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Role of Ca?* and Cross-Bridges in Skeletal Muscle Thin Filament
Activation Probed with Ca?* Sensitizers

Philip A. Wahr and Joseph M. Metzger
Department of Physiology, University of Michigan, Ann Arbor, Michigan 48109-0622 USA

ABSTRACT Thin filament regulation of contraction is thought to involve the binding of two activating ligands: Ca®* and
strongly bound cross-bridges. The specific cross-bridge states required to promote thin filament activation have not been
identified. This study examines the relationship between cross-bridge cycling and thin filament activation by comparing the
results of kinetic experiments using the Ca®" sensitizers caffeine and bepridil. In single skinned rat soleus fibers, 30 mM
caffeine produced a leftward shift in the tension-pCa relation from 6.03 = 0.03 to 6.51 + 0.03 pCa units and lowered the
maximum tension to 0.60 =+ 0.01 of the control tension. In addition, the rate of tension redevelopment (k,,) was decreased from
3.51 +0.12s 't02.70 = 0.19 s~ ', and V,,,,, decreased from 1.24 + 0.07 to 0.64 + 0.02 M.L./s. Bepridil produced a similar
shift in the tension-pCa curves but had no effect on the kinetics. Thus bepridil increases the Ca®™ sensitivity through direct
effects on TnC, whereas caffeine has significant effects on the cross-bridge interaction. Interestingly, caffeine also produced
a significant increase in stiffness under relaxing conditions (pCa 9.0), indicating that caffeine induces some strongly bound
cross-bridges, even in the absence of Ca®*. The results are interpreted in terms of a model integrating cross-bridge cycling
with a three-state thin-filament activation model. Significantly, strongly bound, non-tension-producing cross-bridges were
essential to modeling of complete activation of the thin filament.

INTRODUCTION

Contraction in striated muscle is initiated by the binding of These three states can be interpreted in terms of the move-
Ca* to troponin C. This triggers a number of conforma- ment of tropomyosin across the thin filament (Holmes,
tional changes in the thin filament that ultimately allow the 1995). In the absence of €3 myosin binding to actin is
formation of tension producing actomyosin cross-bridges*blocked” by tropomyosin. Upon binding &4, the tropo-
Furthermore, evidence has accumulated that at least sonmeyosin moves to an intermediate “closed” position in which
cross-bridge states can affect the’Caensitivity of the thin  the myosin binding site on actin is only partially exposed,
filament. Apparent calcium binding to the thin filament is allowing only weakly bound cross-bridges. Strongly bound,
decreased during shortening contractions (Gordon antknsion-producing cross-bridges occur only after cross-
Ridgway, 1987), and cross-bridge detachment during relaxpridge binding causes an additional movement of tropomy-
ation is accompanied by an increase in the freé'Q€a-  osin, thereby producing the thin-filament “open” state. Thus, in
puto et al., 1994). These results indicate that the presence gis three-state model, full activation of the thin filament
attached or cycling cross-bridges alters thé Caffinity of  requires the presence of both®aand bound cross-bridges.
the thin filament. Moreover, Ca binding to fluorescently ~There is an extensive literature devoted to the cross-bridge
labeled TnC has been shown to increase in the presence @jcle, and a number of models with multiple cross-bridge
bound myosin (Guth and Potter, 1987; Morimoto, 1991).states have been proposed. It has yet to be determined which
Hence it appears that myosin binding plays an importantross-bridge states are responsible for the transition of the thin
role in thin filament activation and may be required for full flament from the closed to the open state. It is our goal to
activation of the thin filament. understand the interaction between the thin-filament activation
Based on tropomyosin movements observed by fluoreSmechanism and cross-bridge cycling.

cence polarization (Borovikov et al., 1993) and EM recon-  Conceptually, two distinct mechanisms for increasing the
structions (Vibert et al. 1997), three distinct structural stateg22* sensitivity of contraction can be inferred from the
of the thin filament have been identified, corresponding tothree-state model of thin-filament activation outlined above.
the presence or absence of?Cand bound cross-bridges. The c&* affinity of TnC can be increased, leading to a
The presence of at least three tropomyosin positions is alsgreater percentage of the thin filament in the closed state
suggested by x-ray diffraction studies (Popp and Maedagnd available for cross-bridge binding. Alternatively, the
1993). This has led to a model in which the thin filament nymper of cross-bridges binding to the thin filament in the
exists in three distinct states (McKillop and Geeves, 1993)¢|gsed state can be increased independently 8f ®ind-

ing, promoting the transition to the open state and increasing
tension production. By comparing kinetics of contraction in
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fibers in the presence of two known €asensitizers, caf- Instantaneous stiffness

feine and bepridil, in an attempt to better define the mech- _ .
. - L Instantaneous stiffness was measured by applying a smalfL¢o of the
anism of thin-filament activation.

s . ) fiber length) 1-kHz sinusoidal length change to the preparation. A fre-
Caffeine has been used extensively in muscle researchuency of 1 kHz was chosen because the stiffness is not dependent on the
primarily because of its ability to mobilize intracellular frequency between 1 kHz and 3 kHz in this preparation (unpublished

C&". In intact fibers caffeine also alters the mechanics 01observation). The amplitudes of 20 peaks in the tension and length traces

. in the f fi d . . d were averaged, and the stiffness was defined as the average tension change
contraction In the form of increased tetanic tension an Rivided by the average change in fiber length. Changes in active instanta-

prolonged relaxation (e.g., Allen and Westerblad, 1995neous stifiness were assumed to be proportional to changes in the number
Westerblad and Allen, 1996). These effects are typicallyof strongly bound cross-bridges (Huxley and Simmons, 1971).
attributed to caffeine-mediated changes in intracellular

C&" handling. However, caffeine has been shown to exert

effects on the myofilaments as well. In skinned fibers caf-Solutions

feine prOduceS an increase in thezcaenSitiVity of tension All experiments were performed at 15°C. Solutions were prepared using
production (Wendt and Stephenson, 1983; Powers and S@re program of Fabiato (1988) to calculate the concentration of metals,
laro, 1995; Palmer and Kentish, 1996, 1997), while decreadigands, and metal-ligand complexes. Solutions for activating (pCa 4.5) and
ing the maximum tension (Wendt and Stephenson, lggglzlaxing (pCa 9.0) the fibers contained 7 mM EGTA, 20 mM imidazole, 1

. M Mg?*, 4 mM MgATP, and 14.5 mM creatine phosphate (pH 7.0).
and MgATPase activity (Powers and Solaro, 1995), appar,ic strength was adjusted to 180 mM by added KCI. Intermediate pCa

ently in the absence of changes in the binding of C®  |evels were obtained by mixing pCa 4.5 and pCa 9.0 solutions in appro-
troponin C (Powers and Solaro, 1995). More recently, cafpriate amounts. It was important that the pCa levels were identical in both

feine has been shown to increase the rate of relaxation iffe Presence and absence of drug to ensure that changes in tension were

. . . ue to the presence of the drug and not to small changes in fhel&eel.
skinned cardiac trabeculae (Palmer and Kentish, 1997 herefore, intermediate pCa solutions were mixed without added caffeine

These skinned fiber studies strongly suggest that some @f pepridil. These solutions were then divided into smaller volumes, and
the effects of caffeine may be mediated through changes iappropriate amounts of caffeine or bepridil were added to these small

cross-bridge kinetics. To address this possibility we examvolumes. Caffeine was added as a powder, and bepridil was added from a

. - . T freshly made 10 mM ethanol stock. At the levels of bepridil used in this
ined the effects of caffeine on cross b”dge kinetics. study, concentrations of ethanol in the bepridil solutions werE%.

In contrast to the apparent cross-bridge-mediated effectSontrol experiments performed with 1% ethanol indicated that there is no
of caffeine, bepridil produces an increase in th&é Caen-  discernible effect of the ethanol on contractile function (data not shown).

sitivity through direct effects on troponin C (Solaro et al.,
1986; Kleerekoper et al., 1998). Therefore, bepridil is pre-
dicted to produce effects on kinetics solely through thin-Rate of tension redevelopment (k,,)

filament-mediated mechanisms. In this StUdy’ we use Ca‘f'T'he rate constant of tension redevelopmég) (vas obtained by rapidly

feine and bepridil to differentially alter the distribution of (gjeasing the activated fiber by 15% of the initial fiber length for 20 ms and
thin filament activation states (i.e., blocked, closed, andhen rapidly reextending the fiber to its initial length. The resulting tension
open). By comparing the effects of caffeine and bepridil onredevelopment after the reextension was then fit by a single exponential

the kinetics and Cd sensitivity of contraction, the rela- duationinthe formb = P, + Aexp ("l * t), whereP s tension Py,
’ is an initial tensiont is time, andA is the amplitude of the redeveloped

tiOnShi_p b?tween the cross-bridge cycle and thin-filamentension with rate constay, (Brenner, 1988). The sarcomere length during
activation is revealed. k, measurements was maintained by feedback control of the laser diffrac-
tion pattern at 2000 Hz (Wabhr et al., 1997).

MATERIALS AND METHODS Unloaded shortening velocity

Skinned fiber preparation The maximum unloaded shortening velocity was obtained either by ex-

érapolation from the force-velocity curve¥(,,) or by slack test \().

Multiple activations and relaxations were required to demonstrate th . ; o )
Force-velocity curves were constructed by maximally activating the fiber

reversibility of the experiments performed in this study. For this reason ] ) . )
) y . P . P y . . t pCa 4.5 and then allowing the fiber to shorten at a submaximum tension
soleus fibers, which are particularly robust, were used. Single skinne

) ) or 1 s (Fig. 7,inse). The preselected level of submaximum tension was
fibers were obtained from the soleus muscle of female Sprague-Dawle (Fig ) P

iously d ibed (Wah | 1997). Briefi I bund| ?/eedback controlled at 2000 Hz. The fiber was then relaxed in pCa 9.0
r.ats as previously gscrl e _( anr e't al, _)'_ rietly, smail bunadles osolution, and the process was repeated at a different tension level. Short-
fibers were soaked in relaxing solution containing 50% glycerol at 4°C

ening velocities were then calculated as the slopes of fiber length versus

overnight and stored at20°C until use within 1 month. On the day of the e v \as then extrapolated by fitting Hill's hyperbolic equation to

experiment, individual fibers were carefully pulled from a bundle and ¢ force-velocity plots in the forv = (b(P, + a)/(P + a)) — b, where
mounted between a force transducer and galvanometer. The sarcomeéandp, are tension and maximum tension anandb are parameters with
length was set at 2.50-2.56m by adjusting the overall fiber length. A ynijts of tension and velocity, respectively. Curvature was quantified as
HeNe laser was directed through the fiber to monitor the sarcomergyp,. Slack tests were performed by rapidly shortening maximally acti-
diffraction position. Feedback control of either the tension or sarcomeresated fibers beyond the slack length and then noting the time required for
length was provided by a computer software system that simultaneouslyension to develop just above the baseline. This was repeated for 10
recorded tension, galvanometer deviation, and the position of the sarcddifferent length steps. The size of the length step was then plotted versus
mere diffraction pattern (Wabhr et al., 1997). the time required for tension to appear. The slope of this plot then\gave
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Data collection, curve fitting, TABLE 1 Summary of tension-pCa fits in the presence of
modeling, and statistics 0-30 mM caffeine or 0-100 uM bepridil

. . ) . Concentration P/P n C N
Multiple data sets were obtained from each fiber. In general, experiments 0 H P~%o

under control conditions preceded and followed experiments with either [caffeine]

caffeine or bepridil. In this way fibers served as their own control. Like- (mM)

wise, comparison of the control experiments before introduction of adrug 0 1.0 1.54+ 0.07 6.03+ 0.03 22
and after its removal indicated that the effects of caffeine and bepridil were 10 0.86+ 0.01*  1.42*+ 0.05 6.37=0.03* 19
completely reversible. The various concentrations of the drugs were intro- 20 0.71+ 0.01* 1.38+ 0.06 6.47+ 0.03* 19
duced in no particular order, and fibers were washed twice in relaxing 30 0.60+ 0.01*  1.37*=0.05 6.51+ 0.03* 19

solution containing a new drug concentration before data were collected.
Curves were fit using the program Igor (WaveMetrics, Lake Oswego, [bepridil]

OR). Tension-pCa curves were fit to the Hill equation in the fdPrm= (nM)

Py/(1 + 10 "HPK = PCR) whereP, is the maximum developed tensiam, 0 1.0 1.57+ 0.07 6.03+ 0.02 10
is the Hill coefficient, and pK is the pCa at 0B, The model was 10 0.98% 0.02 1.73+=0.13 6.08+ 0.03 3
evaluated numerically using the computer programs KFIT/KSIM (Dr. Neil 50 0.96+ 0.02 151+ 0.11 6.17+ 0.03* 5
Millar). 100 0.92+ 0.02*  1.34+ 0.20*  6.30=* 0.02* 5

The data are presented as mearSEM, unless otherwise indicated. Values given as mean SEM.

Significance was determined by a paired Studettsst or a pairwise o o :
Significantly diff t fl trol (ANOVA,p < 0.05).
ANOVA, depending on the number of data sets. The confidence level was ignificantly different from control (: P )

set atp < 0.05.

required to suppress tension than is required to shift the
RESULTS tension pCa curve, indicating that caffeine affects at least
two processes in contraction. In contrast, bepridil had no
statistically significant effect on maximum tension produc-
In agreement with the results of other laboratories, caffeingion up to 50uM and produced only a smal~5%) de-
produced a significant increase in the’Casensitivity of ~ crease at 100.M (Table 1). The effects of both caffeine and
tension production (Fig. 1 and Table 1). The application ofbepridil were easily reversed by washing the fiber in caf-
30 mM caffeine produced a leftward shift of the tension-feine- and bepridil-free relaxing solution.
pCa relation of 0.47+ 0.03 pCa units{ = 19), with no
significant change in the Hill coefficient. Bepridil (1QM)
produced a similar shift of 0.2% 0.02 pCa unitsr{ = 5;
Fig. 2). Thus both caffeine and bepridil are effective’Ca Instantaneous stiffness is thought to be related to the num-
sensitizers. However, the application of caffeine also reber of strongly interacting cross-bridges (Huxley and Sim-
sulted in a significant decrease40% at 30 mM) in tension mons, 1971). Because the decreased tension observed with
at all concentrations studied (Table 1). Furthermore, frontaffeine could be the result of a decrease in the number of
Fig. 1 it appears that a greater concentration of caffeine istrongly bound cross-bridges, it was of interest to examine

Tension-pCa

Instantaneous stiffness
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FIGURE 1 Example of tension-pCa relations from a single rat soleus fiber at 15°C in the presence of 0—30 mM caffeine. Data are fit by the Hill equation.
(Left) Tension shown relative to the maximum control tension (pCa 4.5, no caffeRighf( Curves normalized to maximum tension to emphasize shifts
in Ca&¢* sensitivity.
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FIGURE 2 Example of tension-pCa relations from a single rat soleus fiber at 15°C in the presence ofl®@Hi€gridil. Data are fit by the Hill equation.
(Left) Tension shown relative to the maximum control tension (pCa 4.5, no beprRigh§ Curves normalized to maximum tension to emphasize shifts
in C&" sensitivity.

the effects of caffeine on the instantaneous stiffness of theresence of caffeine (Table 2). This decreasgdvas not
fibers. Bepridil did not produce the decrease in tensiorobserved in the tension-pCa curves, indicating that there is
observed with caffeine; therefore stiffness studies with bea population of strongly bound cross-bridges producing low
pridil were not performed. If the caffeine-mediated decreasdension at low C&" in the presence of caffeine.
in tension is due solely to a decrease in the number of
strongly bound cross-bridges, the slope of the tension-stiffh .
. ) Lo ate of tension redevelopment
ness plots will be identical in the presence or absence of
caffeine. As shown in Fig. 3, the decrease in tension obTo characterize the effects of caffeine on cross-bridge ki-
served with the application of caffeine was not accompaniedetics, the rate of tension redevelopmeky) ((Brenner,
by a similar change in stiffness. There is a significant1988) was examined. As illustrated in Fig. 5 and Table 3,
decrease in the slope of the tension-stiffness plots, to 75% afaffeine produced a marked decreasekjn At maximum
the control slope when 30 mM caffeine was used, indicatingCa®" activation,k, was reduced from 3.5 0.12s* (n =
that the decrease in tension is not due solely to a decrease 12) to 2.70+ 0.19 s * (n = 9) with the addition of 30 mM
the number of cross-bridges. Although there was a significaffeine. Becausk, has been shown to be decreased by a
cant decrease in tension at all caffeine concentrations studeduction in the thin-filament activation level (Brenner,
ied, there was no decrease in stiffness until 20 mM caffeind988; Wahr et al., 1997), which results in lower tension
was applied, and at 30 mM caffeine the decrease in maxigeneration, it might be argued that the decredgedith
mum stiffness was only 16% (Table 2), which is consider-caffeine is a reflection of a thin-filament effect that de-
ably less than the 40% (Table 1) decrease in maximunereases both the tension akd A plot of k, versus tension
tension seen in the same fibers under identical conditions(Fig. 6) indicates that the slowing &f, with caffeine is not
Interestingly, 30 mM caffeine significantly increased the mediated by the effect of caffeine on tension, and at a given
stiffness of relaxed fibers (pCa 9.0) by 257% (n = 9)  submaximum tensiok,, is increased. This uncoupling of
(Fig. 4), indicating that caffeine leads to the formation of tension andk, by caffeine indicates an action at the level of
strong cross-bridges, even in the absence of' Gactiva-  cross-bridges and not at the thin filament. In contrast, be-
tion. This view is further supported by a similar increase inpridil had no significant effect ok, at either maximum or
Cca* independent tension of 74 11% in these fibers at 30 submaximum tension levels (Fig. 6), indicating no effect of
mM caffeine. The increase in €& independent stiffness bepridil at the level of the cross-bridges.
and tension with caffeine was observed regardless of
whether the fiber had been previously activated and wag
abolished upon return to caffeine-free relaxing solution. In
conjunction with the increased stiffness at low pCa, theForce-velocity curves were constructed at maximuri'Ca
stiffness-pCa curves showed a lower Hill coefficient in theactivation in the presence of 0-30 mM caffeine and in the

nloaded shortening velocity
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A TABLE 2 Summary of stiffness-pCa fits in the presence of
0-30 mM caffeine

0 mM Caffeine
10 mM Caffeine
20 mM Caffeine
30 mM Caffeine

[caffeine]
(mM) g% Ny pCao N

0 1.0 1.62+ 0.05 6.13+ 0.01 10
10 1.01+ 0.01 1.41+ 0.05* 6.50+ 0.02* 10
20 0.93+ 0.01* 1.30% 0.03* 6.61+ 0.03* 10
30 0.84+ 0.01* 1.30% 0.07* 6.66+ 0.03* 10

0.8 —

<>0OO0

0.6 —

Values given as meatt SEM.

0.4 - *Significantly different from control (ANOVA,p < 0.05).

Relative Tension

0.2 — ening velocity for longer steps being slowed compared to
the velocity of shorter step lengths. This effect is dependent
on the level of thin-filament activation (Moss, 1986; Martyn
et al., 1994). This biphasic effect was not observed with
caffeine (data not shown). This is consistent with the inter-
pretation that caffeine reduces tension and velocity through
a pathway that is distinct from the thin-filament Cabind-

B ing mechanism.

1.0 5

[ | | | | |
0.0 0.2 0.4 0.6 0.8 1.0
Relative Stiffness

*

= Caffeine at varied ATP

*

0.8 - = Caffeine has been shown to act as an inhibitor of adenosine
receptors (Bruns et al., 1983; Fredholm, 1995). Therefore,
because many of the preceding results could be explained if
caffeine acts as a competitive inhibitor with ATP in cross-
bridge cycling, the effect of caffeine was tested while the
ATP concentration was varied. As shown in Table 5, there
was no significant decrease in the effects of 20 mM caffeine
on tension oW, as ATP varied from 0.5 to 10 mM. Indeed,
0.2 - the only significant difference over this range was an in-
creased reduction iV, at the higher ATP concentration.
These results are not consistent with the hypothesis that

0.6 —

slope
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| | I |
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o

FIGURE 3 Relation between tension and stiffness in the presence of
0-30 mM caffeine. &) Relative tension versus relative stiffness from a
single rat soleus fiber. Tension and stiffness are shown relative to the
maximum control tension and stiffness (pCa 4.5, no caffeiri®).Sum-
mary of slopes of relative tension versus relative stiffness from six fibers.
* Significantly different from control. 30 mM Caffeine
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presence of 0—10@M bepridil (Fig. 7 and Table 4). Be-
pridil had no significant effect on the force-velocity curves.
However, although caffeine had no effect on the curvature
(a/Py), the unloaded shortening velocity,{.,) extrapolated
from these curves was significantly reduced by caffeine. At
maximum C&" activation, 30 mM caffeine reduced,,,,
from 1.24= 0.07 (1 = 7) to 0.64= 0.02 (1 = 4) M.L./s. | ' ' ! ' '

This dramatic decrease in maximum shortening velocity 25 30 35 40 48 50

was confirmed by slack tests (Fig. 8), in which 30 mM time (ms)

caffeine produced a decrease \fy from 1.53 % 0.03 to FIGURE 4 Example of increased stiffness in a relaxed fiber (pCa 9.0)
0.85+ 0.01 M.L./s o = 5). '

. L upon application of caffeine.Top Sinusoidal length change applied to
It has been reported that at submaximunt Cactivation fiper. (Botton) Tension trace in response to length change in the presence

levels, the slack test plots become biphasic, with the shortsf 0 and 30 mM caffeine.

o
o]

0 mM Caffeine

Tension {mg)
[}
~

(@]
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FIGURE 5 Examples ok, from a single rat soleus fiber with 0 and 30 mM caffeimeft{ and 0 and 10QwM bepridil (right) at 15°C and pCa 4.5.
Sarcomere length was held constant during tension redevelopment through feedback control of the first-order laser diffractiotopatfemsion
redevelopment traces after a 20-ms shortening step of 15% of the initial fiber |dragtbn are fit by a single exponential.

caffeine acts as a competitive inhibitor of ATP at the activeonly in the open state of the thin filament whereas weak
site of myosin. Therefore, it appears that caffeine and ATReross-bridges are allowed in the closed state, the transition

have distinct myosin-binding sites. to the open state of the thin filament must require the
binding of specific cross-bridge states to the closed thin
DISCUSSION filament. In this model, altering the number of cross-bridges

in these specific states will alter the €asensitivity of
In the three-state model of thin filament activation proposed:ontraction by altering the transition from the closed to the
by McKillop and Geeves (1993), activation of the thin open state. In addition, because cross-bridge binding is
filament occurs in two steps, a €ainduced blocked-to- involved in the closed-to-open transition, the apparent ki-
closed transition and a subsequent transition from closed toetics of contraction may be affected as well. The primary
open coupled to strong cross-bridge binding. Although thegoal of this paper is to identify cross-bridge states that may
primary effect of C&" is on the first transition, both tran- be responsible for the transition between closed and open
sitions are described as €asensitive. Because the transi- states by examining the effects of compounds known to
tion from blocked to closed does not involve cross-bridgeincrease the Cd sensitivity of contraction.
binding, any change in the relative population of blocked to Bepridil had no effect on the kinetics of contraction (i.e.,
closed thin-filament states will alter the €asensitivity of  k, andV,,,,). Because bepridil increases the’Caensitiv-
contraction without altering the apparent kinetics of con-ity of contraction by increasing the binding of €ato TnC
traction. Because strong cross-bridge states are allowg@olaro et al., 1986), it is apparent that the TnC-Ca

affinity does not influence the kinetics of contraction as

measured in the present study. Thus bepridil appears to

TABLE 3 Summary of k,, fits in the presence of 0-30 mM produce changes in the activation state of the thin filament
caffeine or 0-100 uM bepridil, pCa 4.5 by increasing the transition from blocked to closed. In
[caffeine] Ibepridil] contrast, caffeine, which appears not to affect Chinding .
(mM) K, N (M) Ky N to TnC (Powers and Solaro, 1995), produces changes in
0 351+ 0.12 12 0 336 0.18 5 both the C&" sensitivity and the kinetics of contraction, as
10 297+ 0.12* 9 10 305-078 2 Measured by, andV,,,, making it a candidate for altering
20 2.46+ 0.10* 9 50 318-0.16 6 the closed-to-open transition. Thg andV,, ., results indi-
30 2.70+ 0.19* 9 100 3.10:0.18 6

cate that caffeine directly influences the cross-bridge inter-
Values given as meart SEM. action and support the hypothesis that at least some cross-
*Significantly different from control (ANOVA,p < 0.05). bridge states influence the €asensitivity of contraction.
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FIGURE 6 k, versus relative tension from rat soleus fibers with 0 and 30 mM cafféai® &nd with 0 and 10QuM bepridil (right). Data from 12
(caffeine) or three (bepridil) fibers were normalized to maximum control tension (pCa 4.5, no caffeine) and pooled into six bins with a widf, of 0.15
and averaged in tension akgl. Error bars indicate SEM.

Integrated model of cross-bridge cycling with step 3 of the cross-bridge cycle to be’Caensitive (Reg-
thin-filament activation nier et al., 1995; Wahr et al., 1997). Because the transition

To describe the interaction between cross-bridge states ar];r m the blocked to the closed state of the thin filament is

: PN o
thin filament regulation, it is necessary to first define athe primary effect of C& binding to the thin filament

specific cross-bridge model. The cross-bridge model use_&’vICKiIIOIO and Geeves, 1993), we have assumed that step 3

here, shown in Fig. 9, is based on that of Regnier et al'N Fig: 9is the one that is blocked in the absence dt'Ca

(1995), as adapted by Wahr et al. (1997), and includes &NUS in the working model shown in Fig. 9, Cabinding
strongly bound (i.e., stiffness bearing), non-tension-product® ThC has no direct effects on the kinetics of cross-bridge
ing AM'-ADP-P, state. Simpler models that did not include cycling, which is supported by our results in the presence of
such a strongly bound, non-tension-bearing state were urtepridil. Instead, C& binding to TnC influences contrac-
able to reproduce the independent changes in tension arie kinetics through the interaction between the thin-fila-
stiffness induced by caffeine. Earlier kinetic studies requirenent C&" binding kinetics and cross-bridge cycling. To

1.0 —
8 0.8
o
1o O no Caffeine e
: O 10 mM Caffeine £ 04
. A 20 mM Caffeine © 0.2
) L 104 V 30 mM Caffeine 0.0 —
FIGURE 7 Force-velocity curves i ! T 07
from a single fiber at 15°C with 0-30 = 2 4004
mM caffeim_a,_pCa 4.5.I|(1$z_ab Protoco_l : 0.8 - “g’, 200 -
for determining shortening velocity 5 & 2004
curves from a fiber under control con- % ‘_é
ditions (see Materials and Methods). > o o _| B -400
(Top Tension versus time for isotonic o o -500 L L
shortening at 10%, 30%, 50%, and E 200 400 600
80% P,. (Bottor) Length versus time & ¢ 4 _| time (ms)
corresponding to the isotonic traces at 2
top. w
0.2
0.0 -

0.0 0.2 0.4 0.6 0.8 1.0
Relative Force
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TABLE 4 Effect of caffeine and bepridil on unloaded TABLE 5 Effect of 20 mM caffeine at varied
shortening velocity at pCa 4.5 ATP concentrations
Concentration V., (M.L./s) a/P, N Vo(M.LJ/s) N [ATP] AV, (caffeine- %V, (caffeine/
[caffeine] (mM) (mM) P (Caffeine)P, control) control) n
0 1.24+0.07 0.068-0.005 7 153-0.03 5 0.5  0.731+0.014  —0.002+ 0.058* 104+ 11* 5
10 1.22+0.16 0.089+ 0.015 4 1.34-0.04* 5 4 0.721+ 0.006*  —0.464* 0.058 70+ 3 5
20 0.98+ 0.15 0.072+ 0.004 4 1.06-0.03* 5 10 0.758+ 0.007  —0.498+ 0.051 71+ 2 5
* * *
30 064+ 0.027 0.098+ 0.006" 4 0.85-001% 5 *Significantly different from 10 mM ATP (ANOVAp < 0.05).
[bepridil] (uM)
0 0.88+0.07  0.092+ 0.008 10
50 0.96+0.20 0.090+ 0.018 5 functionally indistinguishable because the short-lived, non-
100 0.75+0.05  0.106+0.009 5 stereospecific AMATP and AMADP-P, states, which do
Values are given as meah SEM. not appear in the McKillop and Geeves model, do not
*Significantly different from control (ANOVA,p < 0.05). contribute to the mechanical responses of the fiber under

physiological conditions. In the model shown in Fig. 9,

_ o ~weak ionic cross-bridge interactions are allowed in the
put it another way, specific thin-filament states are requiretypsence of G4, but step 3 is blocked. With Ga binding
for the cross-bridge cycle to proceed. Myosin is thereforgne thin filament moves to the closed state and step 3 is
limited in its ability to bind actin by the Cd-dependent gllowed, leading to the binding of non-tension-producing,
kinetics of the thin-filament state transitions. Furthermore,strong|y bound AM-ADP-P, cross-bridges. This produces
we characterize the non-tension-producing, strongly bounghe transition to the open state, in which all cross-bridge
state as that which binds to the thin filament in the closedsiates are allowed.
State-(.)f MCK|”Op and Geeves (1993) and promOteS the In summary, in F|g 9 we propose a Working model
transition to the open state (see below). Although the modehcorporating three thin filament states corresponding to the
proposed by McKillop and Geeves (1993) does not allowyjocked, closed, and open states of McKillop and Geeves
cross-bridge binding in the blocked state, there is evidence; 993). These states are 1) in the absence of botfi Gad
for weak cross-bridge binding in the absence of*Ca strongly bound cross-bridges; 2) with €abound, but no
(Schoenberg, 1988). Therefore, as illustrated in Fig. 9, Weension production; and 3) in the presence of botA'Gand
have modified the McKillop and Geeves model to allow thetensjon-producing cross-bridges. The transition between

weakly binding AMATP and AMADP-P; cross-bridges in  these thin filament states is caused by the binding &f'Ca
the blocked thin-filament state. An alternative formulation (blocked to closed) and the binding of cross-bridges in a
of the model would be to allow weak cross-bridge bindingspeciﬁC state (AMATP-P, closed to open). Furthermore,
in the absence of G4 only in the portion of the thin e have identified the cross-bridge states that are allowed
filaments that are in the closed state. These alternatives A{fhder these three thin-filament states, perm|tt|ng us to as-
sign roles to specific cross-bridge states in thin-filament
activation. This represents an improvement over previous
attempts at linking thin filament activation and cross-bridge
kinetics that have used greatly simplified cross-bridge mod-
els, typically with only two cross-bridge states (Brenner,
1988; Hancock et al., 1997; Landesberg and Sideman, 1994;
McKillop and Geeves, 1993).

The proposed model was quantitatively evaluated by
numerically solving the differential rate equations for the
cross-bridge and thin-filament transitions shown in Fig. 9.
For simplicity, the ATP cleavage steps were combined into
a single kinetic stepstep 2in Fig. 9). The rates of the
cross-bridge transitions were taken from Wahr et al. (1997),
with the modification that the forward rates of steps 3 and 4
(k, 5 and k, ,) were written as bimolecular rate constants
dependent on the activation state of the thin filament. The

! [ ! ! ! ‘ closed or open state of the thin filament was necessary for
6 50 100 150 200 250 K,s andk,, required the open state. The rates of the
At (ms) thin-filament transitions were chosen to give a ratio of
. i blocked:closed:open of 5:75:20 under conditions of rapid
FIGURE 8 Example of slack-test data from a single fiber exposed to . . . .
0-30 mM caffeine at maximum €& (pCa 4.5). The time for tension to shortenlng and hlgh éé' correspondlng to the ratios re-

develop after a step length change is plotted against the step size. The slop@rted in .the 50|Uti0'n studies of McKillop and Geeves
of a line fit to these data is taken ¥, (1993). This resulted in values f&i; - andK of 14.9 and
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FIGURE 9 Working model inte-

grating cross-bridge cycling and thin
filament activation. Cross-bridge
states that are allowed under blocked,
closed, and open states of the thin

thin filament state
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strong binding

tension bearing
high stiffness

filament are as shown in boxes. Weak
(low stiffness, low tension) and

strong (high stiffness) binding and AM <> AM ATP — AM ADP P, <> AM'ADP P; = AM* ADP P, <> AM ADP < AM
tension-producing states are as open ! !
marked. Numbers above the scheme J
in the open box refer to transitions
between cross-bridge states discussed / Keo
in the text.Kgc andK refer to the +AM' ADP P;
equilibration constants of the blocked ]
to closed and closed to open transi-
tions of the thin filament, respec-
tively. Cross-bridge rate constants 4
used to simulate control (isometric,

high C&™) conditions (derived from K
Wabhr et al., 1997)k,, = 1000,k_, +c32*/ 8c
= 0.001,k,, =50,k _, =10,k 5= [
0.16,k ;= 0.6,k,, = 3,k_, = 20,
kK,s =40,k 5s=9.1,k, s =0.9,k ¢
=0,kigc = 1,k gc = 5.5,kico=
5,k _co = 330.
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0.27, respectively, in good agreement with the McKillop decrease in both the tension and the stiffness with the
and Geeves (1993) values. The ratios of thin filament stateaddition of caffeine. However, the decrease in stiffness is
shifted to 3.5:53:43.5 under isometric conditions at highonly observed at the higher concentrations of caffeine,
Ca". The forward rate oKy was assumed to be €a  whereas the tension was significantly decreased at all caf-
dependent and was varied to simulate submaximuf Ca feine levels. Furthermore, the relative decrease in stiffness
conditions. Cross-bridge rate constants are assumed to gas much less than the relative decrease in tension. It can
Ca " independent. It is assumed that all strong, stereospeaherefore be concluded that the decrease in tension observed
cifically bound cross-bridges are capable of maintaining thewith caffeine is not primarily a result of caffeine inhibiting
open state of the thin filament. Therefore, the forward ratehe formation of strongly bound cross-bridges, but results
of Kco is a bimolecular rate dependent on the concentratiofrom a decrease in the tension per cross-bridge interaction.
of cross-bridges in strongly bound conformationsA decrease in tension per interaction could be produced by
(AM"-ATP-P, through AM in Fig. 9). Simulations using this a shift in the distribution of cross-bridges to favor an in-
model adequately predict the Tasensitive behavior of crease in strongly bound, low-tension-generating states,
tension, stiffness, ank,. Allowing Ko to vary with C&*, e g., a decrease in the equilibrium constant of step 4. Alter-
as indicated by McKillop and Geeves, produced no qualinatively, the decrease in tension per interaction could be the
tative changes in these simulations and was therefore nggsult of a decrease in the tension produced by a single
included. No near-neighbor cooperativity along the thingross-bridge state without a change in the distribution of
filament is included in this model. Consequently, the Hill siates. The kinetic changes seen with the application of

coefficients are expected to be underestimated. Specifigaffeine (see below) indicate that caffeine produces a com-
modifications necessary to mimic the results with caffeineyination of these two effects.

and bepridil are discussed below. An alternative mechanism for the increased stiffness at

low C&" and the apparent decrease in the tension per
cross-bridge interaction in the presence of caffeine would be
if caffeine competes with ATP for the nucleotide binding
The increase in stiffness produced by caffeine in the absite. Such a competition would be expected to lead to a
sence of C&" and the small decrease in the Hill coefficient rigor-like state with caffeine bound to the cross-bridges.
of the stiffness-pCa curves (Table 2) in the presence ofhis type of competition is suggested by the observation
caffeine are the result of strong, non-tension-generatinghat caffeine inhibits adenosine receptors (Bruns et al.,
cross-bridges binding in the small numbera2%; McKil- ~ 1983; Fredholm, 1995). This appears not to be the case,
lop and Geeves, 1993) of closed thin filament units thathowever, because altering the ATP concentration from 0.5
exist even in the absence of €aA slight increase in step to 10 mM failed to produce results consistent with compet-
3 of the proposed model produces such an increase iitive inhibition (Table 5). Therefore, caffeine appears to
stiffness at low C&'. At high C&™, there was a significant alter the distribution of attached states after ATP binding.

Caffeine and stiffness
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Ca?* sensitizers and kinetics decrease irk, can be accomplished through a decrease in
eitherk, ; or k,,. In addition to the decrease in kinetics,
caffeine produced a leftward shift in the tension-pCa plots
(Fig. 1). Because caffeine is not known to affect the thin
filament, caffeine is expected to alter the tension-pCa rela-
through effects on TnC. Inthe propo;ed model?tact§ to. tion through changes in the cross-bridge kinetics. Leftward
alterk, and tension only by regulating access to thin fila- giq i the tension-pCa relation are accomplished in two
ment binding sites and leaves the inherent cross-bridgg,ays. 1) the proportion of open thin filament states avail-
klne+t|cs. unaffected (th!s assumes no direct interaction Ogble for strong cross-bridge binding is increased or 2) the
Ce™" with the cross-bridges as described by Metzger and,opulation of cross-bridges is shifted to increase the number
Moss, 1992). Therefore, in the absence of changes to crosg; tension-producing states (AMXDP-P,, AM-ADP, and
bridge kineticsk; in this model will be determined by the AM) bound to the open state. Thus declreask'mgfrom 0.9
proportion of thin-filament sites available for cross-bridge; g 5 51 tg decrease/.., by 45% leads to an increase in
binding. The effects of bepridil can be accounted for byc2+ sensitivity of 0.08 pCa units by increasing the pro-
simply increasingKgc. Bepridil, by increasing the TnC orion of tension-producing states. However, this also
Ca' " affinity, acts only to shift thé,,-pCa relation to lower |eads to an increase in maximum tension, which was not
Ca” levels without changing the tensiég-relation (Fig.  gpserved. Decreasink;, by a decrease ik, , leads to a
6). This is in contrast to results reported for the*Ca  gecrease in tension as well, thereby partially offsetting the
sensitizer calmidazolium, which significantly decreased thenreased tension produced by the decre#sgdequired to
maximum k, and increaseds, at submaximum tension gecreasey,,., However, decreasing, , produces a right-
levels (Regnier et al., 1996). Initially, the calmidazolium yyarq shift in the tension-pCa plots by altering the distribu-
results are puzzling, because the main impact on the myg;g, of strongly attached cross-bridges. Decreagipby a
fibrillar proteins of both bepridil and calmidazolium is to yecrease itk 5 instead ofk, , leads to a decreased number
increase the C& affinity of TnC. However, upon close  of thin-filament units in the open state and a similar right-
examination, calmidazolium produced a decrease in tensiofyard shift in the tension-pCa plots. Besides, as indicated
that is lacking in the bepridil results presented here. Furgpove, the increase in stiffness at low?Casuggests that
thermore, small changes in myosin ATPase were reported, _ does not decrease, but rather increases slightly. Thus, to
(Regnier et al., 1996). These observations suggest that calimultaneously account for the changes in both cross-bridge
midazolium exerts some additional effects on the crossinetics and C&" sensitivity, caffeine must alter additional
bridges that are not present with bepridil. These additionafate constants. The minimum change that is able to account
effects, and not the change in Casensitivity, are likely to  for the leftward shift in the tension-pCa plots and the slowed
be responsible for the changelp with calmidazolium. kinetics is a decrease k1, from 20 s *to 1 s *in addition

The reduction irk, produced by caffeine is most easily to a decrease irk,, and k,s to 1.1 s* and 0.4 s,
explained as a decrease in the rate of transition from weakespectively, effectively shifting the equilibrium of step 4 to
non-tension-bearing to strong, tension-producing Ccrossfavor the tension-producing AMADP-P, state. This pro-
bridge states, i.e., step 4 in Fig. 9. A decreased maximurduces a decrease in the simulakedrom 3.49 s to 2.70
shortening velocity (Figs. 7 and 8), as observed with cafs™* and a leftward shift in the tension-pCa plot of 0.3 pCa
feine, is typically described as either a decreased crossmits, similar to the changes seen with 30 mM caffeine
bridge detachment as limited by the ADP release (step 6) qfTable 1). However, these changes in rates lead to a pre-
a decrease in the rate of ATP cleavage. Caffeine has beeficted increase in tension of 27%, whereas tension is seen to
shown to have no effect on myosin MgATPase (Powers decrease by 40% with caffeine. Thus, in addition to altering
and Solaro, 1995), implying that ATP cleavage is unaf-the distribution of cross-bridge states, the model requires a
fected by caffeine. Therefore, a decreased rate of crosseduction in the tension-generating capability of one or
bridge detachment is most likely responsible for the demore of the tension-bearing states in the presence of caf-
creased shortening velocity produced by caffeine. The ratéeine.
of relaxation would also be expected to be dependent on the
rate of cross-bridge detachment and therefore to be slowed
in the presence of caffeine. This has been observed in intaGUMMARY

muscle fibers (e.g., Allen and Westerblad, 1995), althougf’By utilizing C22* sensitizers we were able to produce a

the origin of this effect is obscured by the prolongation of o L L .
the C&* transient. However. caffeine has been reported t0model combining thin-filament activation and cross-bridge
1ent. TIowever, ! s P ycling. In this way we identified a strongly bound, non-

increase the rate of relaxation after photolysis of a cage§

: . - ension-producing cross-bridge state that is necessary for
Cr_::? _chelator (Pglmer and Kentish, 1997). The origin offuII activation of the thin filament.
this discrepancy is unclear.

Mimicking the effects of caffeine on kinetics in our

numerical mOd_e' reqUireS_ alterations in at least two StepSthe authors thank Dr. Earl Homsher for helpful suggestions on the mod-
The decrease iV,,,, requires a decrease ks and the  eling.

Bepridil had no effect on either the maximukyg or the
relation betweetk, and tension (Table 3 and Fig. 6). This is
consistent with bepridil increasing the €a sensitivity
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