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Calcium Regulation of Tension Redevelopment Kinetics with
2-Deoxy-ATP or Low [ATP] in Rabbit Skeletal Muscle
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ABSTRACT The correlation of acto-myosin ATPase rate with tension redevelopment kinetics (k,,) was determined during
Ca*2-activated contractions of demembranated rabbit psoas muscle fibers; the ATPase rate was either increased or
decreased relative to control by substitution of ATP (5.0 mM) with 2-deoxy-ATP (dATP) (5.0 mM) or by lowering [ATP] to 0.5
mM, respectively. The activation dependence of k,, and unloaded shortening velocity (V) was measured with each substrate.
With 5.0 mM ATP, V,, depended linearly on tension (P), whereas k,, exhibited a nonlinear dependence on P, being relatively
independent of P at submaximum levels and rising steeply at P > 0.6-0.7 of maximum tension (P,). With dATP, V,, was 25%
greater than control at P, and was elevated at all P > 0.15P,, whereas P, was unchanged. Furthermore, the Ca*? sensitivity
of both k,, and P increased, such that the dependence of k,, on P was not significantly different from control, despite an
elevation of V,, and maximal k,,. In contrast, lowering [ATP] caused a slight (8%) elevation of P,, no change in the Ca*?
sensitivity of P, and a decrease in V,, at all P. Moreover, k,. was decreased relative to control at P > 0.75P,, but was elevated
at P < 0.75P,. These data demonstrate that the cross-bridge cycling rate dominates k;, at maximum but not submaximum
levels of Ca®* activation.

INTRODUCTION

Tension development in muscle results from cyclic interac- The mechanism by which &4 controls the rate-limiting
tions between myosin cross-bridges and actin and this inprocess in tension development is unclear. Metzger and
teraction is regulated by the troponin-tropomyosin complexvioss (1991) found tha, varies with [C&*] rather than the

on the thin filament. The initial step in tension generation isnumber of activated thin filaments (as modified by extract-
C&* binding to the thin filament regulatory protein tropo- ing TnC), and interpreted their results as evidence for a
nin C (TnC) (Chalovich, 1992; Farah and Reinach, 1995jrect effect of CA" on an apparent rate constant that limits
Grabarek et al., 1992; Tobacman, 1996). In chemicallformation of strongly bound, tension-bearing cross-bridge

skinned fibers, where the level of activating_2(':acan be  states. Using a two-state model, it has been suggested that
controlled, both the steady-state level of tensiBpdnd the  he forward rate constant of tension generation is the' €a

rate of tension redevelopmerk, ] after a release-restretch dependent process (Brenner, 1988; Sweeney and Stull,

cycle are C&'-sensitive (Brenner, 1988; Brenner and 1990). This model . . . .
4 : ) . . predicts a unique relationship between
Eisenberg, 1986). The relationship betwdeandk, with and k, that does not directly account for changes in thin

C& " activation is curvilinear in skeletal muscle fibers filament C&*-bindin roperties. However. when the
(Brenner, 1988; Chase et al,, 1994; Metzger et al, 198968?*-bindin kineticsgof?rng are éltered tirel , relation-
Metzger and Moss, 1991, 1992; Regnier et al., 1996; 9 » TRk,

Sweeney and Stull, 1990). At 10°€, is slow (~1-2 s'%) 'ship can be g-reatly affgcted. For example, replacement of
and C&'-independent unlesB is > 50% of maximally native TnC with an activated form of TnC (aTnC) com-

activated tensionR,). Thereafterk, increases 10—15-fold Pletely abolishes the Ca sensitivity of k,, and cardiac
asP increases t®, at high levels of C&' activation. This  forms of TnC decrease the Casensitivity ofk, (Chase et
relationship indicates that €aregulation of tension devel- al., 1994). Furthermore, we have recently shown that cal-
opment kinetics does not result simply from cross-bridgeMidazolium (CDZ), a compound that specifically reduces
recruitment. Instead, becausgis thought to report the rate the rate of C&" dissociation from TnC (El-Saleh and So-
of cross-bridge transition from detached or weakly attachedaro, 1987; Johnson et al., 1994; Wahr et al., 1993), elevates
states to tension-generating states, the strorfg @apen-  k, during submaximum C& activations compared to ten-
dence ofk, implies that CA" controls the rate-limiting sion-matched control measurements. These studies indicate
process in tension development (Brenner, 1988; Brennea role for thin filament activation kinetics in regulatirkg

and Eisenberg, 1986). and argue against €4 acting solely on cross-bridges to
control the rate of tension generation.

The kinetic properties of myosin have also been shown to
influence the rate of tension development in skeletal muscle.
neering, Box 357962, University of Washington, Seattle, WA 98195—7962.-'\/I_etder a_nd_ Moss (_1990) _have ShO_Wn thatcorrelates
Tel.: 206-616-4325; Fax: 206-685-3300; E-mail: mregnier@u.washingtonWith myosin isoform in maximally activated fast and slow
edu. mammalian skeletal muscle fibers. Furthermore, when my-
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increased (Metzger et al., 1989; Metzger and Moss, 19923lter the C&" dependence d, (Chase et al., 1994; Regnier
Sweeney and Stull, 1990). However, when these effects aret al., 1996), suggest that 1) at low Caactivation levels,
characterized by the-k;, relationship, there is only a minor k;, is dominated by the kinetics of thin filament activation,
increase irk, at submaximun®, with no effect atP,, and 2) at high C& activation levels, is dominated by the
In maximally C&"-activated fibers, substrate conditions kinetics of cross-bridge transitions. A preliminary report of
that alter the rate of cross-bridge cycling bring about cor-this work was published previously (Regnier et al., 1997).
related changes ik,. Regnier et al. (1998) and Regnier and
Homsher (1998) have shown that in maximally*Caacti-
vated fibers, replacement of ATP with 2-deoxy-ATP MATERIALS AND METHODS
(dATP) increased both unloaded shortening velocity) (
andk,. This occurred with little or no effect oR,. Mea-
surements from caged Bxperiments indicated that dATP Glycerinated segments of individual, fast fibers from rabbit psoas muscle
increases he aies of the tension genersiing siep and YIS B Seonis 5 e ot e e o0
release of d,ADP from Fhe cross-bn(jge, in both Isomet!’ICTriton X-100 (1%) in a 50% glycerol/relaxing (v:v) solution to remove
and shortening contractions. In solution, rates of nucleotidssigyal membrane fragments. Fiber end compliance was minimized by
hydrolysis by acto-HMM ¥,,.,0 and F-actin motility in  regional microapplication of 1% gluteraldehyde (ip®) to chemically fix
vitro (V;) were also increased, but dATP binding to andfiber segment ends (Chase and Kushmerick, 1988). After fixation of the

cleavage by myosin were not different from those of ATP.ends, fiber segments were wrapped in aluminum foil T-clips for attachment
: . _to small wire hooks on the mechanical apparatus. A drop of silicone sealant
Therefore it was SqueSted that the rate of cross b”dgéas placed on the T-clip to further stabilize the attachment to the hook.

cycling is faSt?r With dATP because of increased rates apjgital images of relaxed fibers and fibers during steady-state contractions

both the beginning and end of the cross-bridge powelvere obtained at 0.32m/pixel (32 objective) or 2.56um/pixel (4x

stroke. Conversely, in maximally €4 activated fibers, objective) with an XR-77 CCD camera (Sony, Japan), DT3155 frame

reducing the [ATP] from 5 mM tc=0.5 mM slowsV,, V; grabber, and Global Lab Image software (Data Translation, Marlboro,
. ur 1

. . . MA). Fiber diameter and total fiber length (length of fiber segment be-
Vmax’ and k“ (Chase and Kushmerick, 1995; Regnier andtween T-clips, including both unfixed and fixed fiber regions) were mea-

Homsher, 1998; Regnier et al., 1998), suggesting that th?ured at the beginning of each experiment. The unfixed portion of fiber
rate of cross-bridge cycling is slowed by lowering [ATP] length (,) was determined at the conclusion of each experiment as
because of slower cross-bridge release at the end of theeviously described (Chase and Kushmerick, 1988). In relaxed fibers (pCa
power stroke. These types of experiments show that alterin?z) at a sarcomere lengthJ of 2.57 = 0.04 (mean= SD, N = 18), the
substrate conditions can be used to systematically incread&mee" was 5% 2.3 um, andL, was 1.54= 0.27 mm.

or decreasd,, in maximally C&"-activated fibers.

Whereas cross-bridge transition rates deterniipen
maximally C&" activated fibers, it is not clear whethley
is limited by cross-bridge or thin filament kinetics during For mechanical measurements, the force transducer was either a model
submaximum C& activations. To determine the extent to 400A with a 2.2-kHz resonant frequency (Cambridge Technology, Water-

. . . . . . __town, MA), or a model AE801 with &=5-kHz resonant frequency (Sen-
which cross-bridge kinetics influence the rate of tension ) quency (

) . o soNor, Horton, Norway). Fiber length was controlled with a model 300
development during submaximum Taactivations, We  servo motor (Cambridge Technology) tuned for a 3G0step response.
compared measurementsRfV,, andk, when 5 mM ATP  Helium-neon laser diffraction was used to meadurduring experiments
was reduced to 0.5 mM ATP or replaced with 5 mM dATP. (Chase et al., 1993). All signals were recorded digitally with 12-bit reso-
These condifons were chosen because hey caus@@fh, _ [l s ot o 0.3 20 iz pe crarme) (Chase t o, 1984 o o
. . . , (0}
Qecrease (Wlth 0.5mM ATP), or mcrgase (Wltfl5 mM dATP) sampling rate) with a CyberAmp 380 (Axon Instruments, Foster City, CA)
in acto-HMM NTPase an¥,, in maximally C&" activated  pefore digitization. Fiber properties could be maintained for long periods of
fibers, while having little or no effect oR, (Regnier et al., continuous activation by using a protocol first described by Brenner
1998). Compared to tension-matched control measurementt?83). An example of an activation series for 0.5 mM ATP followed by
in the same fiber, dATP increasyg for all C&2" activation 5 mM ATP (in the same fiber) can be seen in Fig. 1. For experl.mepts,
levels resulting inP > 0.25°. Furthermore. dATP in- cqntrol measurements (5 mM ATP) madg e!ther before or after activations
! o o ! with 5 mM dATP or 0.5 mM ATP gave similar results.
creased the C4 sensitivity of bothP andk,. However,P, Measurements df, (Brenner and Eisenberg, 1986) were as shown in
was not affected by dATP, ankl, was increased from Figs. 4-6, according to the following procedure. First, steady-state iso-
tension-matched controls only wh&was near maximum metric force was obtained from the initial portion of each record and was
(i.e., >0_7530)_ In contrast, reducing the [ATP] from 5 mM norma|_|zed _to cross-sectional area py using _the'measure_zd diameter and
to 0.5 mM slowedV.. for most C&* activation levels. but assuming cwculgr geometry. In maximum activating solutions (pCa 4.5)
- u oo ! the control tension was 266 48 mN/mnf (mean+ S.D.,n = 18), and
had little or no effect on the C& sensitivity ofP. Interest-  gjaxed force (pCa 9.2) was 16 0.7% of the maximally activated force.
ingly, the C&" sensitivity ofk, was decreased by reduction To measuré,, the fiber was then shortened by20%L, with a 4L, - s *
of [ATP] to 0.5 mM. This resulted from a small increase in ramp, which reduced force to zero, followed by a rapid (39, under-
ktr at low levels of C&* activation, coupled with a depres- damped r_estr.etch to the initial f|_ber length. T_he subsequ_ent force redevel-
- . L. opment kinetics were characterized as previously described (Chase et al.,
sion of ktf at hlgh Ievelg of actlvatlpn. The resmt_S presente.d1994). Briefly, an apparent rate constant was obtained by a linear trans-
here, when coupled with our earlier work showing that thinfomation of the half-time estimate, extrapolating from 50% to 63.2%
filament activation kinetics of skeletal muscle fibers can(, = 7% = —In 0.5+ (t;,) %), and is expressed as reciprocal seconds

Fiber preparation

Mechanical apparatus and data acquisition
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FIGURE 1 Chart record of an activation series comparing contractions
with 0.5 mM and 5 mM ATP. C& concentrations (pCa) and solution
changes are indicated below the force record. Force transients occur every
5 s because of ramp release/restretch cycles (see Materials and Methods).
The top and middle panels show activations with varying pCa and 0.5 mM
ATP. At the end of the middle panel the fiber was transferred directly from

a pCa 4.5, 0.5 mM ATP solution to a pCa 4.5 solution containing 5 mM
ATP for back-to-back comparisons at full activation. After fiber relaxation 7 6 5 4
(pCa 9.2, 5 mM ATP) the control activation series in 5 mM ATP solutions pCa

was carried out for comparison.

0.5

e 5mMATP
o 05mMATP

Normalized Isometric Tension

FIGURE 2 Relationship between pCa and steady-state tension. Values
(s™1). Alternatively, monoexponential fits to the data, obtained with the gre normalized means SE for comparison of 5 mM ATP®) with 5 mM
Simplex method for nonlinear least-squares regression (Caceci and CachaTp (v; 10 fibers) or 0.5 mM ATP @, 9 fibers), and the data were fit
eris, 1984), gave the same results at all submaximum activations tested, bith the Hill equation golid lines. In a the fit values for half-maximum
the data were not fit well at maximum activation, resulting in slightly tension (pK) and slopenj were 6.06+ 0.02 and 3.3+ 0.3 (mean* SE)
slowerk, values than estimates made frdm, measurements. Thus all  for 5 mM ATP versus 6.2t 0.01 and 4.2+ 0.3 for 5 mM dATP, with no
values reported are froty,, estimates ok,. For most experimentk, was  gifference inP,. In b the fit values for 5 mM ATP were 6.08 0.04 (pK)
measured without; feedback control to minimize the stress placed on gng 2.8+ 0.5 (1) versus 5.95¢ 0.02 (pK) and 3.3+ 0.3 () for 0.5 mM

fibers during long experimental protocols; this is justified because previoUs\Tp, andP, was increased to 1.08 0.04 p < 0.01).
experiments have shown that measured with and withou, control are

linearly correlated, with unclamped measurements underestimiatiby

20-30% at all levels of Gd activation (Chase et al., 1994). strength, pH 7.0, and contained (in mM) 15 PCr, ;115 EGTA, at least
Unloaded shortening velocity/() was measured by the “slack test” 40 3-(N-morpholino)propanesulfonic acid, 1 free f1g 135 Na” + K™, 1

method (Edman, 1979). Length steps for slack tests ranged from 5% tdithiothreitol, 250 units mi* creatine kinase (CK) (Sigma, St. Louis, MO),

15% of L, and were applied nonsequentially. Slack time for individual dextran T-500 (4% w/v; Pharmacia, Piscataway, NJ), and either 5 ATP, 0.5

length steps was determined as previously described (Martyn et al., 1994ATP, 0.1 ATP, or 5 dATP. The affinity of dATP for Mg was assumed

V, was determined as the slope of the linear least-squares regression tf be the same as that of ATP. The?Cdevels (expressed as pGa

length steps versus slack time, as demonstrated in FagaBdb. Plots of ~ —log[Ca*"]) were established by varying the amount of Ca(propiopate)
length steps versus slack time were curvilinear at p€#6.0 for all Dextran T-500 (4% w/v) was included in all solutions to minimize co-

substrate conditions, indicating a slowing \df as fiber shortening pro-  variation of myofilament lattice spacing (and fiber diameter) with force
ceeded. This behavior has been reported previously by others for ATEMartyn and Gordon, 1988; Matsubara et al., 1985). All mechanical mea-
(Brenner, 1986; Martyn et al., 1994; Metzger, 1996; Moss, 1986) and is thgurements were made at 10°-12°C.

subject of a forthcoming manuscript comparing ATP, dATP, and low

[ATP]. For the present work we have chosen to repgrfrom a single

regression fit to the data, which will be more indicative of the slower rate Modeling of results

of fiber shortening, especially at low levels ofCaactivation. To compare
the effects 5 mM ATP, 0.5 mM ATP, and 5 mM dATP at varying levels
of C&" activation levels, measurements 6§ were normalized to the
value obtained under control conditions with maximun? Cactivation
(i.e., pCa 4.5, 5 mM ATP).

The results of steady-state and kinetic tension measurements were used to
model cross-bridge and thin filament transition rates by the use of a
program developed by Dr. Neil Millar (Millar and Homsher, 1990). This
program numerically solves a series of simultaneous differential equations
descriptive of the model scheme using the Gear method. The initial
conditions before a perturbation allow calculation of steady-state tension
Fiber solutions from model state populations and, after a perturbation, the rate of tension

redevelopment is determined fram,, as in fibers. Methods for simulating
Relaxing and activating solutions were calculated according to the metho#,, were presented in detail previously (Regnier et al., 1995; Hancock et al.,
of Martyn et al. (1994). Solutions were maintained at 0.17 M ionic 1997).
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RESULTS 20 —
—F.ATP‘ a

Steady-state isometric tensioR)( unloaded shortening ve- 16 4 |v_ dATP]
locity (V,), and the rate of tension redevelopméqy) (vere
measured during continuous activations in which fiber prop-
erties were maintained using a protocol first described by
Brenner (1983). An example €4 activation series com-
paring 0.5 mM ATP (low [ATP]) and 5 mM ATP (control)

is shown in Fig. 1 and demonstrates that tension levels are
stable and reproducible with this protocol. Control measure-
ments for comparison with 5 mM dATP (10 fibers) or low
ATP (9 fibers) were made either at the beginning or at the
end of experiments with similar results. The effects of dATP
and low ATP on the C& sensitivity of P are summarized

in Fig. 2. The data are normalized to maximum isometric
tension P,) under control conditions (i.e., 5 mM ATP, pCa
4.5) and were fitted to the Hill equatiosdlid line9

P = PJ(1 + 10"¢K-PCa) 1)

AFL (%)

AFL (%)

where pK is the pCa that gives ®5(midpoint) andn is the

Hill coefficient (slope). Changing substrate conditions had
only minimal effects on tensiorP, was not affected by
dATP (0.99 = 0.04; mean*+ SE) and was elevated only
slightly by low [ATP] (1.08 = 0.04), in agreement with an
upcoming report (Regnier et al., 1998). The’Caensitivity 1.5
of P was increased slightly by dATP, as indicated by a small ] U
increase in both pK (0.15 pCa units) andfrom 3.3+ 0.3

to 4.2+ 0.3), but neither pK non was significantly affected

by low [ATP]. These results indicate that the substrate
conditions used for these experiments had little effect on the
Cca&" sensitivity of steady-state tension in fibers.

1.0 4 dATP

0.5 + P
s 0.5 mM ATP

Normalized V,

0.0 ; : w
Measurements of V, and k,, 0.0 0.5 1.0

Normalized Tension (P/P,)

To determine the extent that altering transition rates of the
cross-bridge power stroke affects the rate of tension devel-

ment. we m r ndk. during th m tivation FIGURE 3 Measurement d¥,, in fibers. The technique used to deter-
opment, we measu é‘dla kff uring the same activation. mineV, is demonstrated for a fibeal comparing 5 mM ATP @) with 5

We assumed that for our substrate conditiofscorrelates  mm dATP (v) and another fibert) comparing 5 mM ATP @) with 0.5
with the rate of cross-bridge cycling during isometric ten-mm ATP (O) at pCa 4.5. A series of eight length steps, ranging from 5%
sion generation as well as during unloaded fiber shorteningp 15% ofL,, were made (nonsequentially) and were plotted versus the
(see Introduction). Example measurementsVgf during measured “slack” times. Individual traces for an 11% length step are shown
maximum C&" activation (pCa 4 5) are shown in Fig 8 in the insets, and the “slack” times measuredrqws) are indicated by

" o *77r asterisks. The data for each fiber were fitted with a linear regressadid (
andb, demonstrating tha¥, was increased by dATP and |ines r2 = 0.99), and the slope of the relationship was take¥,agor the
decreased by low [ATP]. In agreement with previous re-fiberin a, V, increased from 3.1 fiber lengths per second (FL/s) with 5 mM
ports,V, at pCa 4.5 averaged 3t 4% faster with dATP  ATP to 4.3 FL/s with 5 mM dATP. For the fiber i, V, decreased from
(Regnier et al., 1998) and 29 7% slower with low [ATP] 3.1 FL/s with 5 mM ATP to 1.9 FL/s With 0.5 mM ATP. lo the Vu.

measurements for all fibers are summarized and plotted versus teR$ion (

(Chase and Kushmerick, 1995; Regnier et al"_ 1998) Th?o compare the effects of changing substrate conditions at different levels
effects of dATP and low [ATP] on the €4 sensitivity of  of cz2* activation. Data were binned in 0.1 tension level increments, and
V, are summarized in Fig. 8 The data are normalized to the values are normalized (pCa 4.5, 5 mM A¥PL.0) meanst SE. Data
control V,, for each fiber at pCa 4.5 and are plotted versugor 5mM ATP did not differ between fibers used to study dATP or 0.5 mM
the value ofP (binned in 0.1 unit increments) measured jUStATP’ so valges were grouped for ease of comparison: Solid_lines are linear
before lenath steps. Because control measurements did nrt—f‘fressmn fits to the data to demonstrate the elevatiov,afith 5 mM

. . g ps. . ATP and the depression d, with 0.5 mM ATP.
differ significantly between fibers used for dATP and low
[ATP] experiments, the data were combined for ease of
comparison. The normalized relationship betwPeandV,  row et al., 1988; Julian, 1971; Julian and Moss, 1981; Julian
was linear (slope= 1.0) for control measurements as the et al., 1986; Martyn et al., 1994; Metzger and Moss, 1988;

[Ca?*] was varied, in agreement with earlier reports (Far-Moss, 1986; Wise et al., 1971y, was faster with dATP at
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all C&* activation levels wher® > 0.25°, and the slope son, low [ATP] increased, slightly at low levels of C&"

of the linear regression increased to 1#60.11. In con-  but decreased, at higher levels of Cd', as demonstrated
trast, low [ATP] decreased the slope of the linear regressioin Fig. 4 b. Although these effects ok, were relatively

to 0.56+ 0.02, andVv,, was significantly slower at all G4 small, they were consistent between fibers; the data are
activation levels wheré® > 0.5P,. These results indicate summarized in Fig. 4. Fits with Eq. 1 indicate that pK was
that dATP increases whereas 0.5 mM ATP reduces the rateot significantly affected by low [ATP], but was reduced

of unloaded fiber shortening at similar levels of submaxi-by ~50%. In effect, low [ATP] also reduced the €a
mum C&" activation, suggesting that the rate of cross-sensitivity ofk, by half (from a 10-fold to<5-fold range of

bridge cycling may be similarly affected. values) because of the elevationkgfat low levels of C&*
The influence of dATP and low [ATP] ok, is summa- coupled with a depression &f, at high levels of C&".
rized in Figs. 4 and 5. In maximally €4 activated fibers, The leftward shift observed for both the tension versus

dATP caused a small increase (34 3%) in k,, and low pCa (Fig. 2a) and k;, versus pCa (Fig. £) relationships
[ATP] caused a small decrease (¥13%) ink,, as previ- suggest that increases ky with dJATP may have resulted
ously reported (Regnier and Homsher, 1998). Thé Ca solely from an increase in the number of cross-bridges
sensitivity ofk,, was also affected by dATP and low [ATP]. available to participate in the tension-generating process. In
Fig. 4 a demonstrates that dATP increadgsat submaxi-  contrast, the number of cross-bridges at p€8.0 appears
mum as well as at maximum levels of €aactivation. The to be either unchanged or slightly reduced by low [ATP]
effect of JATP on the C& sensitivity ofk, is summarized (Fig. 2 b), whereask, was elevated slightly (Fig. 4f).

in Fig. 4c; it shows that dATP significantly increas&gat  Therefore, to compare the effects of dATP and low [ATP]
all pCa= 6.2. Fitting the data with Eq. 1s¢lid line§ was  at similar C&" activation levels, th&, data in Fig. 4¢ and
adequate to describe the Tasensitive portion of the pCa d, were replotted (binned in 0P} tension level increments)
versusk, relationship, and pK was shifted left by 0.2 pCa ask,, versusP. As illustrated in Fig. &, k, was not elevated
units while the slopen) remained unchanged. In compari- when similar submaximum tension levels were compared

ATP a ATP 9" 05mM s b 0.5mM, 85"
pCa4.5 ———————————————] s 3
gg 200 4 daTP dATP 11s™ i 200 5mM smM, 11
£ S y
2 4| pCab.2 2
£ dATP dATP 4 s £
§ 100 - &
e % ]
g pCa 6.2 }a__, 5mM
= ATP pCa 6.1
0.5 mM
0 T T T T 0
0 1 2
Time (s) Time (s)
~ 1.0 4 ~ 1.0 4
< <
& - & i
g ¢
= 0.5 4 = 05
£ £
[=]
=z - 3 i
00 T T T T T T T T T 0'0 T T T T T T T T T
6 5 6 5
pCa pCa

FIGURE 4 The rate of tension redevelopmeky)(after a release-restretch cycla) Example [C&*] matched tension traces comparing 5 mM ATP

versus 5 mM dATP at pCa 4.5 and pCa 6.2. At pCa 4.5, the steady-state isometric tension before the release-restretch cycle was similar for ATP and dATP,
butk, was increased from 978 to 11 s * with dATP. At pCa 6.2 isometric tension was increase2i6-fold by dATP, and,, was increased from 178

to 4 s *. (b) Example [C&"] matched tension traces comparing 5 mM ATP versus 0.5 mM ATP at pCa 4.5 and 6.2. At pCa 4.5 reduction of the [ATP]
from 5 mM to 0.5 mM increased isometric tension slightly (9%) and decrelgsé/dm 11 s * to 8 s *. At pCa 6.2 isometric tension was decreased 40%

when the [ATP] was reduced to 0.5 mM, bytwas increased from 0.6 $to 1.0 s'*. The C&* sensitivity ofk, is summarized it andd, and the data

are fitted with Eq. 1 olid lineg for comparison. Irc, k, averaged 14- 3% faster with dATP, whereas pK was increased from 5:70.04 to 5.98+

0.02, with no significant change im(2.2 = 0.3 versus 2.4+ 0.2 for ATP versus dATP, respectively). thk, averaged 11 3% slower with low [ATP],

whereas pK was reduced from 6.620.02 to 5.87+ 0.09, andn was reduced from 2.4 0.3 to 1.8+ 0.02.
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FIGURE 5 Effects of dATP and low [ATP] on the tension vergyselationship. 4) Example tension-matchdg traces from the same fiber for ATP
and dATP. For the ATP trac® = 0.48P, at pCa 6.1, andt, was 0.9 §*. For the dATP trace? = 0.51P, at pCa 6.2, andt, was 1.0 S k, at pCa 4.5,
5 mM ATP was 14 s*. (b) P = 0.6(P, for both 5 mM (pCa 6.0) and 0.5 mM ATP (pCa 5.8).was 1.1 s* for 5 mM ATP and 3.2 s* for 0.5 mM
ATP. (c andd) k, versus tensionR) relationships for ATP versus dATP and ATP versus low [ATP], respectively, kyithalues replotted from Fig. 4
after binning the data by tension, rather than pCa. Measurements were binnedjnté@nsion level increments, and values are normalized mea8E.
Data are empirically fit with a nonlinear regressi@ol{d lineg and show thak, is increased only a®, with dATP, whereas low [ATP] elevatds, at
P < 0.75P, and reduce, at greater tension levels.

with dATP. Comparisons over the entire range of tensiorfibers. By changing the substrate conditions, we were able
levels (Fig. 5c) show thatk;, was elevated by dATP only to increase (with 5 mM dATP) or decrease (with [ATP]
during maximum activation, and therefore the increasededuced to 0.5 mM) the rate of cross-bridge cycling, as
Ca&" sensitivity of cross-bridge recruitment with dATP monitored byV,, and compare measurements kgf with
(Fig. 2 a) can explain the enhanced €asensitivity ofk,  control conditions (5 mM ATP). The data show that, in
during submaximum activations (Fig.c}. In contrast, the maximally C&"-activated fibers, changes W, correlated
effects of low [ATP] onk, persisted in tension-matched with concomitant changes ik,. These results support the
traces. As illustrated in Fig. b, k, was faster at low levels hypothesis thalt, is determined by the properties of myosin
of tension with low [ATP], suggesting that the elevation in in fully activated fibers (Brenner, 1988; Metzger and Moss,
k, did not result from an increase in cross-bridge recruit-1990). However, at similar submaximum tension levels,
ment alone. Comparisons over the entire range of tensioimcreases or decreases My (Fig. 3 ¢) did not result in
levels (Fig. 5d) show that low [ATP] increaseH, at low  similar changes ik, (Fig. 5, ¢ andd). These data indicate
tension levels and decreadggdat high tension levels. These thatV, andk, have different rate-limiting processes, at least
results indicate that, unlike the results with dATP, theduring submaximum activations.

increase irk, at low levels of C&" with low [ATP] (Fig. 4

d) cannot be explained by a concomitant change in cros

bridge recruitment S\-Iaried substrate conditions and Ca2?* sensitivity

of steady state tension

Substrate conditions for our experiments were chosen to
DISCUSSION have minimal effects on the €4 sensitivity of steady-state
The experiments described above were designed to testnsion levels while maximizing observable effects\gn
whether the rate of cross-bridge transitions influences tenandk,. As shown in Fig. 2, changes B, pK, andn were
sion redevelopment kinetick,() at submaximum as well as small, indicating that dATP and moderate lowering of
maximum levels of C& activation in skinned rabbit psoas [ATP] had only minor effects on thin filament activation.
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Wahr et al. (1997) reported that 5 mM CTP has no signif-P, from caged R suggest that the tension-generating step at
icant effect on the tension-pCa relationship and redu®ed the beginning of the cross-bridge power stroke is also faster
by ~10% in psoas muscle, suggesting that nucleotides thatith dATP (Regnier and Homsher, 1998). In addition,
support maximum C4 -activated tension in a manner sim- dATP binding to and cleavage by myosin are similar to
ilar to that of ATP do not dramatically alter thin filament those of ATP, indicating that the concomitant increase in
activation. In contrast, reducing the [ATP] of activation transition rates at the beginning and end of the cross-bridge
solutions to lower concentrations=0.2 mM) than used in  power stroke allows for the fast&f, with dATP without
this study (0.5 mM) has been shown to dramatically in-increasingP,,.
crease both pK and of the pCa versus tension relationship  Because the rates that contRy, V,,, andk;, are the same
(Brozovich et al., 1988; Godt, 1974). These effects of subfor ATP and dATP, and cross-bridge dissociation deter-
strate conditions on Cé-activated tension probably occur minesP, andV, at low [ATP], comparisons should deter-
because of enhanced thin filament activation via strongnine if cross-bridge transition rates control the rate of
cross-bridge attachments. The mechanisms by which thiension development at various levels of?Caactivation.
tension-pCa relationship is affected by dATP, in contrast toNhen dATP replaces ATPY, is faster at all activation
low [ATP], probably differ, because the time individual levels above~0.25°,, indicating that cross-bridge cycling
cross-bridges occupy strongly bound states is increased also faster. Because the tension-generating step is faster
when the [ATP] is lowered, but reduced when ATP iswith dATP,k, might be expected to increase at all submaxi-
replaced with dATP (Regnier and Homsher, 1998). Thismum C&" activation levels if tension redevelopment kinet-
raises the possibility that the kinetics as well as the numbeics are primarily determined by cross-bridge transition rates.
of strongly bound cross-bridges may influence thin filamentBy the same argument, the decreas/ jrwith low [ATP]
activation, although the present experiments do not allow usver a similar range in activation levels should correlate
to discern between these two intriguing possibilities. with a decrease iik, at all levels of tension. These rela-
tionships are predicted from the two-state model proposed
by Brenner and Eisenberg (1986) and Brenner (1988), in
which the tension-generating process is directly controlled
by [C& "] (Fig. 6). Our data do show the predicted increase
(dATP) and decrease (low [ATP]) ik, during maximum
To control for the minor effects of different cross-bridge Ca* activation (Figs. 4 and 5). However, contrary to the
cycling rates on thin filament activation, data were plottedpredictions of the two-state modé4, is not increased by
relative to the isometric tension produced immediately bedATP during submaximum activations and is not decreased,
fore measurements o, (Fig. 3¢) andk, (Fig. 5,candd).  but actually increased slightly, by low [ATP] (Fig. 6and
This method of comparing the data can be used to study the
kinetic processes of individual cross-bridges and thin fila-
ment regulatory units, assuming that the isometric tension
produced at varying Ca activation levels is due predom-
inantly to AM-NDP and AM cross-bridges, and these cross- 154 foop =" app dATP
bridge states contribute similarly to tension levels (Dantzig
et al., 1991; Ferenczi et al., 1984b; Goldman et al., 1984).
When dATP is the substrate for contractions, isometric
tension is also thought to be controlled by the level of
AM-dADP cross-bridges (Regnier et al., 1998), allowing
comparisons ofV, and k, at similar tension levels. The
rate-limiting processes controlling, and k,, appear to be
the same for ATP and dATP. Fiber shortening velocity is 0 . ' T '
thought to be limited by the rate of cross-bridge dissocia- 0.0 0.5 1.0
tion, at least in maximally C& -activated fibers (Ferenczi et Simulated Tension (P/P,)
al., 1984a; Moss and Haworth, 1984; Siemankowski et al.,
1985; Homsher et al., 1997). In contrast,can be affected FIGURE 6 Predictions of the effects of dATP and low [ATP] on the
by several steps at the beginning of the cross-bridge Cycw,ersus tension r(_alationship, using the two-state cross-bridge model (Bren-
. . . . . . ner, 1988). In this model G4 regulates the amount of tension generated
!ncludlrjg, put not limited t'o, the tension-generating myosiny, modulatingf,,, and k, = fup + Gapp FOr Simulations of control
isomerization step (Regnier et al., 1995, 1998; Wahr et al.gonditions, values fofl,pp (10 57%) andg,,, (3 s™%) were chosen to simulate
1997), as well as by cross-bridge dissociation at low suba maximum rate of~12 s°* with an ~10-fold increase irk, asf,y, is
strate concentrations (Regnier et al., 1998). Although thearied, as is seen experimentally. For dATP, valueg {12 s ) andg,,
dissociation of dADP from cross-bridges may be faster, it iS_(4 s Hwere increas_ed to simulate the20% inc_rease ikt,_, wit_h no change

. L . . in steady-state tension, which occurs at maximum activation. Lowering the
probgbly still the rate.-llmltlng process during fiber shorten-[ATP] was simulated by reducing, ,, (2 s %) to account for the 10-20%
ing with dATP (Regnier et al., 1998). Measurements of therequction ink, and the 8% increase in steady-state tension at maximum
rate of tension relaxatiorkg;), caused by photoliberation of activation.

Varied substrate conditions and
cross-bridge cycling

Control
10

low [ATP]

ke = fapp+ Gapp (3-1)
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d). This suggests that some process other than cross-bridged 0.5 mM ATP (Fig. 5,c and d, shown above). For
transition rates controlg, during submaximum activations, simulations of the controk, versus tension relationship,
especially at lower activation levels, whe¥g, increases conditions were chosen that best simulated the data for 5
with increasingP, butk, is relatively constant. mM ATP in Fig. 5¢. Values assigned g, (30 s %) andk
(5 s 1) at maximum C&" activation were taken from earlier
work (Regnier et al., 1995, 1998), and the apparent rate
constants for cross-bridge cyclinf{, g.,, andgy,) were
set to allow for a simulated maximurk, of 12 s, a
A likely candidate for the process that contréjsat sub- ~minimumk, of 1 s™* (determmed DYapp andgap,) and a
maximum levels of C& is thin filament activation. To calculated ATPase of1 s * at full activation, in addition
explore this possibility, we used a four-state reaction mechto providing a linear relationship between tension and AT-
anism (Scheme 1), originally proposed by Landesberg an®ase as the simulated Taactivation level was varied. As
Sideman (1994) and modified by Hancock et al. (1997), tdn the two-state model (Fig. 6, limits how slowk,, can
examine how independent manipulation of the rate of crossbecome at low levels of activation, whereas the surfy of
bridge cycling or thin filament activation kinetics might + gappdetermines the maximum possitig Unlike in the
influence thek,, versus tension relationship. The features oftwo-state model, however, smaller ratioskgfk.¢ can limit
Scheme 1 have been described in detail elsewhere (Hancoskaximum k. It was found that higherf,,;0,,, ratios
etal., 1997), but the essential features will be reiterated herg>10:1) best simulated the independencekpfon C&™"
for the benefit of the reader. Briefly, the processes of'Ca activation at low levels of tensionp(< 0.5P;), while
binding to TnC and tension generation by cross-bridges argllowing the 10-fold increase ik, that occurs in fibers at
modeled as two-state reactions with forward and reversbigh levels of tension. Increasimg,,independently of,
rate constants. A key feature of Scheme 1 is that no ratétroduced an undesired curvilinearity into the tension-AT-
constants are dependent on fCh Instead, C&" exerts a  Pase relationship, even though it reduced the cross-bridge
regulatory influence on tension via control of the level of duty cycle and maintained the characteristic shape of the
thin filament activation and has no direct influence on thetension versug,, relationship. Furthermore, varyirig, and
kinetic interactions of the cross-bridges.“Cabinding is Ky independently fronk,,, andk. (respectively) had little
modeled as a simple first-order reaction, and for simulatioreffect on simulations. Therefore, for simplicit,,, ki, and
purposes we assumed that fChis proportional to the gap,Were covaried withk,,, Ky, andg,,, respectively, to
forward rate constankg,) for thin filament activation (state model the various experimental conditions.
1 <> state 2). Cross-bridge transition from low tension (state For simulations of dATPf,,, G.,, and gj,, were in-
2) to high tension state(s) (state 3) is governed by thereased to account for faster cross-bridge cycling and the
apparent rate constant§pp and g,,, as in the two-state results of Regnier et al. (1998) and Regnier and Homsher
model (Fig. 6). A unique feature of this model is thatCa (1998), and to simulate low [ATP]g,,, and g,,, were
can come off the thin filament when cross-bridges are ireduced. Thé,, versus tension relationships generated from
tension-generating states (i.e., state>3state 4, governed simulations are shown in Fig. 7, and the rate constants used
by ki, andk.), followed by cross-bridge transition back to are summarized in Table 1. These adjustments of cross-
low tension states (i.e., state<4 state 1, governed hy,,,; bridge apparent rate constants were sufficient to character-
with f,,,< 0.01 s 1, thus yielding two groups of tension-
generating cross-bridge states (states 3 and 4) and four
possible thin filament states. Because it has been demon-

Mechanism of control of tension redevelopment
kinetics (k,,) by calcium

strated thak, is not influenced by cooperative interactions f 1.0 J
along the thin filament (Chase et al., 1994), this feature has 2
not been included in the model. E ]
Scheme 1 was first employed to model the versus n
; . ! hs
tension relationship for 5 mM ATP (control), 5 mM dATP, 8 054 owaTP]
T
£ _
s ATP
Ca-free, no force ‘ _free. f : T T T T
actin T Cacfree, Torce 0.0 05 1.0
W v\_/ ‘*‘ﬁmﬂfﬁm Normalized Simulated Tension
TnC-Tm e
FIGURE 7 Model simulations of thk, versus tension relationship for
4 L»Ca /EL\A \J [;’Ca ATP, dATP, and low [ATP]. Details of the model are provided in the text

of the Discussion, and the values used for simulations are given in Table
g 1. Values fork, were determined front,, of the simulated tension
app

transients, as in experimental measurements (see Materials and Methods),
State 2: State 3: P
C:‘:):ou.nd 1o force Ca-bound, force and are normalized to maximum simulated tension lan¢l2 s *) under

- control conditions.



Regnier et al.

TABLE 1 Rate constants used for simulation data in Fig. 8,
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fibers. Finally, it provides an explanation of why the rate of

using Scheme 1 cross-bridge cycling was correlated wiky only at high
Condition Kon (579 Kot (574 fopp (5™ Uapp () levels of C&"-activated tension when ATP was replaced

Control 30 5 13 1 with dATP or the [ATP] was reduced from 5 mM to 0.5

dATP 30 5 17 1.1 mM.

Low [ATP] 30 1 11 0.7 The idea that C& controls the rate of tension develop-

Cbz 30 2 13 1 ment by some process before the beginning of the cross-

aTnC 30 0.1 13 1

Values for ky, Ky, and g, are the same as fok,, Ky, and gupp
respectively.k,, was set at 30 s for simulations of maximum Ca
activation (pCa 4.5).

bridge power stroke is supported by several lines of evi-
dence. As steady-state tensi®) {s varied with [C&"], k,
increases~10-fold, whereaskg;, which is significantly
faster thark,, is either unaffected or only slightly reduced

at low levels of C&" (Araujo and Walker, 1996; Dantzig et

al., 1992; Millar and Homsher, 1990; Walker et al., 1992).
ize the effect of dATP on the, versus tension curve These differential Cd sensitivities indicate that the ten-
(compare Fig. 7 with Fig. ), such that simulatekl, values  sion-generating step is not directly controlled by*Cain
were elevated only at high levels of tension. Furthermoreagreement with the interpretation of pressure jump experi-
the simulations predict a faster dATPase activity comparednents at varying levels of G4 activation (Fortune et al.,
to ATPase activity (Regnier et al., 1998), as well as thel994). This conclusion is bolstered by observations that
small increase in Cd sensitivity of steady-state tension when the tension-generating mechanism is altered indepen-
shown in Fig. 2. In contrast to dATP, simulations of low dently of [C&™"], k, andks; covary. For example, wheRis
[ATP] by reduction ofg,,, and g,,,, alone were not suffi- reduced by increasing the;[Rf activation solutions, both
cient to model thé, versus tension relationship seen duringk,, and ky; are increased, whereas both are decreased by
experiments comparing 0.5 mM ATP and 5 mM ATP. inhibition of P with butanedione monoxime (BDM). Taken
Reduction ofg,,, and/org;,, resulted in slower simulated together, these results were best interpreted by using a
k, values at all tension levels, wherdgswas reduced only model in which C&" regulates a process before a BDM-
at high levels of tension in experiments and was elevated aensitive tension-generating cross-bridge step (Regnier et
low levels of tension (Fig. 8l). To simulate an elevated,  al., 1995). That C& controls a process preceding tension
at low levels of tension, it was necessary to also decreasgeneration is also compatible with the results of McKillop
k. alone ork,; andk/ together. This adjustment allowed and Geeves (1993) and Geeves and Conibear (1995), who
the simulations of low [ATP] to characterize thg versus  proposed a three-state model for thin filament activation and
tension relationship for 0.5 mM ATP in fibers (compare Fig. strong cross-bridge binding. In this model ‘Caregulates
7 a with Fig. 5d). The implications of this are discussed cross-bridge transition from a blocked state (B) to a closed
below. The simulations also predict a reduced ATPase ratstate (A) where the cross-bridge is relatively weakly bound.
and, interestingly, a leftward shift of the tension-pCa rela-Transition from A to an open state (R) allows strong cross-
tionship. Although this did not occur in our experiments, bridge binding, and this transition is much less*Caen-
even lower concentrations of ATR(0.2 mM) have been sitive, but is greatly affected by BDM.
shown to shift the pCa versus tension relationship leftward There is a growing amount of evidence to suggest that the
(Brozovich et al., 1988; Godt, 1974). kinetics of thin filament activation is the process that limits

Scheme 1 is a useful tool for describing the relativek, during submaximum Cd activations. Chase et al.

contribution of thin filament activation kinetics versus the (1994) found that when native TnC was extracted and
kinetics of cross-bridge cycling in determining the rate ofreplaced with an activated form of TnC (aTn®), was at
tension generation as the level ofCaactivation is varied. maximum and was insensitive to [€3, even when sub-
However, we recognize that it presents an oversimplifiednaximum tension levels were achieved in the absence of
picture of both thin filament activation processes and theCa®" by reconstitution with a mixture of aTnC and cardiac
actomyosin interactions that occur during tension genera¥fnC (Fig. 8a). They concluded tha, reflects the dynam-
tion. As such, it cannot describe a variety of data in theics of activation for individual thin filament regulatory units
literature. For example, explanation of Pansients K5),  and that the C& modulation ofk, is affected primarily by
pressure transients, and the kinetic differences betwee@a®" binding to TnC. Similarly, when thin filaments were
these transients arig requires a more sophisticated, strain- continuously activated by low concentrations of NEM-S1,
dependent cross-bridge model (Regnier et al., 1995k, was nearly at maximum and was insensitive t¢ Cin
Homsher et al., 1997). Despite these limitations, Scheme &kinned rabbit psoas fibers (Swartz and Moss, 1992). Fur-
can simulate the relationship between steady-state tensighermore, the influence of thin filament activation kinetics
and the rate of tension development in skinned muscl®n k, was demonstrated more directly by Regnier et al.
fibers. Furthermore, it demonstrates that the curvilinearity(1996), who found that the E&-sensitizing agent calmida-
of thek, versus tension relationship is probably due t6'Ca zolium (CDZ) increasek,, at submaximum but not at max-
limiting a process preceding the cross-bridge force-generimum levels of CA" activation (Fig. 8a). CDZ increases
ating step at low levels of G4 activation in skinned psoas the activated time of individual thin filament regulatory
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mechanism by which this would occur is unknown, it is
possible that increasing the time that cross-bridges spend in
strongly bound states inhibits thin filament deactivation via
steric inhibition of tropomyosin movement or by altering
the C&" binding kinetics of TnC. Regardless of the mech-
anism by which this occurs, independent manipulation of
cross-bridge cycling rates (with dATP or low [ATP]) or thin
filament activation kinetics (with CDZ or aTnC) demon-
strates thak;, is controlled by a process preceding tension
generation at submaximum levels of Caactivation. Be-
cause these data can be well described by simulations with
Scheme 1, we conclude thigf is regulated by the kinetics

of the thin filament in submaximally activated fibers,
whereas cross-bridge transition rates deterrkjngn max-
imally activated fibers.

Normalized ki (t, )

1.0
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