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ABSTRACT In our model of regulation, the observed lack
of cooperativity in the binding of myosin subfragment 1 (S-1)
with bound ATP to the troponin—tropomyesin-actin complex
(regulated actin) is explained by S-1-ATP having about the
same affinity for the conformation of the regulated actin that
activates the myosin ATPase activity (turned-on form) and the
conformation that does not activate the myosin ATPase activity
(turned-off form). This predicts that, in the absence of Ca?*,
S-1-ATP should not turn on the regulated actin filament. In the
present study, we tested this prediction by using either
unmodified S-1 or S-1 chemically modified with N,N’-p-
phenylenedimaleimide (pPDM:-S-1) so that functionally it acts
like S-1-ATP, although it does not hydrolyze ATP. We found
that, in the absence of Ca?*, neither S-1-ATP nor pPDM:S-
1-ATP significantly turns on the ATPase activity of the regu-
lated complex of actin and S-1 (acto'S-1). In contrast, in the
presence of Ca2*, pPDM-S-1-ATP binding almost completely
turns on the regulated acto-S-1 ATPase activity. These results
can be explained by our original cooperativity model, with
pPDM:S-1-ATP binding only =2-fold more strongly to the
turned-on form than to the turned-off form of regulated actin.
However, our results are not consistent with our alternative
model, which predicts that if pPDM-S-1-ATP binds to actin in
the absence of Ca?* but does not turn on the ATPase activity,
then it should also not turn on the ATPase activity in the
presence of Ca’*.

Skeletal muscle contraction is regulated by Ca?*, which
binds to the regulatory complex troponin-tropomyosin (1, 2).
In the presence of ATP at low free Ca?>* concentration,
muscle fibers are relaxed and the associated actin-activated
ATPase activity is inhibited. However, a low concentration
of Ca?* is not in itself sufficient to produce relaxation; ATP
is also necessary because rigor cross-bridges on the thin
filament can activate muscle contraction and prevent relax-
ation even in the absence of Ca?* (3, 4). This activation by
rigor cross-bridges, which occurs at low ATP concentration,
was intensively studied in vitro by Weber and coworkers
(5-9). They found that rigor bridges [actin and myosin
subfragment 1 complex (acto-S-1) or acto-S-1-ADP] cooper-
atively turn on the ATPase activity of regulated acto-S-1 both
in the presence and absence of Ca%*. This turning on, which
is optimized by high ratios of S-1 to actin and by low ATP
concentration, occurs with the troponin-tropomyosin—actin
complex (regulated actin) in the presence and absence of
Ca?* and with tropomyosin-actin, but not with pure actin.
Based on these observations, Weber and coworkers pro-
posed that rigor cross-bridges cooperatively turn on
tropomyosin—actin units consisting of one tropomyosin mol-
ecule and seven actin monomers (6).
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Rigor bridges not only cooperatively turn on the ATPase
activity but, in a related phenomenon, they have also been
found to bind cooperatively to regulated actin. S-1 and
S-1-ADP bind more weakly to regulated actin at low levels of
saturation of the actin with S-1 than at high levels of
saturation (10, 11). This cooperativity has been observed in
both the presence and absence of Ca?*, but it is much more
pronounced in the absence of Ca?*. The original model of Hill
et al. (12) accounted for this cooperativity by suggesting that
regulated actin can exist in two forms. In the turned-off form
(formerly referred to as weak-binding form), the binding of
S-1and S-1-ADP is inhibited and there is very little activation
of the S-1 ATPase activity, while in the turned-on form
(formerly referred to as strong-binding form), the binding of
S-1 and S-1-ADP is even stronger than to unregulated actin,
and there is marked actin activation of the S-1-ATPase
activity. On this basis, the turning on of the ATPase activity
by rigor bridges occurs because they bind with much greater
affinity to the turned-on form than to the turned-off form of
regulated actin, thereby shifting the regulated actin units into
the turned-on form. Moreover, even in the presence of Ca2*,
it is necessary to have bound rigor bridges to fully turn on the
regulated actin filament, since Ca?* itself only partially shifts
the regulated actin into the turned-on form.

In contrast to rigor cross-bridges, cross-bridges with bound
ATP (or bound ADP-P;) do not bind with any apparent
cooperativity to regulated actin either in the presence or
absence of Ca?* (13-15). On the basis of the model of Hill et
al. (12), this indicates that S-1-ATP binds with, at most, 2-fold
greater affinity to the turned-on than to the turned-off form of
regulated actin. This, in turn, leads to the prediction that, in
contrast to rigor bridges, S-1'ATP should not significantly
turn on the regulated acto-S-1-ATPase activity in the absence
of Ca?*. However, Lehrer and Morris (16) reported that, in
the absence of Ca?*, S-1-ATP does appear to turn on the
regulated acto-S-1 ATPase activity.

In the presence of Ca?*, our model (12) gives two different
predictions depending on the relative affinity of S-1-ATP for
the turned-on and turned-off forms of regulated actin. If
S-1-ATP binds equally well to the two forms, then it will not
turn on the regulated acto-S-1:ATPase activity. However, if
S-1-ATP binds slightly stronger to the turned-on form than to
the turned-off form of regulated actin, then it will turn on the
regulated acto-S-1 ATPase activity. In fact, workers in
several laboratories have reported such turning on in the
presence of Ca?* (6, 9, 16), but it has never been clear
whether it is due to the S-1-ATP itself or to trace contami-

Abbreviations: S-1, myosin subfragment 1; acto-S-1, complex of
actin and myosin subfragment 1; pPDM, N,N'’-p-phenylenedimalei-
mide; pPDM:-S-1, S-1 that has been modified with pPDM; regulated
actin, troponin-tropomyosin-actin complex; MaINEt, N-
ethylmaleimide; MalNEt-S-1, S-1 that has been modified extensively
with MalNEt.
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nation of the S-1 with a denatured fraction that forms
ATP-resistant rigor cross-bridges with actin.

In the present study, we have investigated whether the
binding of S-1'ATP significantly turns on the regulated
acto'S-1 ATPase activity and the tropomyosin-acto-S-1
ATPase activity. In many of our experiments, we used S-1
chemically modified with N,N’-p-phenylenedimaleimide
(pPDM), which crosslinks the SH-1 and SH-2 groups, making
the modified S-1 (pPDM:-S-1) behave functionally like S-
1-ATP (17). We find that, under conditions in which S-1-ATP
or pPDM-S-1-ATP bind extensively to regulated actin, they
do not significantly turn on the regulated acto-S-1 ATPase
activity in the absence of Ca?*. However, pPDM-S-1-ATP
significantly turns on the regulated acto-S-1 ATPase activity
in the presence of Ca%*, apparently because it binds ~2-fold
stronger to the turned-on form of regulated actin than to the
turned-off form. These data are consistent with our original
model of regulation in which regulated actin is always in
equilibrium between the turned-off and turned-on forms, but
they rule out our alternative model of regulation (18) in which
regulated actin can exist in a continuum of forms but only one
of these forms can occur under a given condition.

MATERIALS AND METHODS

Troponin-tropomyosin and tropomyosin were prepared ac-
cording to Eisenberg and Kielley (19); all other proteins were
prepared by procedures described elsewhere (20). S-1 that
has been extensively modified with N-ethylmaleimide
(MaINEt'S-1) was prepared as described by Williams et al.
(21). Binding studies showed that in the presence of ATP,
~80% of the MalNEt:S-1 binds to actin. The MalNEt-S-1
concentration was always corrected for this nonbinding
population. S-1 was modified with either radioactive or
nonradioactive pPDM:-S-1 at 0°C as described by Wells and
Yount (22). [“C]pPDM was synthesized as described by
Wells and Yount; pPDM was sublimated before use (17). The
modified S-1 contained =~1.2 mol of pPDM per mol of S-1, and
between 75% and 80% of the modified S-1 molecules con-
tained trapped ADP. The pPDM-S-1 was further purified by
sedimenting with F-actin at a 1:5 (mol/mol) ratio of actin to
pPDM:S-1 in the absence of nucleotide at 45 mM ionic
strength (17). The contaminant uncrosslinked S-1 sediments
with the F-actin, leaving purified pPDM:-S-1 in the superna-
tant. This was routinely done twice and, in some experi-
ments, as many as four times.

RESULTS

Our previous results showed that pPDM-S-1 binds with about
the same affinity to regulated actin as S-1-ATP (17). We also
showed that, like S-1 in the presence of ATP, pPDM-S-1 does
not bind cooperatively to regulated actin in the presence of
ATP. This is in contrast to pPDM:-S-1 in the absence of ATP,
which does show slight cooperative binding to regulated actin
(23). Since troponin-tropomyosin does not confer cooper-
ativity on the binding of pPDM-S-1-ATP to actin, pPDM-S-
1-ATP appears to bind with about equal affinity to the
turned-off and turned-on forms of regulated actin. This leads
to the prediction that pPDM:-S-1 should not significantly turn
on the ATPase activity of regulated acto-S-1 in the absence of
Ca?*. The turning on of the regulated actin filament by
pPDM:S-1 was measured by adding a low concentration of
unmodified S-1 and then measuring the degree to which its
ATPase activity was activated by the regulated actin filament
at various levels of saturation with pPDM-S-1, while always
maintaining a constant free actin concentration of 10 uM.
Of course, to determine the relative amount of turning on
caused by pPDM-S-1, it was necessary to determine the
ATPase rate when the regulated actin was fully turned on.

Proc. Natl. Acad. Sci. USA 84 (1987) 3103

This was done by measuring, under the identical conditions
used with pPDM:-S-1, the extent to which MaINEt-S-1 binding
turns on regulated actin (21). Similar to pPDM-S-1,
MaINEt-S-1 itself has negligible ATPase activity, but in
contrast to pPDM-S-1, it is permanently in the rigor state even
in the presence of ATP. In the case of MalNEt-S-1, the
concentration of actin was maintained at 10 uM, calculated
on the basis that 80% of the MaINEt-S-1 binds to actin (see
Materials and Methods), while with pPDM-S-1, the concen-
tration of free actin was calculated from the known binding
constant of pPDM-S-1 to regulated actin in the presence of
ATP (23).

The extent to which pPDM-S-1 and MalNEt-S-1 turned on
the regulated acto-S-1 ATPase activity in the absence of Ca?*
is shown in Fig. 1. The S-1-ATPase activity is plotted as a
function of actin sites saturated with either MaINEt'S-1 (open
circles) or pPDM:-S-1 (closed circles); the plots are obviously
quite different. With increasing saturation of the actin fila-
ment with MaINEt-S-1, the ATPase activity of regulated
acto-S-1 increased to a maximum rate of =16.0 s~!, which
occurred when the regulated actin filament was =50%
saturated with MalNEt-S-1. This is consistent with the
binding data of S-1:ADP to regulated actin, which showed
that all of the tropomyosin-actin units are in the turned-on
form at a S-1-ADP to actin ratio of =0.5 (10, 11). Compared
to the results obtained with MalNEt-S-1, pPDM-S-1 does not
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Fi16. 1. Turning on of the regulated acto-S-1 ATPase activity in
the absence of Ca?*. The ATPase activity of regulated acto-S-1 was
measured at various saturations of the actin filament with pPDM-S-1
(@), S-1-ATP (a), or MaINEt-S-1 (0, A). In all cases, the rate (ordinate
axis) is expressed per total unmodified S-1 concentration. @ is the
number of moles of S-1 bound per mole of actin monomer. In the
experiment comparing the extent to which pPDM-S-1 (e) turns on the
regulated acto'S-1 ATPase activity relative to that obtained with
MalNEt-S-1 (0), conditions were as follows: 3.5 mM KCl/3 mM
imidazole, pH 7.0/3 mM MgCl,/1 mM ATP/1 mM dithiothreitol/1
mM EGTA (u, 18 mM) at 25°C. Various concentrations of either
pPDM:-S-1 (6-50 uM) or MaINEt-S-1 (0.5-30 uM) were added to
regulated actin (10-40 uM), while always maintaining a constant free
actin concentration of 10 uM. The extent of turning on was
determined by measuring the actin-activated ATPase of unmodified
S-1 on the pH Stat, using trace amounts of unmodified S-1 (0.1-2
uM). In the experiment comparing the extent to which S-1-ATP (a)
turns on the regulated acto-S-1 ATPase activity relative to MaINEt-S-
1 (a), conditions were 7 mM imidazole, pH 7.0/2.5 mM MgCl,/0.5
mM ATP/1 mM dithiothreitol/1 mM EGTA at 15°C. Various
concentrations of either S-1 (2-27 uM) or MaINEt-S-1 (1-30 uM)
were added to regulated actin while always maintaining a constant
free actin concentration of 10 uM. In computing @ for the S-1-ATP
data, the value used for the association constant of S-1-ATP to
regulated actin under these conditions was 4 x 10~* M~! (unpub-
lished data). Actin-activated ATPase activities of S-1 were corrected
for the rate of S-1 alone.
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significantly turn on the regulated acto-S-1 ATPase activity.
For example, at 50% saturation of the actin filament with
pPDM:S-1, the ATPase activity of regulated acto-S-1is <10%
of the maximal turned-on rate. Moreover, the slight turning
on of the regulated acto-S-1 ATPase activity by pPDM-S-1
that we did observe may have been due to trace contamina-
tion of pPDM-S-1 with rigor-type cross-bridges. It would take
only a very small amount of this contaminant to account
either partially or totally for the observed turning on. On the
other hand, since we repeatedly obtained this low level of
turning on, even after repeating the purification of pPDM-S-1
several times (see Materials and Methods), this slight turning
on may have been due to pPDM-S-1 itself binding 2-fold more
strongly to the turned-on than to the turned-off form of
regulated actin. In fact, our results obtained below in Ca*
provide evidence that this may well have been the case. In
any event, our results do show that, in agreement with the
prediction of our model (12), pPDM:-S-1 does not significantly
turn on the regulated acto-S-1 ATPase activity in the absence
of Ca?*,

We next examined whether S-1-ATP itself is able to turn on
the regulated actin filament. We could not perform this
experiment at 25°C where we studied the effect of pPDM-S-1
because, as we increased the S-1 concentration, the ATPase
activity became too high to measure. Therefore, we per-
formed the experiment at 15°C. As in our experiments with
pPDM:-S-1, the concentration of free actin was calculated
from the binding constant of S-1-ATP to regulated actin (see
Fig. 1legend). Fig. 1 shows that, just like pPDM-S-1, S-1-ATP
(closed triangles) does not significantly turn on the actin-
activated ATPase activity. Even when the actin is almost
50% saturated with S-1-ATP, the ATPase rate is <5% of the
fully turned-on actin-activated ATPase rate measured with
MalNEt-S-1 (open triangles). Therefore, these data, in com-
bination with the results obtained with pPDM-S-1, strongly
suggest that S-1'ATP cannot turn on the regulated actin-
activated ATPase activity in the absence of Ca2*.

The next question that arises is whether S-1-ATP can turn
on the regulated acto-S-1 ATPase activity in the presence of
Ca?*. As discussed in the Introduction, the prediction of our
model as to whether S-1'ATP should turn on the regulated
acto-S-1 ATPase activity in the presence of Ca?* depends on
the relative affinity of S-1-ATP to the turned-on and turned-
off forms of regulated actin. We could not investigate this
question using S-1-ATP itself because the ATPase activity
becomes much too high to measure, even at a low temper-
ature. Therefore, we investigated this question using pPDM-S-
1. The experiments were done under the same conditions we
used in Fig. 1 in the pPDM-S-1 experiments, and again we
used MaINEt-S-1 to measure the maximal turned-on rate. As
shown in Fig. 24, the maximal turned-on rate of =20 s~! was
achieved when the actin filament was only =~20% saturated
with MalNEt-S-1, which is a much lower percentage than that
needed in the absence of Ca?*. This is consistent with the
cooperativity observed in the binding of S-1-ADP to regulated
actin in the presence of Ca?*; in these experiments, all of the
tropomyosin—-actin units were turned on when the ratio of
S-1-ADP to actin was 0.20 (10, 11).

We next measured the extent to which pPDM:-S-1 turned on
the regulated acto-S-1 ATPase activity in the presence of
Ca?*. As shown in Fig. 24, when pPDM:-S-1 was bound to the
regulated actin filament, it significantly turned on the regu-
lated acto-S-1 ATPase activity in the presence of Ca2?*, in
contrast to the results obtained in the absence of Ca2*. For
instance, when the actin filament was 40% saturated with
pPDM:S-1, the ATPase activity of regulated acto-S-1 was
=70% of the maximal turned-on rate. This extent of turning
on indicates that pPDM-S-1 binds =2-fold more strongly to
the turned-on form than to the turned-off form of regulated
actin.
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FI1G. 2. Turning on of the regulated acto-S-1 ATPase activity in
the presence of Ca?* (A) or tropomyosin-acto-S-1 ATPase activity
(B). The actin-activated ATPase activity of S-1 was measured at
various saturations of the actin filament with either pPDM-S-1 (@) or
MalNEt-S-1 (0). This experiment was performed in the same manner
as that described in Fig. 1 for the turning on of regulated acto-S-1 by
pPL._4-S-1in the absence of CaCl,, except 0.5 mM CaCl, was added.
All rates were expressed per total unmodified S-1 concentration.

The turning on that we observe cannot simply be caused by
tracecontaminationofrigor-type cross-bridgesinourpPDM-S-
1 preparation. If rigor-type cross-bridges were completely
responsible for the turning on of the regulated acto-S-1
ATPase activity in the presence of Ca?*, we should have
observed much more turning on by pPDM-S-1 in the absence
of Ca?*. For example, when the actin is 50% saturated with
pPDM:-S-1, the extent of turning on of the regulated acto-S-1
ATPase activity in the presence of Ca?* is equivalent to
having 8% of the actin sites containing rigor-type cross-
bridges. However, this level of contamination would have
produced an ATPase activity of regulated acto-S-1 in the
absence of Ca?* 2- to 3-fold higher than we actually measured
at 50% saturation of the actin filament with pPDM-S-1. At
most, rigor bridges could be causing about one-half of the
turning on we observe in the presence of Ca?*. If this is the
case, the remainder of the turning on observed would be due
to pPDM-S-1 binding =~1.5-fold more strongly to the turned-
on form than to the turned-off form of regulated actin, rather
than 2-fold more strongly, as would be necessary if the
pPDM:-S-1 were causing all of the turning on.

We also examined the extent to which pPDM-S-1 and
MalNEt-S-1 turn on the tropomyosin-acto-S-1 ATPase ac-
tivity. We previously found in studying the binding of S-1 to
actin that tropomyosin alone acts almost exactly like
troponin-tropomyosin in the presence of Ca?* (24). Consist-
ent with these binding studies, the effect of pPDM:S-1 on
tropomyosin-actin was very similar to its effect on regulated
actin in the presence of Ca?* (Fig. 2B). As with regulated
actin in the presence of Ca?*, pPDM-S-1 significantly turned
on the tropomyosin-acto-S-1 ATPase activity, with the rate
being =70% of the maximal turned-on rate when the actin
filament was 40% saturated with pPDM-S-1. Therefore, the
results with both tropomyosin-actin and regulated actin in
the presence of Ca?* suggest that pPDM-S-1 significantly
turns on the actin filament in a cooperative manner. This in
turn indicates that pPDM-S-1 binds slightly more strongly (at
most, 2-fold) to the turned-on form of regulated actin com-
pared to the turned-off form. This accounts for the turning on
of the regulated acto-S-1 ATPase activity in the presence of
Ca?* and the lack of turning on in the absence of Ca?*.
Furthermore, with only this slightly greater affinity of
pPDM:S-1 for the turned-on form, the binding curve of
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pPDM:S-1 to regulated actin would not appear cooperative
but instead would be indistinguishable from the curve for
independent binding, in agreement with our binding data (23).

Since all of our results with pPDM-S-1 were consistent with
our model of muscle regulation, we reinvestigated the ob-
servation of Lehrer and Morris (16) that S-1-ATP turns on
regulated actin both in the presence and absence of Ca?* at
relatively high ionic strength (50 mM). Based on our present
results, we would not expect to observe significant turning on
of the regulated actin at 50 mM ionic strength, either in the
absence or presence of Ca%*, because at this ionic strength
very little S-1 binds to actin in the presence of ATP.
However, Lehrer and Morris did not use MaINEt-S-1 in their
studies, so they were unable to compare their results with the
maximal turned-on ATPase rate. Therefore, we have repeat-
ed the experiments of Lehrer and Morris, working at the
same ionic strength, pH, temperature, and protein concen-
trations that they used (see figure 3 of their paper).

Fig. 3 shows the ATPase activity as a function of S-1
concentration measured at 5 uM actin concentration. With
unregulated actin, the actin-activated ATPase rate was, of
course, independent of the S-1 concentration; at this ionic
strength, so little S-1 binds to actin that from the lowest to the
highest S-1 concentration used, the free actin concentration
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F1G. 3. Turning on of the acto-S-1 ATPase activity by S-1 at high
ATP concentrations and by MaINEt-S-1 (NEM S-1). Conditions were
as follows: 22.5 mM NaCl/15 mM Tris-HCI, pH 7.9/1 mM ATP/S
mM MgCl,/1 mM dithiothreitol/0.1 mM CaCl, or 0.5 mM EGTA (x,
50 mM) at 23°C. Actin-activated ATPase activity of S-1 was mea-
sured by the release of P; from [y-32P]JATP. This was done with
unregulated actin (v), tropomyosin actin (A, A), regulated actin in the
presence of Ca?* (O, m), and regulated actin in the absence of Ca?*
(0, @). In measuring the turning on of the ATPase activity by S-1
(open symbols), various concentrations of S-1 (0.4—-8.0 uM) were
added to 5 uM actin. In measuring the turning on of the ATPase
activity by MaINEt-S-1 (closed symbols), various-concentrations of
MalNEt-S-1 (0.5-8.0 uM) were added to actin, which was held at a
constant free actin concentration of 5 uM. The ATPase activity was
then measured with 1 uM unmodified S-1. The abscissa axis for the
MalINEt-S-1 data is identical to 6, the same abscissa used in Figs. 1
and 2, since essentially all of the added MalNEt-S-1 is bound to actin.
With unmodified S-1, S-1-ATP and S-1-ADP-P; bind so weakly at this
ionic strength that <2% of the added S-1 is bound to actin. Therefore,
the abscissa axis for the unmodified S-1 data is essentially equal to
the ratio of the free S-1 concentration to the total actin concentration.
The activities were corrected for the rate of S-1 alone (0.03 s™%). All
rates were expressed per total unmodified S-1 concentration.
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would not decrease by >2%. In contrast to the results of
Lehrer and Morris (16), the rate of the regulated acto-S-1
ATPase activity in the absence of Ca’?* was very low,
showing only negligible actin activation or turning on. How-
ever, in the presence of Ca2*, the regulated acto-S-1 ATPase
activity did increase as a function of S-1 concentration, just
as did the tropomyosin-acto-S-1 ATPase activity. These
results are very similar to those obtained by Lehrer and
Morris, although at 5 uM actin we obtained only about
one-half the ATPase activity that they reported. However,
we also obtained similar results at 10 uM actin, where all of
the ATPase rates (including those measured in the presence
of MaINEt-S-1) were about twice as high.

We next used MalNEt-S-1 to obtain the maximal turned-on
rate under identical conditions. As observed at lower ionic
strength, the value of the maximal turned-on rate was about
the same with regulated actin in the presence and absence of
Ca?* and with tropomyosin-actin. Comparing the ATPase
activity of regulated acto-S-1 and tropomyosin acto-S-1 to this
maximal turned-on rate, we find that the extent of turning on
is, in fact, a small percentage of the maximal turned-on rate.
Furthermore, the extent of turning on is consistent with our
pPDM:-S-1 results (Fig. 2), if we assume that S-1-ATP and
S-1-ADP-P; bind to the turned-off form of regulated actin with
an association constant of 3 x 10~3 M~1(15) and with a 2-fold
stronger affinity to the turned-on form. Therefore, our results
at 50 mM ionic strength support our conclusion that both
pPDM:-S-1 and S-1-ATP bind, at most, 2-fold stronger to the
turned-on form of regulated actin compared to the turned-off
form.

DISCUSSION

One of the major questions in the regulation of muscle
contraction is whether the myosin cross-bridge with bound
ATP binds significantly more strongly to the turned-on form
of regulated actin than to the turned-off form. If it does, then
in the absence of Ca®*, like the rigor cross-bridge, it should
show cooperative binding to the regulated actin and, in
addition, it should shift the regulated actin to the turned-on
form, thereby increasing the actin-activated ATPase activity.
In this study we found that when pPDM-S-1, an analogue of
S-1-ATP, is bound to actin, it significantly turns on the
regulated acto-S-1 ATPase activity in the presence but not in
the absence of Ca?*. We previously observed that, in the
presence of ATP, pPDM-S-1 does not bind with apparent
cooperativity to regulated actin either in the presence or
absence of Ca?*, although we did observe slight cooperativ-
ity in the binding in the absence of ATP (23). The data in the
presence of ATP are consistent with pPDM-S-1-ATP binding
~2-fold stronger to the turned-on form of regulated actin than
to the turned-off form. Such a slight difference in affinity
would not produce enough cooperativity to be experimen-
tally distinguishable from independent binding, while at the
same time, based on the model of Hill et al. (12), it is enough
of a difference to account for the turning on in the presence
of Ca?* but not in the absence of Ca*. This is because Ca**
itself causes an increase in the fraction of tropomyosin-actin
units in the turned-on form, as shown by the observation that
less MaINEt-S-1 has to be bound to the actin filament to
maximally turn on the regulated acto-S-1 ATPase in the
presence of Ca?* than in the absence of Ca?*. When
pPDM-S-1 binds to regulated actin in Ca2*, it pushes the
remaining tropomyosin-actin units to the turned-on form and
thereby fully turns on the regulated acto-S-1 ATPase activity.

Our observations that at 25°C pPDM-S-1-ATP does not
bind cooperatively to the regulated actin filament and does
not turn on the actin-activated ATPase activity in the absence
of Ca?* are consistent with our observations that at 15°C
S-1-ATP itself is unable to turn on the regulated actin in the
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absence of Ca’?* and also does not bind cooperatively to
regulated actin (13-15). It is also consistent with direct
binding studies, which show that pPDM-S-1-ATP and S-
1-ATP bind only =2-fold stronger to turned-on regulated actin
than to turned-off regulated actin (unpublished data). Finally,
our results are consistent with the observation that, in
relaxed skinned muscle fibers, extensive binding of myosin
cross-bridges to actin can occur at very low ionic strength
without turning on force development (25).

Further evidence that S-1-ATP cannot turn on the regulated
acto'S-1 ATPase activity in the absence of Ca?* comes from
our studies at 50 mM ionic strength where Lehrer and Morris
(16) have reported such turning on does occur. In contrast,
our results show that, at this ionic strength where there is no
significant binding of S-1-ATP to actin, S-1-ATP does not
significantly turn on the regulated actin either in the presence
or absence of Ca?*. In fact, our data in the presence of Ca2*
agree with the data of Lehrer and Morris. However, since
they did not compare their measurements with the ATPase
activity that occurs when the regulated actin is fully turned-
on, they may not have recognized what a small amount of
turning-on they were actually observing under this condition.
It is likely that the reason no significant turning-on occurs in
the presence of Ca?* at 50 mM ionic strength is because so
little binding occurs at this relatively high ionic strength. We
did not attempt to determine whether S-1-ATP turned on the
regulated actin in the presence of Ca?* at very low ionic
strength, where significant binding occurs, but Weber (9) has
performed experiments of this type with the tropomyosin—
actin complex and in agreement with our results with pPDM-S-
1, saw turning on under this condition. We would expect that
this is due to S-1-ATP binding 2 times more strongly to the
turned-on form of regulated actin than to the turned-off form,
just as we have observed with pPDM-S-1.

Although all of the data we have presented in this paper fit
with our original model of cooperativity, the results do not fit
with our alternative model of cooperativity (18). Unlike our
original model, in which tropomyosin exists in only two
positions on the actin filament, in our alternative model,
tropomyosin can exist in a continuum of positions on the
actin filament; the cooperativity observed in the binding of a
given S-1 state then depends on how much it must displace
the tropomyosin from its original turned-off position in order
to bind. However, the alternative model has less flexibility
than the original medel in that, under a given condition,
tropomyosin can only exist in a single position rather than in
an equilibrium between two positions. Moreover, a given S-1
state can only bind to regulated actin in one position rather
than in two positions, the turned-off position and the turned-
on position, ag in thi original model. This, in turn, means that
a given S-1 state milst bind to actin in the same position in
both the presence ahd absence of Ca?*. Therefore, if a S-1
state pushés the tropomyosin into the turned-on position
when it binds to dctin in the presence of Ca?*, it will,
likewise, have to push the tropomyosin into the turned-on
position if it binds in the absence of Ca’*.

In trying to fit our data to the alternative model, the key
observations that must be explained are that pPDM-S-1 turns
on the acto-S-1-ATPase activity in the presence of Ca?*, but
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not in the absence of Ca?*, although in both cases it binds to
actin. Since pPDM:-S-1 almost com?letely turns on the
ATPase activity in the presence of Ca**, it must be pushing
almost all of the tropomyosin into the turned-on position.
Therefore, the alternative model predicts that, in the absence
of Ca?*, pPDM-S-1 should only be able to bind if here too it
pushes all of the tropomyosin into the turned-on position.
However, this is contrary to our data, which show that even
though pPDM:-S-1 clearly binds to the regulated actin in the
absence of Ca2*, it could not be pushing the tropomyosin ifito
the turned-on position because it does not turn on the
acto'S-1-ATPase in the absence of Ca2*. Therefore, because
pPDM:S-1 turns on the regulated acto-S-1 ATPase activity in
the presence but not in the absence of Ca?*, although it binds
in both cases, our data can only be explained by our original
model of cooperativity.
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