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Determinants of relaxation rate in rabbit skinned skeletal
muscle fibres

Ye Luo*, Jonathan P. Davis*, Lawrence B. Smilliet and Jack A. Rall*

*Department of Physiology and Cell Biology, Ohio State University, 1645 Neil Ave., Columbus, OH 43210 USA and 1t Department of Biochemistry,
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The influence of Ca**-activated force, the rate of dissociation of Ca** from troponin C (TnC) and
decreased crossbridge detachment rate on the time course of relaxation induced by flash photolysis
of diazo-2 in rabbit skinned psoas fibres was investigated at 15 °C. The rate of relaxation increased as
the diazo-2 chelating capacity (i.e. free [diazo-2]/free [Ca’']) increased. At a constant diazo-2
chelating capacity, the rate of relaxation was independent of the pre-photolysis Ca**-activated force
in the range 0.3-0.8 of maximum isometric force. A TnC mutant that exhibited increased Ca*
sensitivity caused by a decreased Ca** dissociation rate in solution (M82Q TnC) also increased the
Ca’ sensitivity of steady-state force and decreased the rate of relaxation in fibres by approximately
twofold. In contrast, a TnC mutant with decreased Ca** sensitivity caused by an increased Ca**
dissociation rate in solution (NHdel TnC) decreased the Ca** sensitivity of steady-state force but did
not accelerate relaxation. Decreasing the rate of crossbridge kinetics by reducing intracellular
inorganic phosphate concentration ([P;]) slowed relaxation by approximately twofold and led to
two phases of relaxation, a slow linear phase followed by a fast exponential phase. In fibres, M82Q
TnC further slowed relaxation in low [P;] conditions by approximately twofold, whereas NHdel
TnC had no significant effect on relaxation. These results are consistent with the interpretation that
the Ca**-dissociation rate and crossbridge detachment rate are similar in fast-twitch skeletal muscle,
such that decreasing either rate slows relaxation, but accelerating Ca** dissociation has little effect
on relaxation.
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Muscle relaxation occurs when Ca**, sequestrated by the
sarcoplasmic reticulum (SR) Ca** pump, dissociates from
troponin (Tn) to deactivate the thin filaments, leading to
crossbridge detachment and force decay. It is well established
that the rate of Ca** sequestration by the SR can control
relaxation kinetics. The aim of the present study was to
determine the influence of Ca?* dissociation from TnC, the
decreased crossbridge detachment rate and relative force
or free [Ca®"] ([Ca®"]4..) on relaxation kinetics.

The dissociation of Ca** from Tn may be an important
determinant of the rate of relaxation, but this effect has not
been studied in skeletal muscle. In cardiac muscle it has
been postulated as a possible mechanism for the acceleration
of relaxation observed upon f-adrenergic stimulation.
The B-adrenergic response is associated with phospho-
rylation of Tnl by a cAMP-dependent kinase A (PKA) that
is known to decrease the Ca** sensitivity and increase the
rate of dissociation of Ca** from cardiac Tn (Robertson et
al. 1982). Furthermore, Zhang et al. (1995) showed that
the half-time of relaxation (#,,) induced by photolysis of
the caged Ca* chelator diazo-2, decreased by ~40 % when
Tnl was phosphorylated with PKA in skinned porcine

cardiac muscle at room temperature. However, Tnl
phosphorylation with PKA did not significantly affect the
rate of relaxation in skinned guinea-pig trabeculae at 12 °C
(Johns et al. 1997). Thus, the influence of the rate of
dissociation of Ca** from Tn on the rate of relaxation is
controversial in cardiac muscle and unknown in skeletal
muscle.

The influence of Ca** dissociation from Tn on the rate of
relaxation can be investigated by incorporating TnC
mutants with varying Ca** dissociation rates from the
N-terminal regulatory sites into the Tn complex in muscle
fibres. The following recombinant chicken fast-twitch
skeletal TnCs have been characterized previously: wild-
type (rTnC), M82Q and NHdel (deletion of residues 1-11)
TnC. In solution, compared to rTnC, M82Q TnC exhibits
an increased Ca** affinity by decreasing the Ca®*
dissociation rate without changing the Ca*" association
rate. In contrast, NHdel TnC exhibits a decreased Ca*"
affinity mainly from an increased Ca** dissociation rate,
with little change in the association rate (Pearlstone et al.
1992; Chandra et al. 1994; Johnson et al. 1994). The Ca**
sensitivity of isometric force in fibres reconstituted with



5
S
S

(7%
i
A
s
=

-

~

3
~

888 Y. Luo, J. P. Davis, L. B. Smillie and J. A. Rall

NHdel TnC is reduced compared to rTnC (Chandra et al.
1994; Regnier et al. 1999) and is predicted to increase with
M82Q TnC. In order to investigate systematically the
effects of alterations in the rate of Ca*" dissociation from
TnC on muscle relaxation, comparative analyses need to
be carried out on these mutant TnCs under similar
experimental conditions.

Crossbridge detachment could also be a rate-limiting step
in muscle relaxation. In skeletal muscle, two direct tests
were carried out to investigate the effect of the crossbridge
cycling rate on relaxation when crossbridge kinetics were
changed by altering intracellular inorganic phosphate
concentration ([P;]; Mulligan et al. 1999; Nencini et al.
2000). These studies produced differing results. Mulligan
et al. (1999) showed that the relaxation rate induced by
diazo-2 decreased with increasing [P;] in a dose-dependent
manner in frog skinned fibres. In contrast, Nencini et al.
(2000) found that increasing [P;] sped up relaxation in a
dose-dependent manner in single myofibrils from rabbit
psoas muscle using fast solution exchange. The inconsistency
on this issue of skeletal muscle relaxation requires further
investigation since the nature of the influence of [P;] on the
rate of relaxation suggests different views about the rate-
limiting pathway of relaxation.

The rate of relaxation also may be modulated by the
amount of Ca’*-activated force generated at the time of
relaxation. The rate of relaxation induced by diazo-2
photolysis decreases with increased level of Ca** activation
in fast-twitch skeletal muscle (Patel et al. 1998; Wahr et al.
1998). This slowing effect on the relaxation rate of high
relative pre-photolysis forces or increased number of
attached crossbridges could occur via positive feedback to
increase thin filament activation and slow crossbridge
detachment. In support of this view, when fibres were
activated in the presence of NEM-S1, a strongly binding
crossbridge derivative, or after phosphorylation of myosin
regulatory light chain, the rate of diazo-2-induced relaxation
decreased and the dependence of relaxation rate on
relative force was eliminated (Patel et al. 1998). In contrast,
when [Ca’]g. was rapidly lowered during maximum
contraction by solution exchange in single myofibrils, the
relaxation time course was essentially independent of
relative force or initial [Ca**]g.. (Tesi et al. 2002). These
varying results may be due to methodological differences.
For example, no systematic investigation of the influence
of total diazo-2 concentration ([diazo-2]) on relaxation
rate has been reported.

To assess directly the effects of myofibrillar factors on
relaxation rate, skinned rabbit psoas fibres devoid of
functional SR were induced to relax by rapidly lowering
[Ca**]g.. with photolysis of the caged Ca** chelator diazo-2
after modifying: (1) the relative Ca**-activated force of
contraction, (2) the rate of dissociation of Ca*" from TnC,
(3) crossbridge kinetics and/or (4) both the rate of dissociation

J. Physiol. 545.3

of Ca’* from TnC and crossbridge kinetics. The influence
of [diazo-2] per se on muscle relaxation also was
determined. Mutant TnCs (NHdel and M82Q TnC) with
varying Ca’" dissociation rates were characterized in
solution and reconstituted into fibres to change the rate of
dissociation of Ca** from TnC. The effects of altered
crossbridge kinetics on relaxation were examined under
conditions of lowered intracellular [P;]. By comparing the
kinetics of diazo-2-induced relaxation under these
interventions with control values, the rate-limiting
processes for skeletal muscle relaxation were determined.

METHODS

Skinned fibre preparation and experimental apparatus
Female New Zealand white rabbits were anaesthetized with
ketamine (60 mgkg™ 1.M.) and then euthanized with sodium
pentobarbital (150 mg kg™ 1.v.) before tissue harvest. The animal
use protocol for these experiments was approved by the
Institutional Laboratory Animal Care and Use Committee of the
Ohio State University. Bundles of psoas muscle fibres were
skinned and stored at —20°C for up to 4 weeks in glycerinating
solution containing leupeptin to prevent proteolysis (Table 1). On
the day of an experiment, bundles were cut into segments of
~2 mm in length, and individual fibres were dissected from the
bundles in dissecting solution (Table 1). Single fibres were then
soaked in dissecting solution containing 1 % (v/v) triton X-100 for
30 min to remove the sarcolemma and residual SR. To minimize
end compliance, fibres were transferred into a glycerinating
solution with 1% bovine serum albumin (BSA) to chemically fix
both ends. This was done by regional microapplication of 25 %
glutaraldehyde in H,O containing Coomassie blue as a visual
indicator (Chase & Kushmerick, 1988). The fixed ends were then
wrapped in aluminium foil T-clips in dissecting solution for
attachment to hooks on the experimental apparatus. Fibres were
manipulated immediately or maintained at 4°C in dissecting
solution forup to 4 h.

The single-fibre experimental setup that was used has been
described previously (Wahr & Rall, 1997). Briefly, single fibres
were mounted between two hooks by means of the T-clips in one
of three ~325 ul chambers milled in a spring-mounted stainless
steel block. Small aluminium inserts were used to decrease the
volume of the chambers to ~50-100 gl in caged compound
experiments. One hook was attached to a force transducer (model
400, Cambridge Technology, Cambridge, MA, USA) and the
other to a stationary hook. The output of the force transducer was
recorded on a digital oscilloscope (model 2090-III, Nicolet,
Madison, W1, USA) for off-line analysis. Fibres were aligned and
set at a resting sarcomere length of ~2.6 ym using the first-order
diffraction pattern from a He—Ne laser directed through the fibres.
Temperature was maintained by circulating coolant (50% v/v
ethylene glycol) inside the aluminium block and continuously
monitored by a small thermocouple attached to the stationary
hook near the fibre. Experiments were performed at 15 °C.

The UV flash for the photolysis of diazo-2 was provided by
a frequency-doubled ruby laser (model QSR2, Lumonics,
Warwickshire, UK), which produced a 30 ns duration pulse at
347 nm with an energy of ~300 m]J. The energy was maintained at
~100 m] at the level of the fibre by placing glass slides in the beam
path to attenuate the laser output. The laser beam was focused
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Table 1. Standard bathing solutions for skinned fibre experiments

Glycerinating
(0.5 mg per 100 ml

= leupeptin) Dissecting Pre-activating  pCa9.0 pCa4d.0
X pCa — — 90 90 40
S KCl 141.30 141.30 74.38 74.38 59.66
‘@ CaCl, — — 0.017 0.017 7.25
é\ MgCl, 445 445 6.14 6.14 5.96
A ATP 472 472 478 478 493
= CP — — 145 145 145
= Imid 10.0 10.0 20.0 20.0 20.0
§ EGTA 2.0 20 04 7.0 7.0
= HDTA — — 6.6 — —
r& Glycerol 50% (v/v) — — — —

Concentrations are given in millimolar. Ionic strength, 180 mMm; pH 7.0 at 15°C. For
dissecting solution: free [Mg’*] =1 mM, [Mg-ATP]=4 mM. For activating solution: free
[Mg"] =1 mm, [Mg-ATP] = 439 mM. CP, creatine phosphate; Imid, imidazole; HDTA,

1,6-hexamethylenediamine-N,N,N’,N’-tetraacetic acid.

onto the fibre from above by means of a reflecting prism and a
cylindrical condensing lens. The fibre/laser beam alignment was
adjusted by means of positioners on the stage and checked by
examining the burn pattern on ZAP-IT paper (Kentek, Pittsfield,
NH, USA) placed just above the fibre (Wahr & Rall, 1997). The
width of the focused beam was ~2 mm. The beam length was
controlled using an adjustable mask placed over the fibre such that
the T-clips were not flashed but the fibre was illuminated over its
entire length.

Solutions

Standard solutions. The bathing solutions for the steady-state
force experiments were prepared according to a computer
program developed by R. Godt (Medical College of Georgia). A
complete list of standard solutions is shown in Table 1. Three
types of bathing solutions were used: (a) dissecting solution
(2mM EGTA and no added Ca*), (b) pre-activating solution
(0.4 mMm EGTA, 6.6 mM 1,6-hexamethylenediamine-N,N,N",N"-
tetraacetic acid (HDTA) and pCa9.0) and (c) activating solution
(7mM EGTA and various values of pCa). All of the bathing
solutions contained 4-4.39 mM Mg-ATP and 1 mMm free Mg**. The
Ca’*-activating solutions also contained 14.5 mM creatine phosphate
(CP). Two extreme Ca**-activating solutions were prepared from
stocks: a full Ca**-activating solution (pCa4.0) and a relaxing
solution (pCa9.0). Intermediate Ca**-activating solutions were
then obtained from the two solutions of pCa9.0 and pCa4.0
according to a pCa mixing table. The ionic strength of all of the
solutions was adjusted to 180 mM using mainly K,EGTA or
K,HDTA and KCl. Imidazole (20 mM) was used as a buffer to
maintain all of the solutions at pH 7.0 at 15 °C, which was adjusted
by the addition of small amounts of 1 M KOH or HCL. The
standard solutions had no added P;. The bathing solutions were
stored in a refrigerator and used within 4 weeks.

Diazo-2-containing solutions. The diazo-2 solutions for the
relaxation kinetics experiments were prepared using the computer
program of Fabiato (1988). The published value of the Ca**
binding constant for diazo-2 (Kyc, = 2.2 M, Adams et al. 1989)
was adjusted for experimental temperature, ionic strength and pH
such that it was possible to produce solutions with anticipated
[Ca*] .- This was accomplished empirically by selecting a value
of Kyc, for diazo-2 (1.5 um) that resulted in similar fractional

force in the absence and presence of diazo-2. The Mg** binding
constant (Ky,) to diazo-2 was 5.5 mM (Adams et al. 1989). The
diazo-2 solutions contained (mm): ATP 3.0, CP 14.5, imidazole
20.0, HDTA 7.0, antioxidant glutathione 10 and various concen-
trations of diazo-2 from 0.8 to 16. The solutions were adjusted to
180 mM ionic strength and pH 7.0 at 15°C. Solutions contained
1 mM free Mg** and 2.5 mM Mg-ATP. The total [diazo-2] required
to induce relaxation from a desired level of pre-photolysis force
(i.e. pCa) at different diazo-2 chelating capacities (defined as
[diazo-2]g./[Ca’*] ) Was calculated using the Fabiato program
according to the following equations.

Assuming  [diazo-2]./[Ca’*]5.. = xand pCa = y,

then [diazo-2]ge = x X 107,

Since [Mg**-diazo-2] = Kyng X [Mg™" Jfree X [diazo-2]gee

and [Ca’*-diazo-2] = Ky, X [Ca* Jgee X [diazo-2]fees

then

total [diazo-2] = [diazo-2]g. + [Mg**-diazo-2] + [Ca**-diazo-2]
= [diazo-2]gee X (1 + Kypg X [Mg2+]free + Kyca X [Ca’*ee)
=xX 107 X (1 + Kyng X Mg Jree + Ky X 107),

where x and y are the desired values of diazo-2 chelating capacity
and pre-photolysis pCa, respectively. Diazo-2 solutions were
prepared from stocks containing all ingredients except diazo-2
and were stored frozen in aliquots of ~1 ml. Shortly before an
experiment, these pre-solutions were thawed and the appropriate
amount of diazo-2 was added to give the final solution. The final
diazo-2 solutions were stored in a light-proof container in the
freezer and used within 1 or 2 days to avoid any problems associated
with degradation of diazo-2. Diazo-2 (tetra-potassium salt) was
purchased from Molecular Probes (Eugene, OR, USA).

Low [P;] solution: enzymatic P; scavenger. The low [P;] solutions
for testing the effects of crossbridge kinetics on relaxation were
prepared by adding an enzymatic P; scavenger, nucleoside
phosphorylase (NP) with substrate 7-methylguanosine (MEG)
into the standard bathing or caged compound solutions. Under
the experimental conditions, NP served as a P; scavenger to
catalyse the reaction:

7-MEG + P; = 7-methylguanine + ribose-1-phosphate
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strongly towards the right to reduce the level of P; contamination
(Brune et al. 1994). The unbuffered [P;] within rabbit psoas fibres
was assumed to be ~200 M, mainly from breakdown of Mg-ATP
and CP by the fibre ATPase. With the use of this P; scavenger, P;
contamination was reduced to less than 5 M according to either
the calculated [P;] in actively contracting muscle fibres or
measured resting [P;] (Millar & Homsher, 1990; Pate ef al. 1998;
Tesi et al. 2000). Two different doses of P; scavenger were used: (a)
low [P;] scavenger containing 1 unit ml™" NP and 1 mm MEG for
pCa9.0 solution, and (b) a high [P;] scavenger containing
12 units ml™" NP and 10 mM MEG for activating solutions and
caged compound solutions. NP (bacterial) and 7-MEG were
purchased from Sigma.

RecombinantTn C

Recombinant TnCs of chicken fast skeletal muscle included wild-
type TnC (rTnC) and mutant TnCs that exhibited increased
(M82Q TnC) or decreased (NHdel TnC, deletion of N-terminal
residues 1-11) Ca’* affinity at their regulatory sites. To introduce a
spectral probe (Trp) into the regulatory N domain of TnC, F29W
was also made either in single mutant F29W TnC or double
mutants M82Q/F29W TnC and NHdel/F29W TnC (Pearlstone et
al. 1992; Chandra et al. 1994).

Ca’* titrations and rates of dissociation of Ca’* from TnCin
solution

Ca’* binding to the regulatory sites of purified TnC in solution was
detected by using the mutation F29W as a spectral probe. With the
F29W mutation, Ca** produced an increase of ~threefold in the
Trp fluorescence of F29W, M82Q/F29W and NHdel/F29W TnC.
Since TnC is naturally devoid of Trp and Tyr, this increase in the
Trp fluorescence of these mutants can be unambiguously
attributed to the newly introduced Trp. Studies have shown that
the F29W mutation has minimal effect on the secondary structure
and on Ca’* or Mg** binding to the C domain (sites IIl and IV) of
TnC. Neither Ca*" affinity nor cooperativity between sites I and 11
is significantly affected with this mutation (Pearlstone et al. 1992).
Thus, F29W served as a wild-type-like intrinsic probe for
specifically monitoring Ca** exchange with the regulatory sites of
TnC. Steady-state fluorescence measurements were performed
using a Perkin-Elmer LS5 Spectrofluorimeter at 15°C. Trp
fluorescence was excited at 275 nm and monitored at 345 nm as
increasing [Ca**] was added to 1 ml of each TnC mutant (0.6 M)
in a buffer of 200 mm Mops, 90 mMm KCl, 2 mm EGTA and 1 mMm
DTT at pH 7.0. Each titration curve represents an average of 3-5
titrations fitted with the logistic sigmoid function, as described
previously (Black ef al. 2000). Ca** dissociation rates were measured
using an Applied Photophysics (Leatherhead, UK) model SX.18
MV stopped-flow instrument with a dead time of 1.4 ms at 15°C.
The samples were excited using a 150 W xenon arc source. The
stopped-flow measurements were conducted by rapidly mixing
mutant TnC (0.6 M) in 10 mM Mops, 90 mm KCl, 1 mm DTT,
60 um CaCl, with an equal volume of 10 mm Mops, 90 mm KCl,
1 mM DTT, 5 mm EGTA, pH 7.0. Each trace represents an average
of at least five traces and the data were fitted with a single
exponential (variance < 6.0 X 107%).

Isometric force versus pCa protocol

Before activation, fibres were soaked in pre-activating solution for
2 min. Fibres were then activated at various pCa values and
returned to pCa 9.0 solution after force reached a steady state. This
cycle of pre-activating solution, Ca** activation and relaxation was
repeated to accumulate data over a range of pCa7.0-4.0. Sub-
maximal forces were measured in random order. Since maximal
force (Fy,) sometimes declined slightly (< 10%) throughout the
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course of experiment, submaximal activations were bracketed by a
pCa4.0 contraction and submaximal forces were then normalized
as fractions of the bracketing pCa4.0 force (F/F,;). The
relationships between force and pCa were fitted to the Hill
equation: relative force F/F,, = 1/[1 + 100" ®C% =P "where ny
is the Hill coefficient and pCas is the pCa at 0.5F, . Relationships
of isometric force to pCa were determined before and after
extraction/reconstitution with rTnC or mutant TnC.

TnC extraction and reconstitution

TnC extraction was performed at 20°C using an extraction
solution that contained 5 mm EDTA, 10 mm Hepes and 0.5 mm
trifluoperazine dihydrochloride (TFP) at pH 7.0 (Metzger et al.
1989). Fibres were stretched to sarcomere length of 3.5 yum in
pCa9.0 solution and then soaked in the extraction solution for
2 min. Fibres were then transferred back to pCa 9.0 solution and
released to a sarcomere length of 2.6 gm. Activation of fibres in
pCa4.0 was then used to assess the extent of TnC extraction. A
2 min incubation in extraction solution was adequate to reduce
average pCa 4.0 force to less than 10 % of the maximal isometric
force before extraction. After extraction, fibres were washed five
times with pCa9.0 solution to remove TFP. Reconstitution of
TnC was accomplished at 20 °C by soaking TnC-extracted fibres
in a pCa 9.0 solution containing 16.7 uM purified TnC at a resting
sarcomere length of 2.6 pm. Fibres were bathed in this solution for
a brief duration (20-60 s), then activated at pCa4.0 and returned to
pCa 9.0 solution with no TnC added. Fibres were cycled through
this procedure until maximum force recovery was achieved. After
~2 min incubation in rTnC or TnC mutants, force recovered to
> 80 % of the maximal isometric force before extraction.

Diazo-2 protocol

Relaxation was induced in skinned fibres by photolysis of the
caged Ca** chelator diazo-2. Within a few milliseconds the Ca**
affinity of diazo-2 increases ~30-fold upon exposure to UV light
(Adams et al. 1989; Mulligan et al. 1999). To induce relaxation,
fibres were first soaked in a diazo-2-containing solution until
force reached a plateau as the diazo-2 diffused into the fibres.
Fibres were then transferred into an empty chamber and flashed in
air and the relaxation time course recorded. In order to avoid
changes in the condition of the fibres, caged compound experiments
were ‘one flash’ (i.e. one diazo-2-induced relaxation per fibre).
Under the conditions of these experiments, it was not possible to
induce complete relaxation with photolysis of diazo-2 from a
maximum isometric contraction, probably due to the relatively
small increase in Ca** affinity upon diazo-2 photolysis. Based on
control experiments with fibres containing endogenous TnC (see
results), the general strategy employed in testing the effects of
rTnC and TnC mutants on relaxation in standard and low [P;]
solutions was to adjust conditions so that fibres developed
approximately the same submaximum pre-photolysis force and a
similar final post-photolysis force. These conditions were satisfied
when the pre-photolysis force was approximately 60% of the
maximum isometric force. At this force level, the rate of relaxation
was not significantly correlated with either the pre- or post-
photolysis force (see results). Also, since it was found that relaxation
depended on the diazo-2 chelating capacity, [diazo-2]gc/[Ca®* e
(see Results), relaxation was induced at similar diazo-2 chelating
capacities.

The protocol to study the effects of rTnC or mutant TnCs on
relaxation was: (a) determine maximum force in pCa 4.0 (F,y), (b)
determine force at pCa to be examined (F/F,), (c) extract TnC
until the force in pCa4.0 was < 5% of F,, (d) reconstitute with
rTnC or mutant TnC until the force in pCa 4.0 was > 90 % of F,,
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(e) determine the force at pCa to be examined in the presence of
reconstituted TnC and (f) add diazo-2, develop a contraction and
then induce relaxation by flash photolysis of diazo-2. The protocol
was the same for fibres in the presence of endogenous TnC except
that TnC was not extracted.

P;scavenging protocol

To scavenge P;, fibres were first soaked in low [P;] pCa 9.0 solution
for 10 min and then activated in a Ca**-activating solution or a
caged compound solution containing the P; scavenger. The protocol
to study the effects of low [P;] on relaxation in the presence of
rTnC or mutant TnCs was: (a) determine the maximum force in
standard pCa 4.0 (F,,), (b) determine the maximum force in low
[P] pCa 4.0 (E, 00w pi))> (¢) extract TnC until the force in standard
pCa4.0 was <5% of F,, (d) reconstitute with rTnC or mutant
TnC until the force in standard pCa4.0 was > 90% of F,, (e)
determine the maximum force in low [P;] pCa4.0 in the presence
of reconstituted TnC and (f) add diazo-2 in low [P;], develop a
contraction and then induce relaxation by photolysis of diazo-2.

Data analysis

Pre-photolysis and post-photolysis steady-state forces generated
in diazo-2 solution were normalized to the maximal force in
adjacent pCa4.0 contraction, F,./F,o and F,./Fy, respectively.
The extent of relaxation (AF = F,. — F,) induced by photolysis
of diazo-2 was normalized to the pre-photolysis steady-state force,
AF/Fyre = (Fyre — Epost)/Fpre. The diazo-2-induced relaxation trace
was resolved into two phases: a slow linear phase followed by a fast
exponential phase (Fig. 1). The slow phase was not observed in
standard solution (Fig. 14) but it became obvious in the presence
of low [P;] (Fig. 1B). The fast phase was fitted by selecting points
that were evenly distributed along the trace following the shoulder
to a single exponential equation:

FIAF=ax exp(—k¢x (t—t,)) + b,

where a is the amplitude of a single exponential with rate constant
ks, bis the residual and £, is an estimate of the time to shoulder. The
slow phase was fitted to a linear equation: F/AF = a + k, X t, where
a is the y-axis intercept and k, is the slope of the linear phase. The
data points of the slow phase were selected from 1/4 to the
shoulder to exclude any artefact due to the laser pulse from the fits.
The t,), (the time for force to decrease to 0.5AF) was also used as a
measure of relaxation kinetics. In order to emphasize the kinetic
aspects of the relaxation, the results in Figs 4, 7 and 8 are plotted as
FIAF versus time, where F,,./Fy is set to 1.0 and F,/Fj is set to
zero. Results are presented as means * ..M. Data were analysed
using Student’s ¢ test and simple and multiple linear regressions,
where r = correlation coefficient. P<0.05 was considered
statistically significant.

RESULTS

Ca*" affinity and the rate of dissociation of Ca** from

mutant TnCin solution

Ca® titrations of mutant TnCs following the increase in
Trp fluorescence showed that Ca’* bound half-maximally
(pCas) to the regulatory sites of M82Q/F29W, F29W and
NHdel/F29W TnC at pCa6.16 £ 0.003, 5.49 £ 0.01 and
5.08 + 0.01, respectively (Fig. 2A). Thus, compared to F29W
TnC, the M82Q mutation increased the Ca** affinity of
TnC by ~4.6-fold and the NHdel mutation decreased Ca**
affinity of TnC by ~2.6-fold. Also using F29W as a spectral
probe, the rates of dissociation of Ca** from M82Q/F29W,
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F29W and NHdel/F29W TnC were 76 + 2, 340 + 5 and
515+ 4 s, respectively (Fig. 2B). Thus, consistent with
the differing Ca* affinities, compared to F29W TnC, the
M82Q mutation resulted in an ~4.5-fold decrease in the
rate of Ca®* dissociation from the regulatory sites of TnC,
whereas the NHdel mutation increased the Ca** dissociation
rate by ~1.5-fold.

Ca’* sensitivity of isometric force in control and
mutant reconstituted skinned fibres

The force versus pCa relationships in fibres exhibited the
following order of decreasing pCas, values: M82Q/F29W
TnC(6.13 £0.01), unextracted (endogenous TnC)
(6.04 £0.01),rTnC (6.01 £ 0.01), F29W TnC (5.94 + 0.02)
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0 T T T T T T T T T T 1
100 0 100 200 300 400 500 600 700 800 900 1000

Time (ms)

B Flash

0.6 ‘

/tshoulder (to)

ki FIAF=a+ ket
0.5

0.4

0.3

FIF,,

- ki FIAF = acexp(- kee(t- ) + b

0.2 4 FpostIF4.0 (Low Pi)

0.1

0 T T T T T T T T T T 1
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Figure 1. Analysis of relaxation induced by photolysis of
diazo-2 in skinned psoas fibres at 15 °C

A, an example of relaxation induced in standard diazo-2 solution
where Fg i/ Fy o = 0.44, F,o/F, o = 0.04, AF/F,,. = 0.91, time
constant of the fast phase of relaxation, k¢ = 32 s™', time to shoulder
(t,) = 9 ms, half-relaxation time (#,,,) = 31 ms. B, an example of
relaxation induced in the presence of M82Q TnC and a solution
containing alow concentration of inorganic phosphate ([P;]),
where F7A0pre/F4A0(low[Pi]) =0.58, Fpost/F4,0(10w[Pi]) =0.13, AF/Fpre =0.78,
time constant of the slow phase of relaxation, k; = 1.4 (F/AF) s™,

ke=8s"'t, =100 ms, t,;, = 185 ms.
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and NHdel TnC (5.69 + 0.02; Fig. 3). The force versus pCa
relationships for unextracted (endogenous) fibres and
fibres reconstituted with either rTnC or F29W TnC were
not significantly different from each other (Fig. 3A). Thus
the extraction/reconstitution procedures had minimal
effect on Ca** sensitivity as well as maximal force production.
In contrast, compared to fibres reconstituted with F29W
TnC, M82Q/F29W TnC produced an ~1.6-fold increase in
the Ca’" sensitivity of isometric force and NHdel TnC

A M82Q/F29W TnC

1009 bCay,=6.16, n,=1.9
O F29W TnC
pCas,=5.49, n,;=2.0
8 80 O NHdel/F29W TnC
S pCag,=5.08, n,;=2.1
@
®
§ 50
[T
g
l_
X 20
¥
T T T T T T T 1
75 7.0 6.5 6.0 55 5.0 45 a
pCa
B
3-
2.5 -
8 M82Q/F29W TnC 765’
[ =
[/}
Q
7]
<
[e]
=]
™
o
S
._
<

0.00 0.01 0.02 0.03 0.04 0.05

Time (s)

Figure 2. Changes in fluorescence of the spectral probe
Trp during Ca* titrations (A) and Ca** dissociation rates
(B) of the following troponin (Tn) C mutants in solution
at 15°C: F29W (O0), M82Q/F29W (A) and NHdel/F29W TnC
(@)

Each titration curve represents the average of 3-5 measurements
fitted with the logistic sigmoid function. Each dissociation trace
represents an average of at least five traces fitted with a single
exponential equation. Ca’* dissociation traces are displaced
vertically for clarity. pCas, = pCa resulting in 50 % of maximum
fluorescence change and ny = Hill coefficient.

J. Physiol. 545.3

produced an ~1.8-fold decrease in Ca*" sensitivity of force
(Fig. 3B). These shifts were qualitatively the same and in
the case of NHdel TnC quantitatively similar to the shifts
of pCas, in the Ca®* titrations measured in solution (Fig. 2A).
These data clearly demonstrate that the M82Q or NHdel
induced increase or decrease in the Ca** affinity of TnC in
solution resulted in a corresponding increase or decrease
in the Ca’" sensitivity of isometric force in reconstituted
muscle fibres, respectively.

A .
0.8
HEndogenous TnC
Ca;,=6.04, n=4.3
_06 PLas0 M
e @rTnC
04 | pCa;,=6.01, n,;=3.9
[OF29W TnC
02 pCa;,=5.94, n=3.4
0 . . : : :
7.0 6.5 6.0 55 5.0 45 4.0
pCa
B | =
0.8
AM82Q/F29W TnC
06 1 pCa;=6.13, n,;=3.1
= CIF29W TnC

0.4 pCasu=5.94, nH=3.4
ONHdel TnC

0.2 1 pCa;,=5.69, n,=3.4

7.0 6.5 6.0 5.5 5.0 4.5 4.0
pCa

Figure 3. Isometric force versus pCarelationshipsin
skinned psoas fibres at 15 °Ciin the presence of
endogenous TnC (m, A), rTnC (@, A), F29W TnC (1, A, B),
M82Q/F29W TnC (A, B) or NHdel TnC (O, B) in standard
solution

Values are means * S.E.M. Mechanical properties were determined
with endogenous TnC before extraction and after reconstitution
with r'TnC or mutant TnC. The force in pCa 4.0 after extraction
divided by the force in pCa 4.0 before extraction in the same fibre
averaged from 0.07 to 0.12. The force in pCa 4.0 after
reconstitution with rTnC or mutant TnC divided by the adjacent
force in pCa 4.0 before extraction averaged from 0.81 to 0.95.
pCas, = pCaat 0.5 F,and ny; = the Hill coefficient.



5
S
S

(7%
i
A
s
=

-

~

3
~

J. Physiol. 545.3

Effect of pre- and post-photolysis force and diazo-2
chelating capacity on relaxation rate

First, the effects of varying the initial Ca’"-activated force
(Fpre/ F10) on relaxation were determined at a constant total
[diazo-2]. Relaxation was induced in fibres at various
values of F,./F,, by varying pCa levels. Typical time courses
of relaxation induced at 4 mMm diazo-2 from three different
values of F,./F,, are shown in Fig. 4A. Elevating [Ca** 4.
increased F,./F,, and concomitantly slowed the time
course of relaxation following photolysis of diazo-2. The

A L0 P
0.8 - O F55pre/F40=0.84
O Fg 4 pre/F40=0.44
0.6
w V Fg 2 prelF40=0.19
d
[
0.4
0.2
0 : : ==
0 50 100 150 200 250 300
Time (ms)
B ..
08 |4 02.0 mM [Diazo]: Fy g p,/F,,=0.85
[19.68 mM [Diazo]: F 4 p,./F,,=0.73
0.6
z V16 mM [Diazo]: Fy g p,o/F,,=0.85
iC
0.4
0.2 1
o ‘ v '—'v‘—'ilill??\]n nr\?
0 50 100 150 200 250 300
Time (ms)

Figure 4. Examples of the effect of relative Ca®*-activated
force and the total concentration of diazo-2 ([diazo-2])
on the time course of relaxation induced by photolysis of
diazo-2 in skinned psoas fibres containing endogenous
TnCat 15 °Cin standard [P;] solution

To emphasize the kinetics of relaxation, force has been normalized
to the extent of relaxation, AF. Thus F,,./F,, was set to 1.0 and
Fooul Figwas set to 0. A, effect of relative force from 0.19 to 0.84
Fyio/ 1o on relaxation rate at constant total [diazo-2] = 4 mm. For
these examples, F,o/F1o = 0.31 at pCa5.5,0.01 at pCa 6.1 and 0.004
atpCa6.2. B, effect of total [diazo-2] at 2-16 mM on relaxation rate
at similar relative force (~0.8 F,../F,(, pCa5.8), where

Fpos/ Fi9 = 0.13 for 2 mm diazo-2, 0.15 for 9.68 mm diazo-2 and
0.38 for 16 mm diazo-2.

Kinetics of relaxation in skinned fibres 893

rate constant k; decreased from a mean value of
44.8+£59s5 ' (n=4)t09.4+ 0957 (n=5)as F,/F,,was
increased from 0.1 to 0.8 by elevating [Ca’*] ... These data
show that at constant total [diazo-2] (4 mM), an increase
in [Ca’]g. and, as a consequence, an increase in the
steady-state force at the onset of relaxation had a significant

effect on the subsequent rate of relaxation.

Because the rate of relaxation could be directly dependent
on the relative concentrations of diazo-2 and [Ca*'].. at
the time of photolysis, a systematic study to determine the
effects of total [diazo-2] on relaxation rate at different initial
forces was undertaken. Examples of diazo-2-induced
relaxation at similar high forces but different levels of total
[diazo-2] are shown in Fig. 4B and demonstrate that at
similar initial force level (~0.8F,./F.,, pCa5.8), the time
course of relaxation became progressively faster as total
[diazo-2] increased from 2 to 16 mM. Similar results were
found when relaxation was induced at low force level
(~0.35F,/F, 0, pCa6.1). The data are summarized in Table 2.
Clearly, the rate of diazo-2-induced relaxation depended
on the total [diazo-2] over the range of 2-16 mM at high
force (pCa5.8) and 0.8—6 mM at low force (pCa6.1).

To assess quantitatively the influence of the capacity of
diazo-2 to chelate free Ca®* on relaxation, the relaxation rates
were plotted as a function of diazo-2 chelating capacity,
defined as [diazo-2] ../ [Ca** ], in Fig. 5. The rate of diazo-2-
induced relaxation increased with diazo-2 chelating
capacity. At constant diazo-2 chelating capacity, the rate of
force decline following photolysis was no longer dependent
on the initial force before relaxation over the range of
0.3-0.8 F,/F, . For all experiments with fibres containing

60 1

open- pCa5.8
lid- pCa6.1
50 | solid-pCa 084 F,, %
~0.36F,, ¥
40 1 ~0.42F,, " ’
a ~0.78 F
\IS 30 4 4.0 ?
o
20 1
® ~030F,,
w{ ©~082F,,
0 ‘ T . T . :
200 1000 1800 2600 3400 4200 5000

Free [Diazo]/Free [Ca27]

Figure 5. Rate of diazo-2-induced relaxation in skinned
psoas fibres containing endogenous TnCat 15°Cas a
function of diazo-2 chelating capacity,
[diazo]c./[Ca**]s., at different relative pre-photolysis
forces

See Table 2 for further details.



5
S
S

(7%
i
A
s
=

-

~

3
~

894 Y. Luo, J. P. Davis, L. B. Smillie and J. A. Rall

endogenous TnC (n = 41), there was no significant correlation
between the rate of relaxation and F,./F,, (r=0.29,
P>0.05; Fig. 6A). In contrast, the diazo-2 chelating
capacity significantly correlated with the rate of relaxation
when the data was fitted with a linear (r = 0.89, P < 0.01)
or exponential relationship (r = 0.88, P < 0.05), as shown
in Fig. 6B. The linear correlation of rate of relaxation with
the total [diazo-2] also was significant but with a lower r
value (0.58) than observed for correlation with chelating
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capacity (0.89). Therefore, diazo-2 chelating capacity, but
not pre-photolysis Ca**-activated force, is an important
controlling factor in the measurement of relaxation
kinetics.

Photolysis of diazo-2 did not induce complete relaxation
under the conditions of these experiments. From the data
givenin Table 2, itis apparent that in general, when F,,../F,
was between 0.3 and 0.8 the extent of relaxation (AF)
induced by diazo-2 photolysis averaged ~85 % of the pre-
photolysis force. AF/F,,. did not depend upon the diazo-2
chelating capacity in the range of 580—4860. The exception
to this conclusion occurred when the relative force was
high (F,./F., = 0.84) and the diazo-2 chelating capacity
was also high (4634). This condition required the highest
[diazo-2] of 16 mM. Under these conditions, the extent of
relaxation was 60 %. This diminished extent of relaxation
may be due to an inner-filter effect occurring at very high
[diazo-2], which diminishes its chelating effect.

For all experiments with fibres containing endogenous
TnC (n = 41), no significant correlation was found between
the rate of relaxation and final, post-photolysis force,
Foos/Fio (r=10.04, P>0.05; Fig. 6C). Multiple linear
regression analysis was utilized to explore further the
possible relationship between the rate of relaxation and
chelating capacity, F,../F, o and F,./F,,. Only the chelating
capacity correlated significantly with the rate of relaxation.
Thus neither the pre-photolysis nor post-photolysis force
influenced the measured rate constants in these experiments,
but the diazo-2 chelating capacity had a significant effect
on the rate of relaxation.

Effect of altered Ca** dissociation from TnC on
relaxation rate

To examine the effects of Ca*" dissociation from TnC on
muscle relaxation, the kinetics of relaxation were measured
in fibres containing endogenous TnC, rTnC or mutant
TnC (Fig. 7 and Table 3). In an attempt to minimize as
much variation as possible, experiments were done at

Figure 6. Rate of diazo-2-induced relaxation in
skinned psoas fibres containing endogenous
TnCat 15 °C as a function of pre-photolysis
force (Fyre/Fa,0), diazo-2 chelating capacity
([diazo-2]¢../[Ca®*];ec) and post-photolysis force
(Fpost/F4.0)

A, the relaxation rate was not significantly correlated
with F,,/Fy,. B, the relaxation rate was significantly
correlated with the diazo-2 chelating capacity. Data
were equally well fitted with a linear relationship,
relaxation rate = 0.0103 + 0.0004 x (chelating
capacity) or with an exponential relationship, relaxation
rate = 45 S*l X (1 _ efk X chelating capacily)) where
k=5.4%10"*+5x 107°. C, relaxation rate was not
significantly correlated with F,./F, . Results in each
panel are from the same fibres (n = 41).
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Table 2. Rates and extent of relaxation induced by diazo-2 at 15°C in skinned psoas fibres
at different relative force, diazo-2 chelating capacity and total diazo-2 concentration
([diazo-2]) in the presence of endogenous troponin (Tn)C in standard solutions

S [diazo-2];,./
g@ [Ca']),,  Total[diazo-2]  F,./F,, F/Fy  (AFIE,,)x10° k; n
= (mM/mM) (mMm) (%) (s)
‘5 High force (pCa5.8)
é\ 579 2.0 0.82 £ 0.02 0.13 £ 0.02 85+ 1 108+ 1.4
. 2800 9.68 0.78 £ 0.03 0.16 + 0.03 80x3 34.6 £ 4.0 5
Ha' 4634 16.0 0.84 £ 0.01 0.35+0.02 58+ 2 48.0+ 3.0
'E Low force (pCa6.1)
S 600 0.8 0.30 £ 0.02 0.05 £ 0.01 84+3 170t 1.4 5
= 2800 3.74 0.42 £ 0.01 0.07 £ 0.02 84+ 5 372125 5
r& 4487 6.0 0.36 + 0.03 0.05 £ 0.01 872 425+ 3.5 4

Diazo-2 chelating capacity, [diazo-2]gee/[Ca* Jge, is calculated from the Fabiato program. F,./F,, is the
pre-photolysis steady-state force divided by the force in an adjacent pCa 4.0 solution. Fy/F.o is the
final post photolysis force as a fraction of the maximum force. AF/F,. is the extent of diazo-2-
induced relaxation (AF = F,.. — F,) as a fraction of pre-photolysis force, (Fy. — Fyou)/Fye. ki, rate
constant of relaxation; 7, number of fibres. Values given as means * S.EM.

nearly constant, intermediate diazo-2 chelating capacities
and in a submaximum pre-photolysis force range where
neither the pre- or post-photolysis force influenced the
rate of relaxation. Fibres that contained endogenous TnC
exhibited similar t,, values for relaxation at constant

diazo-2 chelating capacity (~2800) over the force range
of 0.4-0.8 F,./F,,. The t,), increased ~twofold following
reconstitution with wild-type TnC. This difference between
rTnC and endogenous TnC is probably not due to the
extraction/reconstitution procedure because rTnC produced

1.05

A M82Q TnC

0.70 - t,,=108ms

FIAF

Figure 7. Diazo-2-induced relaxation at 15°Cin
skinned psoas fibres with endogenous TnC, rTnCor
mutant TnCin standard solution 0.35

A, examples of relaxation in fibres reconstituted with rTnC
(O0) or M82Q TnC (A). To emphasize the kinetics of
relaxation, force has been normalized to the extent of
relaxation, AF. Relaxation was induced at similar pre- 0
photolysis force (F/Fio = 0.48 for rTnC and 0.53 for M82Q 50 0 50 100 150 200 250
TnC) and similar chelating capacity (2440 for rTnC and

3238 for M82Q TnC) and resulted in a similar post-

photolysis force (Fpo/Fs0 = 0.08 for rTnC and 0.05 for B 150 -
M82Q TnC) but a slower rate of relaxation in the presence of
M82Q TnC. B, mean half-relaxation time (t,,) values are
plotted as a function of relative force for fibres containing
different forms of TnC. Relaxation was induced at similar
chelating capacities: endogenous TnC () 2880, rTnC (00)
2440,M82Q TnC (A) 3238 and NHdel TnC (Q) 3082. See
Table 3 for further details.

Time (ms)
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Table 3. Kinetics of relaxation induced by photolysis of diazo-2 in skinned psoas fibres that
contain endogenous TnC, rTnC or mutant TnC in standard or low [P;] solution at 15 °C

Standard solution Low [P;] solution

Obs  Sim Obs Sim
FooalFao ke Ty Ty Fore/ Fyo* Foost/ Fao kot ke Ly ty n
(s (ms)  (ms) (s (s (ms)  (ms)

RTnC 0.51+0.05 0.06+0.02 16.8+23 57+6 57 0.55+0.02 0.15+0.02 3.0+04 9.0£08 127+11 127
M82Q 0.54+0.02 0.06+0.01 8.6%0.8 12813 127 0.63£0.03 0.15£0.01 1.5+0.1 55£0.6 251+21 225
NHdel 0.66+0.01 022+0.02 95%0.7 621 47 0.64+0.05 0.20+0.03 3.7+0.411.0£1.6 104+12 118
ENDO 042+0.01 0.07+0.02 37.2+25 281 — 0.60 £0.02 0.16+0.02 3.3+04 9.6+1.0 128+18 —
ENDO 0.78+0.03 0.16+0.03 34.6%+4.0 253 — — — — — — —

=

pre/F4.0

[S2BN0 BN SRRV, BNV, |
[S2309) o) Ne)Y

*Low P;; T F/AF; Obs, observed; Sim, simulated. Relaxation was induced at the following levels of diazo-2
chelating capacity ([diazo-2]g../[Ca**]e.) and [diazo] . (1) for standard [P;] solution: endogenous TnC
(ENDO) (2800, 3.74 m m and 9.68 m m, respectively); rTnC (2440, 4 m m, respectively); M82Q TnC (3238, 4
m m, respectively) and NHdel TnC (3082, 15 m m, respectively) and (2) for low [P;] solution: endogenous
TnC (ENDO) (9800, 2 m m, respectively), rTnC (7800, 2 m m, respectively), M82Q TnC (10000, 1.25 m m,
respectively) and NHdel TnC (8800, 5 m m, respectively). Fy,./F, and F,o./Fy, were determined by dividing
the submaximum steady-state force before or after photolysis of diazo-2 by the force in an adjacent pCa 4.0
normal solution or solution enzymatically scavenged for P. k; = slope of the slow, linear phase of relaxation.
k¢ = rate constant of fast phase of relaxation. t,, = time for force to fall to 50 % of AF, the change in force after
the flash. The force in a pCa 4.0 solution after extraction divided by the force in a pCa 4.0 solution before
extraction averaged 0.04-0.07. The force in a pCa 4.0 solution after rTnC or mutant TnC reconstitution
divided by the force in a pCa 4.0 solution before extraction averaged 0.92—1.05. n = number of fibres. Values
given as mean = s.e.m. Simulations were based on a sequential model of relaxation where k¢, = rate of Ca**
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dissociation from TnC and kc; = rate of crossbridge detachment (see text for details).

a similar force versus pCarelationship (Fig. 3A) and similar
maximum rate of contraction in response to flash photo-
lysis of a caged Ca** (Y. Luo & J. A. Rall, unpublished
observations) as observed in unextracted fibres. The
difference is not due to differences in F,,/F, o Or Fjoq/Fy 0. It
is possible that the difference in the diazo-2 chelating
capacity between the measurements with rTnC (2440) and
endogenous TnC (2800) might, atleast in part, be responsible
for this slowing of relaxation with rTnC. Also, there is the
possibility of a species difference, since the rTnC is derived
from chicken TnC and re-constituted into mammalian
muscle.

Compared to r'TnC, M82Q TnC fibres relaxed more slowly
(Fig. 7A), which resulted in an additional ~twofold increase
in t;, at similar F,./Fy (0.54 versus 0.51), the same Fo./Fy
(0.06) and higher diazo-2 chelating capacity (3238 versus
2440). Thus, this effect is not due to differences in the relative
force or the diazo-2 chelating capacity. This ~twofold
increase in t,, in fibres compares with the ~4.5-fold
decrease in the rate of dissociation of Ca** from M82Q
TnC in solution (Fig. 2B). These results provide direct
evidence that the rate of dissociation of Ca** from TnC can
significantly influence the kinetics of relaxation.

However, the kinetics of relaxation were not significantly
affected in fibres reconstituted with NHdel TnC compared
to those with rTnC (Fig. 7B and Table 3). This result is in
contrast to the observed effect of increasing rate of
dissociation of Ca** from TnC in solution. This result may
be related to some difficulties in the experiments with

NHdel TnC. First, measurements with NHdel TnC were
performed at very high total [diazo-2] to maintain a
certain level of relative force and chelating capacity, because
NHdel TnC produced a rightward shift in the force versus
pCa relationship. The high [diazo-2], through an inner-
filter effect, could lead to a non-uniform uptake of Ca*
across the fibre upon photolysis of diazo-2 and possibly
limits the rate of subsequent relaxation. Second, the
accelerating effect of NHdel TnC on relaxation may be in
the linear phase of relaxation that is not detected under
these experimental conditions. Therefore, in the following
experiments, attempts were made to prolong the linear
phase of relaxation to test this hypothesis.

Effect of altered crossbridge kinetics on relaxation
rate

Crossbridge detachment is proposed to play a role in the
rate of relaxation. Lowering intracelluar [P;] is expected to
slow the rate of relaxation, presumably by decreasing the
crossbridge kinetics via slowing of the P; association step in
the crossbridge cycle (Millar & Homsher, 1990; Nencini et
al. 2000). Compared to the standard solution, low
[P;] increased both maximum isometric force
(FEyogowpiy/Fao=1.12£0.03, n=4) and submaximum
isometric force (i.e. increased fibre Ca** sensitivity). Thus
in the presence of low [P;], relaxation from a given relative
force was induced in diazo-2 solutions containing higher
pCa levels than in the standard solution. This led to a
significant increase in the diazo-2 chelating capacity in the
millimolar range of total [diazo-2]. But even at higher
chelating capacity (8000-10000 versus 2400-3300 for
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standard [P;] solution), low [P;] still slowed relaxation and
produced two distinct phases of relaxation, a slow linear
phase followed by a fast exponential phase. As shown in
the example in Fig. 84, reducing the [P;] produced a slow
linear phase and a decreased rate of the exponential phase
even though the chelating capacity was higher in low [P}]
(~9800) than in the standard solution (2800). On average,
low [P;] decreased both slow (k,) and fast (k;) rate constants
of relaxation, resulting in an increased t,, from 26.2 + 1.6 ms
(n=10) to 127.6 £ 16.0 ms (n = 5; Table 3). This significant
effect of low [P;] on relaxation, compared to the small
effect on the maximal contraction rate (10—15 % decrease)
induced by flash photolysis of a caged Ca** (Y. Luo & J. A.
Rall, unpublished observations), indicates that the rate of
relaxation is more sensitive to the change in [P;] than the
rate of contraction.

The distinct slow and fast phases of relaxation in low [P;]
provide a good model with which to study potential relaxant
factors, especially the factors that are thought to speed up
the slow phase, such as an increased rate of dissociation of
Ca’" from NHdel TnC.

Figure 8. Diazo-2-induced relaxation at
15°Cin skinned psoas fibres containing
endogenous TnC, rTnC or mutant TnCin
standard or low [P;] solution

To emphasize the kinetics of relaxation, force has

been normalized to the extent of relaxation, AF.

A, examples of relaxation induced by photolysis of
diazo-2 in fibres containing endogenous TnCin

standard and low [P;] solution. Standard [P;]

solution: chelating capacity of 2800,

Fpe/Fio = 0.44 and F,oy/F, o = 0.04. Low [P;]

solution: chelating capacity of 9800,

Forel Fyo = 0.61 and F,,4/F, o = 0.17. B, effects of
endogenous TnC, rTnC or mutant TnCs on

relaxation in low [P;] solution. Relaxation was B
induced at a similar pre-photolysis force

(Fyre/ F1o = 0.61 for endogenous TnC, 0.63 for
rTnC, 0.58 for M82Q TnC and 0.72 for NHdel
TnC) and similar diazo-2 chelating capacity (9800
for endogenous TnC, 7800 for rTnC, 10 000 for
M82Q TnC and 8800 for NHdel TnC) and
resulted in similar values of post-photolysis force
(Fpos/ F10 = 0.17 for endogenous TnC, 0.15 for
rTnC, 0.13 for M82Q TnC and 0.16 for NHdel
TnC) but dramatically different relaxation rates.
Seelegend to Table 3 for further details.

FIAF

FIAF
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Effect of altered Ca®* dissociation from TnC and
crossbridge kinetics on relaxation rate

The effects of Ca*" dissociation from TnC on relaxation
kinetics were further examined in the presence of low [P;].
Relaxation was induced in fibres containing endogenous
TnC, rTnC or mutant TnC under conditions of similar
FpdFip (0.55-0.64), Fpu/Fio (0.15-0.2) and diazo-2
chelating capacity (8000-10000) in low [P;]. As shown in
the examples in Fig. 8B and the average results in Table 3,
low [P;] produced two phases of relaxation: a slow linear
rate k;: 3.3 + 0.4 (F/AF) s™' and a fast exponential rate kg
9.6 £0.9s™' (n=>5) in fibres with endogenous TnC. The
kinetics of relaxation were not significantly changed
following reconstitution with rTnC. However, M82Q TnC
further slowed relaxation with an ~twofold decrease in the
linear and exponential rates which resulted in an ~twofold
increase in t, compared to rTnC. This result is almost
identical to the ~twofold increase in t,,, with M82Q TnC
observed in standard [P;] solution. Thus when decreased
Ca*" dissociation rate (M82Q TnC) and decreased cross-
bridge kinetics (low [P;]) were combined, the effect was
cumulative since the average t,,, was increased by ~fourfold.

Flash
1.1 ‘
1.0 s.w.‘l
0.9 1
0.8 1
0.7 [lLow P;: pCa6.8/2mM Diazo-2
06 | k.=2.8 (F/AF)s™, k=11s", t,,=130ms
05 OsStandard P;: pCa6.1/3.74mM Diazo-2
0.4 1 k=32s1, t,,=31ms
0.3 -
0.2 1
0.1 1
4100 0 100 200 300 400 500 600 700 800
Time (ms)
BMEndo: k.=2.8 (F/AF)ls, k=11s"

Flash t,,=130ms
117 OrTnC: k,=2.6 (FIAF)is, k=9s""
1.0 t,,=145ms
0.9 AMB2Q: k,=1.5 (FIAF)s, k=5s"
0.8 t,.=257ms
0.7 ONHdel: k,=4.0 (F/AF)/s, k=13s1
0.6 1 t,,=100ms
0.5
0.4
0.3
0.2
0.1

0 T T T T T T — T 7 y
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Time (ms)
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Consistent with the insignificant effect of NHdel TnC on
relaxation observed in standard [P;] solution, after low [P;]
slowed relaxation, NHdel TnC still did not significantly
speed up relaxation. Fibres containing NHdel TnC exhibited
on average an ~20 % shorter, but not significantly different,
ty, for relaxation compared to fibres with rTnC. Thus,
these results showed that decreasing the rate of Ca’*
dissociation from TnC and the crossbridge kinetics either
independently or simultaneously could dramatically slow
relaxation. In contrast, increasing the rate of Ca** dissociation
from TnC did not speed up relaxation significantly even
after relaxation was slowed.

Table 3 also gives a comparison of the kinetics of relaxation
in the presence of mutant or rTnC under standard and low
[P;] conditions. It is apparent that low [P;] increased the ¢,
of relaxation by ~twofold for each exchanged TnC when
compared to its own standard [P;] control. Thus, relaxation
can be slowed by slower crossbridge kinetics and/or slower
Ca** dissociation from TnC.

These results have been simulated assuming a simple two-
step sequential model for muscle relaxation where Ca**
dissociates from TnC at a rate of kc,, which then allows
myosin to dissociate from actin at a rate kcg, which causes
relaxation. Using this model, in order for slower Ca*
dissociation or slower crossbridge kinetics to both slow
relaxation k¢, and kcp must be similar. Interestingly, when
kco = ke = 30 571, the simulated t,,, of relaxation matched
the observed results for rTnC containing fibres in standard
solution (57 ms; Table 3). Based on solution studies (Fig. 2B),
relaxation in mutant TnC-containing fibres was simulated
by slowing kc, by fourfold (M82Q) or increasing k¢, by 1.5-
fold (NHdel). Furthermore, slowing ke by fourfold
simulated relaxation in low [P;] conditions, since low [P;]
conditions slowed relaxation to a similar extent as did
M382Q TnC under normal [P;] conditions. As can be seen
in Table 3, the simulated t,,, of relaxation for the different
TnC mutants and [P;] conditions match closely the observed
experimental values. Thus, in the fibre the rate of Ca**
dissociation from TnC may be similar to the rate of
crossbridge detachment under normal [P;] conditions.

DISCUSSION

Utilization of diazo-2 to investigate the kinetics of
relaxation in skinned muscle fibres

Diazo-2 has distinct advantages in the study of rapid, non-
diffusion-limited relaxation in skinned muscle fibres, but
it also possesses certain disadvantages that must be
recognized. Flash photolysis of diazo-2 induces an ~30-
fold increase in Ca’* affinity within a few milliseconds. The
rapid change in affinity and convenience of use in skinned
fibre experiments are major advantages. The dis-
advantages relate mainly to the relatively small increase in
affinity of diazo-2 upon photolysis and the fact that the
rate of relaxation is dependent on [diazo-2] in its readily
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useable concentration range. Because of the relatively small
increase in diazo-2 affinity upon photolysis, relaxation is
incomplete and the final post-photolysis force is greater
when the pre-photolysis force is greater (see Table 2). Thus
it is necessary to work at submaximum forces and to
demonstrate that the results are not dependent upon the
specific pre- and post-photolysis forces. Also, the rate of
relaxation depends upon the diazo-2 chelating capacity
(Fig. 6B) and thus this parameter must be held relatively
constant. Itis not clear whether a saturating rate of relaxation
was achieved at any value of diazo-2 chelating capacity in
the present experiments (skinned psoas fibres at 15°C)
since the data in Fig. 6B could be equally well fitted with a
linear or an exponential relationship. A consequence of
this limitation is that the absolute rate of relaxation cannot
be readily compared to results generated at other diazo-2
chelating capacities or using other techniques. Nonetheless,
it is possible to deduce meaningful conclusions with regard
to the effects of experimental perturbations on relaxation
rate using diazo-2 when: (1) the diazo-2 chelating capacity
is relatively constant and (2) pre- and post-photolysis
force do not affect relaxation rate. These conditions were
established in the current experiments.

Summary and implications of results

Experiments were designed to test whether relative force,
rate of dissociation of Ca®* from TnC and/or the cross-
detachment rate influence the kinetics of relaxation in
rabbit skinned psoas fibres. First, the effect of pre-photolysis
Ca’**-activated force on relaxation rate could be eliminated
by maintaining a constant diazo-2 chelating capacity.
Second, at similar levels of pre- and post-photolysis force
and diazo-2 chelating capacity, decreasing the Ca*
dissociation rate from TnC with M82Q TnC produced a
slower relaxation with an ~twofold increased t,,, compared
to control under both standard [P;] and low [P;] conditions.
But increasing the rate of Ca** dissociation from TnC with
NHdel TnC did not significantly speed up relaxation in
either standard [P;] or low [P;] conditions. Third, after
ruling out influences of pre-photolysis Ca**-activated force,
post-photolysis force and diazo-2 chelating capacity,
decreased crossbridge kinetics due to reduced intracellular
[P;] resulted in an ~twofold increase in f,,,. Similar slowing
effects due to low [P;] on relaxation also were observed in
fibres containing M82Q TnC, NHdel TnC or rTnC.

Ca’" sequestration is presumably a rate-limiting step for
relaxation in intact fibres (Hou et al. 1991). However
photolysis of diazo-2 appears to take up Ca** considerably
faster than the intact SR, as suggested by the fact that
diazo-2 induced relaxation in intact fibres shortens the
slow phase of relaxation and thus speeds up relaxation
(Lannergren & Arner, 1992). The finding that the rate of
relaxation induced by diazo-2 is dependent on diazo-2
chelating capacity indicates that the Ca** uptake by diazo-2
can also be rate limiting for relaxation in skinned fibres.
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Furthermore, the observation of distinct slow and fast
phases in skinned fibre relaxation in low [P;] conditions, as
seen in intact fibres, suggests that the mechanism of
relaxation is likely to be fundamentally similar for both intact
and skinned fibres. Thus the kinetics of relaxation can be
studied in skinned fibres with the aid of diazo-2. Using this
method, Ca’" uptake can be controlled quantitatively by
the diazo-2 chelating capacity, which enables exclusive
investigation of the rate-limiting effects on the relaxation
of [Ca**] g per se, Ca** dissociation from TnC and cross-
bridge detachment without the confounding influence of
Ca** sequestration by the SR.

Effect of Ca**-activated force on relaxation rate

With regard to the effect of relative force or [Ca®*] .. on the
rate of relaxation, previous studies have reported conflicting
results. The rate of relaxation induced by diazo-2 was
slower when the pre-photolysis force or [Ca*']g.. was
increased in frog or rabbit fast-twitch skeletal muscle
(Wahr & Rall, 1998; Patel et al. 1998). In contrast, the rate
of relaxation was little affected when [Ca*']p.. was
decreased by rapid solution change in single frog or rabbit
fast-twitch myofibrils (Tesi et al. 2002). The present results
indicate that the pre-photolysis force or [Ca’]g.
dependence of relaxation rate in the diazo-2 experiments
can be eliminated by maintaining the diazo-2 chelating
capacity constant. Thus, the current results are in agree-
ment with those of Tesi et al. (2002). This finding can be
readily interpreted with a two-state model (Brenner,
1988), in which the transitions between detached, non-
force-generating crossbridges and strong, force-generating
crossbridges are simplified as first-order reactions with
attachment (f,,,) and detachment (g,,,) rate constants,
respectively. f,,, is thought to be a function of [Ca®'], but
Zapp is NOt. If skeletal muscle relaxation is dominated by g,
then the rate of relaxation should not exhibit a strong Ca**
dependence. In addition, in skeletal muscle, Ca** binding
to TnC does not show a strong dependence on the attach-
ment of cycling crossbridges (Li & Fajer; 1998; Martyn et
al. 1999), although an earlier study showed that the Ca**
affinity of skeletal TnC increased as the number of bound
crossbridges increased (Guth & Potter, 1987). Consistent
with these suggestions, we conclude that the rate of diazo-
2-induced relaxation is independent of pre-photolysis
force or [Ca**]4.. at constant diazo-2 chelating capacity.

Effect of altered Ca** dissociation from TnC on
relaxation rate

The finding that decreasing the Ca®* dissociation rate from
TnC with M82Q TnC slowed relaxation both under
control conditions and when low [P;] slowed relaxation
provides the first direct evidence that Ca** dissociation
from TnC can dramatically influence the kinetics of
skeletal muscle relaxation. However, increasing the Ca®*
off-rate from TnC with NHdel did not significantly speed
up relaxation in either control or after low [P;] slowed
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relaxation. One possible explanation for this negative result
is that the observed increase in the rate of dissociation of
Ca®* from NHdel TnC in solution was only ~1.5-fold,
whereas the decrease for M82Q TnC was substantially
larger at ~4.5-fold. Another possibility is that the Ca**
dissociation rate from TnC and crossbridge detachment
kinetics may be tuned close to each other to limit the rate of
relaxation in skeletal muscle fibres. In this case, the
accelerating effect on relaxation of the increased Ca®*
dissociation rate from NHdel TnC, if any, would be
dampened by the rate limit of crossbridge detachment
kinetics. Results from simulations of the data with a two-
step sequential model of relaxation are consistent with this
conclusion. However, studies have shown that cardiac Tnl
phosphorylation with #-adrenergic stimulation accelerates
relaxation, presumably through the effect of increasing the
rate of Ca** dissociation from TnC (Zhang et al. 1995,
Fentzke et al. 1999). Thus, if this is the case, it may point
out important differences in TnC Ca** binding between
skeletal and cardiac muscle.

Effect of altered crossbridge kinetics on relaxation
rate

The present finding that low [P;] slowed relaxation is in
agreement with the results of Nencini et al. (2000) but in
disagreement with the results of Mulligan et al. (1999).
Nencini et al. (2000) found that decreased [P;] with the
same P; scavenger as used in the present study prolonged
and slowed the linear phase but did not affect the fast
exponential phase of relaxation in skinned single myo-
fibrils from rabbit psoas muscle using fast solution
exchange to rapidly lower [Ca**]g... In contrast, Mulligan
et al. (1999) showed that reducing [P;] using a different P;
scavenger, sucrose phosphorylase + sucrose, did not
significantly affect the slow phase but sped up the fast
phase of relaxation induced by photolysis of diazo-2 at
constant total [diazo-2] =2mmMm in frog skinned fast-
twitch skeletal fibres. The discrepancy between the results
obtained in the present study and those reported by
Mulligan et al. (1999) may be explained by differences in
experimental conditions, such as the different animals,
different temperatures and different P; scavengers used.
The Michaelis constant for P; is in the micromolar range
for the purine NP, but in the millimolar range for sucrose
phosphorylase (Mieyal & Abeles, 1972; Brune et al. 1994).
Thus, the purine NP is able to buffer the intrafibre [P;]
generated from the fibre ATPase to submicromolar
concentrations, but sucrose phosphorylase can only reduce
[P;] to the level of hundreds of micromolars. Another
possible explanation may be related to the diazo-2 chelating
capacity. As shown in the present study, chelating capacity
is an important controlling factor in diazo-2-induced
relaxation. The observation of an accelerating or slowing
effect on relaxation with the P; scavenger could be related
to mismatches in the diazo-2 chelating capacity. It is
possible that reducing [P;] (to ~100 xM) led to an increase
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in the diazo-2 chelating capacity at constant total [diazo-
2], due to a leftward shift in the force versus pCa relation-
ship, which would consequently cause the acceleration of
relaxation as observed by Mulligan et al. (1999). However,
a larger reduction in [P;] (to ~5 #M) might have a more
dramatic effect on relaxation, which would cause a slower
relaxation, as observed in this study. Since the influences of
chelating capacity and relative force have been ruled out in
this study, the slowing of relaxation in low [P;] must be a
real effect.

The observation of slower relaxation in low [P;] solution
has a significant implication for the possible pathway
undergone by crossbridges during muscle relaxation. After
diazo-2 photolysis, fibres could undergo relaxation via
forward crossbridge transitions through the P; release step,
as in contracting muscle (forward path), or alternatively,
the force-bearing crossbridges could relax by a reversal of
the crossbridge transitions involving the P; association step
(backward path). If a forward path was predominant, then
reducing [P;], in favour of P; release, would speed up
relaxation. Otherwise, low [P;] would be expected to slow
relaxation by slowing the P; association step, if a backward
path is involved. The present observation of the slowing of
relaxation in low [P;] suggests that relaxation may undergo
through a backward path in fast-twitch skeletal muscle. In
conclusion, low [P;] slows the kinetics of crossbridge
detachment and in turn slows the rate of relaxation in
skeletal muscle.

In summary, the rate of diazo-2-induced relaxation in
rabbit skinned psoas fibres increases as the diazo-2 chelating
capacity is increased, but is independent of pre- and post-
photolysis Ca**-activated force at constant diazo-2
chelating capacity. These data are consistent with the
working hypothesis that the kinetics of relaxation in fast-
twitch skeletal muscle can be modulated by the rate of Ca**
dissociation from TnC and the kinetics of crossbridge
detachment. More direct evidence comes from the
observations that decreasing the rate of Ca** dissociation
from TnC and the kinetics of crossbridge detachment
either independently or simultaneously can dramatically
slow relaxation. Thus, the present results suggest that both
processes of Ca** dissociation from TnC and crossbridge
detachment can dramatically affect the rate of relaxation in
fast-twitch skeletal muscle.
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