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We have studied the mechanism of activation of native car-
diac thin filaments by calcium and rigor myosin. The accelera-
tion of the rate of 2�-deoxy-3�-O-(N-methylanthraniloyl)ADP
(mdADP) dissociation from cardiac myosin-S1-mdADP-Pi and
cardiac myosin-S1-mdADP by native cardiac muscle thin fila-
ments wasmeasured using doublemixing stopped-flow fluores-
cence. Relative to inhibited thin filaments (no bound calcium or
rigor S1), fully activated thin filaments (with both calcium
and rigor-S1 bound) increase the rate of product dissociation
from the physiologically important pre-power stroke myosin-
mdADP-Pi by a factor of �75. This can be compared with only
an�6-fold increase in the rate of nucleotide diphosphate disso-
ciation from nonphysiological myosin-mdADP by the fully acti-
vated thin filaments relative to the fully inhibited thin filaments.
These results show that physiological levels of regulation are not
only dependent on the state of the thin filament but also on the
conformation of the myosin. Less than 2-fold regulation is due
to a change in affinity of myosin-ADP-Pi for thin filaments such
as would be expected by a simple “steric blocking” of the myo-
sin-binding site of the thin filament by tropomyosin. Although
maximal activation requires both calcium and rigor myosin-S1
bound to the cardiac filament, association with a single ligand
produces�70%maximal activation.This canbe contrastedwith
skeletal thin filaments inwhich calcium alone only activated the
rate of product dissociation �20% of maximum, and rigor myo-
sin produces �30% maximal activation.

In striated muscle, contractility is regulated by the thin fila-
ment, a protein complex containing F-actin, tropomyosin, and
troponin (Tn).3 The core of the thin filament is a double-
stranded helix of actin. Tropomyosin fits into the grooves of
this helix, each molecule spanning seven actin monomers and
interacting end-to-end with its neighbor. One molecule of tro-
ponin, itself a complex of three subunits I, C, and T, associates

with one actotropomyosin unit (1). Although there is no atomic
structure for the entire thin filament, the broad architectural
detail has beenworked out. Troponin is composed of a globular
core consisting of the I and C subunits along with the carboxyl-
terminal one-third of the T subunit (Tn-T2) and an extended
tail that arises from the remainder of troponin-T (Tn-T1)
(2–5). Subdomains have been identified within the globular
core (6, 7). The so-called “IT” arm includes the high affinity
metal ion sites of troponin-C (C-lobe) and a span of coiled-coil
involving helical sections of troponin-T and -I. The regulatory
head is a conformational switching center that consists of the
low affinity calcium sites of troponin-C (N-lobe) and the tropo-
nin-I inhibitory peptide (8, 9), the orientation of which is calci-
um-sensitive. Structural changes associated with the binding of
calcium to troponin, as well as rigor myosin binding to the thin
filament, are thought to be relayed by way of tropomyosin (10,
11) and possibly actin as well (12) resulting in changes in myo-
sin activation. Over the years, a number of models have been
formulated to explain thin filament-based regulation (13–16).
The model of Hill and co-workers (14) envisions two thin fila-
ment conformers of nonidentical affinity for myosin, with the
fraction of each state dependent upon the bound ligand (either
calciumor rigormyosin). The three-statemodel (16) included a
thin filament state (‘blocked’) that did not associate with myo-
sin, in addition to weakly binding (“closed”) and strongly bind-
ing (“open”) states. Formation of the open state is produced by
the binding of ATP-free myosin to the thin filament but not
calcium alone.
We have used double mixing stopped-flow fluorescence,

which permits the selective generation ofmyosin intermediates
(i.e. myosin-ATP ^ myosin-ADP-Pi or myosin-ADP) in the
first mix, followed by combination with thin filaments in the
secondmix. This enabled us to measure the release of products
from actomyosin-ADP-Pi using an extrinsically fluorescent
bacterial inorganic phosphate (Pi)-binding protein (17–19).
This work showed that the rate of dissociation of Pi from skel-
etal acto(TnTm)S1-ADP-Pi was the step of themechanism reg-
ulated by calcium andmyosin binding to skeletal thin filaments
(19). Contrary to the steric blocking model, the thin filament
affinity of S1-ADP-Pi was relatively insensitive to [Ca2�],
changing only �1.5-fold from pCa 4–7. Contrary to the three-
state model, maximal acceleration of Pi dissociation required
the binding of both calcium and rigor S1. For example, at pCa�
7, rigor S1 gave less than half-maximal activation (19), and at
pCa � 4 in the absence of rigor S1 activation was only 20%.
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We subsequently used the fluorescent nucleotide, mdATP,
to measure the dependence of the kinetics of mdADP dissocia-
tion from acto(TnTm)myosin-mdADP-Pi upon calcium and
bound rigor myosin (20). The maximum rate of product disso-
ciation was similar whether measured directly by Pi dissocia-
tion kinetics or by mdADP dissociation, which is consistent
with ordered dissociation of products (Pi thenADP) in which Pi
is rate-limiting. Whether Pi release was measured directly or
indirectly, regulation could be explained by an allosteric model
in which calcium and rigor myosin binding to the thin filament
produces a change between active and inactive thin filament
conformations.
Our previous studies of thin filament regulation were carried

out with thin filaments reconstituted from proteins isolated
from rabbit fast skeletal muscle (19, 20). Here, we have used a
similar approach to investigate the mechanism of thin filament
regulation in mammalian cardiac muscle. There are significant
differences between the contractile proteins in cardiac muscle
and fast skeletalmuscle. Cardiac troponin-I contains an amino-
terminal extension that the skeletal isoforms do not have (21,
22) and that is phosphorylatable (23, 24). Mammalian cardiac
troponin-C, which is identical to slow skeletal troponin-C (25),
possesses only a single calcium “trigger” site (26), whereas fast
skeletal Tn-C has two (27, 28). Unlike the other two subunits,
there are multiple troponin-T isoforms in a given muscle (29,
30). The relative abundance of the various cardiac specific iso-
forms changes during development (29, 31). The form that pre-
dominates in the adult heart is longer than its skeletal counter-
part (29, 32–34). In contrast, mammals lack a unique cardiac
isoform of tropomyosin. Depending upon the species, one or
two skeletal muscle tropomyosins are utilized (35–37). Cardiac
and skeletal actins are virtually identical to each other (38, 39),
but fast skeletal and cardiacmyosins have significantly different
kinetic mechanisms, the latter having significantly slower rates
of ADP dissociation from actomyosin (40).
We have measured the kinetics of the acceleration of disso-

ciation of mdADP from cardiac S1-mdADP-Pi and S1-mdADP
by native porcine cardiac thin filaments in different ligand
states using double mixing stopped-flow fluorescence. The
maximum acceleration of mdADP dissociation from cardiac
S1-mdADP-Pi (�75-fold) requires both calcium andmyosin to
be bound to the thin filaments. The thin filament affinity of
S1-mdADP-Pi displays less than 2-fold sensitivity to ligand
binding, which is incompatible with steric hindrance by tropo-
myosin of myosin binding to the thin filament being the prin-
cipal mechanism of regulation. Comparedwith the skeletal sys-
tem, however, cardiac thin filaments are significantly more
activated (�70%) by calcium alone, and there is a correspond-
ingly smaller amount of additional rigor activation. These cur-
rent data can be explained by an allosteric regulation model in
which the binding of either calcium alone or rigor S1 alone to
the thin filament shifts the equilibrium in favor of the active
conformation, but full activation requires binding of both
ligands.Overall, cardiac thin filaments are less inhibited and are
more easily turned on by either calcium or rigor myosin alone
than are skeletal thin filaments. The slower rate of ADP disso-
ciation from cardiac actomyosin (40) allowed us to also mea-
sure the regulation of the dissociation of mdADP from cardiac

acto(TnTm)S1 . Acceleration of the rate of dissociation of
mdADP fromcardiac acto(TnTm)S1by calciumand rigormyosin
bindingwasonly�6-fold comparedwith�75-fold accelerationof
the rate mdADP dissociation from acto(TnTm)S1-mdADP-Pi.
Thus, differentmyosin nucleotide complexes appear to be subject
to different mechanisms of thin filament regulation.

EXPERIMENTAL PROCEDURES

Materials—ATP, 2�deoxyATP, buffers, and salts were pur-
chased from Sigma. mdATP and mdADP were prepared from
2�-deoxyATP and 2�deoxyADP and purified according to the
procedure ofHiratsuka (41) formant-ATP. Cardiac S1was pre-
pared fromporcine cardiacmyosinwith�-chymotrypsin by the
method of Siemankowskii et al. (40) except that 2 mg of lima
bean trypsin inhibitor per mg of chymotrypsin rather than PMSF
was used to inhibit chymotrypsin. Native porcine cardiac thin fil-
aments were prepared according to the procedure of Spiess et al.
(42) asmodifiedbyMatsumoto et al. (43).AnSDS-polyacrylamide
gel of native cardiac thin filaments is shown in Fig. 1.
Kinetic Measurements—Steady state ATP hydrolysis was

measured by a colorimetric assay (44). Native cardiac thin fila-
ments displayed at least a 15-fold calcium sensitivity of the rates
of steady state ATP hydrolysis (mole ratio of S1/actin � 1:70 to
1:120) under identical temperature and buffer conditions used
for pre-steady state assays except that the ATP concentration
was 1 mM. The maximum rate of ATP hydrolysis by cardiac

FIGURE 1. SDS-PAGE of native porcine cardiac thin filaments. Lanes from
left to right contain molecular weight markers and 15 �g of native cardiac thin
filaments. The two tropomyosin bands correspond to � (lower) and � (upper)
isoforms. The unlabeled band is a consistent trace impurity.
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myosin-S1 was 1.9 s�1 in the presence of actin and 2.1 s�1 with
native thin filaments at pCa � 4.
Chemical quenchmeasurements were done using a comput-

er-controlled stepper motor-driven quench-flow apparatus
as described previously (19). The reaction was quenched by
mixing the sample with half the volume of 1.8 M ammonium
phosphate, pH4.0. The fractionofmdATPhydrolyzedwasdeter-
mined by quantitative HPLC. A 0.1-ml sample containing 100
pmol of deoxymant-nucleotide was loaded onto aWhatman Par-
tisil column and eluted isocratically with 0.6 M ammonium phos-
phate, pH 4.0, at a flow rate of 1 ml/min. Fluorescence emission
was observed with a McPherson, FL-750B fluorescence detector
equipped with a 200-watt Hg-xenon lamp. Excitation was at 365
nm, and the emission�420 nmobtained with a sharp cutoff filter
was recorded every 1 s using a Pico ADC-16 converter. The frac-
tion of hydrolysis was determined by integration of the area of the
mdATP andmdADP peaks in the elution profiles.
Stopped-flow fluorescence experiments were performed

using a KinTek SF-2001 double mixing stopped-flow fluorime-
ter. The excitation light from a 75-watt xenon lamp was
selected using a 0.125-m monochromator (PTI Corp.). Kinetic
measurements of mdADP dissociation were observed using an
excitation at 360 nm and emission �420 nm using a sharp cut-
off filter. Three to four data traces of 1000 pointswere averaged,
and the observed rate constants were obtained by fitting the
data to one or two exponential terms using the software pack-
age included with the Kintek stopped flow. In most cases, two
different time bases of 500 data points each were selected that
were appropriate for the rate constants being observed.
The Kintek stopped flow was fitted with 2-ml syringes in

positions A and B and a 5-ml syringe in position C so that both
mixes were approximately equivolume and to reduce the dilu-
tion of thin filaments in the final reactionmixture. The dilution
of the syringe contents was as follows: 2:9 for S1 and deoxy-
mant-nucleotide (either mdATP or mdADP) and 5:9 for thin
filaments. Double mixing experiments were performed by first
mixing cardiac S1 with deoxymant-nucleotide. The resulting
steady statemixture was held in a delay line for the desired time
and then in a secondmix was combinedwith thin filaments in 5
mM MOPS, 2 mM MgCl2, pH 7, � 0.2 to 0.5 mM CaCl2 (high
calcium) or 1 to 2 mM EGTA (low calcium). The experiments
were designed tominimize the effect of othermyosin species on
activation of the thin filaments. Rigor activation was produced
by having excess S1 over mdATP in the first mix so that a con-
stant ratio of one rigor S1 per seven actin subunits was present
after the second mix. There was no change in activation
between the 1:7 and 1:14 ratio of rigor S1 to actin subunits,
which indicates a 1:7 ratio fully activates the thin filaments. In
experiments where rigor activation was not desired, 2 mM

MgATP was included with the thin filaments to dissociate any
rigor-bound S1 resulting from product dissociation. Double
mixing experiments similar to those described above were also
done in which actin replaced thin filaments. In other experi-
ments, ATP was used as the substrate in the first mix and the
release of phosphate after the second mix was measured using
fluorescent phosphate-binding protein (18, 19).
Active Enzyme Centrifugation—The calcium dependence of

the binding of cardiac S1 to native cardiac thin filaments during

steady state ATP hydrolysis was measured by a modification of
themethod of Chalovich et al. (45); 0.5ml of a solution contain-
ing 0.2 �M cardiac S1, 1 mM ATP, and concentrations of thin
filaments between 0 and 50 �M actin subunits was centrifuged
for 25 min at 50,000 rpm in a Beckman 70.1Ti rotor at 4 °C to
sediment the thin filaments and any bound S1. The amount of
S1 in the supernatant was determined by MgATP hydrolysis at
25 °C. The reaction was initiated by the addition of 0.4ml of the
supernatant to 0.6 ml of a mixture containing 20 �M F-actin,
1.67 mM ATP, and 1.67 mM EGTA. At times of 0, 8, 14, and 18
min, 200-�l aliquots were removed and analyzed colorimetri-
cally for phosphate with ammonium molybdate by A550 (44).
The fraction of enzyme in the supernatant was determined by
reference to a control experiment done without thin filaments.

RESULTS

Single Turnover Rapid Chemical QuenchMeasurement of the
Hydrolysis of mdATP by Cardiac S1—100 �M cardiac S1 was
mixed with 20 �MmdATP and quenched at the indicated time,
and the fraction of mdATP hydrolyzed is shown in Fig. 2A. The

FIGURE 2. Hydrolysis of mdATP by cardiac S1 by quench flow. A, 100 �M

cardiac S1 was mixed with 20 �M mdATP in 5 mM MOPS, 2 mM MgCl2, 20 mM

potassium acetate, pH 7.0, 20 °C. The solid line drawn through the data is a fit
to the curve: I(t) � 0.55 e�13t � 0.37 e�0.043t. B, dependence of kobs upon [S1]
is fit to the equation kobs � (kH � k�H)/(1 � K1/[S1]), in which K1 � 50 �M; kH �
21 s�1; k�H � 14 s�1.
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rapid phase of the reaction, 13 s�1, measures the rate of sub-
strate binding and hydrolysis, and the second slow phase, 0.043
s�1, measures the steady state rate (phosphate dissociation).
The ratio of the amplitudes of the fast and slow phases (0.55:
0.37� �1.5) provides ameasure of the equilibrium constant of
hydrolysis of mdATP, KH, while bound to myosin. Fig. 2B
shows a plot of the dependence of the fast component upon the
concentrations of S1. The extrapolated value of 34 s�1 is equal
to k�H � kH and can be used with the value of KH, determined
from the ratio of the slow and fast phases, 1.5, to determine the
values of kH to be �21 s�1 and k-H to be �14 s�1.
Effect of Calcium and Rigor Myosin on the Rate of Dissocia-

tion of mdADP from Cardiac Acto(TnTm)S1-mdADP-Pi—Fig.
3A shows the change in stopped-flow fluorescence that is asso-
ciated with mdADP dissociation in a double mixing stopped-
flow experiment in which the native cardiac thin filaments had
neither calcium (pCa � 7) nor rigor cardiac S1 bound. Equal
volumes of 2 �M S1 and 3 �MmdATP are combined in the first
mix and allowed to incubate for 2 s for the mdATP to be bound
and hydrolyzed by the cardiac S1. After the first mix (2 s incu-
bation), the distribution of myosin and myosin md-nucleotide
complexes would be expected to be 0.24 �M mdATP, 0.02 �M

myosin, 0.16 �M M-mdATP, 0.24 �M M-mdADP-Pi, 0.02 �M

M-mdADP, based on the equilib-
rium constant for the hydrolysis
step and the rate constant for the
dissociation of Pi andmdADPdisso-
ciation from cardiac myosin. The
amplitudes of a control experiment
in which the second mix contained
only 2 mM MgATP (no thin fila-
ments) was fit by 95% of the ampli-
tude at 0.04 s�1 (M-md-ADP-Pi3
M � mdADP � Pi) and 5% at 0.55
s�1 (M-mdADP 3 myosin �
mdADP), which is consistent with
the calculated values.
In the second mix, the cardiac

S1-nucleotide complex is combined
with thin filaments containing 1.0
mM EGTA to deplete the filaments
of associated calcium and 2.0 mM

MgATP. The excess MgATP pre-
vents binding of any mdATP not
bound to cardiac S1 in the first mix
and dissociates rigor S1 produced
by mdADP dissociation from the S1
bound to the thin filaments. The flu-
orescence decrease is fit well by a
single exponential process in which
kobs � 0.37 s�1 (Fig. 3A). Under
conditions in which calcium is
bound to the thin filament (0.27mM

CaCl2 in the flow cell), the fluores-
cence change from the mdADP dis-
sociation is biphasic (Fig. 3B). The
initial rapid decrease (kobs � 19 s�1)
is followed by a slower decrease

(kobs � 1.7 s�1). To determine the effect of rigor heads on the
rate of product dissociation, by cardiac thin filaments, an excess
of cardiac S1 (i.e. [S1] � [mdATP]) is used in the first mix.
Nucleotide-free myosin is then available for rapid binding to
the cardiac thin filaments at the beginning of the secondmix. A
biphasic fluorescence decrease (kfast � 15 s�1 and kslow � 1.8
s�1) is observed after incubating 2 �MmdATP with 19 �M car-
diac S1 in the first mix and after 2 s mixing with thin filaments
to obtain a final concentration of 26 �M cardiac thin filaments
with 3.7 �M bound rigor cardiac S1 at pCa � 7 (Fig. 3C). If the
same experiment is done at pCa � 4, the observed rates are
kfast � 25 s�1 and kslow � 1.9 s�1 (Fig. 3D).

The dependence of the observed rate of the fast phase,
which corresponds to the dissociation of Pi from cardiac
S1-mdADP-Pi (18–20), upon thin filament concentration with
the various ligand conditions is shown in Fig. 4. At pCa � 7
in the absence of rigor myosin (Fig. 4, �) (i.e. no ligands bound
to the thin filament), the relationship is fit by a hyperbola with a
maximum of 0.49 s�1. With only calcium bound (pCa � 4 and
no rigor cardiac S1), the dependence of kobs on thin filament
concentration saturates at a rate of 27 s�1 as shown in Fig. 4 (f).
Thus, these data show that the maximum rate of product dis-

FIGURE 3. Effect of calcium and rigor myosin S1 on the kinetics of product dissociation from cardiac
acto(TnTm)myosin S1-mdADP-Pi. Double mixing stopped-flow experiments were performed as described
under “Experimental Procedures.” A and B, 2 �M cardiac S1 and 3 �M mdATP were mixed, incubated for 2 s, and
then mixed with 47 �M (actin subunit concentration) cardiac thin filaments containing 2 mM MgATP and either
1.0 mM EGTA (A) or 0.5 mM CaCl2 (B). Final concentrations in the flow cell are as follows: 0.44 �M cardiac S1, 0.67
�M nucleotide, 26 �M cardiac thin filaments, 1.1 mM MgATP, 2 mM MgCl2, 5 mM MOPS, and either 0.55 mM EGTA
(A) or 0.27 mM CaCl2 (B), pH 7, 20 °C. C and D, 19 �M of cardiac S1 and 2 �M mdATP were mixed, incubated for 2 s,
and then mixed with cardiac thin filaments containing either 1.0 mM EGTA (C) or 0.5 mM CaCl2 (D). Final
concentrations in the flow cell are as follows: 3.7 �M cardiac S1, 0.44 �M nucleotide, 26 �M cardiac thin fila-
ments, 2 mM MgCl2, 5 mM MOPS, and either 0.55 mM EGTA (C) or 0.27 mM CaCl2 (D), pH 7, 20 °C. The solid lines
through the data are the best fits to the following exponential equations: A, I(t) � 1.0e�0.37t � C; B, I(t) �
0.34e�19t � 0.66e�1.7t � C; C, I(t) � 0.71e�15t � 0.29e�1.8t � C; D, I(t) � 0.76e�25t � 0.24e�1.9t � C.
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sociation at saturating thin filaments is increased �54-fold by
calcium binding alone to the thin filament.
Both steady state kinetic measurements and binding stud-

ies (10, 46) have demonstrated that skeletal thin filaments
containing no bound calcium can be activated by myosin
heads bound in rigor. In the experiments shown in Fig. 3, C
and D, the cardiac S1 concentration was varied so as to
always maintain a constant ratio of one rigor cardiac S1 to
each seven actin subunits in the thin filaments after the sec-
ond mix. In these experiments after the second mix (2 s
incubation), the concentration of myosin md-nucleotide
complexes are calculated to be 0.01 �M mdATP, 0.16 �M

M-mdATP, 0.24 �M M-mdADP-Pi, and 0.03 �M M-mdADP,
based on the equilibrium constant for the hydrolysis step and
the rate constant for the dissociation of Pi and mdADP dis-
sociation from cardiac myosin. With only rigor myosin-S1
bound to the thin filament (pCa � 7), the maximum extra-
polated rate of 24 � 4 s�1 (Fig. 4, Œ) is similar to that mea-
sured with calcium only bound to the thin filaments. The
dependence of kobs of the fast phase upon thin filament con-
centration at a ratio of one rigor bound to cardiac S1 per
seven thin filament actin subunits and pCa � 4 as shown by
(F) in Fig. 4 has an extrapolated rate at a saturating thin
filament concentration of 36 � 3 s�1. In this set of experi-
ments, the apparent affinity of the cardiac S1-mdADP-Pi for
thin filaments, KTF, ranged from �10 to 20 �M. The lack of a
significant dependence of KTF upon either pCa or rigor cardiac
S1 bound to the thin filament is consistent with there being
little steric blocking of myosin binding to the thin filament by

tropomyosin. The inset in Fig. 4 shows the dependence of the
fast phase for similar experiments in which unregulated F-actin
replaced cardiac thin filaments. The maximum extrapolated
rate obtained with F-actin, 38 � 4 s�1, was the same within
experimental error as that measured for fully activated thin
filaments and was independent of either pCa or rigor-bound
myosin.
The open symbols (E) in the upper left corner of Fig. 4 are for

experiments measuring the fast component of the decrease in
md nucleotide fluorescence of double mixing experiments in
which rabbit F-actin replaced cardiac thin filaments. The line fit
through the data is for a hyperbola in whichKactin � 53 �M and
kfast � 38� 4 s�1. The solid symbols (F) are the fast component
of experiments in which phosphate dissociation was measured
using fluorescent phosphate-binding protein as previously
described (18, 19). The line fit through these data is for a hyper-
bola in whichKactin � 48 �M and kfast � 30� 5 s�1. These data
show, as was previously demonstrated for regulated skeletal
actomyosin (19, 20), that product dissociation from
acto(TmTm)myosin ADP-Pi occurs by an ordered mecha-
nism in which slow phosphate dissociation limits the rate of
ADP dissociation.
The slow phase of the fluorescent decreasemeasures the life-

time of the AM-mdATP (AM-T), which has three possible
pathways of breakdown as shown in Scheme 1.

AM � T ¢ AM-T ¡ AMDP ¡ AMD ¡ AM � D

) )

M-T ^ MDP

SCHEME 1

where A is actin, M is myosin-S1; T is mdATP; and D is mdADP.
Previous experiments similar to those used here with skeletal

actomyosin S1 in the absence of regulatory proteins demon-
strated that the slow component of phosphate release gener-
ated in double mixing experiments was produced by slow
hydrolysis of ATP bound to actomyosin (AM-T 3 AM-DP).
This step was shown to be the rate-limiting step of ATP hydrol-
ysis at saturating actin (18). Although it is not possible to rigor-
ously demonstrate that the slow phase is due to attached
hydrolysis with regulated cardiac actomyosin, several observa-
tions indicate that it is also likely to be the same as for unregu-
lated actin. The rate constant was the same, 2.1 � 0.2 s�1,
within experimental error for the slow phase with F-actin, car-
diac thin filaments atpCa� 4 (with orwithout rigor activation),
and pCa � 7 with rigor activation and the steady state rate of
actin-activated ATP hydrolysis. The fraction of the fluores-
cence amplitude corresponding to the fast component in Fig. 3,
C andD, 0.7, is similar to that expected from the composition of
themyosin nucleotide 0.6 (cardiac S1-mdADP-Pi) and 0.4 (car-
diac S1-mdATP) prior to mixing to actin as determined from
quenched-flow experiments in Fig. 2. This indicates that there
is relatively little re-equilibration (S1-mdATP^ S1-mdADP-
Pi) after mixing with the thin filaments.
Effect of Calcium and Rigor Myosin on the Rate of Dissocia-

tion of mdADP from Cardiac Acto(TnTm)S1-mdADP—Exper-
iments in Fig. 5 were similar to those previously described in

FIGURE 4. Dependence of the rates of product dissociation from cardiac
acto(TnTm)myosin S1-mdADP-Pi on thin filament concentration and cal-
cium and rigor S1 bound to the thin filaments. Experiments are similar to
those described in Fig. 3 except that the concentration of thin filaments was
varied as indicated. The dependence of kobs of thin filament (actin subunit)
concentration is fit to the equation kobs � kfast(1 � (KTF/[TF])). For pCa � 7 (�),
kfast � 0.49 � 0.05 s�1, KTF � 16 �M; pCa � 4 (f), kfast � 27 � 4 s�1, KTF � 19
�M; pCa � 7 � rigor (Œ), kfast � 24 � 4 s�1, KTF � 11 �M; pCa � 4 � rigor (F),
kfast � 36 � 3 s�1, KTF � 11 �M. In the inset F-actin replaced cardiac thin
filaments. The observed rate scale is indicated on the right vertical axis of the
inset. Open symbols (E) are the fast component of experiments measuring the
decrease in md nucleotide fluorescence. The line fit through the data is for a
hyperbola in which Kactin � 53 �M and kfast � 38 � 4 s�1. Solid symbols (F) are
the fast component of experiments in which phosphate dissociation was
measured using fluorescent phosphate-binding protein. The line fit through
the data is for a hyperbola in which Kactin � 48 �M are kfast � 30 � 5 s�1.
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Fig. 3 except that mdATP was replaced by mdADP. The
observed rates of nucleotide dissociation for a given ligand con-
dition are as follows: (A) pCa � 7 and zero rigor S1; kobs � 15.7
s�1; (B) pCa � 4 and zero rigor S1, kobs � 250 s�1; (C) pCa � 7
and 1 rigor S1 bound per seven actinmonomers, kobs � 153 s�1;
and (D) pCa � 4 and 1 rigor S1 bound per seven actin mono-
mers, kobs � 290 s�1. In addition to being considerably more
rapid, the kinetics of mdADP dissociation from myosin-
mdADP in Fig. 5 were fit by single exponential rather than the
double exponential fits required to fit the data in Fig. 3. These
results are explained by the single intermediate, cardiac
S1-mdADP, in Fig. 5 compared with two intermediates (S1-
mdATP ^ S1-mdADP-Pi) in Fig. 3. Experiments in which
mdATP was used in the first mix and the mixing time was
increased to 99 s to allow the mdATP to be completely hydro-
lyzed to mdADP and single mixing experiments in which
S1-mdADP was mixed with thin filaments gave similar results
(data not shown) as those described above. The dependence of
rates of mdADP dissociation upon thin filament concentration
were fit to hyperbolic equations to determine the rates of dis-
sociation of mdADP from cardiac acto(TnTm)S1 and apparent
affinities of cardiac S1-mdADP for the thin filaments (Fig. 6).

The rates of mdADP dissociation
were measured for the four ligand
conditions as follows: thin filaments
with no ligands bound (Fig. 6, �),
k � 64 s�1; only calcium bound (f),
k � 357 s�1; only rigor myosin
bound (Œ), k � 332 s�1; and both
ligands bound (F), k � 359 s�1.
Thus, there is only an �6-fold
increase in the rate of mdADP dis-
sociation from cardiac S1 between
the fully inhibited thin filament
state, pCa � 7, with no bound rigor
cardiac S1 and the fully activated
state, pCa � 4, and rigor S1 bound
to the thin filaments. This can be
compared with a 75-fold increase in
the rate of dissociation of mdADP
frommyosin-mdADP-Pi (Fig. 4). An
additional difference between the
regulation ofmdADP andmdADP-Pi
dissociation is that mdADP dissoci-
ation is almost fully activated by
rigor S1 bound to thin filaments
whereas md-ADP-Pi dissociation is
only partially activated by rigor-S1.
We have also measured the rates

of dissociation of mdADP from
porcine cardiac actomyosin S1 by
experiments similar to those shown
in Fig. 6 except that themdADPwas
first mixed with cardiac myosin-S1
(to form myosin-mdADP) and then
with actin and ATP to displace the
bound nucleotide (data not shown).
The extrapolated maximum rate

of 362 s�1 is �5-fold faster than the 75 s�1 previously
observed for ADP dissociation from bovine cardiac actomy-
osin at 15 °C (40, 51) and �3-fold more rapid than the rate
(120 s�1) of ADP dissociation from porcine cardiac actomy-
osin S1 at 20 °C (data not shown).
Active enzyme centrifugation was used as an alternative

method formeasuring the calciumdependence ofmyosin affin-
ity for thin filaments in the presence of MgATP (Fig. 7). Thin
filaments and cardiac S1 were centrifuged to separate the
bound and free cardiac S1 under conditions similar those used
in stopped-flow experiments shown in Fig. 3, A and B, and Fig.
4, at pCa � 7 and � 4. The amount of S1 remaining in the
supernatant is used to determine a disassociation constant,
Kapp, of 8.5 � 1 �M at pCa � 7 and 3.2 � 0.4 �M at pCa � 4.

DISCUSSION

We have extended our analysis of thin filament regulation to
cardiac muscle. Native cardiac thin filaments and cardiac S1
were used in conjunction with double mixing stopped-flow
fluorescence and active enzyme centrifugation to investigate
the regulation, by calcium and rigor myosin, of thin filament
activation of mdADP dissociation from two distinct myosin-

FIGURE 5. Effect of calcium and rigor myosin S1 on the kinetics of mdADP dissociation from cardiac
acto(TnTm)myosin S1. A and B, double mixing stopped-flow experiments were performed as described
under “Experimental Procedures.” 4 �M cardiac S1 and 2 �M mdADP were mixed, incubated for 2 s, and then
mixed with cardiac thin filaments containing 2 mM MgATP and either 2.0 mM EGTA (A) or 0.2 mM CaCl2 (B). Final
concentrations in the flow cell are as follows: 0.88 �M cardiac S1, 0.44 �M mdADP, 32 �M cardiac thin filaments,
1.1 mM ATP, 2 mM MgCl2, 5 mM MOPS, and either 1.1 mM EGTA (A) or 0.11 mM CaCl2 (B), pH 7, 20 °C. C and D, 20
�M cardiac S1 and 2 �M mdADP were mixed, incubated for 2 s, and then mixed with cardiac thin filaments
containing either 2.0 mM EGTA (A) or 0.2 mM CaCl2 (B). Final concentrations in the flow cell are as follows: 4.5 �M

cardiac S1, 0.44 �M nucleotide, 32 �M cardiac thin filaments, 2 mM MgCl2, 5 mM MOPS, and either 1.1 mM EGTA
(C) or 0.11 mM CaCl2 (D), pH 7, 20 °C. The solid lines through the data are the best fit to single exponential
equations in which kobs � 15.7 s�1 (A), 250 s�1 (B), 153 s�1 (C), and 290 s�1 (D).

Cardiac Thin Filament Regulation

OCTOBER 22, 2010 • VOLUME 285 • NUMBER 43 JOURNAL OF BIOLOGICAL CHEMISTRY 32765



nucleotide complexes, actomyosin-mdADP-Pi and actomyo-
sin-mdADP. The results, which are summarized in Table 1, can
be compared with those previously obtained with rabbit skele-
tal thin filaments (19, 20). For both cardiac and skeletal muscle
thin filaments, acceleration of product release from acto-
(TnTm)S1-ADP-Pi is the principal regulated step and proceeds
by an orderedmechanism inwhich phosphate dissociation pre-
cedes ADP dissociation. In both instances, maximum activa-
tion of product release requires the binding of both calcium and
rigor myosin to the thin filament, and the effect of calcium and

rigormyosin binding can be explained by an allosteric model of
regulation in which a given ligand shifts the equilibrium of the
cardiac thin filament from the inactive to the active conforma-
tion. This study also shows significant differences between the
mechanisms of regulation of cardiac and skeletal thin filaments,
principally cardiac thin filaments are more fully activated by
calcium or rigor S1 alone. In addition, the slower rates of ADP
dissociation from cardiac actomyosin-ADP (47) allowed us to
directly measure the regulation of mdADP dissociation from
cardiac acto(TnTm)myosin S1-ADP.

A simple steric blocking mechanism in which the tropomy-
osin inhibits myosin binding to thin filaments at low calcium
predicts that the primary effect of regulation upon the kinetic
mechanismwould be expected to alter the affinity of S1-ADP-Pi
for thin filaments. Such a mechanism was inconsistent with
subsequent observations that the effect of calcium upon the
affinity of myosin for thin filaments during steady state ATP
hydrolysis is small (45, 48). The kinetic results (summarized in
Table 1) and active enzyme centrifugation results (Fig. 7) are
consistent with this view in that there is only a small (�2-fold)
increase in the apparent affinity of M-ADP-Pi for maximally
activated filaments (calcium and rigor heads bound) relative to
either partially activated (calcium or rigor heads bound) or
maximally inhibited thin filaments (neither calcium or rigor
heads bound).
A three-state regulation model is shown in Fig. 8 (16). In this

model, the blocked state myosin is prevented from binding to
the thin filament. The closed state of thin filaments allowsmyo-
sin binding but does not allow completion of the power stroke.
The open state is fully active, accelerating phosphate dissocia-
tion to produce a power stroke. The experiments upon which
the three-state model is based were equilibrium and kinetic
measurements of rigor S1 (and other myosin-ligands that pro-
duce open switch II myosin conformations) binding to the thin
filament. The three-state model assumed that the binding of
either rigor myosin or myosin with ligands such as ADP, pyro-
phosphate, AMP-PNP, and ADP-Pi to actin (or thin filaments)
occurs by the same two-step mechanism except that the equi-
librium constant of the second step is altered by the bound
ligand. However, it is now generally accepted thatmyosin exists
in multiple conformations and that the conformation is
dependent upon the ligands bound to the active site. Of the
ligands listed above, only M-ADP-Pi produces predominantly
the closed pre-power stroke switch II conformation, which is
the intermediate that produces a power stroke when myosin
binds to actin. The other ligands stabilize myosin predomi-
nantly in open post-power stroke switch II conformation that
does not produce a power stroke on binding to actin (49).
There are also several features of the three-state model for

thin filament regulation that are not consistent with the kinetic
data summarized in Table 1. First, the �75-fold acceleration of
product release from myosin-mdADP-Pi by thin filaments at
high calcium but without rigor myosin bound is 5–10 times
greater than the acceleration predicted by the calcium depen-
dence (3–5-fold) of the equilibrium constant between the closed
and open states, KT (16) of skeletal thin filaments and �75 times
greater than that measured with cardiac thin filaments (50). Sec-

FIGURE 6. Dependence of the rates of product dissociation from cardiac
acto(TnTm)myosin S1-mdADP on thin filament concentration and cal-
cium and rigor S1 bound to the thin filaments. Experiments are similar to
those described in Fig. 5 except that the concentration of thin filaments was
varied as indicated. The solid lines through the data are best fits to a hyper-
bolic equation: kobs � k�AD(1 � (KTF/[TF])). For pCa � 7 (�), k�AD � 64 s�1,
KTF � 32 �M; pCa � 4 (f), k�AD � 357 s�1, KTF � 12 �M; pCa � 7 � rigor (Œ),
k�AD � 332 s�1, KTF � 27 �M; pCa � 4 � rigor (F), k�AD � 359 s�1, KTF � 6 �M.

FIGURE 7. Measurement of cardiac myosin S1 binding to cardiac thin fil-
aments in the presence of MgATP at high (pCa < 4) and low calcium
(pCa > 7) by active enzyme centrifugation. Experimental conditions are as
follows: final concentrations in the centrifuge tube were 0.2 �M cardiac myo-
sin S1, 5 mM MOPS, 2 mM MgCl2, 1.0 mM MgATP, either 0.2 mM CaCl2 or 1.0 mM

EGTA, and the indicated concentration of porcine thin filaments (actin sub-
unit concentration). The amount of cardiac myosin S1 in the supernatant was
determined by enzymatic activity as described under “Experimental Proce-
dures.” Solid lines through the data are fit to fsupernatant � Vo/(1 � ([actin]/
Kbind)), where Vo � ATPase rate before spinning with thin filaments, and
Kbind � 3.2 �M in 0.2 mM CaCl2 (f) and 8.5 �M in 1 mM EGTA (�).
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ond, the three-statemodel predicts that rigor binding should fully
activate product release at low calcium, but as is shown in Figs. 4
and 5, rigor binding at pCa � 7 produces only about 70% of the
maximal rate of product release that occurswithboth calciumand
rigor heads bound to the thin filament.
The data in Table 1 compare the effect of calcium and rigor

cardiac S1 on the rate of dissociation of mdADP from the phys-
iological complex acto(TnTm)S1-mdADP-Pi and the non-
physiological complex acto(TnTm)S1-mdADP. The apparent
affinity (KTF) of S1-mdADP-Pi binding to thin filaments shows
little calcium dependence, suggesting that there is no blocked
state present and that KB in the three-state model is ��1. The
absence of the blocked state is not unexpected in view of previ-
ous observations that the block state is not present in skeletal
muscle thin filaments at ionic strengths�50mM (51, 52). How-
ever, we observed a 2–4-fold increase inKTF of cardiac S1-ADP
for cardiac thin filaments at low ionic strength upon increasing
the concentration of calcium from pCa �7 to �4, which is
similar to the calcium dependence of the equilibrium between
the open and blocked states of the three-state model at physio-
logical ionic strength. Although it is possible that wemissed the
blocked state for M-ADP-Pi binding to thin filaments because
of the very low ionic strength, which we were required to use to
obtainmaximal dissociation rates, our observation of an appar-

ent blocked state formdADPdissociation kinetics (Figs. 5 and 6
and Table 1) suggests that it is the ligand bound to the myosin
and not ionic strength that is the most significant factor in
determining the regulatory mechanism.
Both pCa� 4 and rigor-bound cardiac S1 produce nearmax-

imal acceleration (5–6-fold) of mdADP dissociation at saturat-
ing concentrations of thin filaments. The good agreement
between the data obtained for mdADP dissociation from
acto(TnTm)S1-mdADP with the predictions of the three-state
model of thin filament regulation is likely because themyosin is
in the same open switch II conformation in both sets of
experiments.
The model that we previously proposed for the regulation of

skeletal muscle thin filaments (20) is shown in Scheme 2 using
the data from Table 1 for cardiac thin filaments. In Scheme 2,
calcium and rigor S1 shift the equilibrium from the inactive (I)
to the active (A) conformation of the thin filaments. Ourmodel
is similar to the modified model of Hill et al. (15) in which the
thin filament conformation is either active (A) or inactive (I)

FIGURE 8. Three state mechanism of thin filament regulation showing
blocked, closed, and open states.

FIGURE 9. Comparison of the activation of cardiac and skeletal thin fila-
ments on rigor and calcium. Dependence of the extent of activation by cardiac
(gray) and skeletal (black) thin filaments on calcium (pCa � 4) and 1 rigor myo-
sin/7 actin subunits. Activation is the maximum rate of the fast component of
mdADP dissociation from acto(TnTm)myosin-md ADP-Pi at the indicated condi-
tions (Fig. 4, inset) (20) normalized relative to the maximum extrapolated rate of
mdADP dissociated from unregulated actomyosin-mdADP-Pi.

TABLE 1
Summary of the acceleration of product dissociation kinetics from myosin S1-mdADP-Pi and myosin S1-mdADP by thin filaments and F-actin

�TnTm,
pCa > 7,

0 	rigor myosin
a

�TnTm,
pCa < 4,

0 	rigor myosin
a

�TnTm,
pCa > 7,

1 	rigor myosin
/7 	actin
b

�TnTm,
pCa < 4,

1 	rigor myosin
/7 	actin
b

Actin,c
pCa > 7,

0 	rigor myosin


kfastd (mdADP-Pi) 0.49 s�1 27 s�1 24 s�1 36 s�1 38 s�1e

KTF, fast(M-mdADP-Pi) 16 �M 19 �M 11 �M 11 �M 53 �M
kslowd (mdATP) NAf 2.3 s�1 2.2 s�1 1.9 s�1 2.0 s�1

KTF, slow(M-mdATP) 13 �M 6.3 �M 6.1 �M 32 �M
Kccard(M, Ca)g 0.02 3 2 �10 NDh

Kcskel(M, Ca)g,i 0.0055 0.17 0.3 �3 ND
k�AD(mdADP)j 64 s�1 357 s�1 332 s�1 359 s�1 361 s�1

KTF(M-mdADP) 32 �M 12 �M 27 �M 6 �M 49 �M
a 	S1
 � 0.
b 	S1
/	actin
 � 1/7.
cPurified rabbit skeletal F-actin is in the absence of regulatory proteins. The values forKTF are the thin filament (actin subunit) concentration required to obtain half themaximal
observed rate.

d kfast(mdADP-Pi) and kslow(mdATP) are themaximal rates ofmdnucleotide dissociation for the fast and slow components at saturating thin filament (or F-actin) concentrations
as determined in Figs. 3 and 4.

e kF-actin is the maximum rate observed with F-actin in the absence of regulatory proteins.
f Data were fit to a single exponential.
g Kc(M, Ca2�) � kfast/(kF-actin – kfast), where kfast is the rate of the fast component of product release at saturating thin filament concentrations under the indicated conditions.
h NDmeans not determined.
i Data were determined previously for rabbit skeletal muscle thin filaments (19).
j The maximal rate of mdADP dissociation from acto(TnTm)S1-mdADP at saturating thin filament concentrations was determined in Figs. 5 and 6.
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with regard to the ability to bind myosin (6). The model allows
a quantitative evaluation of the relationship between activation
of product dissociation and calcium and rigor myosin binding
to cardiac thin filaments to bemade. In amanner similar to that
observed for skeletal thin filaments, the equilibrium strongly
favors the inactive form in the absence of bound calcium and
rigor myosin.
The dependence of the conformational equilibrium con-

stants, Kc upon the ligands calcium and myosin, Ko � 0.02 (no
ligands),KCa � 3 (calcium only),KM � 2 (rigor heads only), and
KMCa� 10 (rigor and calcium activation), is calculated from the
maximum rate of activation as described in the legend of Table
1. The accuracy of the values estimated for the equilibrium
between the inactive and active conformers is reasonably good
for Ko, KCa, and KM, but only a lower limit of 10 could be
obtained for KMCa. A comparison between the extent of activa-
tion of cardiac and skeletal thin filaments is shown in Fig. 9.
Cardiac thin filaments are more activated by either calcium or
rigor binding alone. Cardiac thin filaments are �70% activated
by pCa � 4 in the presence of MgATP (no rigor myosin bind-
ing) compared with skeletal thin filaments, which are only
�20% activated under similar conditions. Our results indicate
that cardiacmuscle is primarily regulated by calciumbinding to
the thin filament and that any rigor-bound heads produced
during contraction would be expected to produce only a small
additional activation. Similar observations were made using
bifunctional fluorescent labels on TnC exchanged into cardiac
muscle to measure conformational changes in TnC produced
by calcium and rigor myosin. These results showed that
although myosin binding can switch on cardiac thin filaments
in rigor conditions, it does not significantly contribute to acti-
vation under physiological conditions (53).
In addition, the ratios of the equilibrium constant for each

ligand (calcium and rigor S1) to the active and inactive forms of
the thin filament (with andwithout the other ligand bound) can
be determined from conservation equations that are shown
below Scheme 2.

These data are consistent with a mechanism in which the
affinity of each ligand is affected only by the equilibrium
between the active and inactive conformation of the filaments
and not by binding of the ligand per se, that is KaM/KiM �
KaCa-M/KiCa-M � 100 and KaCa/KiCa � KaM-Ca/KiM-Ca � 150.
This simplification is reasonable as there is no physical overlap
between thecalciumandmyosin siteson the thin filament, and the
interactionbetween the siteswouldnecessarily bemediatedby the
conformation of the thin filament. If such a mechanism is true,
then a value of 300 can be calculated forKMCa, which is consistent
with the experimentally determined lower limit of�10.
The model in Scheme 2 assumes that the equilibrium

between the active and inactive conformations of the thin fila-
ments is more rapid than the product dissociation steps. If this
was not the case, then inhibitionwould lower the concentration
of active thin filaments and the primary observed effect upon
the kineticmechanismwould be to decrease the apparent affin-
ity of M-ADP-Pi for thin filaments in the inhibited form. The
similar values for KTF when one (either calcium or rigor S1) or
both ligands are bound to the thin filament support a mecha-
nism in which there is a rapid equilibrium between active and
inactive states. However, the small (�2-fold) decrease in myo-
sin-ADP-Pi affinity to thin filaments in the absence of calcium
and bound rigor S1 could be attributed to either the rate of
equilibration between active and inactive cardiac thin filament
conformers being similar to the rates of product release in the
absence of calcium and rigor-S1 or by a steric blocking mecha-
nism, as suggested by the “blocked state” of “the three-state
model” that produces a small change in affinity.
Single particle analysis of the structure of thin filaments has

recently been used to determine the dependence of the position
of tropomyosin upon calcium concentration (54). At low cal-
cium, �80% of the thin filament segments contained tropomy-
osin in a position that would block myosin binding, but �20%
were in the closed position that would allow partial binding. At
high calcium, the situation was reversed with �20% in the
blocked conformation and 80% in the closed position. These

SCHEME 2. A, active thin filament conformation (accelerates product dissociation from M-ADP-Pi); I is inactive thin filament conformation (does not accelerate
product release from M-ADP-Pi); subscripts to equilibrium constants i � inactive thin filament conformation and a � active thin filament conformation; if
neither i nor a is indicated the equilibrium constant is the apparent equilibrium constant [A(Ca,M)]/[I(Ca,M)], with the indicated ligands bound to the thin
filament (e.g. KCa is the equilibrium between A and I with calcium bound to the thin filament, and KiCa is the association constant for calcium binding to the
inactive filaments (I); M � cardiac S1; Ca � calcium; the second subscript is the associating/dissociating ligand. �A and �I are the sum of the active and
inactive thin filament regulatory units. The values for the equilibrium constants or ratios of equilibrium constants assuming that the affinity is only a
function of the thin filament conformation and not of the bound ligands (i.e. KiCa � KiMCa, KaCa � KaMCa, KiM � KiCaM, and KaM � KaCaM) are shown in
parentheses.
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structural data predict an �4-fold decrease in the KTF of thin
filament binding to S1-ADP-Pi at low calcium. The calcium
dependence of the structural change is in good agreement with
the results in Table 1, which indicate that calcium binding
to the thin filament produces only a small�2–3-fold alteration
in the value of KTF.
Our results are in good agreement with those reported pre-

viously for reconstituted skeletal thin filaments (19, 20). The
change in the tropomyosin position between the blocked and
closed conformations is only a very small part of the regulatory
mechanism, and the principal site of regulation is phosphate
dissociation.
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