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Evidence That Cross-Bridge Detachment Is Slower than ATP Birding

Robert Stehle;# Corinne Lionné Franck Traver§,and Tom Barmah

INSERM U128, IFR24, 1919 route de Mende, 34293 Montpellier Cedex 5, France, and Department of MeBétatiology,
University of Kdn, Robert-Koch-Strasse 39, 50931 1KoGermany

Receied March 1, 2000; Rased Manuscript Receed April 24, 2000

ABSTRACT: The kinetics of the tryptophan fluorescence enhancement that occurs when myofibrils (rabbit
psoas) are mixed with Mg-ATP were studied by stopped-flow in different solvents (water, 40% ethylene
glycol, 20% methanol) at 4C. Under relaxing conditions (low €8 in water ¢« = 0.16 M, pH 7.4) and

at high ATP concentrations, the transient was biphasic, givikitfia.x of 230 s'1 and aks!o% . of 15 s71.

The kinetics of the two phases were compared with those obtained by chemical sampling/tiéiilg [

ATP and quenching in acid {Burst experiments: these give unambiguously the ATP cleavage kinetics),

or cold Mg-ATP (cold ATP chase: ATP binding kinetic&fl°¥ is due to ATP cleavage, as with S1.
Interestingly kfastis slower than the ATP binding kinetics. Instead, this constant appears to report ATP-
induced cross-bridge detachment from actin because (1) it was identical to the fluorescence transient
obtained on addition of ATP to pyrene-labeled myofibrils; (2) when the initial filament overlap in the
myofibrils was decreased, the amplitude of the fast phase decreased; (3) there was no fluorescent
enhancement upon the addition of ADP to myofibrils. This is different from the situation with S1 or
actoS1 where there was also a fast fluorescent ATP-induced transient but whose kinetics were identical
to those of the tight ATP binding. To increase the time resolution and to confirm our results, we also
carried out transient kinetics in ethylene glycol and methanol. We interpret our results by a scheme in
which a rapid equilibrium between attached (AMTP) and detached (MATP) states is modulated by

the fraction of myosin heads in rigor (AM) during the time of experiment.

There is general agreement that in muscle contraction the Transient enzyme kinetics are studied principally by two
chemical energy provided by the myosin head ATPase is techniques: optically by stopped-flow and chemically by the
converted into a cyclic interaction of this molecular motor rapid quench flow method. With the myofibril, rapid quench
with actin 1—3). A key problem in understanding this flow has been the method of choice for two reasons. First,
chemomechanical transduction is to correlate the different optical methods are difficult with turbid systems such as the
myosin ATPase intermediates with their actin-binding prop- myofibrils. Second, provided that a suitable analytical method
erties, but despite intensive investigations there remainis available, with the rapid flow-quench method, one can
several outstanding questions. Here we focus on the couplingmeasure unambiguously the rates of formation and decom-
between the myosin ATPase and actoyosin interactions  position of a given chemical entity. This method is particu-
during the initial steps of myofibrillar ATPase. larly useful when coupled with the use of radioactive

A way to approach the problem is to work with myofibrils ~ Substrates which ensures high specificity and sensitivity.
because with these both mechanic4) § and transient Thus, with myofibrils most quench flow studies involve
chemical kinetic experiments6¢9 and references cited [y-*PJATP and the measurement 8ff]R.! However, the
therein) are possible. The myofibril is a structurally organized use of f-3?P]JATP suffers from the disadvantage that to keep
system: it is the functional contractile unit of muscle that the signal-to-noise ratio high, thg-f2P]JATP to myosin head
appears to be fully regulatetidand references cited therein). molar ratio must be less than 20:1 which means that the ATP

Further, their mechanical properties are very similar to those concentration is limited to less than 0.2 mM as it is difficult
of muscle fibers ). technically to work at high concentrations of myofibrils. This

is well below the ATP concentrations needed to saturate
certain of the processes on the myofibrillar ATPase and, of
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course, those used in mechanical studies (several millimolar).Scheme 1
Further, we do not have a method for investigating cross-
bridge detachment rates in native myofibrils.

Experiments at high ATP concentrations are possible with
the stopped-flow method. Further, this method is less and the myofibrils were immediately washed by two
laborious and expensive in material than the rapid quenchcentrifugation steps (10 min at 30§@t 4 °C). The steady-
flow method. There are two studies in which the myofibrillar state ATPases in the presence of Car EGTA for pyrene-
ATPases have been studied optically. One is due to Ma andlabeled myofibrils were the same as for the unlabeled
Taylor (8), who attached the fluorescent pyrinyl group to myofibrils (results not shown).
myofibrils. Upon the addition of ATP to pyrene-labeled Myofibrils of different sarcomere lengths were prepared
myofibrils, there was a low but significant increase in from fiber bundles mounted to wooden sticks that had been
fluorescence, and it was possible to study the kinetics of this left overnight in rigor buffer (0.1 M K-acetate, 5 mM KCl,
by stopped-flow at millimolar concentrations of ATP. 5 mM EDTA, 50 mM Tris-acetate, 1 mM DTT, pH 7.4)
Previous work with pyrene-labeled actin in actoS1 had shown according to the method of Knight and Trinick1). The
that the pyrene group reports actoS1 dissociation with mean sarcomere lengths were determined before the experi-
kinetics directed by the ATP binding proces$l(and ments from 16-20 myofibrils using a Normaski microscope
references cited therein). Ma and Taylor interpreted their (Nikon Microphot equipped with a 100 objective).
results accordingly; however, there is uncertainty as to the Immediately before experimentation with myofibrils, any
location of the pyrene group in the multiprotein myofibril. aggregates were removed by filtration through a polypro-

The other study is due to Whitg)(and is based on the ~Pylene filter of 149um pore openings (Spectra Mesh,
intrinsic fluorescence properties of the myofibril. It had been Spectrum Medical Industries, Inc., Laguna Hills, CA). The
known for a long time that when ATP is added to S1, there concentration of myosin heads was measured by the absorp-
is an enhancement of tryptophan fluorescence which has beedion at 280 nm £2). _
exploited to study the transient kinetics of the initial steps  Ethylene glycol and methanol (analytical grade) were from
of the ATPases of S1 and actoSP{17). White (7) showed ~ Merck, Darmstadt, Germany, ang-}PJATP was from
that upon mixing manually myofibrils with ATP in a Amgrsham International. The sources of the other chemicals
fluorometer, there was an enhancement of tryptophanare in Herrmann et al20) and Lionne et al.Z3).
fluorescence. Because of the slow mixing technique, the Experimental BuffersThe basic buffer was 0.1 M K-
experiments were limited to low ATP concentrations, so the acetate, 5 mM KCI, 5 mM Mg-acetate, and 50 mM Tris
kinetics of the enhancement were interpreted as a reflection2djusted to pH 7.4 at 20 with acetic acid with or without
of the ATP binding process. This pioneering work encour- 40% (v/v) ethylene glycol or 20% methanol. For experiments
aged us to undertake a detailed transient kinetic study thatin the absence of Ga, the buffer contained 2 mM EGTA;
exploits the ATP-induced tryptophan fluorescence changesthese conditions are referred to as “relaxed”. For those in
in myofibrils by stopped-flow, a study that was made possible the presence of Ca (“activated”), it contained 0.1 mM
by the availability of a high-quality fluorescence stopped- CaCh. . _
flow apparatus. The aims of our work were as follows: first, ~ Rapid Flow-Quench ExperimenfBhese were carried out
to identify the step(s) that contribute(s) to the fluorescence in @ home-built, thermostatically controlled rapid flow-
enhancement and thereby develop further methods to studyduénch apparatug4). This is a point by point method in
the initial steps of the myofibrillar ATPase; second, to allow Which reaction mixtures are quenched at timeand the
for experiments at high ATP concentration on native (chemi- quenched reaction mixtures analyzed. It has been used with
cally unmodified) myofibrils; and finally, to provide a model ~Myosin, actomyosin, and myofibrillar ATPases under dif-
for kinetic studies on precious preparations such as biopsiesferent sets of conditions. Here we carried out two types of
(e.g., from patients suffering from familial hypertrophic —€xperiment with S1 and myofibrils, and as a first approach,
cardiomyopathy) or genetically engineered material. A We interpreted our data by Scheme 1 where M represents

K, ka k3 ka
M + ATP == M.ATP === M*ATP =— M+**ADP.Pi —> M + ADP + Pi
ks ks

preliminary report of this work has been present&8).( myosin heads with or without actin.
In cold ATP chase experimentie reaction mixtures (S1
MATERIALS AND METHODS or myofibrils plus [-*?P]JATP) were first quenched in a large

excess (330-fold) of unlabeled ATP in the apparatus,

Myofibrils, S1, and ChemicalsS1 was prepared as in jncubated on ice for 3 min, and then finally quenched in
Biosca et al. 19) and used within 2 days. Myofibrils were 2294 trichloroacetic acid- 1 mM KH,PQ,, and32P[R] was
prepared from rabbit psoas muscle as in Herrmann e2@)l. (  determined by the filter paper method of Reimann and
and stored at 4C up to 3 days in storage buffer (0.1 M Umfleet @5). Since in Scheme 1 step 2 is essentially
K-acetate, 5 mM KCI, 2 mM Mg-acetate, 50 mM Tris- jrreversible, one obtains a single exponential transient phase
acetate, 1 mM DTT, pH 7.4) to which 2@g/mL sodium  of tight binding of ATP of kineticskeps = ko[ATP]/(Ky +
azide, 10ug/mL PMSF, 2ug/mL leupeptin, and Zg/mL [ATP]) and amplitude equal to the ATPase site concentration.
pepstatin had been added. In P; burst experimentsreaction mixtures are quenched

Pyrene-labeled myofibrils were prepared as described bydirectly in acid, and?P[P] is determined. Here we obtain a
Ma and Taylor 8). N-(1-Pyrenyl)iodoacetamide in dimethyl transient burst phase of Bepresenting enzyme-bound as
sulfoxide was added to myofibrils at a 5:1 molar ratio well as free B of kinetics k/K,)[ATP] at low [ATP] and
(pyrene/actin) and reacted overnight &Cin labeling buffer ks + k_3 at high [ATP].
(25 mM PIPES, 100 mM NaCl, 2 mM Mggll mM EGTA, Fluorescence Stopped-Flow Experimenthese were
pH 7.0). The reaction was stopped by adding 2 mM DTT, carried out in a High Tech Scientific stopped-flow apparatus
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154 failed because despite continuous stirring myofibrils formed
= loose cloudy aggregates in the cuvette. The fast mixing
2 110 4 provided by the stopped-flow apparatus favors a homoge-
g neous dispersion of myofibrils which is necessary for
g 105 4 obtaining reproducible fluorescence signals.
£ Kinetic Data Analysis and SimulationStopped-flow

100 : : : records were fitted directly by the KinetAsyst program of

0 50 100 150 200 Hi-Tech to single or double exponentials which gave kinetic
Time (ms) constants and amplitudes. In the same way, the rapid flow-
15 guench data were fitted by GraFit (Erithacus Software) or
9:% b Sigmaplot (Scientific Graphing Software). The dependences
2 10 of kopsON the ATP concentration were generally hyperbolic
§ and fitted, with the same programs, to the functikgs(max
S 5 x [ATP])/(Kos + [ATP]). The meaning oKy s depends on
3 the type of experiments.
2 o Simulations, carried out with Microsoft Excel 97, were
o 5'0 o 150 200 based on Scheme 2 witkr = k_/k.. For both these rate

constants, a dependence on the rigor fractior-({f/[M total)

was defined, which was then used in the simulations to
Ficure 1: Analysis of the ATP-induced tryptophan fluorescence ' . .
transients in relaxed myofibrils as observed by stopped-flow at 4 calculatey 'and fractions of dgtached states at tin@sed
°C. (a) Typical records obtained by mixing myofibrils with buffer 0N the fraction of A-M (R) at time t.R was assumed to be
alone (lower trace) or high [ATP] (upper trace). The reaction 1 att= 0 and to decay exponentially with a rate constant of
mixture was 3uM in myosin heads plus 1 mM ATP. The buffer K [ATP]/(K; + [ATP]) to 0 att = . Thus, the chase signal

was 0.1 M potassium acetate, 5 mM magnesium acetate, 2 mM ;
EGTA, and 50 mM Tris-acetate, pH 7.4. (b) Corrected trace was calculated by = R(t). The fluorescence signal (fast

obtained by subtracting the signal without ATP from that with ATP, Myofibrillar tryptophan fluorescence or pyrene signals) was
The curve was fitted to two exponentials: a fast phase of amplitude calculated by [1— R(t)]{k-(t)/[k+(t) + k-(1)]}. The R burst
= 9.1% and kineticsk™ ™t = 136 s and a slow phase of signal was calculated stepwise by~{M** -ADP-P](ti)) =

amplitude= 5.5% and kineticsk™™ sw = 15.3 s'*. For further [A~M*= -ADP-R](t,_;)+ (fluorescencesignaljA~M** -ADP.F] x
details, see Materials and Methods. (t-1)ka(t — ti1) — [A~M** -ADP-P](t_1)k_a(t — ti_1). The
steps following the cleavage were not included in the
simulations, which therefore gave transient kinetics only and
not steady-state rates.

We have already discussed the problems of the quality of
fits and errors §).

Time (ms})

(model SF-61 DX2) which was particularly well adapted to
our UV fluorescence measurements. To measure the tryp-
tophan fluorescence, the excitation wavelength was 295 nm
and emission was 320 nm; for the pyrene fluorescence,
excitation = 365 nm, emission= 399 nm. For each
experimental condition, a series of 32 shots was performed RESULTS
and averaged. Just before an experiment, the fluorescence
of the myofibrillar solution in the stopped-flow cell (without
ATP) was set as 100%. The correction for the dead time of
the apparatus (1.7 ms) was made automatically by the Hi- in the absence of G4, at 4°C.

Tec_h system. ) _ ) o At low ATP concentrations £50 uM), there was a lag
Figure 1a shows typical mean signals obtained by mixing phase in the signal, followed by a burst. As a first ap-

a suspension of myofibrils with buffer with or without ATP. proximation, we ignored the lag, and we fit the burst phase

Merely diluting a suspension of myofibrils with buffer in  ith a single exponential of kinetickys The kinetics of

the stopped-flow cell leads to a small background signal: a poth phases increased with an increase in the ATP concen-

transient increase (about 1% of total fluorescence in the first yration. We note that whereas transient lag phases were

100 ms), followed by a decrease (about 1% in the secondspptained in the fluorescence signals, none was detected in
time range), and a drift due to photobleaching (a decreaseaTp chase experiment£§).

of typically 1-2% per minute). To compensate for these At ATP concentrations= 250 uM, the lag phase was no
artifacts, from each mean signal obtained from experiments|onger observed on the time scale of the experiments. The
in the presence of ATP, a corresponding mean of the pyrst phase became biphasic, and by fitting it to two

background signals obtained at the same experimentalexponentim& we obtained constants for f&&e (&) and slow
conditions but without ATP was subtracted. This difference (kT sow) phases. The ATP dependenceskdP @t and

signal of these means (Figure 1b) was then fitted by either T slow 3re shown in Figures 2c and 2d™ s appears to

one or two exponentials (depending upon the ATP concen-pe independent of the ATP concentration up to 3 mM with
trations) to obtain the kinetic parameters. a value of 15+ 3 s (Figure 2d). This is close to the 18
The amplitude of the fluorescence signals depended on2 s* obtained for the Pourst kinetics ks + k-3 in Scheme
the homogeneity of the preparation. In particular, filtration 1) at 45uM ATP under identical conditions26). The k™™
of the myofibrillar suspensions was important to obtain high tast versus [ATP] dependence fit to an hyperbola, giving a
amplitudes of the fluorescence signal. Attempts to measureKg s of approximately 746t 140uM and a maximum value
fluorescence transients and spectroscopic changes in a fluoroef 230 4 30 s (Figure 2c). These results are summarized
meter by mixing myofibrillar suspensions with ATP by hand in Table 1.

Myofibrillar Tryptophan Fluorescence Enhancement with
ATP in Aqueous BuffeEigure 2a shows transients obtained
by mixing myofibrils with Mg-ATP at various concentrations
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FiIGURE 2: Myofibrillar tryptophan fluorescence transients in water: effects of ATP concentration &nd(@pTransients in the absence
of Ca&* at different ATP concentrations. The reaction mixtures wez®3dn myosin headst ATP at the concentrations indicated. At ATP
concentrations= 250 uM, the transients were biphasic with kinetik&P fastand k™ slow (b) Transients in the presence of&4reaction
mixture: 3uM myosin headst 1 mM ATP); the transient in the inset is an experiment auATP. In both cases, the transients in the
absence of C4 are plotted as dotted lines, for comparison. (c) ATP dependendé® &ft in the presence of Ca (@) and in the absence
of Ca&* [(O) biphasic: k™™ st (O) monophasic ignoring the lagk,,d. The data were fitted to hyperbolas givikd® fast ., and Kqgs,
respectively: with C&, 230+ 30 s? and 740+ 140uM (dotted line); with EGTA, 245+ 20 st and 730+ 130uM (continuous line).
(d) ATP dependence & slowin the absence of Ca Mean value: 14.6- 2.4 s'1. Conditions were as in Figure 1. For fitting procedure,
see Materials and Methods.

Table 1: ATP-Induced Tryptophan and Pyrene Fluorescence Transients in Relaxed Myofibrils and S1: Effect of Solvent and Comparison with
Chemical Kinetics (EGTA, 4C)?

myofibrils S1
signal or process water ethylene glycol methanol water ethylene glycol methanol
tryptophan fluorescence
rapid phase
amplitude (%) 9.541.0) 5.7 &0.4) —4.4 (£0.6) 4 +1) 2.6 @0.2) 4.7 @&0.5)
kT fast «(s79) 230 (£20) 75 @10) 37 @&4) 560 &50) 450 (¢50) 710 @60)
initial slope uM~1s7%) 0.25 0.02) 0.11 £0.02) 0.23 £0.04) 1.1¢0.2) 0.44 ¢-0.05) 1.8 ¢0.3)
slow phase
amplitude (%) 3.240.2) 3.1&0.2) 3.2 &0.5) 17 &2) 10 &2) 12 &2)
KT slow (574 15 (+3) 3.3&0.3) 8 &2) 15 £3) 3.1 ¢0.5) 10 &3)
ratio of ampl (fast/slow) 3.0 1.8 -14 0.24 0.26 0.4
chemical kinetics
ko/Ki (uM~1s71) 1.0 &0.2p 0.22 £0.02) nd 1.040.2p 0.45 0.05) nd
ks +kos(sY) 18 2)° 3.2 (*0.2) nd 16 ¢3)° nd nd
Ks 6.0 0.7y 2.5 (+0.5) nd 1.7 £0.2 nd nd
pyrene fluorescence
amplitude (%) 941) 5(*1) —6 (£1) - - -
K™Y max (S7Y) 210 #20) 71E7) 32 *2) - - -
initial slope gM~1s7%) 0.28 +0.02) 0.11 £0.01) 0.18 £0.05) - - -

aValues are given as means$D) of different sets of experiments and may therefore slightly differ from the results shown in the figures.
Chemical kinetics refer to cold ATP chase and& st experiments. The buffers used are described under Materials and MétRoais. Herrmann
et al. 28).

In the presence of G, tryptophan fluorescence enhance- It is noteworthy that the kinetics of the fluorescent phases
ment also occurred upon the addition of ATP to myofibrils were considerably faster than therBlease kineticskg in
(Figure 2b). However, whereas there was a lag phase andScheme 1) whether or not the myofibrils wereGactivated
an exponential fast phase whose kinetics and amplitude werg1.9 and 0.025 &, respectively 23)]. Further, as the ATP
very similar to those found with relaxed myofibrils, a slow concentration was increased, the total amplitude of the
phase was difficult to interpret, presumably because the fluorescence signal remained constant which suggests that
fluorescence signal was confounded by the myofibrillar the final fluorescence state is independent of the ATP
shortening that occurs under this condition. The ATP concentration (in the range 1M —4 mM).
dependence of the kinetics of the fast phase in the presence Importantly, the initial slope of the dependencekt st
of Ca&" is shown in Figure 2c; it is almost identical to that upon the ATP concentration is only about one-fourttkf
in its absence. Ky, i.e., the second-order binding constant for ATP (respec-
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500 respectively; Table 1), this is further evidence that the fast
fluorescence phase with S1 is a reflection of the ATP binding
kinetics K1, k,, Scheme 1). We note that our estimate for
K™ ™lax (i.€., ko) of 560 st is in good agreement with the
300-400 s found by Johnson and Taylot%) at high ATP

(1 mM) and 5°C, also by tryptophan fluorescence stopped-

S1in Water flow.

0 ‘5 ' ) ! ' ! Thek™ sowis independent of the ATP concentration (not
000 2000 illustrated) at 15 !, close to theky,s= 16 s measured in
(ATPT M) P burst experiments2@). Therefore, as found previously,
the kinetics of the slow tryptophan fluorescence with S1
report the kinetics of the cleavage st&p;+ k_; (formation
of M** -ADP-P,, Scheme 1).

That ATP binding on its own causes an increase in S1
fluorescence is supported by experiments with ADP which
has the same effec2(). Here we find that ADP causes a

400

300

fast -1
(s)

200

kobs

100

300

200 -

fast ,_-1
kobs (s)

100

S1 in Ethylene Glycol

. total fluorescence increase of about 6% (results not il-
0 1000 2000 3000 lustrated), compared to a total of 21% with ATP (binding
(ATP] (M) and cleavage; Table 1). Importantly, with myofibrils, whether
55 Ca&" was present or not, an increase in fluorescence could
- ¢ not be detected upon the addition of ADP (detection limit
;"’ 207 about 0.5%), even in the millimolar concentration range.
gg 1.5 4 o In conclusion, with S1, it appears that the fast tryptophan
£ 04 fluorescence transient reflects directly ATP binding. Also
=] ‘ . .
3 o0 the ratios of the amplitudes of the phases (fast/slow) are very
T 057 , different for S1 and myofibrils (Table 1). Thus, with S1 most
X S1 in Ethylene Glycol . R
0.0 , , , ; , of the fluorescence signal occurs during the slow phase
0 1 2 3 4 5 whereas with myofibrils it occurs during the fast phase.
[ATP] (M) Experiments with Pyrene-Labeled Myofibrils in Aqueous

Ficure 3: Dependences of the fast tryptophan fluorescence kinetics Buffer. Typical fluorescence transients with pyrene-labeled
with S1 on the ATP concentration at’€. For a typical transient,  myofibrils (in the absence of calcium) are shown in Figure
iﬁsfa':;}rg:xri%‘6(8‘1'ggvgtfgggﬁ::‘fsv‘i%r;“‘xt‘fg)tl?] ig%g{ﬁ;’gnge“"“g 4a,b together with tryptophan transients under the same
glycol, kTP fast . = 450 + 50 s andKos = 1 mM. (c) Initial condmons_. At 15uM A'_I'P, _both transients had Iag and burst
ATP dependence df'™ f2st(0) and cold ATP chase kinetic®} phases with similar kinetics. At 2 mM ATP, with pyrene-

in 40% ethylene glycol. The slopes of the dependences were 0.40labeled myofibrils, the transient fits to a single exponential
uM~t s7* for the tryptophan fluorescence and 04K1~* s* for (kP = 160 s3). The tryptophan transient of pyrene-labeled
the ATP chase. myofibrils was biphasic withk™™ fast= 170 s andK™™® slow
=18 s'%. Importantly, unlike the biphasic tryptophan signal,
there was no slow phase in the pyrene signal. The pyrene
label had no significant effect on the kinetics of the
tryptophan fluorescence enhancement (results not shown).

tively 0.25 and .M~ s7%, Table 1). This is different from
the situation with isolated myosin heads which we now
consider.

S1 Tryptophan Fluorescence Enhancement with ATP in
Aqueous BufferUpon the addition of ATP to S1, there is The dependences d{ny an_d k' #upon the ATP
an increase in fluorescence, a phenomenon that has beeﬁ?ncentratlon are ShOW_” in Figure 4c, and as can be seen
studied in several laboratories under different conditidiss (  [NeY are very S'm”?r' With the pyrene fluorescence, we find
17, 19, 27. At high ATP, regardless of the conditions used, thatk™ e = 210 §° an?KO-SZ 430uM. At 20 °C, Ma and
the signal is biphasic, and the kinetics of the initial phase 12Ylor () found 830 s* and 280uM, respectively.
are very rapid and therefore difficult to measure. Here, we  Thus, it appears that the fast tryptophan and pyrene
carried out fluorescence stopped-flow experiments with S1 transients report the same phenomenon, probably cross-
under our conditions (e.g., Figure 8a, top). Our results are bridge detachment as suggested earlier for the pyrene
in agreement with previous work, and we had sufficient time fluorescence signaBj.

resolution to analyze the fast phase. Effect of the Initial Myofibrillar Sarcomere Length on the
At low ATP, the kinetics of the fluorescence signal were Tryptophan Fluorescence Transients in Aqueous Bulffer.
monophasic: transient lag phases were not detected. As thehe fast phase of the tryptophan fluorescence enhancement
ATP concentration was increased, the transient becametransient reports some event at the thin filamrreniosin
biphasic, and we were able to measure the kinetics of thehead interface, then its amplitude should correlate with the
two phases (bursts) by stand k'™ slow, degree of overlap of the myosin and actin filaments. Figure
The dependence & tupon the ATP concentrationis  5a shows tryptophan fluorescence transients obtained with
shown in Figure 3a, and the kinetic parameters obtained aremyofibrils of average sarcomere lengths of 2.5 andi3rf
in Table 1. Since the slope of the dependence is very closeprepared from fiber bundles under slack and prestretched
to that of the ATP chase kinetics (1.1 and LBl s7%, conditions, respectively. The kinetics were very similar for
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Ficure 5: Fluorescence transients obtained at two initial myo-
fibrillar sarcomere lengths, standard (2:%) and prestretched (3.5
um). In (a), the data were fitted to double exponentials: ap2nb
sarcomere length, the amplitude W& fast= 110, kT fast= 120

s L and AT slow = 4094, kTP slow = 11 s at 3.5um sarcomere
Iength,ATrF’ fast— 4%' kTrp fast— 121 S—l andATrp slow — 3%‘ kTrp slow

= 13 s'L. (b) Dependences of the amplitudes of the fat &nd
slow ([d) phases on the initial sarcomere length. The dotted line
represents the fraction of myosin heads overlapping with actin
. filaments calculated from the arrangements of the thick and thin
Ficure 4: Tryptophan and pyrene fluorescence transients of pyrene- fiiaments at different sarcomere lengths given in Woledge et al.
labeled relaxed (EGTA) myofibrils in water at>€. The reaction (54) for mammalian muscle.

mixtures were 3(M in myosin plus 1%M (a) or 2 mM ATP (b).
In (a), both signals were fitted to a single exponential givikag
4.3 s1(Pyr) and 3.8 st (Trp). In (b), the pyrene signal was fitted
to a single exponentiak{y" = 160 s1) and the tryptophan signal
to two exponentialsi{™ fast= 170 s'1, KT slow = 18 s71), (c) ATP

0 T T T T
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at very low ATP concentrations<L0«M) in aqueous buffer
because of transient rigor activation of the myofibrillar
Gopondonce G (8) for pyrene Huorescencl. (at low ATP ATPase. This phenomenon is not observed in the presence
EI)pand kT fast (at high A?%,O) forutrypstophan Il13Isuores¥,vence.'ln of 40.% ethylene glycc_)I, presumably because of the _Strong
each case, the data were fitted to a hyperbola giving respectivelyrelax'.ng effects of this solventlQ and references cited
for pyrene (dotted line) and tryptophan (continuous liRg) max therein).
= 210 + 10 and 220+ 20 s, Kos = 430 £ 70 and 450+ Typical tryptophan fluorescence transients at different ATP
100 uM. : ; e

concentrations are illustrated in Figure 6a. The results are
qualitatively similar to those obtained in water (Figure 2).
The dependences df™™® fast and k™™ slow gn the ATP
concentration are shown in Figures 6b and 6c and the

the two sarcomere lengths; however, it is noteworthy that
the amplitude of the fast phase was much smaller with the
myofibrils of the longer sarcomere length. : .
We show in Figure 5b that the amplitude of the fast parameters obtained in Table 1.
fluorescence transient depends in an approximately linear Taking advantage of the effect of ethylene glycol in
manner on the extent of overlap, as calculated from the decreasing reaction rates, and especially its relaxation effect,
sarcomere length. Therefore, it appears that the myosin head¥ve compared the kinetics of the chemical and fluorescent
which are actin-free (in a nonoverlapping region) participate transients at a low ATP concentration (). The four
little or not at all with the fast fluorescence signal. transients are in Figure 7a: cold ATP chase (ATP binding)
Myofibrils in 40% Ethylene GlycolWe now used another ~ and P burst (cleavage step) kinetics compared with the
approach: solvent perturbation. By this means, we wished kinetics of the tryptophan and pyrene fluorescence enhance-
to slow the kinetic processes, especially those involved in ments. As a first approximation, we fitted the data to a single
ATP binding which were hard to study in water. Finally, exponential of kinetickops i.€., by ignoring the lag (as in
we wished to obtain the kinetic processes under different water, above). We note that the kinetics of the two
sets of conditions to confirm and amplify their differences. fluorescence and;Fourst transients are very similar. In
Because of its extensive use with muscle systems includingparticular, they all have similar lag phases followed by rapid

myofibrils (10 and references cited therein) and its ability
to slow the kinetics of the initial steps of the Mg-ATPase of
S1 and actoS12Q), we first used 40% ethylene glycol as a
perturbing agent. Further, it is difficult to investigate the
myofibrillar transient burst kinetics in flow-quench studies

rises whose kinetics were significantly slower than those of
the ATP chase experiment. At all ATP concentrations tested
(1—15 uM), both fluorescence transients anddarst had
similar kinetics which were significantly slower than those
of the cold ATP chase transients (Figure 7b).
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Ficure 7: Comparison of the kinetics of fluorescence stopped-
flow transients (tryptophan, pyrene) and rapid flow-quench tran-
sients (Pburst, cold ATP chase) with relaxed myofibrils in 40%
ethylene glycol at £C. All the transient data were normalized to
1 to facilitate the comparison. (a) At 0.781 myosin headst+ 7.5

uM ATP, the fluorescence curves are identical for tryptophan and
pyrene and very similar to thg Burst data©). Thekyps Obtained

are in the range of 0.7% 0.1 s! for the three. The data for cold
ATP chase [{) gave akys = 1.75 + 0.2 st. The measured
amplitudes of the transients were 12% (tryptophan signal), 4%
(pyrene signal), 0.7 mol ofifnol of head (ATP chase), and 0.45
mol of R/mol of head (Pburst). (b) Dependences of thg,s on

the ATP concentration for cold ATP chas&)( tryptophan
fluorescence £), pyrene fluorescencev), and R burst ©). The

indicated. (a) Transients recorded at different concentrations of ATP. dependences were fitted by straight lines giving slopes of @2

At ATP concentrations<50 M, the fluorescence enhancements
were monophasic with observed rate conskant At higher [ATP],
they were biphasic and gak&r fastandk™ slow (see Figure 2). (b)
Dependence okqps (low ATP, O) and k™ fast (high ATP, O) on

the ATP concentration. The data were fitted to a hyperbola giving

KT fast x = 75 £ 4 st and Kgs = 570 & 80 uM. (c) ATP
dependence dfTP slow with a mean value of 3.& 0.7 s'%.

S1 in 40% Ethylene GlycoAs in water, the tryptophan

fluorescence transients were biphasic at high ATP concentra

tion with kineticsk™™ fast and k™ slow (Figure 8b).k™™ slow
was independent of the ATP concentration above:80at
3.1 s'%, very similar to the 3.3 ¢ found with myofibrils
under the same conditions.

The dependence &P st on the ATP concentration is

st for the ATP chase, 0.1uM~! st for the tryptophan
fluorescence, 0.10M~1 s71 for the pyrene fluorescence, and 0.10
uM~1 s71 for the R burst. Conditions were as in Figure 1, and for
further details, see Materials and Methods and Results.

shortening but only at temperatures abev2.5 °C (9). In
ethylene glycol, there was neither Taactivation nor
shortening except under special conditiohd) (Further, with
another ATP-handling enzyme, phosphoglycerate kinase,

“‘methanol, unlike ethylene glycol, increased significantly the

substrate affinities30).

In Figure 8 we show the effect of 20% methanol on the
tryptophan fluorescence transients of myofibrils and S1 at a
high ATP concentration. To compare, we also show the
transients in water and 40% ethylene glycol. The transients

shown in Figure 3b (complete dependence: fluorescenceyere biphasic with both systems in all three solvents.

stopped-flow only) and Figure 3c (low ATP concentrations:
stopped-flow and cold ATP chase). A cold ATP chase
experiment was also carried out at 100 ATP, and the
kobs Obtained (50 s, not illustrated) is in good agreement
with the k™ &t dependence. This agreement of i@ fast
with the ATP chase kinetics confirms further that with S1,

However, methanol had the interesting effect of inverting
the signal of the fast phase with myofibrils but not that of
the slow phase. With S1, both phases remained positive. With
myofibrils, the pyrene fluorescence transient was also
inverted by methanol (result not illustrated). The effects of
methanol upon the different transients are in Table 1. To

the fast fluorescence transient reports ATP binding. The summarize: in methanol, as in ethylene glycol and in water,
kine_tic parameters obtained in these experiments are sumMhereas the kinetics of the fast phase of the tryptophan
marized in Table 1. fluorescence enhancement are much faster with S1 than with

Studies in 20% Methanolhe interest of this solvent is  myofibrils, the kinetics of the slow phase are very similar
that its effects upon certain enzyme systems are differentin the two systems. Further, the kinetics of the fast phase of
from those of ethylene glycol. In particular, in it, the myofibrillar tryptophan fluorescence are very close to those
myofibrillar ATPase is activated by €3 and there is of pyrene fluorescence in all three solvents.
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Ficure 8: Comparison of the tryptophan fluorescence kinetics of S1 and myofibrils in different solventCafl#he reaction mixtures
were 3uM in myosin headst 1 mM ATP, both for S1 (top panel) and for relaxed (EGTA) myofibrils (bottom panel). (a) no cosolvent;

(b) 40% ethylene glycol; (c) 20% methanol. To facilitate comparison, the same time scales for both S1 and myofibrils were used. With S1,
the fast phases were too rapid to be clearly seen on the plots. Conditions were as in Figure 1.

DISCUSSION Because of the better time resolution, we refer mainly to
the data obtained in ethylene glycol. These data are quali-
tatively similar to those in water, despite there being little

shortening in ethylene glycolLQ).

Under Results, we present kinetic data concerning the
progression of the myofibrtATP system (with the rigor
complex A—M as the starting material) by following different
signals: tryptophan and pyrene fluorescence by stopped-flow . .
or B production by rapid flow-quench (Burst or cold ATP Cold ATP Chase and Tight ATP Binding
chase experiments). The studies were carried out under

different conditions: large ATP concentration range, with he kinetics of the tight binding of ATP to the myosin heads
or without C&", and with or without organic solvent. OUr (see Materials and Methods): it is a way of obtaining the
aim was, first, to exploit the fluorescence signal observed yinatics of an induced fit process. We have already shown
upon the addition of ATP to myofibrils. Second, it was to hat with myofibrils, whether relaxec2g), activated 26)
interpret the results obtained by a plausible scheme, baseq) .. << linked chen’1icaIIyZO), K., (Schem,e 2)is very smélll,

on prgvious Wprks V\.'ith S1and, especially, actoS1. Finally, as with actoS119, 20 and S1 24). Therefore, we assume
we wished to investigate the coupling between the ATPasethat the chase kinetics are defined entirely Kiyand ko.

e o o, UNOTUTLa. becatse, and e ae <o lage. 1 vis
gy y trying impossible to obtain saturation in the chase kinetics, and

to our experimental results by simulation (see Materials and o T
. . : under the conditions used here, only the second-order binding
Methods). This was not easy, and finally, as discussed below, . . . )
constant,ko/K;, was obtained. Despite the difference in

we chose Scheme 2 which is an extension of Scheme 1 bystartin material (A-M state with myofibrils, M alone with
taking account of cross-bridge dissociation (definedhy. 9 o ’ . L

In an attempt at clarifying the terminology concerning the S1), k?/Kl values fo_r S1 and my?ﬁ'bﬂ are 'f'e”t'ca' within
different states of the myosin heads with respect to actin expenmenta! errorin water (AM~" s = at 4°C, Tatjlle _11)
(rigor, attached, detached, dissociated, associated), in SchemBUt not !dent|cal in ethylene glycol (0.45 and 028" s

2 the heads are eithattachedor detached In particular, ~ 'eSPectively).

with myofibrils, the heads are never “dissociated”, which  In the chase experiments, transient lag phases were not
implies a release into solution, as with actoS1. This is a discerned under any condition used (different ATP concen-
fundamental difference between actoS1 and myofibrils (and trations, solvent composition, temperature) with any material
muscle fibers). In myofibrils, the heads are always in the tested (S1, actoS1, myofibrils). This confirms that the chase
vicinity of the thin filament, even if detached [for further reports an early event on the ATPase pathways. It also shows
arguments, sed)]. In Scheme 2, attached states are indicated that, at least in the millisecond time range, the ATP diffuses

By thecold ATP chasenethod, one measures specifically

by A—M and detached states by~A. rapidly to the ATPase sites in myofibrils as for S, £6).
Scheme 2
Cold ATP chase AF TPfast A Pyr Pi Burst, AF "5
K, ks Kr ks
+ ATP —— A-M.ATP ké A-M*ATP —— A-M*.ATP ?3_ A-M**ADP.Pi |
2 :

"attached states" "detached states''
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Analysis of the Fluorescence Data at High ATP myosin heads out of overlap, the increase of fluorescence
Concentrations due to ATP binding is very small.
] . Finally, upon mixing S1 with ADP, there was an increase

These are the ATP concentrations at which the fluores- of anout 6% in tryptophan fluorescence, suggesting that the
cence curves become clearly biphasic: higher thani@®80  tryptophan fluorescence signal obtained reflects an ADP-
in water and 10Q:M in ethylene glycol. induced isomerization of the myosin head. On the contrary,

(A) Slow Tryptophan Fluorescence Phase and ATP &lea  with myofibrils as with actoS132) there was no change in
age StepBoth in water (Figure 2d) and in ethylene glycol fluorescence upon mixing with ADP, even in the millimolar
(Figure 6¢), the kinetics of the slow tryptophan fluorescence concentration range.
phase are ATP-independent and within experimental error (B, ii) Comparison with ActoSIThree methods, based
identical with either myofibrils or S1 (Table 1). This upon the stopped-flow, have been used to study the interac-
similarity between myofibrils and S1 may mean that with tion of ATP with actoS1 light scattering, fluorescence of
myofibrils ATP cleavage occurs in a detached state A, sensitive tryptophans in the S1, and fluorescence of pyrene-
as first suggested for actoS2)( We discuss this further labeled actin. ActoS1 solutions are opaque, and upon addition
below. Under all conditions, the slow tryptophan fluorescence of ATP, the light scattering decreases because the actoS1
kinetics are close to those obtained at high ATP concentra-dissociates. This method cannot be applied to myofibrils.
tions for ks + k_3 in P, burst experiments (Table 1). In Millar and GeevesX7) showed that the actoS1 dissocia-
addition to other arguments developed below, this means thattion, as measured by light scattering at high ATP concentra-
the slow tryptophan fluorescence signal can be attributedtion, was faster than the tryptophan fluorescence transient

unambiguously to step 3 in Scheme 2. which they propose reports ATP binding, as with S1.
(B) Fast Tryptophan Fluorescence Phatteis clear that ~ Previously, Johnson and Tayldt) showed that there is a
the pyrene AF™" and the fast tryptophanAET™™ fasy change in fluorescence when S1 binds to actin. This confirms

fluorescence signals with myofibrils are kinetically very the work of Biosca et al.19), who showed that in ethylene
similar and therefore appear to report the same phenomenonglycol the kinetics of tight ATP binding (cold ATP chase)
Since with actoS1 pyrene fluorescence perturbation reportswere slower than the dissociation (light scattering).

the dissociationof actoS1 B1), we assume that the fast Pyrene-labeled actin in actoS1 is a sensitive and specific

tryptophan fluorescence signal with myofibrils repottes- probe to study the actinmyosin interface. Geeves et 883
tachment i.e., Ky in Scheme 2. We now compare the showed that upon the interaction of ATP with pyremtoSl
situation in myofibrils with those in S1 and actoS1. there is a fluorescent signal that reports an isomerization of

a ternary actinrS1-ATP complex before a rapid dissocia-
tion. Therefore, with actoS1, pyrene fluorescence and light
P';cattering give the same kinetic3l: they both report the
dissociation process, which is faster than tight ATP binding
as reported by tryptophan fluorescence.

In conclusion, as opposed to myofibrils, with actoS1, at
least at high ATP concentrations, dissociation occurs with
an early A~-M-ATP complex, i.e., before the irreversible
binding of ATP that finally gives the fluorescence signal
when the S1 has been liberated. Further, with myofibrils,

arguments support this difference between the two systems.because of its large _amphtut_je, It is ur_lllkely .that the fast
phase reports a myosin head isomerization: with actoS1, the

First, consider the amplitudes of the fluorescence changeraﬁ0 of the amplitudes of the fast to the slow phase is
in S1 and myOfIbrllS With S1 (aS with aCtOSl), most of the typlcally 1:3 (15, 33 whereas with myOflbrllS itis 3:1, i.e.,

signal reports the ATP cleavage, and the contribution of the g4t 10 times higher than in actoS1. This suggests additional
first rapid phase to the over_aII S'gn‘?il IS 5.“73“'4( 15, 17, rapid tryptophan perturbations in myofibrils that cannot be
present study). In contrast, with myofibrils, it is the fast phase explained merely by an isomerization of S1

that dominates the overall fluorescence enhancement. We These fundamental differences between éctoSl and myo-

cgnr)ot excilude. that a portion of this pha}sg reports ATP finriis are perhaps not surprising because in myofibrils, first,
blnd|ng but if so it would be very sr_nall and d'_ﬁ'cu” to detect. he myosin heads are organized in thick filaments, second,
Thus, if we assume that the amplitude of this putative phase, o actin is regulated, and, finally, actin is not “released”

is related to the amplitude of the slow phase as with S1 i, sojution but remains in the vicinity of the myosin heads
(Table 1), it would represent only about 1% of the total (A~M).
signal. _ _ To summarize, with all three systems (S1, actoS1, and

Second, 20% methanol inverted the polarity of the pyrene myofibrils), there is a fast fluorescence transient upon the
fluorescence and the fast phase of the tryptophan fluorescenc@ddition of ATP. With S1 and actoS1, this transient is a
signal with myofibrils whereas it did not affect the amplitude reflection of ATP binding, but with myofibrils it appears to
of the fast fluorescence signal with S1. report head detachment.

Third, when the initial filament overlap was reduced, the
amplitude of the fast phase decreased (Figure 5), suggestin
that in myofibrils the fast fluorescence signal reflects a
change at the actemyosin interface. The amplitude could We examine here experiments at AR5 uM where both
extrapolate to 0 at 0% overlap. If so, this suggests that with chemical and fluorometric measurements are possible and

(B, i) Comparison with SIWith S1 we also obtained
biphasic tryptophan fluorescent transients at high ATP
concentrations. The fast phase was dependent on the AT
concentrations in a hyperbolic manner (Figure 3a,b) and is
attributed classically to the tight binding of the ATP, i.e., to
the M-ATP=M* -ATP transition (Scheme 1). This situation
is fundamentally different from that with myofibrils in which
we attribute the fast tryptophan fluorescence signal (as the
pyrene transient) to a change in the thin filamen¢ad
interface (A-M*-ATP=A~M*-ATP, Scheme 2). Four

dénalysis of the Fluorescence Data at Low ATP
oncentrations
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thus the kinetics comparable. Kinetically, the situation is The second assumption is that ATP cleavage occurs only
particularly clear in ethylene glycol as illustrated in Figure very slowly when the heads are associated (i.e., in the
7 for experiments at 7.xM ATP. It is noteworthy that ~ A—M*-ATP state): if not, the kinetics of the Burst would
fluorescence (pyrene and tryptophan) and&st experi- be faster than those of the dissociation at low [ATP], which
ments gave similar time courses, a lag phase followed by awas not observed (Figure 7). This assumption agrees with
fast burst phase, and that the kinetics of both are sensitiveearly work on actoS1 in which it was concluded that the
to the ATP concentration. The cold ATP chase gave kinetics of the cleavage step are slower in the associated

unambiguously a kinetic constakRif ATP]/K; = 1.65 s, than in the dissociated stat&€); we discuss this further
which is in the range of the kinetics of the lag phases in the below.
other experiments. Here our key assumption is th&t (k-/k;, with k- =

At low ATP concentrations, we show that the ATP cross-bridge detachment rate constantlanet cross-bridge
dependence of the fluorescence transient kinetics gave lowe@ttachment rate constant) is modulated Riythe ratio of
initial slopes than the ATP binding kinetics (about 1/4 in Myosin heads in rigor to the total myosin heads. Thus, it is
water and 1/2 in ethylene glycol, Table 1 and Figure 7b). assumed thaturing an experiment Kchangesand that this
Unfortunately, we could not compare the saturation kinetics change affects the detachment but not the ATP binding
of the two processes because it is very difficult to carry out Kinetics. At the beginning of an experiment, all heads are in
ATP chase experiments with myofibrils above 100 ATP a rigor state (A-M), soR = 1 andKy is low. As more and
and thus to obtain individual values &6 and K. In more heads bind ATP, the proportion of rigor cross-bridges
Herrmann et al.Z8), we showed that the dependence of the decreases, thereby increaskg It was not possible to derive
chase kinetics was linear up to 451 ATP in water (kinetics ~ the detailed dependence 8f upon R from our results.
40 s'Y), which suggests tha > 200 s. From ATP chase = However, we were able to simulate the results both at high
experiments abw ATP Concentration%)' my0f|br||s and and at low ATP concentrations USing either linear or
S1 have identical values fég/K; (1M~ s2). If we assume  hyperbolic dependences kf andk- uponR (see Materials
that this identity remains dtigh ATP concentrations, then ~and Methods for simulation procedure). To simulate the
we can estimatk, for myofibrils from k™™, for S1: 400~ significant lags observed in the fluorescence transidfs,
500 s'%, which is considerably faster thad® fast . = 230 had to change from<1 atR =1 (t = 0) to>1 atR=0
s'1 (Table 1). We underline that in our experiments with (t = ), with Ky ~ 1 at low fraction of rigor bridgesR =
myofibrils and S1 we used identical experimental conditions 0.1 and 0.3 in water and ethylene glycol, respectively). Using
(here, and for exampl23, 29. hyperbc_:lic dependences, values used Korand k- were

In conclusion then, it appears that with myofibrils the respectively 250 and 30005at R = 0 (t = «) (34), and

chronology of events is as follows: ATP binding faster than 508?( and 23231 e;1tR i I(t = 0). Valyeﬁ_ Obﬂizllil' Ka, ke,
cross-bridge detachment faster than ATP cleavage. This@"dK-s used for the simulations are in Table 1.

chronology is illustrated in Scheme 2 in which, as written, Tg lconglgder,] we can .explr?lin our dsta db%a Fhat ish. h
K+ describes an invariant, rapid equilibrium and the kinetics M0dulated by the proportion of myosin heads in rigor whic

of the cleavage stefd+ k_s) are implicitly independent of changes c!uring an experiment. Different relat.ed phenomena
the ATP concentration. Despite several attempts (e.g., M2 éxplain this dependenceksj upon the fraction of cross-

variants of the model, different values for the constants, etc.): bridges in rigor._ Fi_rst, consider the transient rigor activation
we were unable to fit our data to this situation. The main of relaxed myofibrils that is observed at low ATP concentra-
difficulties are because, first, even at low ATP concentrations, tlonlsd, ebvenhunder Imultl'tAu;rFlover conditior&6( 32' Thus,||t

the ATP-induced cross-bridge detachment rate is significantly could be that at ow .concent'ratlons, t € regu qtory
slower than that of ATP binding (e.g., Figure 7b) and, second, system in the my.Of'b”I remains tranS|eptIy actlv_ateo_l by rigor
the detachment kinetics depend over a significant range Onactlvat|0n, even in the absence of calcium, a situation which
the ATP concentration, becoming very fast at high [ATP] could affectKy and thereby the fluorescence and ATP

(e.g., Figure 6b) but probably not as fast as the ATP binding cleavage kinetics. Accorgjingly, _the similarity of the fluo-
kinetics. Thus, the detachment kinetics cannot be explained"€Scence lag and burst kinetics in the presence and absence

simply by a slow isomerization step after ATP binding nor of Ca* SUQQEStlsthat SH a_ctivatiorj dqes nr?_t changérc.j
by a slow cross-bridge detachment step. Instead, we propos&!OWeVer, it could be that rigor activation s 1S towar

a model that is based upon Scheme 2 and which takesa(:t'r"bc’um.j states more eff_ect|vely than t}aT_Ns would
account the organization of the myofibril. The key to the be compatible with the finding that there is little effect of

; ; ; .~ C&" on the cross-bridge dissociation in the presence of ATP
model is thaKy is modulated by the proportion of the myosin
heads in rigo;. yhe prop 4 for S1 or HMM and regulated actir88, 39 or ATPyS and

GTP for skinned fibers35, 40.
Proposed Model for Cross-Bridge Detachment Second, a shift ifiKy could be explained bigothheads of

myosin having to bind tightly ATP before cross-bridge

Our model (Scheme 2) requires several assumptions. Firstdetachment can occur and that there is some form of

it is assumed that on the time scale of our experiments theinteraction between the heads. This could explain the delay
cross-bridge attachmentetachment step is a rapid equi- of cross-bridge detachment kinetics upon ATP binding.
librium with equilibrium constanKr. There is evidence for Finally, the shift could be due to a change in the structural
this from Schoenberg et al34) and Kraft et al. 85), who arrangement of the actomyosin system in the myofibril, i.e.,
proposed that in skinned rabbit psoas fibers in the presencerom the highly ordered state in rigor to a disordered
of ATP or ATPyS, cross-bridges reversibly detach and orientation of the cross-bridges in relaxed oPGactivated
reattach with rates much faster than the ATP binding kinetics. myofibrils.
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The interest of our model is that it takes account of the pected results concerning the ATP dependences of the steady-
structural organization of the myofibril and, also, any state and transient rates of the myofibrillar ATPases. If at
communication that there might be between the myosin headdow ATP concentrations only the ATP binding were to be
in a thick filament. Further, despite the complexity of these rate limiting for the formation of the AM** -ADP-P, state,
phenomena, the model can be summarized by a simplethenk.o/Kn(ATPase) ko/K; (sincek—, — 0). However, with

kinetic scheme. Cat-activated myofibrils at £#C and ionic strength 0.16
M, kealKm(ATPase)= 0.21uM 1 s71 (23). This is much less

Myofibrillar Cross-Bridges Detach Slower than ATP than the 1.uM~* s found for k/K; (28) but close to the

Binds: Implications 0.25uM1 s71 found by tryptophan fluorescence for the

- - o initial slope ofk™ fstypon [ATP] (under the same experi-
Our finding that the ATP binding kinetics (cold ATP  onia) conditions). Thus, the MichaefiMenten kinetics of

chase) are faster than those of the cross-bridge detachmeng,q y ofiprillar steady-state ATPases may be determined not
(pyrene and fast tryptophan fluorescent transients) is mtngu—omy by the ATP binding kinetics, but also, if not wholly,

ing. First, it implies that second-order rate constants for ATP by the kinetics of the delayed ATP-induced cross-bridge
binding cannot be derived directly from methods reporting §issociation.

cross-bridge detachment kinetics, e.g., from the initial decay
of force @1), stiffness (42), linear dichroism (43), or change ATP-Induced Tryptophan Fluorescence in Myofibrils:
in intensities of equatorial reflections (44) upon flash Origin of the Signal and Implications
photolysis of caged-ATP in muscle fibers. _ S
Second, our finding is in contrast with results with actos1 _ Our discussion is with reference to the actoS1 model of
where ATP-induced dissociation is faster than ATP binding Rayment et al.3). With rabbit S1, the tryptophan residue
[(19), confirmed by Millar and Geeve8®) and Tesi etal.  that gives the ATP-induced fluorescence signals, i.e., both
(45)]. the fast and slow transients, is almost certainly Trp 510. Thus,
Schoenberg34) estimated the rate of cross-bridge detach- N Dictyosteliummyosin 1I, when Trp 501 (corresponding
ment in fibers. From the speed dependence of fiber stiffnesst® TP 510 in rabbit myosin) is replaced by a tyrosine residue,
under conditions similar to ours (ionic contents 0.16 M, 5 there is no longer a fluorescent signal upon the addition of
°C) and at 1 mM ATP, he obtained a rate of about 3000 s ATP (48). Trp 510 is thus an intrinsic reporter group for
i.e., more than an order of magnitude faster than here with S1; it is located in the lower 50 kDa domain.
myofibrils (200 s1). How can this be explained? An With myofibrils, it is likely that Trp 510 in the myosin
important difference in the experimental procedures is that head is responsible for the slow fluorescent transient because
with Schoenberg, the ATP was present with the starting its kinetics coincide with those of thg Burst and they are
material; i.e., at = 0, the predominant state was presumably similar to those with S1. However, it is unlikely that the
A~M** -ADP-P; (36). Here the starting material was the same tryptophan can account fully for the fast phase of the
rigor complex, A-M. It could be that when myofibrils are ~ fluorescence enhancement in myofibrils. First, whereas ADP
in the rigor state, they are brought out of this state only gave a signal with S1, none could be detected with myo-
relatively slowly by ATP. Thus, there could be a relatively fibrils. Second, with myofibrils the amplitude of the fast
slow shift of attached to detached states. phase was considerably larger than with S1. Finally, the fast
Early cross-bridge model<?) postulated that the ATP  phase (but not the slow one) was affected in different ways
cleavage is associated with the reversal of the power stroke by solvent perturbation. Thus, 20% methanol caused an
which thereby occurs in a detached configuration. With inversion of the fast fluorescent transient with myofibrils but
actoS1 at very high actin concentrations, thebBrst is ~ Nnot with S1. So, which tryptophan residue(s) give(s) rise to
insignificant which is evidence that the ATP cleavage step the fast fluorescent transients with myofibrils?
is rate limiting when myosin is bound to actih€, 29, 46, Here we present evidence that the fast fluorescent transient
47). Further, from experiments at intermediate concentrations with myofibrils is related to events at the thin filament
of actin, Rosenfeld and Taylorl§) propose that in the = myosin head interface. This would explain the sensitivity of
attached state, the kinetics of the cleavage step are slowethe phase to solvent perturbation. Therefore, we would expect
than in the detached state. Nevertheless, it has been difficultthe tryptophan residue(s) to be in a solvent-accessible and
to decide whether cross-bridge detachment affects the kineticsdynamic region at, or near, the thin filamemhyosin head
of the cleavage step in an intact contractile system. Here,interface.
with myofibrils, we show that at low [ATP], the kinetics of First, consider the tryptophan residues in the myosin head.
the tryptophan and pyrene fluorescence transients are similaiOf these, Trp 131, which is located at the distal edge of the
to the R burst kinetics, and that they are significantly slower ATP binding pocket, is chemically the most reactivi9 (
than the ATP chase kineticBhis suggests that cross-bridge  50) and, presumably, most accessible. Although this residue
detachment is required for ATP clemge However, at s unlikely to be involved in the tryptophan fluorescence
saturating ATP concentrations, thebRrst kinetics are much  enhancement with S150, 51), its involvement cannot be
slower than those of the pyrene fluorescence and the fastexcluded with the myofibril. Very recently Park et ah2j
phase of tryptophan fluorescence. Thus, at high [ATP], the suggested that the fluorescence of one or more of the
cleavage kinetics are no longer limited by cross-bridge remaining tryptophans on S1 (Trp 113, Trp 440, or Trp 595)
detachment rates but either by the cleavage itself or by ais sensitive to ATP. Then, there are Trp 829 and Trp 831
head isomerization immediately preceding cleavage. that are in the long-helical extension of the 20 kDa domain,
Our finding that at low ATP concentrations the slower beyond the regulatory light chain. These latter two tryp-
ATP-induced cross-bridge detachment and not the faster ATPtophans are not part of S1, and their implication would
binding limits ATP cleavage could explain certain unex- explain the large amplitude of the fast phase with myofibrils
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compared with S1. However, we mainly favor a situation in

which the sensitive tryptophan(s) is (are) in the actin not
only because the kinetics of the pyrene reporter group (which
is on the actin) and fast tryptophan transients are identical

again that with S1, the amplitude of the fast fluorescence
phase was unaffected by solvent. In actin the obvious
candidates for the fast tryptophan fluorescence signal are Trp
340 and Trp 356, both of which are in, or close, to the thin
filament-myosin head interface. Of course, we cannot
exclude the possibility that the sensitive tryptophan is in
another thin filament component. To identify the residues,
further kinetic experiments coupled with chemical modifica-
tion, site-directed mutagenesis, and solvent perturbation are
needed.

CONCLUSIONS AND PROSPECTS

Here we exploited the ATP-induced intrinsic tryptophan
fluorescence enhancement in myofibrils. The signal was large
(13—14% of the total fluorescence) and rich in information.
There were two components: a fast transient due to ATP-
induced perturbation of the thin filamentyosin head
interface and a slow transient due to the cleavage step, i.e.,
the formation of (A)M**ADP-P, states. There seems to be
little advantage to label myofibrils with the extrinsic pyrene
reporter group because the signal is no larger and, further, it
does not report the formation of (A)M¥ADP-P; states.

Our method could be useful to test different ATP
analogues (NDP) for their effectiveness in inducing perturba-
tions at the thin filamenrtmyosin head interface and, in the
same experiment, to determine the relative importance of
the (A)M*-NTP and (A)M**-NDP-P, states. For example,
when GTP was added to myofibrils, there was a fluorescent
signal which was monophasic with slower kinetics but an
amplitude similar to that of the fast transient with ATP (R.
Stehle, unpublished results), suggesting that with this ana-
logue, the A~-M*-NTP state, accumulates rather than the
A~M** -.NDP-P, state as with ATP. The absence of a slow
fluorescent transient with GTP makes sense because with
this analogue and S1 intermediates of the type-GIFP
predominate and not M¥GDP-P, as with ATP @7, 53.
Further the dependence of the amplitude upon the GTP
concentration was C&dependent which implies that with
GTP the degree of myosin head detachment from the thin
filament is C&"™-dependent as suggested by Frisbie etd)) (
for skinned fibers.
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