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SUMMARY The interaction of actin and spin-labeled heavy meromyosin (MSL-HMM) was studied in the presence and
absence of adenosine diphosphate or 5'-adenyl-yl-imidodiphosphate (AMPPNP) to determine the contributions of
single and double-headed binding. The extent of single-headed binding to actin was deduced from a comparison of the
fraction of immobilized heads (f;) with the fraction of bound molecules (f5) determined by saturation-transfer EPR
(ST-EPR) and sedimentation, respectively. The ST-EPR measurements depend on the reduced motion of the spin label
rigidly bound to the HMM heads upon the interaction of the latter with actin. During titration of acto-MSL-HMM
with nucleotide, we measured changes inf andf, brought about by dissociation ofMSL-HMM from actin. On titration
with ADP,f, changed very little, remaining above 0.8, whilefi decreased to -0.5 at 10mM ADP, a result consistent with
extensive single-headed binding of MSL-HMM to actin. On titration with AMPPNP, single-headed binding was not
detected; viz., f andf, decreased in parallel. It was not necessary to postulate a nucleotide induced state of the bound
heads, differing in motional properties from that of rigor heads, to account for the results.

INTRODUCTION

Saturation transfer electron paramagnetic resonance (ST-
EPR) studies using spin labels rigidly attached to myosin
heads have shown that the rotational motion of the heads is
greatly reduced upon attachment to actin-the correlation
time changes from 10 ,us to -1 ms-in actomyosin,
myofibrils in rigor and glycerol extracted fibers (1-5).
Although the most widely accepted molecular model of
muscle contraction envisages a rotation of the attached
myosin heads about an axis perpendicular to the actin
filament, ST-EPR and fluorescence studies on myofibrils
and muscle fibers in the presence of ATP, under conditions
of activation of the ATPase activity of myosin, have failed
to reveal any state different from either rigor or detached
heads (4, 6). Neither have time resolved x-ray studies on
living fibers, although showing clear changes in the diffrac-
tion pattern that slightly precede tension development on
the millisecond timescale, yielded evidence of actual rota-
tion of the heads (7, 8). The studies of Burghardt et al. (9),

'Abbreviations used in this paper: EADP, l-ethenoadenosine-5'-diphos-
phate; Ad2P3, diadenosine pentaphosphate; AMPPNP, 5'-adenylyl imi-
dodiphosphate; EGTA, ethylene glycol bis(,8-aminoethyl ether)-
N,N,N',N'-tetraacetic acid; HMM, heavy meromyosin; MOPS,
4-morpholinopropane sulfonic acid; MSL, N-(l-oxyl-2,2,6,6,-tetrame-
thyl-4-piperidinyl) maleimide; SI, subfragment-1; ST-EPR, saturation
transfer electron paramagnetic resonance.

however, using a rhodamine label suggest that, in the
presence of ADP or under conditions simulating contrac-
tion, crossbridges attach with an angular attitude differing
from that in rigor.
The results of our previous EPR studies with ATP

analogues under conditions leading to partial dissociation
that induced increased rotational mobility of the spin-
labeled myosin heads in myofibrils were interpreted in
terms of two populations of heads-attached and
detached-each having distinct rotational properties
regardless whether a nucleotide or PP; was actually bound
(5). The present studies were undertaken to examine the
motional properties of attached heads in the acto-MSL-
HMM system in the presence ofADP or the non-hydrolyz-
able ATP analogue AMPPNP.' We wished to obtain
information on the possible existence of a nucleotide
induced state, distinct from rigor or detached states, and to
throw some light on the question of single-headed vs.
double-headed attachment of myosin to actin. The latter
point is of interest since most schemes of myosin-actin
interaction treat myosin without regard to its two-headed
nature. In fact, some binding studies on acto-HMM in
vitro provide evidence for single-headed binding in the
presence of nucleotides (10-12). Our results are consistent
with a binding mechanism in which spin-labeled heavy
meromyosin in the presence of ADP, binds to actin by one
head, which is immobilized on a submillisecond time scale
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while the free head shows a rate of motion approaching
that of synthetic myosin filaments (1, 13-15). It was not
necessary to postulate a nucleotide induced state of the
bound head, differing in motional properties from that in
rigor, to account for the results.

METHODS

Preparation and Spin-labeling of
Myosin Fragments

Myosin from rabbit skeletal muscle was prepared as described previously
(16). Before use the ammonium sulfate-precipitated pellet was dissolved
in a solution containing 0.5 M KC1, 10 mM MOPS and 0.1 mM EDTA,
pH 7 and dialyzed exhaustively against the same solution. The solution of
myosin was then centrifuged at 100,000 g for 60 min to remove any
insoluble protein. All protein preparations were carried out at 040C and
all buffers contained 1 mM NaN3.

Labeling with the spin label 4-maleimido-2,2,6,6-tetramethyl-
piperidinooxyl (MSL) at the SHI thiols of myosin was carried out
according to Thomas et al. (3) in low ionic strength buffer (0.05 M KCI, 1
mM EDTA, 10mM MOPS, pH 7). The labeled myosin in suspension was
washed three times by centrifugation at 100,000 g for 30 min followed by
resuspension in low ionic strength buffer. For preparation of spin-labeled
heavy meromyosin (MSL-HMM) or subfragment-l (MSL-S1), diges-
tion of spin-labeled myosin with chymotrypsin was carried out according
to the procedure of Weeds and Pope (17) in a solution containing 0.5 M
KCI, 0.1 mM MgCl2, 10 mM MOPS, pH 7, to prepare HMM or in 0.12
M KCI, 1 mM EDTA, 10 mM MOPS, pH 7, to prepare SI. The digests
were dialyzed against 0.04 M KCI, 10 mM MOPS, pH 7 overnight to
precipitate the insoluble proteins, including undigested myosin, which
were then removed by centrifugation. To remove weakly immobilized
EPR spectral components, solutions of MSL-S1 or MSL-HMM were
treated with 50 mM K3Fe(CN)6 for 10-12 h (18); excess reagent was
removed by dialysis against a solution containing 0.1 M KCI and 10 mM
MOPS, pH 7. Purification was achieved by precipitation with 50%
saturated (NH4)2SO4 followed by centrifugation at 100,000 g; four to five
pellets, each containing 30 mg of protein were obtained and stored at
-800C. Typically, 1.0-1.2 labels per head were present in the final
preparations of MSL-SI or MSL-HMM.

Solutions of labeled protein were prepared by dialyzing an (NH4)2SO4
pellet against 0.1 M KCI, 10 mM MOPS, pH 7 for 24-30 h and clarified
by centrifugation for 30 min at 100,000 g. The concentrations of MSL-S1
and MSL-HMM were determined using Ano (1 mg/ml, 1 cm) - 0.77,
Mr= 115,000; and A,o - 0.65, M, = 362,000, respectively (19).

Actin was prepared from an acetone powder of rabbit skeletal muscle
(19) and stored in pellets obtained by sedimentation for 3 h at 100,000 g
of G-actin polymerized with 0.1 M KCI, 1.0 mM MgCl2. For the binding
studies, a portion of a pellet was depolymerized by gentle homogenization
in a solution of 2 mM Tris, 0.2 mM ATP, pH 7.5 followed by
repolymerization by the addition of KCI and MgCl2 to final concentra-
tions of 0.1 M and 1.0 mM, respectively. The concentration of the stock
solution of actin was determined spectrophotometrically in the G form
prior to the final polymerization step using A,,0 (1 mg/ml, 1 cm) - 0.63,
M, - 42,000 (19).

Titration of Acto-MSL-HMM,
Acto-MSL-S1 with AMPPNP or ADP

MSL-HMM or MSL-SI and actin were mixed in a solution (final volume
0.75 ml) containing 0.2 M KCI, 50 mM MOPS, 5 mM MgCl2, 20 jiM
diadenine pentaphosphate (Ad2PS), 1 mM NaN3, pH 7 and nucleotide
(ADP or AMPPNP) at a concentration of0 to 10 mM. After stirring with
a small magnetic bar for 10 min, each solution was allowed to stand for 30
min before the ST-EPR spectrum was recorded. An aliquot of each

sample was then centrifuged as described below to determine the fraction
of MSL-HMM or MSL-S1 bound to F-actin. A separate mixture of
proteins was prepared for each concentration of nucleotide.

EPR Spectroscopy
Conventional EPR (VI) and saturation transfer EPR spectra (V2') were
obtained according to Thomas et al. (3, 20) on a Varian E-109E
spectrometer operating at 9.5 GHz, with sweep times of 8 min for
conventional and 60 min for saturation transfer EPR. All samples were in
a large flat quartz cell, without a Dewar insert, at the ambient cavity
temperature of 270C. The concentration of nitroxide labels was deter-
mined by double integration of the VI spectra with a Nicolet computer
interfaced to the spectrometer. The spin label has been shown (3) to be
rigidly attached to MSL-S1 or the head region of MSL-HMM so that all
spectra obtained reflect motion of the proteins themselves rather than that
of the label relative to the protein. Intensity measurements in ST-EPR
spectra were made at the two low field positions L" and L (Fig. 1), whose
ratio, L"/L, is sensitive to the rate of motion of the protein (20). L and L"
were measured at the magnetic fields described by Thomas et al. (20).

Estimation by Sedimentation of
MSL-HMM Bound to Actin

Approximately 0.4 ml of each sample was centrifuged for 30 min in a
Beckman Airfuge at 100,000 g, 26-270. Actin and MSL-HMM bound to
actin by one or both heads were sedimented while unbound MSL-HMM
remained in the supernatant. The time of centrifugation was chosen to
sediment at least 98% of the acto-MSL-HMM and to prevent detectable
sedimentation of free MSL-HMM. The concentration of free MSL-
HMM was determined from the double integral of the VI spectrum of the
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FIGURE 1 Relationship between L"/L and the fraction of immobilized
MSL-S1. The insets show the low field region of the ST-EPR spectrum of
MSL-S1 in the absence (upper inset) or presence (lower inset) of 60 AM
actin. Spectra of MSL-HMM under these conditions are similar. Spectra
were obtained from solutions of MSL-S1 (17 ,uM) in 0.2 M KCI, 50mM
MOPS, 5mM MgCl2, 20 IAM AdYPS, 1 mM NaN3, pH 7 at a temperature
of 27°C.
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supernatant yielding

= (total MSL-HMM - free MSL-HMM in supernatant)

/total MSL-HMM,

where f, is the fraction of MSL-HMM molecules bound to actin. The
fraction of bound MSL-S1 was determined in the same way.

Estimation by ST-EPR of Heads
Immobilized by Actin

A calibration curve (Fig. 1) relating L"/L-L and L" (20) being the
amplitudes of the two low field spectral peaks-to the fraction (f;) of
MSL-S1 immobilized by binding to actin was constructed as described
previously for myofibrils (5). L. and LV' were obtained from a spectrum of
free MSL-S1 in the absence of actin (f; - 0), and LA and L,' from a
spectrum of acto-MLS-S1, at the same concentration of MSL-S1, where
all of the MSL-S1 is immobilized by binding to actin (fJ = 1). The
calibration curve for MSL-HMM was constructed in the same way
except that values of L and L" for free and immobilized heads were
obtained from spectra of MSL-HMM or acto-MSL-HMM, respectively.
In the case of MSL-HMM, Jf is the fraction of immobilized heads. A
separate calibration curve was constructed for each titration because of a
variation of 10% in the values of L and L" for different MSL-HMM or
MSL-S1 preparations. The calibration curves were used to estimatef at
each concentration of nucleotide in the titrations of acto-MSL-HMM or
acto-MSL-S1 in the initial sample, assuming that nucleotide binding to
either a detached or attached head does not change the motional
parameters of the label (cf. reference 5).

Determination of the Binding Constant of
ADP-MSL-S1 to Actin

MSL-S1, at a final concentration up to 40 ,uM, was added to a solution
containing 0.2 M KCI, 50 mM MOPS, 5 mM MgCl2, 20 gM Ad2P5, 3
mM ADP and 10 ,uM actin, pH 7. The solution was stirred for 10 minutes
and then centrifuged for 30 min at 100,000 g to sediment the actin-bound
ADP-MSL-S1. The concentration of the ADP-MSL-S1 remaining in the
supernatant was determined from the conventional EPR spectrum by
double integration. A separate mixture of proteins was prepared at each
concentration of MSL-SI .

Titration of MSL-HMM with EADP
MSL-HMM was titrated with a fluorescent analogue of ADP (eADP,
I-ethenoadenosine-5'-diphosphate) in 0.2 M KCI, 5 mM MgCl2, 50 mM
MOPS, 20MM Ad2PS, pH 7. Acrylamide was present at 0.1 M to quench
the fluorescence of free eADP without affecting EADP bound to MSL-
HMM (21). The fluorescence intensity was measured as a function of
total [eADP] in solutions with (F) and without (FO) MSL-HMM. The
concentration of bound eADP is

Cb = (F - FO)/(Fb -F),

where Fb is the molar fluorescence intensity of bound EADP in arbitrary
units determined from the titration of eADP with excess MSL-HMM; Ff
is the molar fluorescence of the EADP under the same experimental
conditions. Fluorescence spectra were obtained with ), - 320 nm and A,,
- 405 nm using a Perkin-Elmer MPF-4 fluorometer. At the completion of
the titration, chymotrypsin was added at a ratio of 1:200 and the
fluorescence was monitored for 90 min. During this time there was no
change in fluorescence while gel electrophoresis in sodium dodecyl sulfate
showed the disappearance of MSL-HMM with the formation of MSL-
Si.

RESULTS

Titration of Acto-MSL-HMM or
Acto-MSL-S1 with AMPPNP and ADP

To compare the fraction of immobilized heads (f) with the
fraction of bound molecules (fj), samples of acto-MSL-
HMM were subjected to ST-EPR and sedimentation
followed by conventional EPR of the supernatant at each
concentration of nucleotide (see Methods). On titration
with AMPPNP, fi determined by ST-EPR, and f.
decreased in parallel (Fig. 2 A), as would be expected if all
the bound MSL-HMM were attached by both heads. The
fraction of bound MSL-HMM decreased to 0.1-0.2 at 10
mM AMPPNP indicating dissociation of essentially all the
MSL-HMM.
On titration with ADP, the two parameters did not

change in parallel. The fraction that sedimented with actin
changed very little with increasing ADP concentration,
remaining above 0.8 even at saturating concentrations of
ADP, while the fraction of immobilized heads decreased to
-0.5 (Fig. 2 B). This suggests either that some of the
bound heads had more rapid motion than those in rigor or
that most of the bound MSL-HMM was attached to actin
by only one head.
To distinguish between these two possibilities the same

titrations were performed with solutions of acto-MSL-S1.
Titration with either ADP or AMPPNP produced a paral-
lel decrease in f; and f, (Figs. 3, 4). Titration with
AMPPNP produced a maximum dissociation of 90% in
agreement with Greene and Eisenberg (22) while ADP
dissociated only 20% of the complexes. These results,
indicate that the motion of attached heads in the presence
of ligand is the same as that of rigor heads and favors
interpretation of the MSL-HMM data in terms of single-
headed attachment (for details see Discussion).

Computer Modeling
The scheme in Fig. 5 A was used to model the EPR and
sedimentation data (Fig. 2 A, B). MSL-HMM can exist as
a free moiety or in complexes containing one or two
nucleotides, any of which can be bound to actin. An
equilibrium constant (K'M, B3, etc.; Fig. 5 A) is associated
with each transition and there is a cumulative formation
constant (KAuMLj where i andj equal 0, 1, or 2), which is the
product of the equilibrium constants along a path leading
from free MSL-HMM to the complex. With each set of
cumulative constants the program calculates the fraction
of molecules bound (f,,) and the fraction of heads bound
(f,.). To fit the data, a maximum of three of the
cumulative formation constants were varied by subroutine
MINPAK (Argonne National Laboratory) using the Lev-
enberg-Marquardt algorithm. The other constants were
known or could be assumed with sufficient certitude and
therefore were not varied by the program. The optimal fit
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FIGURE 2 The dependence of the fraction of immobilized (J;) or bound molecules (f,) of MSL-HMM on the concentration ofAMPPNP
(A) or ADP (B) *,-f measured by ST-EPR; ---O---f, measured by sedimentation. Spectra were obtained using solutions containing
9.35 MuM (A) or 8.8 gM (B) MSL-HMM and 60 MM actin with other conditions given in the legend of Fig. 1. Curves were produced by
computer modeling of the data using the scheme in Fig. 5 A.

was achieved by minimizing the sum of the squares of the
difference between the calculated and experimental values
of bothf, andfi: error = - f,)2 + (fi,l, fj)i]. To
compare the experimental and calculated values off;, we
assumed that bound heads are immobilized and that free
heads are not.
The total concentrations of MSL-HMM, actin and

nucleotide (LT) and initial guesses of the cumulative
formation constants were used by an iterative procedure
(23) to determine the free concentrations of nucleotide,

MSL-HMM and actin. A separate determination of these
concentrations was made for each value of LT. With these
values, the fractions of actin monomers occupied by MSL-
HMM bound by one head (01) or by both heads (02) were

calculated using equations based on a one dimensional
Ising model of HMM binding to actin that takes into
account the "parking" problem created by the fact that
HMM has two heads (24).

01 = K'[MSL-HMM]/ROOT (la)
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FIGURE 3 Dependence of the fraction of MSL-S1 bound to actin on the concentration of ADP. *.fJ; O,f,. Actin, 60,uM; MSL-S1, 17 MuM.
The curve was obtained by computer modeling using the scheme shown in Fig. 5 B.

02 = 2K"[MSL-HMMJ/{(1 + K'[MSL-HMMJ

+ ROOT)ROOT}, (lb)

where ROOT = 1(1 + K'[MSL-HMMJ)2 + 4 K"[MSL-
HMM] 11/2

and K' = KAM + KAML x L + KAML2 XL2

K" = KA2M + KAML2 x L + KA2ML2 X ,

(2a)

(2b)

where L is the concentration of free nucleotide. The values
of Mlb and M2b (the total concentrations of all complexes

1.0

o 0.5

'.-

0

with MSL-HMM bound by one or by both heads, respec-
tively) are given by

Mlb =O1 X AO (3a)

M2b = 02 x AO, (3b)

where AO is the total actin concentration.
The calculated fractions are

fs=c= (M2b + Mlb)/MSL-HMMtotal (4a)

fcalc = (2M2b + Mlb)/2MSL-HMMtO0aI. (4b)

0.01 0.1 1.0 10.0

TOTAL AMPPNP (mM)

FIGURE 4 Dependence of the fraction of MSL-S1 bound to actin on the concentration ofAMPNP. Actin, 60MgM; MSL-S1, 18M&M. o,fi; 0,
f,. The drawn curve was obtained from computer modeling using the scheme shown in Fig. 5 B.
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FIGURE 5 Binding scheme used in the analysis of the titration of
acto-MSL-HMM (A) or acto-MSL-S1 (B) with nucleotide. AiMLj
represents a complex of actin (A) MSL-HMM (M) MSL-S1 (S) and
nucleotide (L) where i and j can have values of 0, 1, or 2. Single- and
double-headed binding of MSL-HMM to actin are indicated by values of
i 1 and 2, respectively. (B) Scheme for the analysis of the titration of
acto-MSL-Sl with nucleotide where S represents MSL-S1.

Those cumulative formation constants that are not fixed
are then readjusted to the fitting algorithm and the entire
process is repeated until the error is at a minimum.

Acto-MSL-HMM + ADP
Five cumulative constants were fixed in fitting the titration
data and these were estimated from experimental and
literature data. Schaub and colleagues (25, 26) have
suggested that nucleotide binds to one head of myosin
much more weakly than to the other. To determine
whether nucleotide binds to both heads of MSL-HMM
with the same affinity, the binding of eADP to MSL-
HMM was measured by fluorescence. Bound eADP was
determined as described in Methods, and [eADP]f, was
obtained by subtraction from [eADP]to,., A plot of AF vs.
the concentration of free eADP (not shown) could be
described in terms of MSL-HMM having two equivalent
binding sites for eADP. The best fit values of the binding
constant and number of sites are 2 x 105M-' and 2.3,
respectively. Additional evidence was obtained in a sepa-
rate experiment where MSL-HMM was digested with
chymotrypsin in the presence of 20 ,M eADP (see Meth-
ods). If eADP bound more weakly to one head, then
digestion of MSL-HMM yielding two strongly binding
molecules of MSL-S1 would almost double the fluores-

cence intensity. However, the fluorescence remained con-
stant over a 90 min period, during which MSL-HMM was
essentially completely converted to MSL-S1 as indicated
by gel electrophoresis in sodium dodecyl sulfate. The
results of these two experiments strongly suggest that
EADP binds to both heads of MSL-HMM with equal
strength, therefore in fitting the data to scheme 5A we
assumed that the first and second nucleotides bind to
MSL-HMM with the same intrinsic affinity. Thus, the
binding constant (KL) for the first ADP bound to MSL-
HMM was twice that obtained from the titration with
ADP, i.e. KL = 4 x 105M'-, while the second ADP
binding constant, KL2, equals one-half of this value; i.e.,
1 x 105M and the formation constant for ML2 (KML2 =
KL x KL2)-' has avalueof4 x 10OM-2.

For the binding of the first head to actin we assumed
that the constants KM, K'M, K"M could be estimated from
the binding constants of MSL-S1; K2 and K3 (Fig. 5 B).
Experimental data and theoretical considerations suggest
that the first head of MSL-HMM binds to actin with a
constant equal to that of MSL-S1 (27, 28); i.e., KM = K2
and K"M = K3. We assume KM = 0.5 KM because only the
head free of nucleotide contributes significantly to the
binding.
The MSL-S1 binding constants K2 and K3 were deter-

mined in two experiments, the first being a titration of
actin with MSL-S1 in the presence of excess ADP where
all MSL-S1 was present as the complex ADP-MSL-S1
(Fig. 6). A Scatchard plot of [MSL-SI]bo,,nd/(actin x
[MSL-SI]fr,) vs. [MSL-SI]bo,,nd/actin has a slope of 8.3 x
104M-1, which in turn is equal to K3 (22). The second was
a titration of acto-MSL-S1 with ADP (Fig. 3). Here, the
fitting program was used to find the optimal value for K2
by using scheme Sb to model the data. K3 was kept fixed at
the previously determined value (see above) and K, was

ww, o
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0~~~~
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0 1.0

BOUND SI/ A C TIN

FIGURE 6 Titration of actin with ADP-MSL-S1. The slope is equal to
K3 of Fig. 5 B. The solution contained 3 mM ADP, 10 gM actin, 0.2 M
KCI, 50mM MOPS, 5 mM MgCI2, 20 ,uM Ad2P5, pH 7. The concentra-
tion of MSL-S1I was varied from 0 to 40,gM.
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TABLE I
BEST FIT CUMULATIVE BINDING CONSTANTS

Constant ADP AMPPNP

KML 4.0 x 10 M-' 4.0 x 106 M-'
KML2 4.0 x 1010 M-2 4.0 x 1012 M_2
KAM 8.5 x 106 M-' 8.5 x 106 M '
KAML 1.7 x 1012 M2 1.7 x l0ol M2
KAML2 3.4 x 10'" M-3 1.2 x 1016 M-3
KA2M 1.5 x 109 M ' 1.5 x 109 M-'
KA2ML 3.6 x 1012 M2 4.2 x 10" M2
KA2ML2 1.2 x 10" M3 1.2 x 10" M3

fixed at the literature value of 2 x 105M-' (29). The best
fit value of K2 is 8.5 x 106M-1.

With values of KM, KM and K"M in hand, estimates of the
cumulative formation constants are then calculated as the
product of the individual equilibrium constants leading up
to that complex, viz. KAM = KM, KAML = KL X K'M and
KAML2 = KL X KL2 x K"M. The five constants (KAM, KAML,
KAML2, KML, KML2) were held fixed while KA2M, KA2ML and
KA2ML2 were optimized. The resulting best fit values of
these constants are given in Tables I and II. The calculated
curves reproduced bothf, andfi data quite well (Fig. 2 B).
The computer fitting results in a calculation of the

concentration of each acto-HMM-nucleotide complex as a
function of total concentration of ADP (Fig. 7). At ADP
concentrations <0.3 mM, A2M and A2ML are the domi-
nant complexes. Complexes in which MSL-HMM binds to
actin by one head, AML and AML2, are at very low
concentrations. Above 0.3 mM ADP, the concentration of
A2M decreases sharply, while A2ML reaches a maximum
of 28% of the total MSL-HMM at 0.5 mM ADP. AML2
dominates this part of the titration, reaching 60% of the
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TABLE II
BINDING CONSTANTS OF FIRST AND SECOND HANDS

Constant ADP AMPPNP

KM 8.5 x 106 M-'
KM 4.3 x 106 M'1 4.3 x 106 M-1
K'M 8.3 x 104 M-' 3.1 x 103M-'
B1* 180
B2* 2.0 2.5
B3* 0.35 -0.001

*B 1 = KA2M/KAm, B2 = KA2ML/KAML, B3 = KA2ML2/KA2ML-

total MSL-HMM. A2ML2, AML and AM are not major
species at any point in the titration.

Acto-MSL-HMM + AMPPNP
The cumulative formation constants for the titration with
AMPPNP were estimated as in the titration with ADP;
values of KL = 2K, = 4 x 106M-' and KL2 = 1 X 106M-'
were obtained using the literature value of K, (29) and the
same values for KM, K'M and BI were used as in the ADP
titration, because these steps describe the binding of a
nucleotide-free head of MSL-HMM to actin. KAML and
KAML2 were obtained as described in section a. Since K"M =
K3, K3 was estimated by fitting the titration of acto-
MSL-S1 with AMPPNP (Fig. 4) to scheme 5B with K2
and K1 fixed at 8.5 x 106M-' (see section a) and 2 x
106M-', respectively. A value of 3.1 x 103M-' was
obtained for K3. Data from the acto-MSL-HMM titration
were then fitted to obtain optimal values for KA2ML and
KA2ML2, while all other formation constants remained fixed
(Table I). The calculated curves forf, andfJ agree with the
measured values within the experimental error (Fig. 2 A).

- - - a- f;-.<.il

,.** **^ r:. i: ** . *....C- -,

^ ~ ~~~~ ~ ~ ~ -. ' ;. 10.0* ;<--
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FIGURE 7 Concentration of the complexes AiMLj as a function of the total concentration ofADP obtained from the best fit to the titration of
acto-MSL-HMM with ADP (Fig. 2 B). Each sample contained 8.8 MM MSL-HMM. *, A2M; 0, AML; *, AML2; A, A2ML; x, A2ML2.
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FIGURE 8 Concentration of the complexes A5MLj as a function of the total concentration of AMPPNP obtained from the best fit to the
titration of acto-MSL-HMM with AMPPNP (Fig. 2 A). Each sample contained 9.35 MM MSL-HMM. A, A2M; 0, AML; *, AML2; A,
A2ML; x, ML2-

The distribution of complexes present during the titra-
tion with AMPPNP is shown in Fig. 8. In the first half of
the titration, below 0.3 mM AMPPNP, A2M decreases
from 100 to 5%, while A2ML and AML reach maxima of
50 and 23% of the total MSL-HMM, respectively. In
contrast to the titration with ADP, almost complete disso-
ciation of MSL-HMM from actin occurs in the latter half.
Throughout the titration, the sum of the concentrations of
single-headed complexes AML2 and AML does not exceed
25% of the total MSL-HMM.

DISCUSSION

Saturation-transfer EPR spectroscopy in combination with
rigid spin-labeling is a sensitive monitor of the motion of
proteins in the submillisecond time domain (1, 3, 4, 19, 20,
30). By combining ST-EPR of acto-MSL-HMM with high
speed centrifugation we have obtained evidence for the
existence of single-headed binding of MSL-HMM to actin
in the presence of ADP. During titrations with nucleotide,
dissociation of MSL-S1 or MSL-HMM from actin pro-
duces changes in the rate of rotational motion which are
reflected in the parameter L"/L, enabling us to determine
the fraction of immobilized MSL-S1 or MSL-HMM
heads,fJ (see Methods). The strong correlation between the
fraction of bound heads and their immobilization (3, 5)
permitsfi to be used as an estimate of the fraction of heads
bound to actin. Comparison of fJ with the fraction of
sedimented HMM,fS, provides a method of estimating the
fraction of molecules bound by one head.
On titration of acto-HMM with ADP, fi decreased

much more than did the fraction of bound molecules, f..
We have considered two possible explanations for this

observation, one being that a significant fraction of the
MSL-HMM binds by only one head, the bound head being
immobilized while the unbound head rotates freely. This
would decrease fJ but would not change f, because the
mobile heads sediment with actin, being attached through
their bound partner. Another explanation is that all MSL-
HMM is bound by both heads, but when at least one head
carries ADP both rotate at an intermediate rate-between
those of free and immobilized heads-accounting for the
decrease in L"/L andf (1, 3).
The fact thatfJ andf, decrease in parallel on titration of

MSL-S1 with ADP argues against the second interpreta-
tion. If there were a ternary complex of acto-ADP-MSL-
SI in which bound MSL-S1 had more motional freedom
than it had in acto-MSL-S 1 ,J would become less thanf, as
more such complexes were formed. The fact that f, andf
remain equal throughout the titration (Fig. 3) indicates
that bound ADP-MSL-S1 does not have a faster rate of
motion than bound MSL-S1. This suggests that a bound
state with increased mobility does not exist for MSL-
HMM either, provided that the absence of an intact light
chain 2 in SI (31) does not significantly affect the proper-
ties of the attached head. This idea is consistent with the
suggestion of Thomas and Cooke (4) and Ishiwata et al.
(5) that in the presence of nucleotide, the heads of myosin
are distributed between two states: immobilized by binding
to actin or detached and rotating rapidly. The data fit a
scheme (Fig. 5 A) where, depending on the concentration
of ADP, up to 60% of the bound MSL-HMM attaches to
actin by only one head.
Cbmputer fitting of the data to the model in Fig. 5 A

yielded information on the extent of single-headed vs.
double-headed binding of MSL-HMM to actin in rigor
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and in the presence of nucleotides. In rigor there is no
single-headed binding because B 1 = [A2M] /[AM] = 180,
this value being of the same order of magnitude as
previously measured (10, 28, 29). In the presence of
nucleotide, the extent of single-headed binding is governed
not only by B1, B2, and B3, but also by the other constants.
In the titration, at lower concentrations of ADP, the
binding of one ADP to MSL-HMM (ML complex)
reduces the affinity of the second head for actin (B2 = 2)
resulting in the concentration of A2ML being greater than
that of AML throughout the titration (Fig. 7). As the
concentration ofADP increases above 0.3 mM, both heads
become occupied by ADP (ML2) and because B3 = 0.35,
single-headed binding predominates (Fig. 7).

Saturation of MSL-HMM with ADP reduces the bind-
ing constant of the first head to actin by a factor of 100 (KM
vs. KM), while that of the second head is reduced by a
factor of 500 (B3 vs. B 1). The larger effect of nucleotide on
the binding of the second head suggests that ADP renders
the structural changes, presumably taking place when the
second head binds to actin (27), less favorable. It should be
noted that the effect of the bound nucleotide on the binding
constants of each of the two heads is not considered as
evidence for cooperatively between the heads with respect
to nucleotide binding in unattached MSL-HMM or myo-
sin. A simpler explanation for the effect involves some sort
of distortion as the second head binds. Our results with
EADP furnish no evidence for head-head interactions in
ligand binding such as those suggested by Schaub and
colleagues (25, 26). In titrations of MSL-HMM we found
no support for a difference in binding of EADP to the two
heads.
When AMPPNP is the titrantf, andf are equal within

experimental error (Fig. 2 A). The reason for the dissimilar
results of the ADP and AMPPNP titrations can be found
by examining the difference Af = f,,sca - fialc = Mlb/
[heads]to,a, obtained by subtracting Eq. 4b from Eq. 4a. At
concentrations of AMPPNP <0.2 mM, the computer
fitting of the titration data showed that the only single-
headed complex present is AML (Fig. 8) and that its
concentration, -2 ,M, is small compared to that of the
heads (- 18 ,uM) so that Af has a value of -0. 11. When the
concentration of AMPPNP is greater than 0.2 mM, the
concentration of AML is reduced further and the most
populated species containing two bound ligands becomes
ML2 (Fig. 8), resulting again in a value of Af that is
<0.1-the experimental error in the measurement off; and
f, In the case of ADP, the dominant species is AML2,
yielding Afof 0.1 to 0.35. Therefore only ADP produces a
difference between fi and f, that is large enough to be
detected by our methods.

Previous work (10) on the binding of HMM to actin
indicated that KA2M was 3 x 109M'- (,u = 0.22 M), in good
agreement with our result of 1.5 x 109M-', while their
estimate of B 1 is a factor of only 3 larger than ours. Greene
(10) also measured the equilibrium constant of the second

head (B3) in the presence of 4mM ADP (,u = 0.43 M) or 4
mM AMPPNP (,u = 0.12 M) and found a value of 2-5 in
both cases. She concluded that the second head of HMM
binds weakly in the presence ofADP and possibly not at all
in the presence of AMPPNP. Our value of B3 shows that
at u = 0.2M the second head does not bind at saturating
concentrations of ADP. However, our results cannot be
compared directly with those of Greene because of non-
identical experimental conditions. Chen and Reisler (12)
have also recently found, in agreement with our results,
that single-headed binding ofHMM to actin is detectable
in the presence of ADP but not in the presence of
AMPPNP. The work of Hackney and Clark (1 1) suggests
that single-headed binding ofHMM to actin occurs in the
presence of very low concentrations of ATP. Our results
with ADP differ in that single-headed binding occurs to
the greatest extent at the higher concentrations of ADP,
where both heads carry the nucleotide. A possible explana-
tion is that ATP, or its bound breakdown products, weak-
ens the binding of the HMM heads much more than does
ADP alone so that the species actin2-HMM-ATP, actin2-
HMM-ATP2 and actin-HMM-ATP2 form in undetectable
quantities.
The demonstration of the presence of a substantial

fraction ofADP-MSL-HMM attached to actin by a single
head is of interest in the light of the work of Burghardt et
al. (9); the dichroism of a rhodamine derivative attached to
the reactive SH 1 thiol group of myosin in glycerol
extracted muscle fibers indicated that the orientation of
attached heads in the presence of ADP or in contracting
fibers was different from that of rigor. At present, it is not
clear whether or not these data are related to single-headed
attachment of myosin, nor is it clear how the implications
of single-headed binding may affect current models of the
contraction cycle.
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