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1. Introduction

The interaction of myosin cross-bridges with actin
filaments and ATP provides the driving force for mus-
cle contraction. A large amount of quantitative bio-
chemical information has been obtained about this
interaction, principally from studies using the proteo-
lytic fragments of myosin, the double-headed frag-
ment, heavy meromyosin (HMM), and the single-
headed fragment, subfragment-one (S-1). The great
usefulness of these proteolytic fragments-is that they
are soluble at low ionic strength. However, extrapo-
lation of the results obtained with these proteolytic
fragments to the properties of myosin itself has always
been a major assumption of the work done with
HMM and S-1;i.e., it has been assumed that the light
meromyosin (LMM) portion of the myosin molecule
is only involved in aggregation of the myosin mole-
cule into myosin filaments, while having no effect on
the actin-binding site.

To test this assumption, the equilibrium binding of
myosin and HMM to actin was compared both in the
presence and absence of ADP and with and without
troponin—tropomyosin on the actin. The results show
that both myosin and HMM have essentially the same
binding constant to actin and the same cooperative
response in binding to actin in the presence of
troponin—tropomyosin. The differences observed
between the ATPase activity of actomyosin and acto-
HMM may be due to filament formation, rather than
to proteolysis or to an effect of the LMM portion of
the myosin molecule on the active site. A similar con-
clusion was reached from steady-state kinetic experi-
ments using myosin minifilaments [1].
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2. Materials and methods

Rabbit skeletal myosin, tryptic HMM, F-actin and
troponin—tropomyosin complex was made asin [2,3].
The myosin was modified with iodo['*C]acetamide,
1 £ 0.1 mol label/head [4]; myosin and HMM were
clarified (2 h at 100 000 X g prior to use). The
troponin—tropomyosin—actin complex (regulated
actin) was prepared by mixing troponin—tropomyosin
and actin in a 2:7 ratio [3].

The binding studies were done using a preparative
centrifuge as in [2], whereas the competition studies
were done using an air-driven centrifuge (fig.2). In
these experiments, >90% of the myosin and >97% of
the HMM remained in supernatant after centrifugation
in the absence of actin, while <10% of the myosin or
HMM remained in the supernatant after centrifugation
in the presence of actin and the absence of nucleotide.

ADP and diadenosine pentaphosphate were from
PL Biochemicals and iodo[!*C]acetamide was from
Amersham.

3. Results and discussion

The binding of myosin and HMM to actin was first
examined in the presence of 3 mM ADP at high ionic
strength (~0.55 M), pH 8.0, conditions which favor
monomeric myosin in solution {5]. By using myosin
or HMM which had its SH, groups blocked with iodo-
[**C]acetamide, the binding could be easily measured
by sedimenting the myosin (or HMM) bound to actin
and measuring the radioactivity in the supernatant,
The data from these binding studies, plotted on a
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Fig.1. The binding of myosin and HMM to actin in the pres-
ence of ADP. Conditions were 0.5 M KCl, 20 mM Tris,

5.0 mM MgCl,, 3 mM ADP, 5§ mM KP;, 1 mM EDTA4, 0.5 mM
dithiothreitol and 20 uM diadenosine pentaphosphate at

pH 8.0, 25°C. The binding experiment was done using 8.4 uM
actin and either 0.6—10.0 uM SH,-blocked myosin () or
0.6-21.0 uM SH,-blocked HMM (). 6 is the number of moles
of HMM or myosin bound per mole of F-actin monomer.
Mfree is the concentration of unbound HMM or myosin. The
solid line drawn through the data is for a binding constant
equal to 2.2 X 10° M~!, analyzed by assuming each molecule
always occupies 2 actin sites (no one-headed binding).

Scatchard plot in fig.1, clearly show that myosin
(® @) and HMM (© ©) are not significantly different in
their ability to bind actin. These data cannot be ana-
lyzed using the Scatchard equation because of the
parking problem that arises because HMM and myosin
bind to actin with 2 heads. Instead, equations derived
in [6] were used to determine that the association
constant for the binding of myosin and HMM to actin
was 2.2 X 105 M~" under these conditions (fig.1, —).
Therefore, at high ionic strength and in the presence
of ADP, myosin and HMM bind very similarly to actin.
The binding of HMM and myosin to actin were
next compared in the absence of ADP. These are con-
ditions where both heads of HMM and myosin are
expected to bind strongly of F-actin, whereas, in the
presence of ADP, the second head of HMM (or myo-
sin) does not make a strong contribution to the free
energy of HMM binding to actin [2]. This binding
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study was conducted by having HMM and myosin
compete for sites on F-actin. The competition method
was used because, in the absence of nucleotide, myo-
sin and HMM bind rather strongly to actin (K > 10°
M), making it difficult to determine directly the
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Fig.2. Competition between HMM and myosin for sites on
F-actin. Conditions were: 0.5 M KCl, 20 mM Tris, 5 mM KP;,
2 mM MgCl,, 1 mM EDTA, 0.5 mM dithiothreitol at pH 8.0,
25°C. In the competition experiment between SH,-blocked
HMM and unmodified myosin (o), the conditions were
4.0—5.8 uM SH,-blocked HMM, 2.6-7.8 uM myosin and

12 uM actin. In the competition experiment between unmod-
ified HMM and SH,-blocked myosin (e), the conditions were:
6.6—7.0 uM HMM, 1.5-7.5 uM SH,-blocked myosin and

12 uM actin, 6 MM and 8y are the moles of HMM and
myosin, respectively, bound per mole of F-actin monomer.
[HMM] ;0o and [MYO]g,., are the concentrations of unbound
HMM and myosin. The line for each set of data was deter-
mined by computing for each data point a line intersecting
the origin and the mean (and standard deviation) of all these
lines was then determined. In these experiments, 6y +
OHMM = 0.51 £ 0.06, indicating 1 head bound/actin mono-
mer. All data points were corrected for the effect of SH,
modification by iodoacetamide which caused a 25% reduction
in the ability of HMM and myosin to bind to actin. The order
of addition of the proteins had no effect on the results. After
mixing the actin—HMM —myosin solution (2 ml) by stirring
gently for several minutes, the proteins were centrifuged

30 min later in a Beckman Airfuge (1 h, 178 000 X g) at
room temperature, After centrifugation, the supernatant was
carefully removed and both the absorbance at 280 nm and
the radioactivity were measured. From these measurements,
both the concentration of unbound HMM and myosin were
determined.
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Fig.3. The binding of HMM and myosin to regulated and unregulated actin in the absence of calcium and presence of ADP. Condi-
tions were as in fig.1 except that 1 mM EGTA was added. (A) The binding experiment was performed using 8.4 uM regulated
actin, and either 0.04—2.0 uM SH,-blocked HMM (o) or 0.05—2.0 uM SH,-blocked myosin (e). (B) The binding experiment was
performed using 8.4 uM unregulated actin and either 0.06—1.4 uM SH -blocked HMM (o) or 0.14—-1.4 uM SH,-blocked myosin ().
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ition experiments, either myosm or HMM had
its SH, groups blocked with iodo['*Clacetamide,
thereby these proteins could be easily distinguished.
The results obtained from the competition experi-
ment between SH;-blocked HMM and unmodified
myosin (O 0) and between unmodified HMM and SH;-
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This enables the ratio of the actin—myosin associa-
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constant (K ) to be determined from the slope of
the line fitting the data. The line through the data has
a slope of 1.1 + 0.1, showing that there is no signifi-
cant difference between the binding constant of
HMM and myosin to actin in the absence of nucleotide.
The binding of HMM and myosin to actin was next
Lompdrcu in uw preserlce Ul Iﬂe lIUpUIIHl—[IOpUiIiyU‘
sin complex and the absence of Ca**. Equilibrium
binding studies in the presence of the troponin--
tropomyosin complex had been conducted using S-1
only [3,7,8]. As shown in fig.3, both myosin (4 4)
and HMM (2 4) bind nearly identically to regulated
actin. Furthermore, they both bind cooperatively to
reguiaied actin, as shown by the sigmoidai shape of
the plots. There is no indication of this cooperative
binding occurring when these studies were conducted

over the same con

a
with unregulated a ( B) Comparmg the results
obtained with regulated and unregulated actin
(fig.3A,B) shows that the troponin—tropomyosin
complex initially inhibits the binding of HMM and
myosin to actin. With increasing concentrations of
unbound HMM and myosin, this inhibition no longer
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strengthens the binding of both HMM and myosin to
actin. A similar cooperative response has also been
observed for the binding of S-1 to regulated actin.
The troponin—tropomyaosin causes about the same
inhibition of the binding of HMM and myosin to
actin; this inhibition may be important in the mecha-
nism of reguiation of muscie contraction.

HMM is an excellent model for myosin in binding
studies; myosin and HMM not only bind similarly to
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actin both in the presence and absence of ADP, but in
the presence of the troponin—tropomyosin complex.
Therefore, it is now possible to determine how fila-
ments affect the ability of myosin to bind to actin

without concern that differences between HMM and

myosin filaments are due either to proteolysis or to
the effect of the LMM nortion of the molecul® on the
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actin binding site.
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