2%
by weight) was then added in 0.5 ml of cold acetone to 10 ml
of the protein (1-2 mg/ml) at 4 °C with stirring (Weber,
1952). After 12 h, suspended material was removed in a
bench-top centrifuge and the solution was dialysed for 48 h or
more with several changes into the working buffer. The con-
centration of dansyl groups in the protein was determined
spectrophotometrically (Hartley and Massey, 1956).

Stability of Product. The matrix-bound actin has, rather
surprisingly, a somewhat reduced stability compared with free
G-actin under the same conditions (2.5 mM Tris, 0.2 mM
calcium chloride, 0.5 mM dithiothreitol, pH 7.2 at 4 °C), and
over a period of days its ability to bind myosin heads is pro-
gressively lost. The decay follows first-order kinetics and
parallels precisely the irreversible loss of nucleotide (experi-
ments with y-32P-labeled actin). The half-life for binding ac-
tivity is about 40 h after preparation of the matrix-protein
conjugate. The gels were therefore always used within hours
of preparation.

Binding Studies. The concentration of G-actin coupled to
Sepharose 4B was determined by digestion with Pronase, fol-
lowed by colorimetric ninhydrin analysis as previously de-
scribed (Chantler and Gratzer, 1973). Analysis for actin-
bound nucleotide both spectrophotometrically, and with
32P.~-labeled ATP also follows the procedure described in the
same paper. The G-actin-agarose gel samples were washed
free of dithiothreitol and excess nucleotide, which were nor-
mally present in the buffer, immediately before binding assays.

In measuring the amount of noncovalently bound protein
in the gel matrix (whether to ensure that all unbound actin had
been eliminated after the coupling reaction, or to measure the
amount of myosin subfragment 1 retained by the actin) a
technical point of general importance arises. We have found
that when a gel is washed with 6 M guanidine hydrochloride,
which, as an excellent denaturant, can be used to dissociate
noncovalent interactions, varying quantities of an ultravio-
let-absorbing impurity are invariably leached out. Since this
has an absorption maximum at 280 nm, it interferes strongly
with spectrophotometric protein determination in such eluates.
The spectrum is in fact indistinguishable from that of galac-
tose, and is due to the release of soluble material from the
Sepharose matrix. This is evidently of high molecular weight,
because there is a sizeable scattering background, and is con-
tinually generated with the passage of guanidine hydrochloride
through the matrix. Sodium dodecyl sulfate appears to be a
much more satisfactory dissociating agent. It does extract a
small amount of the ultraviolet absorbing material from the
Sepharose but this is sufficiently smali that a satisfactory
correction can be made.

The total volume available to the binding protein was de-
termined by partition experiments in the blank matrix. The
hold-up volume per volume of packed gel was determined by
the elution of blue dextran (Pharmacia) from a short column.
The equilibrium binding experiments with subfragment 1 were
conducted mainly with dansylated protein, which has some-
what diminished ATPase activity, but is unchanged in respect
of binding to F-actin (Kasuya and Takashina, 1965). Con-
centrations of the labeled subfragment 1 in solution were de-
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termined fluorimietrically. Equilibration was found to be
complete only after about 40 min, and a period of 1 h was
routinely used, the sample being maintained in a thermostated
water bath with fairly brisk stirring from an overhead paddle
stirrer. A molar excess of subfragment 1 over actin of up to 4
was used. The subfragment 1 bound was examined after elution
from the gel by polyacrylamide electrophoresis in sodium do-
decyl sulfate and was indistinguishable from the sample ap-
plied. No actin was eluted. The results were expressed in terms
of Scatchard plots for each temperature, from which binding
constants were extracted. The binding of tropomyosin and
troponin and their complex to the matrix-bound G-actin was
observed in the same way, but equilibrium studies were not
performed. The solvent in this case was that of Hitchcock
(1975), i.e., 0.05 M sodium chloride, 0.01 M imidazole, 2 mM
magnesium chloride, 0.5 mM dithiothreitol, pH 7.0, with and
without calcium chloride, or EGTA (0.1 mM). The conditions
for experiments involving elution of subfragment 1 by ATP-
containing buffers were as previously described (Chantler and
Gratzer, 1973).

ATPase Determinations. ATPase activity in free solution
was measured by colorimetric determination of orthophosphate
formation (Allen, 1940). In the mixture of subfragment 1 with
Sepharose gels a more sensitive method proved desirable and
32p.y.labeled ATP was added to the assay solvent (0.04 M
potassium chloride, 2 mM magnesium chloride, 2.5 mM Tris,
2 mM ATP, pH 7.0) to an activity of 2 X 10* dps. The labeled
ATP was first passed through a column of Dowex 1 in the
chloride form to remove radioactive orthophosphate. The
following procedure was used, and is based on that of Lymm
and Taylor (1970): 0.25- or 0.5-ml aliquots of the reaction
mixture, removed at various times, were mixed with 1 ml of 2.5
N hydrochloric acid, followed by 1 ml of 0.2 M potassium
phosphate, pH 7.0, as carrier, 3 ml of distilled water was next
added and then the phosphomolybdate reagent (10% ammo-
nium molybdate and 0.2 M triethanolamine, 2:1). After 2 min
the precipitate was collected on a 0.45-um Millipore filter and
washed with 10 ml of a solution containing 10% ammonium
molybdate, 0.2 M triethanolamine, perchloric acid, and water
(2:1:1.5:2.5, v/v). The membranes were then deposited on
planchettes and counted in a Nuclear-Chicago gas-flow
counter.

Instrumental. Sedimentation velocities were measured with
a Spinco Model E ultracentrifuge at 60 000 rpm using Schli-
eren optics. Fluorescence measurements were performed in a
Hitachi MPF 3L spectrofluorimeter, equipped with a ther-
mostated cell block, maintained at constant temperature (+0.1
°C). Circular dichroism was measured in a Cary 61 instru-
ment, and proton magnetic resonance spectra were measured
with a Bruker 270-MHz pulsed Fourier transform spectrom-
eter. Protein solutions (10 mg/ml or higher) were prepared by
dialysis into D;O. Up to 14 000 pulses were accumulated and
the residual water signal was eliminated by water-proton de-
coupling. The spectra were indexed relative to MesSi.

Results

Binding of Subfragment 1 to Immobilized Actin. Binding
profiles were obtained by equilibration of subfragment 1 so-
lutions with the actin-containing gels at physiological ionic
strength and at a series of temperatures. The data were rep-
resented by Scatchard plots, of which a typical example is
shown in Figure 1. In all cases linear plots were obtained, re-
flecting within the limits of experimental error, a single strong
binding process. Figure | also shows, at high concentrations
of subfragment 1, a limb of low slope, corresponding to weak,
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FIGURE 1: Typical Scatchard plot for binding of subfragment 1 to mo-
nomeric matrix-bound actin (temperature 16.5 °C). Inset: van’t Hoff plot
for binding.

possibly nonspecific binding. The strong binding process was
associated with a binding constant between 1 X 10° M~ at4
°Cto2 X 108 M~ at 31 °C, i.e., a standard free energy of
binding between —6 and —8.5 kcal mol~!. These experiments
which were performed with a series of different agarose-actin
preparations yielded the van’t Hoff plot shown in Figure 1
(inset). The binding is an endothermic process, and assuming
ACp = 0, we obtain a standard enthalpy of association of 24
+ 10 kcal mol~!, and a corresponding entropy of 110 + 40 eu.
Effect of Immobilized Actin on Subfragment 1 ATPase.
The method of assay here used, employing radioactively la-
beled ATP, has allowed us to define the effect of matrix-bound
actin on the ATPase activity of subfragment 1 within closer
limits than achieved previously (Chantler and Gratzer, 1973).
Figure 2 shows the rate of liberation of radioactive phosphate
from ATP by subfragment 1 under saturating conditions, at
low ionic strength, in the presence of Sepharose-bound mo-
nomeric actin and the same concentration of Sepharose alone
as a control. The ATPase rate is retarded in the presence of
Sepharose 4B, compared with free solution, probably because
of an unstirred layer of substrate around the matrix that limits
diffusional access to the enzyme, with a consequent increase
in apparent Michaelis constant; this is a familiar effect in
immobilized enzyme systems (Axén et al., 1970; Goldman et
al., 1971). It is also clear, however, that the bound actin is re-
sponsible for a small activation of the ATPase, which never
exceeds about 2. The precision of this result is probably limited
by the difficulty of sampling uniform quantities of gel.
Effect of Ionic Strength on Binding and Interaction with

ATP. In the absence of ATP, diminution of the ionic strength
t0 0.04 led to some decrease in the extent of binding. The ad-
dition of magnesium ions to a concentration of 5 mM produced
no detectable effect. The dissociation of the complex of sub-
fragment 1 and the monomeric actin by ATP was by contrast
affected by ionic strength in a profound and unexpected
manner. In a buffer of ionic strength in excess of 0.1 only a
2221
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FIGURE 2: Effect of matrix-bound monomeric actin on ATPase activity
of subfragment 1: rate of release of [32P]orthophosphate from v-labeled
ATP under saturating conditions by subfragment 1 in the presence of
Sepharose 4B containing no actin (open circles) and in the presence of a
similar quantity of matrix coupled to monomeric actin (filled circles).
Concentration of subfragment 1: 0.09 mg/ml. The buffer contains 2.5 mM
Tris, 2 mM magnesium chloride, 2 mM ATP, pH 7.0.

small fraction of bound subfragment 1 was eluted from the
actin column by 5 mM ATP (Figure 3a), the rest being readily
dissociated by sodium dodecyl sulfate. If the ionic strength was
greatly reduced by omitting the sodium chloride from the
buffer, the ATP eluted the subfragment 1 quantitatively from
the column (Figure 3b).

There was a parallel and completely reproducible effect on
ATPase activity: significant turnover occurred only at low ionic
strength. This effect is also shown in Figure 3.

Effect of lonic Strength on Conformation of Monomeric
Actin. In order to determine whether the differences in the
functional properties of G- and F-actin arise from the different
ionic strengths in which they exist, or from the polymerization
brought about by the change in ionic strength, some spectro-
scopic studies were undertaken. Murphy (1971) has shown that
the circular dichroism spectra of G- and F-actin are appre-
ciably different, notably in the region of aromatic absorption,
where there are small Cotton effects. We have observed the
same change, and we have followed its development when
G-actin is allowed to polymerize in the cell. The optical change
was found to follow the development of the viscosity and is not,
therefore, due to a conformational change induced by salt,
which might trigger the polymerization process. The lag phase
due to the formation of nuclei for polymerization (Oosawa and
Kasai, 1962) could be clearly observed. Photo-oxidized actin
(Martonosi and Gouvea, 1961: Offer et al., 1972), in which
destruction of some histidine residues was the predominant
modification, was also examined. In terms of sedimentation
rate and ultraviolet absorption spectrum, this material re-
sembled native G-actin. Preparations of this kind showed no
response to increased ionic strength. The circular dichroism
in the peptide absorption region gave evidence of some loss of
a-helix, and therefore denaturation, but the extent of this effect
varied from one preparation to another. In the best prepara-
tions by this criterion the aromatic Cotton effects resembled
those of G-actin and evinced no change when salt was added,
thus confirming that the change in circular dichroism on po-
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FIGURE 3: Dissociation of bound subfragment 1 from actin-agarose
column by ATP and liberation of orthophosphate at low and at high ionic
strength. (A) High ionic strength (2.5 mM Tris, 5 mM magnesium chlo-
ride, 5mM ATP, 0.1 M sodium chloride, pH 7.0): elution of subfragment
1 from Sepharose-actin (®); and control of Sepharose with no bound actin
(m); (left-hand ordinate), release of orthophosphate from labeled ATP
by subfragment 1 in the presence of Sepharose-actin (0); and of Sepharose
containing no actin (O) (right-hand ordinate). At the point indicated the
eluting buffer is changed to include 1% sodium dodecyl sulfate. (B) Low
ionic strength (2.5 mM Tris, 2 mM magnesium chloride, 2 mM ATP, pH
7.0). Symbols as in A.

lymerization results from the association itself. An attempt was
made to examine the proton magnetic resonance spectra at 270
MHz of the photo-oxidized actin at low and at high ionic
strengths, and to compare these with that of G-actin. No sat-
isfactory results could be obtained for the latter since even at
the lowest workable concentrations (ca. 4 mg/ml) severe
broadening of the signals occurred, indicative of concentra-
tion-dependent aggregation. The spectra of photo-oxidized
actin were also not of high quality, but in the low-field region
three C-2 histidine and one tyrosine ring proton signal could
be observed. These were unchanged in position when salt was
added, suggesting again that ionic strength has little direct
effect on the conformation of G-actin.

Binding of Tropomyosin and Troponin to Immobilized
Actin. The ability of monomeric matrix-bound actin to bind
proteins of the relaxing system in physiological solution con-
ditions was examined. The stoichiometric complex of troponin
and tropomyosin was not retained by the actin-containing gel.
Tropomyosin alone also showed no binding whatever. Tro-
ponin, however, consisting of the three species, Tn-I, Tn-N,
and Tn-C, was strongly bound, both in the presence of calcium
ions (0.! mM) and in their absence (0.1 mM EGTA), the
solvent conditions being those of Hitchcock (1975). The ratio
of troponin bound to actin monomers was higher than the
binding ratio for subfragment 1, presumably by reason of steric
factors.
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Effect of Coupling Arm on Binding. The effect of increasing
the distance between the protein molecule and the matrix in
the hope of improving steric access to the binding species was
studied with two derivatives. The polyacetal derivative (En-
zacryl) bound a large amount of actin, and indeed it was dif-
ficult to control the density of coupling. Moreover ATP was
adsorbed by the gel, which evidently has appreciable ion-
exchange capacity. No satisfactory results were obtained with
this material. The succinimide-agarose derivative (Cuatre-
casas and Parikh, 1972) proved more satisfactory, though a
high ultraviolet background was encountered in the sodium
dodecyl I sulfate eluates; this necessitated the use of Pronase,
which was found to be sufficiently active in the presence of
sodium dodecyl sulfate to degrade the eluted protein for col-
orimetric ninhydrin analysis. The fractional binding of sub-
fragment 1 was not consistently higher than that to the deriv-
ative made by cyanogen bromide activation, and in fact the
trend was toward lower binding. All equilibrium studies were,
therefore, performed on the materials prepared in the condi-
tions described, using cyanogen bromide activation of Seph-
arose.

Discussion

Monomeric Nature of Bound Actin. At the concentration
of actin in the gels used in the foregoing experiments (i.e., about
0.6 mg per g of wet weight), calculations (Green and Toms,
1973) indicate that less than 1.5% of the bound molecules
should be in a position to interact with another actin molecule.
The results of Chan and Mawer (1972), working with aldolase
at similar protein subunit concentrations, indeed indicate that
this may be an overestimate. The direct evidence for the ab-
sence of any significant proportion of polymerized actin in the
gels comprises (1) the ability of all the bound nucleotide to
exchange rapidly, (2) the identity of the bound nucleotide as
ATP, not ADP (Chantler and Gratzer, 1973), and (3) failure
of the bound actin to bring about any important enhancement
of subfragment-1 ATPase. The thermodynamic data derived
for the binding process may, therefore, be taken to refer to the
interaction between monomeric proteins. Very recently ex-
periments with column-bound actin have been reported by
Bottomley and Trayer (1975), which have led to conclusions
differing at several points from ours, notably with regard to
ATPase activation, the ionic strength dependence of disso-
ciation of the complexes by ATP, and the ability of the ma-
trix-bound actin to interact with tropomyosin. The primary
difference between our experiments and those of Bottomley
and Trayer is that in theirs the concentration of actin, both in
solution during coupling and on the matrix, and also the degree
of activation of the Sepharose were more than an order of
magnitude greater. Calculations (Green and Toms, 1973)
predict about 25% self-association of bound actin under these
conditions. The above criteria for the monomeric nature of the
bound actin, other than the ATPase activity, were not exam-
ined, and a more precise analysis of the source of the differ-
ences is not therefore possible.

Thermodynamic Characteristics of Binding of Subfragment
1. The binding constants for subfragment 1, which may be
regarded as the intrinsic association constant for the actomy-
osin system, are in the range 103 to 106 M~!, and stand in
marked contrast to the low ATPase activation. Measurements
of binding of subfragment 1 to F-actin (Young, 1967; Marg-
ossian and Lowey, 1973; Marston and Weber, 1975) place the
binding constant in this range. The binding process is an en-
tropy-driven reaction, dependent presumably on the dis-
placement of water from hydrophobic contact areas, as ob-
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served in many other protein-protein systems (see e.g., Lauffer,
1971). A contact site involving ten or so aliphatic side chains
(Nozaki and Tanford, 1971) would be compatible with the 100
eu characterizing the binding reaction. If both heads in myosin
are functionally identical in this respect, then the free energy
of binding of myosin to F-actin will be given by

AFy = 2AFy ~ RT1In 55.5

if there are no steric constraints on the binding of the second
myosin head when the first has bound to another monomer in
the actin strand, and if at the same time one can neglect en-
tropy effects, other than translational. (The subscript M refers
to myosin, H to a single head (subfragment 1), and the second
term on the right represents the unitary entropy resulting from
the immobilization of the second head.) At 25 °C this leads to
a binding constant for myosin to F-actin of no less than 1.6 X
1014 M~

ATPase Activation. Our findings on ATPase activation are
entirely consistent with the results of Offer et al. (1972), whose
work on G-actin and photo-oxidized actin appears to leave no
room for doubt that the capacity of these monomeric species
to activate myosin ATPase is small. Their value for activation
by G-actin amounts to a factor of less than five, extrapolated
to infinite actin concentration. The results reported by Bot-
tomley and Trayer (1975) are in conflict with these observa-
tions. The G-actin-subfragment-1 system responds quite dif-
ferently from actomyosin to changes in ionic strength. The
scheme of ATPase activation put forward by Taylor and his
co-workers (see Taylor, 1972, 1973) may be written in a greatly
simplified form, thus:

AM + ATP 2. MP + A

! |

ky

A represents F-actin, M myosin and P the products, ADP and
orthophosphate, the intermediate rate constants being sub-
sumed in k; and k3. In the steady state the ratio of [M-P] to
[A-M] is then given by k[ATP]/k;[A]. The values obtained
for k1 and k, (H. White, personal communication) are 10% and
10* M~ s~1, respectively, at ionic strength 0.04. Thus the
system is always predominantly dissociated in the presence of
ATP, but the degree of association is higher at the lower ionic
strength. Whereas the effect of actin on the ATPase reaction
is predominantly to promote the isomerization of the myo-
sin-product complex to a rapidly dissociable state (Bagshaw
and Trentham, 1974), it appears (J. Sleep and H. White,
personal communication) that other steps in the reaction
scheme are also perturbed by F-actin. It therefore seems likely,
considering especially the anomalous ionic strength depen-
dence in our system, that the small activation of ATPase may
be adventitious, and unrelated to that elicited by F-actin.
The question arises, however, whether a small activation of
ATPase by monomeric actin may in fact be sufficient to ex-
plain the large activation engendered by F-actin, by reason of
the large size of the actomyosin domain; this might be envis-
aged as accelerating the rate of reaction in much the same way
as that between reactants in a micelle or within the double-
layer of a polyelectrolyte (Morawetz, 1970). We have calcu-
lated from the diffusion coefficient of subfragment 1 and an
estimated domain size for F-actin, derived in turn from its
sedimentation coefficient (Kikuchi et al., 1974), the rate of
diffusional escape of subfragment 1 from such a domain (see
e.g., Alberty and Hammes, 1958). Neglecting electrostatic
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contributions, the resulting first-order rate constant is of the
order of 10* s~1. Since the maximum pseudo-first-order rate
constant for actomyosin ATPase is about 10 s™!, the small
enhancement of activity by monomeric actin cannot account
for the extent of activation observed in actomyosin.

Thus the activation mechanism of actin does not operate
when the protein is in the monomeric state, even in physio-
logical solution conditions, and despite the fact that the binding
affinity for myosin heads is fully developed. Dimers of actin,
formed by chemical cross-linking, have been found similarly
ineffective in enhancing myosin ATPase activity (Knight,
1976). The result is compatible with evidence (Bar4ny and
Barany, 1959; Perry and Cotterill, 1964) that separate sites
on the myosin heads are responsible for the primary binding
to, and ATPase activation by, F-actin, and similarly that
myosin-binding and ATPase activation are separable functions
on the F-actin molecules (Miihlrad et al., 1968; Chantler and
Gratzer, 1975). It seems likely, therefore, that the explanation
for the failure of monomeric actin to activate the ATPase lies
in the distribution of the primary binding and the ATPase
activation functions between separate actin monomers (which
may be on opposite strands of the helix).

Interaction of Troponin and Tropomyosin with Monomeric
Actin. The strong interaction of troponin with the monomeric
actin is of some interest and, presumably, signifies that a 1:1
interaction of troponin I (Ohtsuki et al., 1967; Greaser and
Gergely, 1971) with the actin monomers is the determinant
of the binding process, and that:theisite is preserved-in the
disaggregated actin. Troponin binds whether or not calcium ions
are present, as it does to F-actin (Potter and Gergely, 1974;
Hitchcock, 1975). The failure of tropomyosin to bind the actin
monomer is unsurprising, in view of the evidence that its in-
teraction with F-actin involves a run of seven consecutive
monomers (Hitchcock et al., 1973). The failure of the stoi-
chiometric tropomyosin-troponin complex (Spudich and Watt,
1971) to bind to actin monomers is less expected, and must
probably be explained in conformational terms. Since there
is now strong evidence that the actin filaments undergo geo-
metrical changes in the course of muscular contraction in situ
(Vibert et al., 1972; Wakabayashi et al., 1975), and indeed in
isolation (Loscalzo et al., 1975), it is reasonable to infer that
one or more conformational states, required both for activation
of the myosin ATPase and for attachment of the quaternary
complex of relaxing proteins, are inaccessible to the monomeric
species.

The circular dichreism changes, which we have observed to
be a consequence of polymerization, parallel the aromatic
difference spectra described by Higashi and Oosawa (1965).
The circular dichroism effect is sufficiently extensive to suggest
that it corresponds to conformational changes, rather than
merely interactions of aromatic residues at the subunit inter-
faces. This indicates in turn the existence of linked equilibria,
whereby polymerization traps a conformational form, not
observed in the monomer. It is possible that this conformational
adaptability is a component in the action of thin filaments in
muscle.
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Infrared Spectroscopic Studies of Carbonyl

Horseradish Peroxidases?

Clyde H. Barlow,* Per-Ingvar Ohlsson, and Karl-Gustav Paul*

ABSTRACT: Infrared difference spectra, FelICO vs. Felll, of
horseradish peroxidase isoenzymes A2 and C were recorded
from 2000 to 1800 cm~!. Under alkaline conditions, pH 9, both
isoenzymes exhibit two CO stretching bands, at 1938 and 1925
cm™! for A2 and at 1933 and 1929 cm~! for C. As the pH is
lowered the low-frequency band for each isoenzyme decreases
in intensity with a concommitant appearance and increase in
intensity of a band at 1906 and 1905 cm~! for the A2 and C
isoenzymes, respectively. These changes conform to pK values
of 6.7 for the A2 and 8.8 for the C isoenzymes of horseradish
peroxidase. The interpretation of the infrared results was
simplified by the observation that a linear relationship exists
between the redox potential, Er7, for the Felll /Fell system vs.

The infrared spectra of most carbonyl heme proteins exhibit
a single band due to the C-O stretching mode of CO bound to
the heme iron, and only in a few instances have more than one
band been detected. Blood from some animal species shows
more than one band because of the presence of hemoglobin
variants with deviant binding sites (Barlow et al., 1973). Ho-
mogeneous preparations of myoglobin from various species
yielded spectra with a main band at 1944 cm™! and a shoulder
at 1935 cm™!, which led to the assumption of a site allowing
two geometries for CO binding (McCoy and Caughey, 1971).
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the infrared CO stretching frequency, vcao, for cytchrome a3,
hemoglobin, myoglobin, and cytochrome P-450 cam with
substrate. This relationship suggests that the primary force
altering vco in these heme proteins is a variation in electron
density at the heme iron and not direct protein interactions with
the CO ligand. The horseradish peroxidase infrared bands in
the 1930-cm™! region correlate well with this relationship. The
large deviation of the 1905-cm~! band from the linear rela-
tionship and its dependence upon hydrogen ion concentration
are consistent with horseradish peroxidase having a single CO
binding site which can hold in two geometries, one of which
contains an amino acid moiety capable of forming a hydrogen
bond to the carbonyl oxygen.

Recent reports of multiple CO stretching bands for the CO
compounds of horseradish peroxidase (1933 and 1905 cm™1)
(Alben and Bare, 1973) suggest a site capable of binding CO
in more than one manner. To explore this possibility we have
compared the infrared spectra of the CO compounds of two
horseradish isoperoxidases and studied in detail the effects of
variations in pH.

Materials and Methods

The acid type HRP!'A2, pH 3.9, was isolated as described
by Paul and Stigbrand (1970) and Marklund et al. (1974). It
gave A403/A230 = 4.08 and was homogeneous in polyacryl-

! Abbreviations used are;: HRP, horseradish peroxidase; Hb, hemo-
globin; Mb, myoglobin; ir, infrared; E 1,7, midpoint potential at pH 7; vco,
wavenumber in cm~! for the CO stretching absorption band; Avco, the
half-bandwidth of this band.
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