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Regulation of Force Development Studied by Photolysis of Caged ADP in
Rabbit Skinned Psoas Fibers
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Department of Physiology, University of Wisconsin, Madison, Wisconsin 53706 USA

ABSTRACT The present study examined the effects of Ca®* and strongly bound cross-bridges on tension development
induced by changes in the concentration of MgADP. Addition of MgADP to the bath increased isometric tension over a wide
range of [Ca®"] in skinned fibers from rabbit psoas muscle. Tension-pCa (pCa is —log [Ca®™)) relationships and stiffness
measurements indicated that MgADP increased mean force per cross-bridge at maximal Ca®>* and increased recruitment of
cross-bridges at submaximal Ca®". Photolysis of caged ADP to cause a 0.5 mM MgADP jump initiated an increase in
isometric tension under all conditions examined, even at pCa 6.4 where there was no active tension before ADP release.
Tension increased monophasically with an observed rate constant, kapp, Which was similar in rate and Ca®* sensitivity to the
rate constant of tension re-development, k,,, measured in the same fibers by a release-re-stretch protocol. The amplitude of
the caged ADP tension transient had a bell-shaped dependence on Ca®", reaching a maximum at intermediate Ca®* (pCa
6). The role of strong binding cross-bridges in the ADP response was tested by treatment of fibers with a strong binding
derivative of myosin subfragment 1 (NEM-S1). In the presence of NEM-S1, the rate and amplitude of the caged ADP response
were no longer sensitive to variations in the level of activator Ca®". The results are consistent with a model in which
ADP-bound cross-bridges cooperatively activate the thin filament regulatory system at submaximal Ca®™". This cooperative

interaction influences both the magnitude and kinetics of force generation in skeletal muscle.

INTRODUCTION

Regulation of muscle contraction is a relatively complex
process that is initiated by binding of Ca®" to specific
low-affinity sites on the thin filament protein troponin (Gor-
don et al., 2000). A long-standing hypothesis is that Ca®*
relieves steric inhibition of myosin binding to actin, pre-
sumably by inducing a change in position of tropomyosin
within the thin filament (Haselgrove, 1973; Huxley, 1973;
Parry and Squire, 1973). This hypothesis was supported by
the observation that in the presence of ATP(yS) fibers
exhibit Ca®"-regulated stiffness but do not develop tension
(Dantzig et al., 1988). Also, the extent of binding of myosin
subfragment 1 (S1) to myofibrils has been shown to in-
crease in the presence of Ca’" (Swartz et al., 1990, 1996).

An alternative model of regulation proposes that Ca®"
regulates a kinetic transition in the cross-bridge cycle, e.g.,
the P; release step (Chalovich et al., 1981; Chalovich and
Eisenberg, 1982; Rosenfeld and Taylor, 1987). This model
was proposed on the basis of observations that Ca*>* regu-
lates acto-myosin ATPase activity but does not significantly
influence the binding of myosin S1 to actin (Chalovich et
al., 1981; Chalovich and Eisenberg, 1982; Rosenfeld and
Taylor, 1987). As evidence for regulation of kinetic transi-
tions in muscle fibers, the rate of tension redevelopment
(k) following a period of unloaded shortening increased up
to 10-fold over the physiological range of Ca®" (Brenner,
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1988; Metzger et al., 1989). Rates of tension development
following photolysis of caged Ca’* (kc,) were similarly
accelerated as Ca®" concentration was increased (Ashley et
al., 1991; Araujo and Walker, 1994, 1996).

There is now considerable evidence that strong binding of
myosin S1 (i.e., binding that in intact fibers would result in
force generation) can also activate the thin filament (see
Gordon et al., 2000, for a review). For example, there is
cooperative binding of S1 to regulated actin in solution and
activation of myosin ATPase by S1 even in the absence of
Ca?* (Bremel and Weber, 1972; Greene and Eisenberg,
1980). In skinned fibers, rigor cross-bridges activate the thin
filament to allow interaction of cycling cross-bridges
(White, 1970; Moss, 1999; Brandt et al., 1990). Cross-
bridges with ADP bound are particularly effective in coop-
erative activation of the thin filament (Thirlwell et al.,
1994). Under the more physiological conditions of 5 mM
MgATP, addition of a strong binding S1 analog to skinned
fibers dramatically altered the Ca”>* dependence of tension
development kinetics (k) (Swartz and Moss, 1992) sug-
gesting that cross-bridge binding plays a major role in
regulation of kinetic transitions. The goal of the present
study was to further investigate the relative contributions of
Ca®" and cross-bridges to the process of thin filament
activation during active tension development. In previous
work, we examined the kinetics of tension development
following photolysis of caged ADP in skinned skeletal
fibers (Lu et al., 1993). We concluded that MgADP binds
rapidly to nucleotide-free cross-bridges causing inhibition
of ATP binding, inhibition of cross-bridge detachment, and
accumulation of cross-bridges in force-generating states (Lu
et al., 1993). Here we investigated the effects on tension due
to a similar rapid elevation of MgADP at submaximal Ca®".
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The results are consistent with a similar competition be-
tween MgADP and MgATP for binding to cross-bridges,
but in addition, MgADP-bound cross-bridges cooperatively
activate the thin filament. The rate of the ensuing tension
development process varied markedly with Ca?>* concen-
tration, but Ca®" dependence was eliminated by addition of
N-ethylmaleimide-modified S1 (Nagashima and Asakura,
1982; Williams et al., 1988; Swartz and Moss, 1992) which
permitted the number of strongly bound cross-bridges to be
varied independent of Ca®" concentration. These results
support a mechanism in which strongly bound cross-bridges
cooperatively activate the thin filament regulatory system
thereby affecting both the number and attachment rate of
force-generating cross-bridges.

MATERIALS AND METHODS
Muscle preparation

Single skinned fibers from psoas muscle of male New Zealand rabbits
(2.5-3.5 kg body weight) were obtained as described previously (Lu et al.,
1993). Fiber segments 2.0-2.5 mm in length were tied to stainless steel
troughs with surgical monofilament (Moss et al., 1985). Sarcomere length
was adjusted to 2.5-2.6 um and measured by photography. The physio-
logical apparatus for carrying out isometric force measurements in con-
junction with pulse photolysis has been described (Walker et al., 1992).
Measurements of &, at the end of each caged ADP transient were carried
out as previously reported (Metzger et al., 1989). The rate constants
obtained were not dependent upon the speed of release or re-stretch, the
extent of release, or on the duration of the shortening phase.

Stiffness (AF/ASL) was determined by applying a sinusoidal length
change (<0.1% L, 3.3 kHz) to the end of the fiber and then measuring
changes in force () and sarcomere length (SL) as previously described
(Metzger et al., 1989). Force was measured using a Cambridge model 407
force transducer with a resonant frequency of 5 kHz and a step response of
0.1 ms. Sarcomere length was monitored with a resolution of 0.5-1.0
nm/half-sarcomere using the first-order line of a laser diffraction pattern
(Metzger et al., 1989).

Solutions

Caged ADP (P>-1(2-nitrophenyl)ethyladenosine 5'-diphosphate) was syn-
thesized according to the method of Walker et al. (1988), and purified by
DEAE-cellulose chromatography using a linear gradient of 0-0.5 M
triethylammonium bicarbonate. Contamination of caged ADP by free ADP
was less than 1 mol % as judged by analytical HPLC. The efficiency of
caged ADP photolysis was 25 £ 3% per flash determined as previously
described (Lu et al., 1993).

Activating solutions had the following composition (in mM): 5 ATP (4
MgATP), 9 creatine phosphate, 5.6 MgCl, (1 free Mg*"), 12 EGTA, 100
N-tris[hydroxymethylJmethyl-2-aminoethanesulfonic acid (TES), and suf-
ficient KCI to obtain a final ionic strength of 180 mM. Solution pH was
adjusted to 7.00 with KOH. pCa 4.5 solution contained 12 mM CaCl, and
40 mM KCl, and pCa 9 solution contained no added CaCl, and 66 mM
KCIl. Intermediate pCa values were obtained by mixing pCa 4.5 and pCa 9
solutions to the appropriate total Ca®" determined by a computer program
that accounts for Ca®", Mg?*, K*, Na™, and H" binding to all constituents
in the solution (Fabiato, 1988). Stability constants for metal and proton
binding to creatine phosphate, phosphate, ADP, ATP, and EGTA were
taken from Fabiato (1988). The apparent stability constant for Ca-EGTA
after correction for temperature (15°C), ionic strength, and pH was 2.39 X
10° M~
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Photolysis solutions had the same composition as activating solutions
except they contained caged ADP and 1.2 mM free Mg>" before photol-
ysis. No creatine phosphokinase was added. The final concentration of
MgADP achieved following photolysis was calculated from the free Mg?*
concentration, the concentration of photo-generated ADP, and a MgADP
stability constant of 6.24 X 10> M. Caged ADP was assumed to bind
Ca’" and Mg?* with the same stability constants as for caged ATP, 3.3 X
10> M~ (Walker et al., 1988). Even though caged ADP photolysis effi-
ciency was 25% per flash, only a fraction of the free ADP produced binds
to Mg ™. Thus, for photogeneration of 0.10 mM and 0.50 mM MgADP, the
required concentrations of caged ADP were 1.0 mM and 5.2 mM, respec-
tively. To maintain an ionic strength of 180 mM, contributions to ionic
strength from caged ADP (2M*, A?~; Mg-caged ADP has no net charge),
glutathione (M™, A7), and in some experiments P; (~1.5M™*, A7) were
taken into account; 10 mM glutathione was included to protect cellular
proteins from photolysis by-products.

Data analysis and modeling

Data collection and analysis have been described previously (Walker et al.,
1992; Lu et al., 1993). Two methods were used to analyze tension-pCa
relationships. For method 1, data obtained from five to seven fibers were
averaged, and the averaged data points were fit to the Hill equation: P/P
= nyu(pCasy — pc)/(1 + ny(pCas, — pCa)), where ny; is the Hill coeffi-
cient and pCas, is the pCa value (pCa = —log[Ca®*]) at which tension is
one-half of its maximal value. For method 2, data for each fiber were fit to
the same Hill equation to obtain pCas, and 7y, and these parameters were
averaged to obtain mean = SEM. These alternate methods gave pCas,
values that were within 2% of each other and ny; values within 15% of each
other. Because simple Hill plots did not always fit the data well (e.g., see
Figs. 1 and 5 4) double Hill plot transformations (Moss et al., 1983) were
also employed giving rise to two Hill coefficients, designated 7y, and nyy,.
Values for ny;, and nyy, obtained from individual fibers were not considered
reliable because of a paucity of data points and a high degree of variability,
so only those values obtained from averaged data are given in legends to
Figs. 1 and 5 4. Tension transients were fit to single-exponential functions
using Marquardt’s nonlinear regression algorithm and the following equa-
tion: P, = a + Py(1 — exp(—kt)), where P, is tension at time ¢ and P,, is
tension at = 0, a is tension before photolysis, k is the first-order rate
constant k,pp Or k. Unless otherwise noted, the single-exponential equa-
tion was most appropriate because it gave a smaller standard error of the
estimate of & and a smaller variance inflation factor (Glantz and Slinker,
1990) compared with a double-exponential equation or a single exponential
with sloping baseline. Modeling of the kinetic scheme in Fig. 7 was
accomplished by numerical solution of four differential equations using a
modified Runge-Kutta algorithm in the commercial software Mathematica.

Preparation and use of NEM-S1

Myosin and the chymotryptic subfragment of myosin (S1) were purified at
4°C as described previously (Swartz et al., 1990; Swartz and Moss, 1992).
S1 was modified with N-ethylmaleimide (NEM; Sigma Chemical Co., St.
Louis, MO) as described previously (Swartz and Moss, 1992). The reaction
was quenched with 1 mM dithiothreitol (DTT), and then the protein was
precipitated with ammonium sulfate and stored as a pellet at —20°C.
Before use, NEM-S1 was dialyzed against 20 mM imidazole, pH 7.0, 1
mM DTT and then filtered through a 0.45-um filter. Protein concentration
was determined by absorbance at 280 nm using a mass absorptivity value
of 0.75 (mg/ml)~' ¢cm ™! and a molecular weight of 118,000. Solutions of
NEM-S1 were prepared just before use by mixing equal volumes of protein
solution and a 2X stock of pCa 9 solution. Skinned fibers were treated with
NEM-S1 by incubation in relaxing solution for 20 min and were then
transferred to activating solutions without NEM-S1. After each tension
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measurement during which the fiber was activated for less than 15 s, the
fiber was transferred back into the relaxing solution containing NEM-S1.

RESULTS

Effects of MgADP on steady-state tension and
stiffness

As illustrated in Fig. 1, inclusion of MgADP in activating
solutions increased maximal tension, shifted the tension-
pCa relationship to lower Ca®" concentrations, and tended
to increase the Hill coefficient. Changes in tension, pCas,
and ny were larger at 5 mM MgADP than at 0.5 mM
MgADP and in fact were statistically significant only at the
higher MgADP level (p < 0.05). Stiffness measurements
yielded different results. In solutions with no added
MgADP, mean stiffness at pCa 4.5 was 49.9 = 53 N/m
(n = 5), which yielded an elastic modulus of 2.50 X 10’
N/m? when fiber length and cross-sectional area were taken
into account. Stiffness increased slightly (3%) to a mean
value of 51.4 = 3.1 N/m (n = 5) in the presence of 5 mM
MgADP (Fig. 1, insef), but this change was not statistically
significant. In contrast, maximum tension increased by 19%

P/P,

pCa

FIGURE 1 Effects of MgADP on steady-state tension and stiffness.
Tension-pCa relationships in the absence (O) and presence of 0.5 mM
MgADP (H) and 5 mM MgADP (@). Solid lines show fits to the Hill
equation with pCas, = 5.98, n;; = 4.9 (no ADP); pCas, = 6.08, n;; = 5.3
(0.5 mM MgADP); and pCas, = 6.16, n;; = 6.3 (5 mM MgADP). Using
method 2 for statistical analyses (see Materials and Methods), these values
were pCas, = 6.01 = 0.09, n;; = 4.8 = 0.8 (no MgADP); pCas, = 6.09 =
0.08, ny; = 4.9 = 0.7 (0.5 mM MgADP); and pCas, = 6.18 £ 0.06 (*),
ny = 6.1 = 0.4 (*). For double Hill plots (see Materials and Methods)
values were pCas, = 6.0, nyy; = 3.7, n;;, = 1.6 (no ADP); pCas, = 6.1,
ny = 4.8, ny, = 1.7 (0.5 mM MgADP); and pCas, = 6.2, ny, = 7.8,
ny, = 2.0 (5 mM MgADP). (Inset) Effects of MgADP on sarcomere
stiffness at pCa 4.5 and 6.1. Open bars are with no added MgADP, and
hatched bars are in the presence of 5 mM MgADP. Stiffness was obtained
by measuring changes in force and sarcomere length resulting from a
3.3-kHz sinusoidal length oscillation (see Materials and Methods). *p <
0.05 compared with no MgADP. Error bars represent mean = SEM from
five to seven fibers.
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(Fig. 1), and as stated above, this was a significant increase.
Therefore, this increase in force at pCa 4.5 is not associated
with a statistically significant increase in number of strongly
attached cross-bridges but instead reflects an increase in
force per cross-bridge. Sarcomere stiffness at pCa 6.1 was
normalized to that measured at pCa 4.5 with the same
concentration of MgADP. This relative stiffness at pCa 6.1
increased from a mean value of 0.57 % 0.06 in the absence
of MgADP to 0.74 = 0.05 in the presence of 5 mM MgADP
(Fig. 1, inset). This represents a 29% increase in sarcomere
stiffness due to MgADP. For comparison, steady-state ten-
sion at pCa 6.1 increased from 0.33 = 0.02 to 0.53 % 0.02,
a 61% increase. Paired #-tests indicated statistical signifi-
cance (p < 0.05) for both stiffness and tension increases at
pCa 6.1. The increase in stiffness indicates that MgADP
increased the number of strongly bound cross-bridges at
submaximal Ca?*. MgADP also increased the ratio of ten-
sion to stiffness by 23% at pCa 6.1, similar to the 19%
increase observed at pCa 4.5.

Caged ADP tension transients

[lustrated in Fig. 2 4 are representative tension transients
resulting from photorelease of 0.5 mM MgADP within a
skinned psoas fiber. Before photolysis, active tension was
allowed to develop to a steady level. The fiber and sur-
rounding solution were irradiated with a 1-ms flash of
near-UV light to release ADP. Free Mg”>* in photolysis
solutions was adjusted so that MgADP increased by 0.5 mM
(see Materials and Methods). At full activation, isometric
tension increased by 5% P, (where P, is the tension at pCa
4.5 without MgADP). Tension rose with an approximately
exponential time course and an observed rate constant,
knpp, of 9.7 s~ ' (Fig. 2 4, trace b). The new tension level
was maintained for 2 s, after which the fiber was released by
10% of its length, allowed to shorten for 15 ms, and then
re-extended to its original length. This protocol permitted
comparative measurements of the caged ADP tension tran-
sient and the rate constant of tension re-development, %,
under similar conditions (Fig. 2 4). A MgADP-induced
tension transient with a larger amplitude and slower kinetics
was observed in the same fiber at submaximal levels of
activator Ca>* (P/P, = 0.5; Fig. 2 A, trace ¢, and see
below).

To confirm that the changes in tension after photolysis
were the expected magnitude, we compared the amplitude
of the caged ADP tension rise with the effects of MgADP
on steady-state tension. At maximal Ca®", photorelease of
0.5 mM MgADP and addition of 0.5 mM MgADP increased
tension by a similar amount (5% P, vs. 4-5% P,) (Fig. 1).
At submaximal Ca’", steady-state tension increased by
5-20% P, due to the presence of 0.5 mM MgADP, and
photorelease of 0.5 mM MgADP resulted in tension in-
creases in this same range (Fig. 3 B; see below). Overall, the
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FIGURE 2 Representative traces showing the effects of Ca®" concentration on the caged ADP tension transient. (4) Pulse irradiation of a fiber at pCa
4.5 in the absence of caged ADP (a), at pCa 4.5 in the presence of 5.2 mM caged ADP (b), or at pCa 5.8 in the presence of 5.2 mM caged ADP (c). The
photo-released MgADP concentration was 0.5 mM. After tension achieved a plateau, the fiber was released by 10% of its length, allowed to shorten for
15 ms, and then re-stretched to its original length for measurement of k.. Rate constants obtained from single-exponential fits were as follows: (a) &k, =
118575 (b) kapp = 10.1 87, ky = 11.5 57 % (¢) kapp = 53571, k, = 6.6 s~ '. The dotted line represents the level of zero force for all three records.
(B) Caged ADP transients at three different pCa levels all in the same fiber: (a) pCa 4.5; (b) pCa 5.9; (c) pCa 6.4. Tension levels before and after photolysis
were: 1.0-1.05 P, at pCa 4.5; 0.44-0.63 P, at pCa 5.9; and 0.0-0.05 P, at pCa 6.4. (Insef) Amplitudes were normalized and fit to single exponentials
(——). Apparent rate constants, k,pp, were as follows: (@) 10 s~ ' at pCa 4.5; (b) 4.2 s~ ' at pCa 5.9; and (c) 1.6 s~ ' at pCa 6.4.

effects of MgADP on tension were similar in steady-state
and photorelease experiments.

Ca?* sensitivity of the caged ADP
tension transient

Fig. 2 B shows several representative caged ADP tension
transients at different pCa values. Solid lines show that the
data are well fit by single exponentials. In the inset, the
exponential fits are normalized in amplitude and plotted on
the same time base to illustrate differences in rates. The data
clearly show that under conditions of submaximal Ca**
activation, caged ADP tension transients are slower than
those recorded during maximal activation. Summarized in
Fig. 3 4 are the effects of Ca’" on k,pp as well as a
comparison between k,p and the rate of tension re-devel-
opment, k,, determined sequentially in the same fiber.
When measured at 0.5 mM MgADP, k,p increased five-
fold as pCa was reduced from 6.5 to 4.5 (i.e., [Ca®"] was
increased). It is clear from Fig. 3 A4 that k,,p was similar to
k, in both rate and sensitivity to Ca**.

The amplitude of the caged ADP tension transient
changed with variations in pCa in a relatively complicated
manner. This is summarized in Fig. 3 B. The relationship
was bell-shaped, increasing steeply to a peak of 22% P, at
pCa of ~6.1, then declining to a residual value of 5% near

full activation. At pCa values between 6.5 and 6.3, active
tension was close to zero (<5% P,) before photolysis so
that after photolysis tension development was almost exclu-
sively the result of the sudden increase in MgADP (for
example, see Fig. 2 B, trace c). Between pCa 6.3 and 5.7,
significant active tension had developed before photogen-
eration of MgADP. And yet, amplitudes of the caged ADP
transients were largest in this range (Fig. 3 B; original
records in Fig. 2 B). These caged ADP measurements re-
vealed a three- to fourfold potentiation of MgADP-induced
tension rises at intermediate Ca”* levels. Between pCa 5.8
and 4.5 pre-flash active tension approached its maximum
(>70% P,), and the amplitude of the transient was constant
at ~5% P,.

Effects on transients due to variations in P; and
MgADP concentration

Previous characterization of the caged ADP tension tran-
sient at full Ca®>" activation showed that the rate of the
transient slowed as MgADP concentration was elevated, but
became faster as P; concentration was elevated, providing
insight into the underlying mechanisms of MgADP effects
(Lu et al., 1993). Here we compared the effects of variations
in MgADP and P; concentration at high and low Ca**. The
presence of 10 mM P; in the photolysis solution influenced
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FIGURE 3 Summary of effects of Ca>* on k,, and the rate and amplitude
of caged ADP tension transients. (4) kypp (@) and £, (O) versus pCa
measured sequentially in the same fibers following photorelease of 0.5 mM
MgADP. (B) Amplitude of the caged ADP transient normalized to maxi-
mum tension in the absence of MgADP and plotted versus pCa. Data
represent mean = SEM for eight fibers.

the caged ADP transient similarly at high and low Ca®*.
The transient became biphasic, requiring a double-exponen-
tial fit (Fig. 4 4); also, 10 mM P; increased the rate of the
fast phase by about threefold at both high and low Ca**
(Fig. 4 B). Moreover, the Ca®" sensitivity of the transient
was largely unchanged by the presence of P; (Fig. 4 B).
To establish the dependence on MgADP concentration at
low Ca?*, we compared the effects of photorelease of 0.1
mM MgADP (no added MgADP) with photorelease of 0.5
mM MgADP in the presence of 3.5 mM MgADP. Isometric
tension before photolysis was equalized in the two cases by
adjusting the pCa of the activating solution. The net result of
this protocol was that final MgADP concentration was
either 0.1 mM or 4 mM, but initial tension values and
transient amplitudes were similar at the two MgADP con-
centrations (not shown). We observed that the caged ADP
transient was slower by 10-20% at the higher MgADP
concentration over the entire range of Ca®" activation (not
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shown). This and the earlier experimental results with P;
indicate that the kinetic pathways being probed by photore-
lease of MgADP have the same properties as those exam-
ined previously at high Ca®" (Lu et al., 1993).

Effects of NEM-S1 on caged ADP
tension transients

Preincubation of fibers with 4 uM NEM-S1 had little effect on
maximal tension but significantly altered the tension-pCa re-
lationship (Fig. 5 A), consistent with earlier results (Swartz and
Moss, 1992). NEM-S1 treatment mainly increased isometric
tension at pCa > pCas, resulting in a significant reduction of
the steepness of the steady-state tension-pCa relationship (Fig.
5 A). The Hill coefficient decreased from 7.8 * 1.2 to 5.0 *
0.8 (p < 0.05), but the change in pCas, was not statistically
significant (Fig. 5 4). Because a single Hill plot did not give an
ideal fit to the data, a double Hill plot transformation was also
used (Moss et al., 1983). The Hill coefficient for the steeper
part of the relationship (i.e., pCa > pCas,) decreased by
2.5-fold due to NEM-S1 treatment, whereas the Hill coefficient
for the shallower part (pCa < pCas) decreased by just 1.5-fold
(not shown). The results from both types of Hill analysis were
consistent with NEM-S1 causing a significant reduction of the
apparent cooperativity of Ca®"-induced thin filament activa-
tion. When the difference in steady-state tension before and
after NEM-S1 treatment was plotted versus pCa (Fig. 5 4,
inset) the largest difference was observed at a pCa of ~6.1.
This difference plot is strikingly similar to the caged ADP
amplitude versus pCa plot (Fig. 3 B). This comparison sup-
ports the notion that potentiation of tension around pCa 6.1 by
MgADP is due to effects of newly formed MgADP-bound
cross-bridges on the level of thin filament activation, an effect
that was mimicked by the addition of NEM-S1.

NEM-S1 treatment also had dramatic effects on the caged
ADP tension transient, but only under conditions of sub-
maximal Ca®" activation. At full Ca>" activation, NEM-S1
was without effect on the tension response to caged ADP.
At pCa 6.1, NEM-S1 treatment increased k,pp to its max-
imal rate (the rate observed at pCa 4.5) (Fig. 5 B). This
effect of NEM-S1 was concentration dependent, with a
half-maximal acceleration at ~2 uM and a complete effect
at 6—10 uM NEM-S1 (Fig. 5 B, inset). This is similar to the
NEM-S1 concentration range that increased steady-state
tension and k, at submaximal Ca’" in an earlier study
(Swartz and Moss, 1992). In the present experiments,
steady-state tension at pCa ~6.3 increased from 0.01 P, to
0.1 P, after treatment with 4 uM NEM-S1 (Fig. 5 4). The
effects of NEM-S1 on k,pp over a range of pCa values are
summarized in Fig. 6 A. The fivefold change in k,pp With
variation in Ca?" was essentially eliminated following a
20-min incubation of fibers with 8 uM NEM-S1. The rate
was near maximal at all levels of Ca®* activation (Fig. 6 4).

The amplitude of the caged ADP tension transient was
also dramatically altered by NEM-S1 treatment. Potentia-
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FIGURE 4 Effects of P; on caged ADP tension transients at submaximal Ca®*. (4) Original tension records at pCa 6.1, no added P; (), or at pCa 6.1,
10 mM P; (b). Solid lines show fits to a single-exponential function with k,pp = 3.4 s~ ' (no P;) (a) or to a double-exponential function with k,pp = 9.3

s~! (fast phase) and &,

slow

= 0.9 s™! (slow phase) (b). Tension levels before and after photolysis were as follows: (a) 0.25-0.41 P

(b) 0.02-0.10 P, In

0>

the presence of P;, the fast phase represented 61% of the amplitude of tension transient. (B) Ca>* dependence of k,pp (fast phase) at two different P;

concentrations: (O), no added P;; (@), 10 mM P,.

tion of the amplitude at intermediate Ca?" was greatly
reduced, leaving a residual amplitude of 4—7% P, across
most of the pCa range examined (Fig. 6 B). From these data
it is apparent that there exists an NEM-S1-sensitive com-
ponent to the amplitude (between ~5% and ~22% P, at 0.5
mM MgADP) and an NEM-S1-insensitive component (be-
tween 0 and ~5% P, at 0.5 mM MgADP). Thus, the caged
ADP tension transient was still detectable after NEM-S1
treatment, but the large effects on rate and amplitude due to
varying the level of Ca®" activation were no longer ob-
served. This finding further supports the idea that MgADP
increases isometric tension at submaximal Ca®*" predomi-
nantly by influencing thin filament activation as a result of
formation of MgADP-bound bridges. The presence of an
NEM-S1-insensitive component of the caged ADP transient
is consistent with the finding that MgADP also increases
isometric tension by other means, i.e., by increasing the
average force per cross-bridge. This NEM-SI-insensitive
increase in force per cross-bridge was most noticeable at
maximal levels of Ca®* activation but was also apparent at
submaximal Ca**.

DISCUSSION

This work is an extension of an earlier study in skinned
skeletal muscle fibers in which the kinetics of the MgADP-
induced tension increase were examined at a maximum
level of Ca”* activation (Lu et al., 1993). Here we report the
influence of varying the level of activator Ca** or the
number of bound cross-bridges on the response of skeletal
fibers to MgADP.

MgADP effects on steady-state tension
and stiffness

MgADP shifted the tension-pCa relationship to the left,
indicating an increase in the apparent Ca®" sensitivity of
tension development. A similar effect of MgADP was re-
ported in slow skeletal muscle fibers (Hoar et al., 1987).
Cooperativity as determined by Hill coefficients increased
modestly as MgADP concentration was raised, but given the
inexact control of MgATP and MgADP levels within fibers
during these measurements we want to be cautious about
interpreting this small change. At maximal Ca®", the ab-
sence of an observable stiffness increase even though ten-
sion rose by nearly 20% demonstrates a clear change in
mechanical properties of cross-bridges in the presence of
MgADP (see also Dantzig et al., 1991; Seow and Ford,
1997). At submaximal Ca**, stiffness did increase in the
presence of MgADP, suggesting that under these conditions
MgADP increased the number of attached cross-bridges
(Ford et al., 1977). It has been shown that the actin filament
may contribute up to half of the sarcomere compliance of
skinned fibers (Higuchi et al., 1995). This complicates in-
terpretation of stiffness measurements because sarcomere
stiffness is not linearly related to the number of attached
cross-bridges. However, our steady-state stiffness and ten-
sion measurements show fairly clearly that MgADP influ-
ences sarcomere stiffness only at low Ca?". This suggests
that only at submaximal Ca®" levels does formation of
MgADP-cross-bridge complexes activate thin filament sites
either within the same regulatory unit or in a neighboring
unit that results in additional cross-bridges entering states
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FIGURE 5 Effects of NEM-SI on steady-state ten-
sion and kinetics. (4) Tension-pCa relationships before
(O) and after (@) treatment with 4 uM NEM-S1. (Inset)
Difference in steady-state tension with and without
NEM-S1. Data are expressed as mean = SEM from
seven fibers, and error bars are shown when larger than
symbols. Solid lines show fits to a Hill equation. Using
method 2 for statistical analysis (see Materials and
Methods), pCas, = 6.08 = 0.10, n;; = 7.8 = 1.2 before
and pCas, = 6.12 *= 0.08, n,; = 5.0 = 0.8 after NEM-
S1. Only the change in n}; was statistically significant
(p < 0.05). For a double Hill transformation (see Ma-
terials and Methods) values were pCas, = 6.0, nyy,
8.5, ny, = 1.8 (no NEM-S1); pCasy = 6.1, ny, = 3.4,
ny, = 1.1 (NEM-SI1). (B) Original records showing
effects of NEM-S1 on caged ADP tension transients; 0.5
mM MgADP was released at the arrow and transients
were fit to a single-exponential function (——). (a) pCa
4.5, no NEM-SI, kypp = 11.2 s7'; (b) pCa 6.1, no
NEM-S1, kypp = 3.2 57 (¢) pCa 4.5, after 8 uM
NEM-S1, kppp 10.1 s7'; (d) pCa 6.1, after 8 uM
NEM-S1, kypp = 9.4 s~'. Tension levels before and
after photolysis were as follows: () 1.0-1.05 P; (b)
0.22-0.36 P_; (¢) 1.0-1.05 P_; (d) 0.40—0.46 P,. (Inset)
Dependence of k,pp (normalized to its maximum) on
NEM-S1 concentration at pCa 6.1. The solid line indi-
cates a fit of the data to the equation: relative k,pp =
(INEM-S1J/(K,,, + [NEM-S1])) + krpp_min, With K, =
2 uM and kpppmin = 0.23. Data are from four fibers.

0’

that contribute to tension and stiffness. This interpretation
of the stiffness measurements is supported by the differen-
tial effects of NEM-S1 on caged ADP tension transients at
maximal and submaximal Ca®". NEM-S1 reduces the ef-
fects of MgADP at submaximal Ca”* presumably via its
effects on the activation state of the thin filament. In con-
trast, tension transients at high Ca®" were not influenced by
NEM-S1, consistent with these tension increases being in-
dependent of thin filament activation state or cooperativity.

NEM-S1 effects on steady-state tension

The main effect of NEM-S1 on the tension-pCa relationship
was observed at calcium levels below the midpoint of the
steady-state tension-pCa curve. NEM-S1 increased force at
pCa values > pCas, and also caused the Hill coefficient in
this region, nyy,, to be reduced by 2.5-fold from 8.5 to 3.4.
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The Hill coefficient for the upper region of the curve was
also reduced from 1.8 to 1.1, but we hesitate to place much
significance on this finding because NEM-S1 has a modest
inhibitory effect on tension development in this range of
calcium (see also Swartz and Moss, 1992). The importance
of the double Hill analysis is that it demonstrates clearly that
the tension-pCa relationship is made up of at least two
components. At very low levels of calcium (pCa > 6),
NEM-S1 has large effects on steady-state tension, indicat-
ing that contributions to thin filament activation by bound
cross-bridges is important in this region of the curve. At
higher calcium levels (pCa < 5.8), NEM-S1 has much less
effect on tension, thin filament activation and cooperativity.
It is interesting to note that MgADP also influences tension
development differently at high and low levels of calcium
activation. Although this is not readily apparent from look-
ing at the steady-state tension-pCa curves (Fig. 1), it is quite
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FIGURE 6 Summary of effects of NEM-S1 on Ca®" dependence of
caged ADP tension transients. (4) kpp versus pCa before (O) and after (@)
treatment with 8 uM NEM-S1; (B) Amplitude of the caged ADP tension
transient (relative to P_) versus pCa before (O) and after (@) 8 uM
NEM-S1. Mean *= SEM for seven fibers.

apparent from the amplitude of the caged ADP tension
transients, which are potentiated at pCa < 5.8 but relatively
constant at pCa > 5.8 (Fig. 3 B). Potentiation of tension
development by MgADP is likely due to cross-bridge-me-
diated activation of the thin filament because it is largely
abolished by treatment of fibers with NEM-S1 (Fig. 6 B).

Kinetic regulation via the thin filament

The caged ADP tension transient provides further evidence
in support of the notion that kinetic transitions in the cross-
bridge cycle are influenced by the level of Ca®* activation
(Brenner, 1988; Metzger et al., 1989; Swartz and Moss,
1992). The kinetics of the caged ADP tension transient were

similar to the kinetics of tension redevelopment, k., mea-
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sured under the same conditions (Fig. 3). &, was also
sensitive to Ca®" to a similar degree (Fig. 3 4) (Brenner,
1988; Metzger and Moss, 1989). A potentially important
difference in the measurements is that k, p does not involve
special mechanical perturbations for cross-bridge detach-
ment, which could lead to thin filament inactivation and the
need for reactivation during tension development (Millar
and Homsher, 1990). The similarities observed here be-
tween k,pp and k,, indicate that the rate of tension devel-
opment is highly calcium dependent even when thin fila-
ment inactivation does not occur. Both kinetic processes do
appear to be Ca”* regulated via the thin filament regulatory
system, because treatment of fibers with NEM-S1 greatly
reduced the dependence of both on Ca®" concentration (Fig.
6 A) (Swartz and Moss, 1992). NEM-S1 is thought to
function by binding with high affinity to actin sites and
influencing endogenous cross-bridges indirectly by switch-
ing the thin filament into a more fully activated state.

The properties of caged ADP transients were not only
similar to &, transients, they were also similar to the tension
development process initiated by photolysis of caged Ca**
(Araujo and Walker, 1994, 1996). The rate of each of these
tension development processes increased 5—15-fold over the
physiological range of Ca®", and each was accelerated by
inclusion of P; in the medium. Using rapid mixing with
individual skeletal myofibrils to minimize diffusional de-
lays, Tesi et al. (2000) recently found that MgADP jumps
increased force with a similar time course to k,, although
they did not explore the dependence of this tension rise on
calcium or P;. Interestingly, rapid reductions in the P; con-
centration also increased force with kinetics virtually iden-
tical to k,, including large dependencies on Ca®" and P,
concentrations (Tesi et al., 2000).

The graded nature of the tension-pCa relationship could
be a reflection of gradual switching of functional units from
a fully off conformation to a fully on conformation (Brandt
et al., 1987), or it could be due to functional units existing
in partially activated states (Moss et al., 1985). The finding
that tension development rates measured by caged ADP
photolysis varied in a graded rather than an all-or-none
manner with Ca>* concentration is more compatible with
the existence of partially activated states. Reduced rates of
tension development appear to be one manifestation of a
partially activated thin filament. Moreover, this partially
activated condition exists in the steady state and does not
require mechanical maneuvers such as those used to initiate
a k, transient (i.e., a period of shortening followed by a
re-extension) (Brenner, 1988).

It is presently unclear which step in the cross-bridge cycle
might be subject to regulation by Ca”* through the thin
filament regulatory system. Two characteristics of the ten-
sion rise were a decrease in rate with elevated MgADP
concentration and an acceleration of the rate with elevated
P;. These observations suggest a mechanism for the tension
rise that involves slowing of cross-bridge detachment re-
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sulting from inhibition of MgATP binding by MgADP and
a net increase in cross-bridge flux through early steps in the
cycle including P, release (Lu et al., 1993). The effects of
increasing MgADP and P; were similar at submaximal and
maximal Ca’*, suggesting that the same kinetic pathways
predominate regardless of the Ca®" level.

Dual regulation of the cross-bridge cycle

Although NEM-S1 accelerated k,pp to near its maximum
when Ca?" was submaximal, it was able to increase steady-
state tension only from 0.01 P, to ~0.1 P, (at a pCa of ~6.3).
The differential effects of NEM-S1 on isometric tension and
kinetics of tension development suggest the possibility that the
thin filament regulates muscle contraction by not only kineti-
cally regulating the distribution of cross-bridges between
weakly and strongly bound states (Brenner, 1988; Metzger and
Moss, 1989) but also by regulating recruitment of cross-
bridges into the cycle (Dantzig et al., 1988), i.e., a dual regu-
lation by the thin filament as suggested by McKillop and
Geeves (1993) and by Campbell (1997). These differential
effects could have other explanations. For example, NEM-S1
may artifactually prevent maximal tension development by
occupying most of the available actin sites. However, even in
the presence of 8 uM NEM-SI, fibers could generate more
than 80% of maximal tension at pCa 4.5 (Fig. 54) (Swartz and
Moss, 1992). Another possibility is that NEM-S1 may not be
uniformly distributed within the fibers, such that rates are
dominated by localized NEM-S1 effects but overall tension
increases only slightly. Several lines of evidence indicate that
NEM-S1 is fairly uniformly distributed. First, the time course
of the caged ADP tension transients are well described by
single exponentials at all activation levels, which is not com-
patible with the existence of two populations of cross-bridges
cycling at significantly different rates. Second, NEM-SI1 treat-
ment essentially eliminated the large MgADP-induced poten-
tiation of isometric tension at submaximal Ca®". Because
caged ADP itself is likely to equilibrate uniformly within the
fiber interior, the large reduction of its potentiating effects by
NEM-S1 argues for similar distributions of caged ADP and
NEM-S1. Finally, confocal imaging of a fluorescent NEM-S1
was consistent with nearly uniform distribution in fibers
(Swartz and Moss, 1992). The differential effects on kinetics
and isometric tension are probably manifestations of dual reg-
ulation of the cross-bridge cycle via the thin filament. Several
features of the data including the Ca®>" dependence of rates and
amplitudes of the caged ADP tension transient can be ac-
counted for by a simple model similar to that of Campbell
(1997). This model is presented in an Appendix and Fig. 7.

CONCLUSIONS

The rate and Ca®>" dependence of force development initiated
by a MgADP-jump was similar to the widely studied &,
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transient. The rate of the MgADP-induced tension transient
increased by fivefold over the physiological range of Ca®",
and the amplitude was potentiated at intermediate levels of
Ca®". Treatment of fibers with NEM-S1, which cooperatively
activates the thin filament regulatory system, eliminated these
effects of submaximal Ca®>" on the rate and amplitude of the
tension transient. In contrast, NEM-S1 had no discernable
effect on the response to MgADP at high Ca>*. We conclude
that MgADP promoted force development in skinned psoas
fibers in two ways, both of which involve MgADP binding to
nucleotide-free cross-bridges. First, MgADP increased the ap-
parent force per cross-bridge, which was most readily detected
at high Ca®". Second, MgADP promoted thin filament acti-
vation at submaximal Ca®". Overall, the data provide evidence
that cooperative interactions between cross-bridges and the
Ca®" regulatory system play a major role in the apparent
kinetic regulation of the cross-bridge cycle by Ca®".

APPENDIX
A model of regulation

The results presented here can be summarized in a simple model of thin
filament regulation of the cross-bridge cycle (Fig. 7 4). In this model,
cross-bridges can exist in one weakly attached state (W) or three strongly
attached states (F, force generating; R, rigor; R-ADP, rigor with ADP
bound). The cross-bridge can also be in a detached state although this state
is not shown in Fig. 7. F represents the force-generating state, and so the
W-to-F step (step 1) is the force-generating kinetic transition defined by
rate constants k; and k_,. F is converted slowly and irreversibly to a
rigor-like state (R-ADP) in step 2 before the dissociation of MgADP.
Dissociation of MgADP (step 3) gives the rigor state (R). R can react with
MgADP to return to R-ADP or with MgATP to return to the weakly
attached state (W) via step 4. Ca®" regulation of the cross-bridge cycle is
assumed to occur as follows. Detached cross-bridges enter the cycle
initially as weakly attached bridges by a traditional steric blocking type of
mechanism. Once recruited, the cross-bridge can interconvert between the
four states in Fig. 7 4. The W-to-F transition is also assumed to be
controlled by Ca®>* and by the number of cross-bridges in the R-ADP state.
This is accomplished by making the forward rate constant &, a function of
the concentrations of Ca®>" and R-ADP (as defined in the Fig. 7 legend).
This model is consistent with the model of Campbell (1997) and of
McKillop and Geeves (1993), which features three states of the thin
filament with a blocked-to-closed transition controlled by Ca®>* and a
closed-to-open isomerization controlled by strong S1 binding.

Figs. 7, B and C, shows that this dual regulation model accounts for several
of the features of the caged ADP tension transients at submaximal Ca". It
provides an explanation for the response to caged ADP photolysis itself. The
rapid elevation of MgADP causes a rapid shift of R to R-ADP, which increases
the value of &, and in turn shifts more W cross-bridges to F. It also provides
an explanation for why cooperative activation of the thin filament by cross-
bridges does not lead to an explosive all-or-none activation of tension devel-
opment. If some limit is not introduced into the system, the regenerative (i.e.,
positive feedback) nature of the process would continue until &, reached its
maximum value and steady-state force reached its maximum. Dual regulation
of the type described here limits the number of cross-bridges recruited into the
cycle at any given Ca®", thereby limiting the extent to which force can
develop. Another aspect of the model that contributes to a simple exponential
time course is the feature that only R-ADP cross-bridges influence the kinetic
transition, as these represent a minor component of the total cross-bridge
population. The influence of nucleotide-free rigor bridges is assumed to be
insignificant due to their brief lifetime resulting in a vanishingly small popu-
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6.1) (b), and 2 uM Ca>" (pCa 5.7) (c). To simulate caged ADP transients, the distribution of states at a given Ca>" was permitted to reach a steady state
at 0.05 mM ADP. Then ADP was changed to 0.5 mM and the resulting increase in force ([F] + [R-ADP] + [R]) is shown. Lines illustrate fits to single

exponentials. (C) Rate constant of simulated traces versus pCa. (D) Amplitude of simulated traces normalized to maximum force at high Ca*>* (F,

lation under steady-state conditions. Consistent with this assumption, rigor-
ADP cross-bridges have been shown to cooperatively activate the thin filament
much more effectively than nucleotide-free rigor bridges (Thirlwell et al.,
1994). In the model, tension rises at a rate determined by &;, which depends
upon both MgADP concentration and Ca*>*. Thus, the model also explains the
apparent Ca®" dependence of k,pp (Fig. 7 C). P; accelerates the simulated rate
of tension development by increasing the k_,[P;] term in the model. The
bell-shaped amplitude of the caged ADP tension transients versus pCa is
qualitatively reproduced (Fig. 7 D).

In the context of the model, addition of NEM-S1 is equivalent to introduc-
ing R-ADP bridges into the system independent of Ca®" and MgADP. The
predicted effect is an increase of k, to its maximum, and thus the rate of the W
to F transition to its maximum as observed (Fig. 6 4). The presence of an
excess of R-ADP bridges would also be expected to eliminate the effects of
changes in R-ADP on £, (the second term in the equation of the Fig. 7 legend),
thereby eliminating potentiation of the amplitude. Further refinements of this
model will be needed to explain all of the results, such as the effect of MgADP
on apparent force per cross-bridge, and the precise mechanism of the tension
increase at high Ca>* (Dantzig et al., 1991; Lu et al., 1993). The simple model

max) .

of Fig. 7 does reproduce a number of basic features of the caged ADP tension
transients at submaximal Ca®", including its approximate exponential time
course, the dependence of rate on pCa, and the bell-shaped dependence of
amplitude on pCa.
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