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ABSTRACT: It has been suggested that the mechanical condition determines the rate-limiting step of the
ATPase of the myosin heads in fibers: when fibers are isometrically contracting, the ADP release kinetics
are rate-limiting, but as the strain is reduced and the fibers are allowed to shorten, the ADP release kinetics
accelerate and;Pelease becomes rate-limiting. We have put this idea to the test with myofibrils as a
model because with these both mechanical and chemical kinetic measurements are possible. With relaxed
or rapidly shortening myofibrils, ifrelease is rate-limiting and (A)M\DP-P; states accumulate in the
steady state [Lionne, C., et al. (1999BS Lett. 36459]. We have now studied the kinetics gfrBlease

with chemically cross-linked myofibrils that, when adequately cross-linked, appear to be a good model
for isometric contraction. By using a method that is specific for frean rapid quench flow that measures

the amount of (A)MADP-P, states and freeiPwe show that (A)MADP-P, states predominate which
suggests that the overall ATPase is limited hyrétease kinetics. Therefore, under our experimental
conditions with myofibrils prevented from shortening, the concentration of (AP states is low, as

with rapidly shortening and relaxed myofibrils. This result is difficult to reconcile with the sensitivity of
force development in fibers and myofibrils tpwhich implies interaction of Rvith an (A)M-ADP state.

We discuss two models for accommodating the mechanical and chemical kinetics with reference to the
duty cycle in skeletal muscle.

Muscle contraction depends on the cyclic interaction of to be important in force generatiog, (3) and ADP release
myosin heads (M) with actin (A), driven by the hydrolysis in shortening 4, 5), although the cleavage step may also be
of ATP by the heads. This interaction is modulated by the involved ). Consequently, it has been proposed that the
nature of the ATPase intermediates. It is thought to be weak rate-limiting step on the ATPase reaction pathway is different
in (A)M-ATP and (A)M-ADP-P, states and strong in (A)M  during isometric contraction (high strain) and unloaded
and (A)M-ADP states (Scheme 1 and rBf shortening (low strain). Geeves and Holm&3 |froposed
Essentially, there are four events: ATP binding, rapid that strain reduceboth P, and ADP release kinetics. From
equilibrium (step 1) and a quasi irreversible isomerization the R sensitivity of force development by muscle fibers, it
(step 2); ATP cleavage (step 3); RRlease, isomerization has been suggested that a step involved in the ADP release
(step 4) followed by escape (step 5); and ADP release,is rate-limiting during isometric contractior8{10). To
isomerization (step 6) followed by escape (step 7). summarize, it is proposed that when the mechanical condition
An important question concerns the transformation of the is changed, there is a switch in the rate-limiting step: ADP
chemical energy provided by ATP hydrolysis by the myosin release during isometric contraction andr@ease during
heads into mechanical energy, i.e., force and/or shortening.unloaded shortening. This proposition can be put to the test
This mechanochemical coupling is thought to rely on by chemical kinetics, in particular, by the use of the free P
conformational changes of the myosin heads that are con-probe of Brune et al. [a coumarin-labeled phosphate binding
nected with specific interactions of the different intermediates protein (L1)]. Thus, with a rate-limiting ADP release, (AYM

of the ATPase reaction pathway with the actin filament. ~ ADP states accumulate and there is a transient burst of free
It is generally admitted that the product release steps areP, whereas with a rate-limiting;Release, the transient is
linked with the contractile process. Thusyélease is thought  due to bound Fin (A)M -ADP-P; states]. In a preliminary

publication, Ferenczi et al1R) used the free FHrobe and

CTTthiS t‘”ﬁg‘R",\VlaéTs%%%%”ggog{ ”\éleR'Vé i”g the E“rF’Peat” Ufnli_:C’S proposed that with skinned cross-linked muscle fibers there
(Contrac ~CT-2000-00091). B.I. and A.B. are recipients o is a change in the rate-limiting step when the strain is

fellowships.
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36;%-SERM U128 the different states of contraction, on the same model, and
s Universitadegli Studi di Firenze. under near-physiological conditions. We are using myofibrils
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a0ne asterisk and two asterisks indicate different conformations of the myosin heads.

mechanical 13—15) and chemical kineticl(6—18) experi-

ments are possible. Also, with such small biological systems,

diffusion problems are avoided 4, 20).
With relaxed or rapidly shortening myofibrils from both

rabbit and frog fast skeletal muscles, we showed that the

isomerization preceding; Pelease (step 4 in Scheme 1) is
rate-limiting so (A)M**-ADP-P; states accumulate in the
steady state(l, 22). Here we studied the kinetics of, P
release with chemically cross-linked myofibrils that appear
to be a good model for isometric contracti@8). By using
the free Pprobe of Brune et al.1(1) and rapid flow quench
methods that measure the amounts of (ANDP-P, states
and free B we show that the ATPase of cross-linked
myofibrils is apparently also limited by; Pelease kinetics.
Therefore, under our experimental conditions with myofibrils
prevented from shortening, the (AYMDP-P, states pre-
dominate and the concentration of (A)NDP states is low,
as with rapidly shortening or relaxed myofibrils.

MATERIALS AND METHODS

S1 and Cross-Linked Myofibril Preparations

S1* was prepared from rabbit white muscles of the back
and pelvic limbs as described previousB4), stored at 4
°C, and used within 5 days.

Myofibrils were prepared from rabbit psoas muscle as
described by Herrmann and co-worke28)(and stored at 4
°C for up to 3 days in storage buffer [50 mM Tris-acetate
(pH 7.4), 100 mM potassium acetate, 5 mM KCI, 2 mM

myofibrils only behaved in this way if left for several hours
at higher temperatures.

The myosin head concentration in the myofibrillar suspen-
sion was measured by absorption at 280 2%).(

Experimental Conditions

Unless otherwise stated, experiments were carried out at
20 °C. Experimental buffers were 50 mM Tris-acetate (pH
7.4), 100 mM potassium acetate, 5 mM KCI, and either 0.1
mM CaCk and 2 mM magnesium acetate (activating buffer,
with added C#&") or 2 mM EGTA and 5 mM magnesium
acetate (relaxing buffer, without €3.

Kinetic Studies

These studies were carried out either under single-turnover
conditions, i.e., [myofibrilsp> [ATP], or under multiturnover
conditions where [myofibrils]< [ATP]. There were three
types of experiment: ipurst, cold ATP chase (by rapid flow
guench), and fluorescence stopped flow. The data obtained
were fitted using GraFit (Erithacus Software Ltd.).

P; Burst ExperimentsThis type of experiment allows the
measurement of the kinetics of formation total P, i.e.,
free R and bound Fin Scheme 1, Pwith (A)M** -ADP-P,
and (A)M*-ADP-P]. They were carried out in a homemade,
thermostatically controlled, rapid flow quench appara®s. (
With this apparatus, it took X015 min to obtain a time
course with reaction mixtures of ages 200 ms to tens of
seconds. The procedure was to mix myofibrils wigh*fP]-

magnesium acetate, 2 mM DTT, 0.5 mM sodium azide, 0.2 ATP in the apparatus. The reaction mixtures were quenched

mM PMSF, 10uM leupeptin, and 5uM pepstatin]. The

in acid (22% TCA and 1 mM KkPQ,) and the total P

standard cross-linking procedure was as described previouslyconcentrations determined by the filter paper method of

(23). Briefly, myofibrils were washed twice in cross-linking
buffer [100 mM MES (pH 7.0), 3 mM magnesium acetate,
and 3 mM EGTA] and incubated at a concentration of 10
mg/mL with 2 mM EDC and 5 mM NHS at 4C for 90

Reimann and Umfleet2().

Cold ATP Chase Experiment§his type of experiment
allows the measurement of the kinetics of formatiotigtftly
bound ATPstates [in Scheme 1, (A)MATP] in addition to

min. The cross-linking process was stopped by addition of the total amount of PThe procedure was the same as that

25 mM glycine and 10 mM DTT. To eliminate residual

for P, burst experiments except that the reaction mixtures

shortening which remains \_/vith this standard_prqced_ure (seewere first quenched with a large molar excess of cold ATP
the Results), in most experiments the cross-linking time was [20 mM nonradioactive MgATP (pH 7.0)]. After incubation
increased to 120 min. For subsequent experiments, the crossfor 2 min on ice, the quenched reaction mixtures were

linked myofibrils were washed twice in the appropriate buffer
and filtered through a 148m mesh polypropylene filter to

stopped in acid and the amount 8fH]P was determined.
In these experiments, since in Scheme 1 step 2 is essentially

eliminate aggregates. The cross-linked myofibrils were usedirreversible, one obtains a transient phase of tightly bound

within 3 h of preparation. When they are left longer,
especially at temperatures above 15 cross-linked myo-
fibrils tend to aggregate and are difficult to disperse. Native

! Abbreviations: DTT, dithiothreitol; EDC, 1-ethyl-3-[3-(dimethyl-
amino)propyl]carbodiimide; EDTA, (ethylenedinitrilo)tetraacetic acid,;
EGTA, ethylene glycol big{-aminoethyl etherN,N,N',N'-tetraacetic
acid; MDCC-PBP, A197C mutant of the phosphate binding protein
labeled withN-[2-(1-maleimidyl)ethyl]-7-(diethylamino)coumarin-3-
carboxamide; MES, 2N-morpholino)ethanesulfonic acid; NH®I-
hydroxysulfosuccinimide; PMSF, phenylmethanesulfonyl fluoride; S1,
myosin subfragment 1; Tris, tris(hydroxymethyl)aminomethane; XMF60,
XMF90, and XMF120, myofibrils cross-linked with EDC for 60, 90,
and 120 min, respectively.

ATP with kinetics ofkops = K[ATP]/(K;1 + [ATP]) and an
amplitude equal to the ATPase site concentration. Thus, in
cold ATP chase experiments, one can titrate ATPase sites
in myofibrils.

Fluorescence Stopped Flow Experimerihis type of
experiment allows the measurement of the kinetickeé
P; release. They were performed in a Hi-Tech Scientific
(Salisbury, U.K.) fluorescence stopped flow apparatus (model
SF-61 DX2). The method is based on the increase in
fluorescence of a phosphate binding protein labeled at an
introduced cysteine with a coumarin derivative (MDCC-PBP;
11) upon binding of R The procedure was to mix a
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suspension of myofibrils, containing MDCC-PBP, with a
solution of ATP containing the same concentration of
MDCC-PBP and to record the fluorescence increase kinetics.
The fluorescent signal emitted by MDCC-PBP upon P
binding was calibrated by mixing a known concentration of
P, (0—5 uM) to a solution of MDCC-PBP (with or without
myofibrils or S1). The excitation wavelength was 436 nm,
and emission wavelengths werd55 nm using a cutoff filter
(GG455 from Hi-Tech). In certain experiments, to reduce
traces of contaminant;Ra R mop system was added to the
experimental buffer. This system consists of 0.05 unit/mL
purine nucleoside phosphorylase and 200 7-methylgua-
nosine (1). For each experiment, a series of B shots
were carried out and averaged.

Sarcomere Length Measurements

To check the extent of residual shortening after cross-
linking, myofibrils (at a concentration of 8M in myosin
heads) in activating buffer were incubated at’@0with 100
uM ATP in a rapid flow quench apparatus and quenched at
different times (from 0.2 s to 10 min) with 10 mM EDTA
and 2 mM EGTA (pH 7.4). Sarcomere lengths were
measured by transmitted light microscopy using a DMR B
microscope (Leica, Germany), tube factor,6vith a PL
APO 100x immersion oil objective (NA 1.40). The images
thus obtained were captured with a MicroMax 1300 Y/HS
(B/W) cooled (10 °C) CCD camera as 8 bit images (C
mount 1x) and the MetaMorph (version 4.6r5) controller
program (Princeton Instruments) run by a PC compatible

microcomputer. The images were saved as TIFF images in

8 bit format. Sarcomere lengths were measured with Matrox
Inspector 2.2 image processing software (Matrox Electronic
Systems Ltd.). For each experimental condition—20
myofibrils were analyzed and their sarcomere lengths aver-
aged. The sarcomere lengths of cross-linked myofibrils
(XMF90 or XMF120; see below) were in the range of 2.5
2.7um; i.e., the overlaps were at least 8928); as for un-
cross-linked myofibrils.

Force Measurements

Force developed by myofibrils (native and cross-linked,
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Table 1: Effects of the Extent of Cross-Linking on the Steady State
Parameters of Myofibrils in Activating Buffér

at4°C at 20°C

type of incubation % myosin heads keat Km  keat  Km
myofibril time (min)  cross-linked  (s7Y) @M) (sY) (M)
native 0 0 17 8 83 14
MF9QP 90 6.5+ 0.5 0.8 10 35 nd
XMF120 120 8.0+ 0.5 0.5 30 23 55

aFrom R burst experiments (e.g., Figure 2). The buffer was of 50
mM Tris, 100 mM potassium acetate, 5 mM KCI, 2 mM magnesium
acetate, and 0.1 mM Ca{pH 7.4) (acetic acid)? From ref23. ¢ From
ref 18, 9 Not determined.

upon the addition of ATP did not “overcontract” [as un-
cross-linked myofibrils doZ0, 31)] and whose steady state
rate of ATP hydrolysis was linear [i.e., no “break” as with
rapidly shortening myofibrils31)]. However, upon closer
inspection, when ATP was added to these myofibrils, the
sarcomeres shortened somewhat (typical0 nm or 7.5%,

at 100uM ATP, under the microscope), but even after long
incubation periods (several minutes at room temperatures at
millimolar ATP concentrations) overcontraction did not
occur. This shortening appeared to depend on the ATP
concentration because it was more extensive at 1 mM than
at 50 uM; it could lead to false transients as shortening
myofibrils have a higher ATPase rate than myofibrils that
are prevented from shortening3). We made attempts to
eliminate it with a more extensive cross-linking procedure
and also by preincubating the cross-linked myofibrils with
ATP before the kinetic experiments.

Previously, we cross-linked myofibrils with EDC for 90
min, and we now increased this to 120 min. In these
myofibrils, the sarcomeres shortened considerably te§ (
nm or 2.6% at 10@M ATP), possibly because more of the
heads had been cross-linked (Table 1). We term these
myofibrils “cross-linked myofibrils 90" (XMF90) and “cross-
linked myofibrils 120" (XMF120).

We studied the residual shortening with XMF120 by
quenching reaction mixtures (g XMF120 and 100uM
ATP) of different ages in EDTA and EGTA and then measur-
ing the sarcomere lengths of the myofibrils in the quenched
reaction mixtures (Materials and Methods; result not illu-

prepared as described above) was measured following thestrated). Because the shortening was limited and fast, it was

procedure of Colomo and co-worker89. Briefly, myo-
fibrils bathed in rigor (no ATP, low calcium) or relaxing (5
mM ATP, 1 mM free Md", pCa 8.0) solutions were attached
to glass microtools at 28C. One of the microtools acted as
a cantilever force probe of known compliance whose
movement during contraction was followed by a photoelec-
tronic device. Myofibrils were maximally activated and
relaxed by rapidly translating (10 ms) the interface between
two continuous streams of relaxing (pCa 8.0) and activating
(pCa 4.5) solutions. All concentrations were calculated as
described previously3Q), and the final ionic strength was
200uM (pH 7).

RESULTS

Attempts To Ensure Fully Isometric Contraction in
Myofibrils

Shortening Experiments$n our previous work Z3), we
chose a cross-linking procedure that gave myofibrils that

difficult to obtain its kinetics, but it was over by 250 ms.

To reduce further any residual shortening during the kinetic
experiments, we preincubated XMF120 with ATP. Typically,
myofibrils (3 uM as myosin heads) were incubated with 1
mM ATP at 20°C for 5 min. This allowed any residual
shortening to occur and the total hydrolysis of the ATP. The
myofibrils were then washed with buffer to remove ADP
and R (as in Materials and Methods). Unfortunately, myo-
fibrils pretreated with ATP were contaminated withtPRat
interfered with the MDCC-PBP method. Extensive washing
led to a degradation of the myofibrillar structure (as seen
under the microscope). Therefore, we did not use this
preincubation procedure in our experiments, and the myo-
fibrils were cross-linked and washed as described in Materials
and Methods.

Force MeasurementdVe checked if cross-linked myo-
fibrils were still able to generate force. The effect of cross-
linking time on force development and force decay are shown
in Figure 1. The force measured with cross-linked myofibrils
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Ficure 1: Force development upon addition of Zaand force E 04 F C _
decay upon Cd removal at 15°C with (a) un-cross-linked s L )
myofibrils or myofibrils cross-linked for (b) 60 or (c) 120 min. £
The ATP concentration was 5 mM. For experimental details, see m 03 [~ o =
Materials and Methods. (a) Native myofibril [sarcomere length (sl) § = .
= 2.48 um], maximal force= 1340 nN,kact = 5.9 s%, clearly "_i 0z - a
biphasic relaxation; (b) XMF60 (sk 2.48um), maximal force= g
128 nN,kact = 5.6 s°'1; and (c) XMF120 (sk= 2.70um), maximal - i T
force = 69 nN, kact = 5.8 s1, clearly monophasic relaxation. E 01 [ -
was very small, as expected as the cross-linking procedure 0 e ! ! S— !
almos'g completely prevents shorte_zning (esp_ecially XMF_12_0). 0 20 40 60 80
For this reason, force records with cross-linked myofibrils [ATP] (M)

are very noisy, and they can only be interpreted qualitatively.
The kinetics of force developmerkacr) appeared notto  FIGURE2: Multiturnover time courses for total rmation in cold
be greatly affected by the cross-linking procedukger = ATP chase @) and R burst @) experiments with XMF120 in

1(n — ; e activating buffer at 20°C. (a) The reaction mixtures (6M as
6'45:&10'78_§ (n = 2) for native myofibrils and 8'.5& myosin heads and 6M [y-32P]ATP) were quenched either directly
2.84 s* (n = 5) for XMF120. The value okacr obtained in"acid @) or first in 50 mM unlabeled ATP for 2 min (on ice)

here with native myofibrils is in good agreement with the and then in acid®). Finally, the amount of%P]R, was determined.

reviously reported value [6.6 1.5 s (n = 29) (32)]. e data were fitted to a transient burst phase with an amplBude
previously reported val 1 Thed fitted ient burst ph ith IBud
Interestingly, cross-linking seems to induce a progressive IossgIa?éeea%?(' Ofothti'*'O'i’mg O]Et;;]ylgselger:]%féisc é‘“g;(weﬁ] bg abitg?dy

. .. . . ss . . SS i

pf the .blphaSICI'Fy (.)f the relaxation phase previously Qbserved experiments on the ATP concentration. The data were fitted to a
in native myofibrils (R.. Stehle et al. and C Tesi et aI_., hyperbola giving aks™ of 1.9 s and aKpy of 55 uM. (c)
unpublished results). With extensively cross-linked myofibrils  Dependence d8 in P, burst experiments on the ATP concentration.
(XMF120), only the slow isometric phase was observed, as The data were fitted to a hyperbola giving3&> of 0.83 mol/mol
expected for a truly isometric preparation. Therefore, the ang iAde?fd?SluM. The experimental conditions are in Materials
force measurements confirm that the overall mechanical 2"¢ Methods.
properties of the myofibrils are not affected by the cross-
linking procedure and that XMF120 is a viable model for a
fully isometric preparation.

cold ATP chase and; Burst time courses with XMF90 were
identical, and they suggested thé&t > 10 (Scheme 1), as
with un-cross-linked myofibrilsX9, 25). Here we confirmed
this similarity with XMF120 at 20°C. Thus, in Figure 2a,
the two time courses were indistinguishable, with a transient
Cold ATP Chase and;Burst Experiments in the Steady burst phase with an amplitud® of 0.66 mol of R'mol of
State Herrmann and co-worker28) showed that at 4C myosin head and a steady state tat®f 1.0 s*. The effect

Rapid Flow Quench Experiments
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of the concentration of ATP on these steady state parameters T T T T T T T T 1
is illustrated in panels b and ¢ of Figure 2, and the values
obtained are given in Table 1, which also includes those at
4 °C. In the tablek.y refers tokssat high ATP concentrations
(ks"> Figure 2b) and corrected for the active site concentra-
tion as obtained from the transient Burst amplitude at
saturation in ATP B™X Figure 2c). We note that for
XMF120 thek.,is lower and theé, higher than for XMF90.

Our estimates of the steady state parameters for XMF120
agree well with those obtained by Glyn and Sleg&)(also
for EDC cross-linked myofibrils: at 15C, 0.8 s for the
steady state rate and 15u® for the K.

The sensitivity of the steady state parameters to the ATP
concentration is noteworthy as it suggests that in the
concentration range of ATP that was used, intermediatesFIGURE 3: Kinetics of the total Ptransient with XMF120 in

ntaining ADPP. rather than ADP. pr min n the activating buffer at 12C. The reaction mixtures (M XMF120
?noyg?ilbrillgr ATPa“sea;atth\tas , predominate on the and 10uM [y-32P]JATP) were quenched in acid at the times

; ) e indicated, and the amount 6®P]R, was determined. The data were
Estimation of the Equilibrium Constant for the Cleme fitted to a R burst transient with an amplitude of 0.58 mol of total

Step k. With S1 and if Scheme 1 is assumed (without actin), [32P]R/mol of myosin heads and ks of 6.9 s followed by a

Ks is estimated from the ratio of the amplitudes of the steady state rate of 0.33%

transients in cold ATP chasB¢, = ATPase site/myosin head

[Pi}/[Myosin head] (mol/mol)

Time (s)

12 1 Tt T T T T T T 1

(mole per mole)] and iPburst Br) experiments. ThusBp/ L ° i

B = Ko/(1 + Kg), or Be/(Ben — Bp) = Ks. Typically, S1 1 o -

titrates 0.7 mol of site/mol of S1 proteiB4;) andBps = 0.5 5 o

mol of B/mol of S1 protein. Thereforek; = 2.5. With E o8 -

XMF120 and from Figure 2eBp/Bcn ~ 1. Therefore, if it is g 7

assumed that Scheme 1 applies to the myofibrillar ATPase, £ 0.6 ]

with XMF120 K; > 10. However, as discussed below, ) i

Scheme 1 may not be adequate to describe the ATPase of ;’_ 04 i

XMF120. 02 i
Kinetics of the P Burst Transient with XMF120To -

confirm a transient burst phase, its kinetics should be 0 |

obtained. With myofibrils, this needs a rapid quench flow 0 20 40 60 80 100

apparatus designed to work in the time range 680 ms. Time (s)

However, with this gpparatus, it \.Nas difficult to work at Ficure 4: Single-turnover ATP chase time courses with XMF120

XMF120 concentrations of 1 uM (i.e., [ATP] > 10 uM) in activating t?uffer at 20°C. The reaction mixtures ) 3 uM

and at temperatures above 1G; clogging of the mixers ~ XMF120 and 1uM [y-32P]ATP and ©) 3 uM XMF120 and 0.3
and aggregation of the myofibrils during the experiment uM [y-32P]ATP]were quenched in cold ATP at the indicated times,

occurred because with this apparatus it takésh to obtain and the amount offP]R, was determined. For further details, see
a time course Materials and Methods. The data were fitted to two exponentials

. . with a final amplitude of=0.98 mol of F2P]R/mol of [y-32P]ATP
A time course for the ATPase of XMF120 at X2 is (Ampl; = 0.5 r?]0|,mo|,kobﬂ= 1.12 gf, A]mplz = 0_[33/ mo}/mol,

shown in Figure 3, with kM XMF120 and 1QuM [y-32P]- Kops2= 0.10 s°3).

ATP. The time course was biphasic: an initial burst that is

followed immediately by a steady state phase. With the out cold ATP chase experiments under single-turnover
caveat that this experiment was carried out at°C? it conditions because in these one measures the ratio,of
confirms that the Pbursts obtained in Figure 2 are (ATP off as ATP) tok, (ATP off as ADP + P). Single
manifestations of ATPase intermediates. We note that hadturnovers should be carried out at both low and high [myosin
the ADP release kineticg{in Scheme 1) been rate-limiting, heads] to [ATP] ratios. Thus, at a high ratio, a rare, atypical
i.e., ks + k3 > ks > kg, the time course could have been site could bind selectively all of the little ATP present,

triphasic: a rapid Ptransient of kinetics directed big/K, leading to misleading kinetics.

andks + k—3, a second transient of kinetics directed ly The results of single-turnover chase experiments with
and finally a steady state directed ky This was the case = XMF120 at different ratios of heads to ATP, but at the same
with S1 under cryoenzymic conditions-15 °C) (34). concentration of XMF120 (M), are shown in Figure 4.

Single-Turneer ExperimentsA key feature of myosin  There are three features of these experiments. First, the time
head ATPase, whether in S1, acto-S1, or un-cross-linkedcourses were very similar, and the data were combined.
myofibrils, is that the ATP is bound essentially irreversibly, Second, there was a rapid rise gfd? amplitude of>0.98
i.e., ko <k, < ky, wherek, = kiK3/(1 + Kz) (Scheme 1;  mol of [*2P]R/mol of [y-32P]ATP. Finally, the rapid rise was
ref 23 and references therein). This could explain the low biphasic. Biphasic ATP chase single turnovers were also
Km for ATP with un-cross-linked myofibrils and especially obtained with un-cross-linked myofibrils, acto-S1, and S1
S1. Therefore, the highdt, with XMF120 (Table 1) could and may be due to two types of sites for ATP: a site that
be a reflection of a weaker ATP binding, i.e., a higher value hydrolyzes ATP by the Bagshawlrentham mechanism and
for k_,. A sensitive test for tight ATP binding is to carry a site where the ATP is trapped transiently without being
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hydrolyzed. Here we did not investigate further this phe-
nomenon; for a full discussion, the reader is referred to ref
25 and references therein. The important conclusion from
Figure 4 is that thé&?P, in [y-32P]ATP was recovered almost
completely as ¥P]PR; because the amplitude k/(k, +

ko) = 0.98, k, > k_, which shows that ATP binds as
tightly to XMF120 as to the other muscle systems that were
studied.

With S1 ATPaseP; burst single turneersaid in assigning
the rate-limiting step. Thus, on thekly; time scale (tens of
seconds), total {Ptime courses consist of a rapid rise of
amplitudeKs/(1 + Kj3) followed by a slow exponential that
leads to the complete hydrolysis of the ATP with kinetigs
= kK3l(1 + Kj3) (refs 24 and 35 and references therein).
Thus with Scheme 1, single turnovers lead directlyKtp
andKk;.

With S1 at 20°C, k, = kearWhich shows that the;Pelease
step is rate-limiting; i.e., if Scheme 1 is assumed, the M**
ADP-P; state accumulates in the steady state. At low
temperatures3g, 37), particularly under cryoenzymic condi-
tions 38), the ADP kinetics are rate limiting and > ke
i.e., the M*ADP state accumulates in the steady state.

However, with C&"-activated or cross-linked myofibrils,

P, burst single turnovers are less informative. First, because

if K3 = 10, the amplitude [1/(} K3)] of the phase giving

ko is small; second, unless high concentrations of myofibrils
are usedk, = kops (Kinetics of the fast, initial phase which
are a function oks + k—3 andky/K;) so the two phases would
not be separated clearly anyway (see 1éffor relaxed
myofibrils).

Effect of R on the ATPase of Cross-Linked Myofibrils at
20 °C. Were the (A)MADP states to predominate in the
steady state, added unlabeledsRould decrease the level
of these states ankls We carried out three steady state
experiments with the same XMF120 solution and on the
same day, as in Figure 2a: ngRs=1.08 s*; 0.5 mM R,

s= 0.92 s, and 5 mM B, ks = 1.04 s*. Thus, P had
little effect on thekssof XMF120, as found previously with
un-cross-linked myofibrils 39). This suggests that the
transient Pburst is due to (A)MADP-P,; states rather than
free RB. Pate and Cooke4() found that P had little effect
on the isometric ATPase of muscle fibers.

Affinity of Cross-Linked Myofibrils for MgADFS1 has a
strong affinity for ADP Kq ~ 1 uM (35)] that can be
explained by a slovk (ks in Scheme 1). Thus, with S1 at
temperatures around°€, keai ~ Ko ~ ks (35). Acto-S1 and
un-cross-linked myofibrils have a much weaker affinity for
ADP (Kq ~ 150 uM; 39, 41, 42) which is explained by a
fastks (4, 34), i.e., ks > kear With cross-linked acto-SXk
~ ks + k_3 (43 and references therein), and with native
myofibrils, keat ~ Ko ~ K4 (21).

Here, we determined the affinity of cross-linked myofibrils
for ADP by the method of Sleep and co-workeddl)( i.e.,
by determining the effect of ADP upon the ATP binding
kinetics (/K1) in single-turnover Pourst experiments at low
concentrations of myofibrils and, of course, ATP. TiKe
value that was obtained, 25& 50 uM (Figure 5), is

Lionne et al.
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Ficure 5: Dependence of the single-turnovebBrst kinetics Kop9
on the ADP concentration at 2C. The reaction mixtures included
3 uM XMF120, 0.6uM [y-*2P]JATP, and different ADP concentra-
tions. For full details, see ref4.

Scheme 2

5
A-MADPPi ~%> A-M"ADP ~%» A-M*ADP 22 A-M-ADP <> A-M
Pi ADP

(45) (Scheme 2) which is only formed from ATP. Thus, the
possibility that, with ATP, the ADP release kinetics are
directed by the kinetics of step a of Scheme 2 rather Kpan
cannot be excluded.

ConclusionsWith myofibrils, the single-turnover;Burst
method could not be used to measure specifically the ki-
netics of Prelease. Nevertheless, taken together, the results
of the rapid flow quench experiments suggest strongly that
the predominant intermediates on cross-linked myofibrillar
ATPase are (A)MADP-P, states, as with native relaxed and
Ca&*-activated myofibrils. To confirm, we now carried out
experiments in which free;Rby implication (A)M-ADP
states] was determined specifically.

Fluorescence Stopped Flow Experiments

Because our aim was to determine whether there are
genuine free Ptransients with cross-linked myofibrillar
ATPase, we carried out several control experiments.

First, we checked on the calibration of the MDCC-PBP
system in the presence of cross-linked myofibrils. Second,
to check our stopped flow apparatus and the suitability of
our experimental conditions, we carried out freer@asure-
ments on the well-studied S1 ATPase. S1 ATPase is a good
control for the MDCC-PBP method because>itO °C the
P, release kinetics are rate-limiting so fregpRogress curves
should be linear without a transient phase. Frem&asure-
ments by the MDCC-PBP method do not appear to have
been carried out on S1 ATPase under multiturnover condi-
tions.

Calibration. Two methods were used. In the first, MDCC-
PBP and Pwere mixed with the Pmop in a stopped flow
apparatus and the decrease in fluorescence was measured.
The concentrations (in the mixture) were typicallyu™
MDCC-PBP and 1uM P; which resulted in a decrease in

reasonably close to that for un-cross-linked myofibrils [140 fluorescence when the fop was added (see Materials and
uM (44)] which suggests that also with cross-linked myo- Methods).

fibrils ks > keas i.€., that (A)MADP-P, states accumulate in The second method is more rigorous. Here, the MDCC-
the steady state. However, this argument does not takePBP is titrated with P as in Brune et al.46). We found
account of the A-MADP intermediate of Sleep and Hutton that with 5uM MDCC-PBP, the fluorescence increased
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Ficure 6: Time course of free;FPormation with S1 ATPase at 20 25 LA LI I R L
°C. The amount of Rvas measured by fluorescence stopped flow a - C A
using MDCC-PBP. In panel a, the reaction mixtures contained P g 2+ _
mop, 5uM MDCC-PBP, 30uM ATP, and 0.5, 2, or %M S1. 3 i 200 pM
Each time course (at 2 andi®/ S1) was fitted to an initial phase E
with an amplitude of 0.024 mol ofifmol of S1 and a steady state g 15 N
ratekss of 0.048 st for 2 uM S1 and akss of 0.050 st for 5 uM 2 - > -
S1. The buffer contained 0.1 mM CaCln panel b, the reaction £ 4L 30pM
mixtures (Pmop, 5uM MDCC-PBP, 30uM ATP, and 5uM S1) S N . )
contained no or 0.1 mM CaglINote that the data are expressed as § - L
the concentration of free;.F-or further details, see Materials and = 05 =" /- ’ -
Methods. = -/ i
0 1 | 1 | | | 1 | )
linearly with the Pconcentration up te-1.54M Pi. At higher 0 0.2 0.4 0.6 0.8 1
P, concentrations, the fluorescence increased nonlinearly, Times (s)

reaching a plate_au at3:3.5uM .P" dependlng on the b"’.ltCh Ficure 7: Time courses of free;Pormation with XMF90 at 20
of MDCC-PBP, in agreement with previous result§)( This °C. The amount of Pvas measured by fluorescence stopped flow
lack of linearity could explain the curved myofibrillar  using MDCC-PBP. The concentrations were as follows: (a) 0.5
ATPase time courses sometimes obtained by the MDCC-ﬂtI)\)/I thAFiihégoﬂgOMaCMCSé%Pbggd a3r?a é&OM(Xng?r\foﬂoP')
PBP' method as .compared. with the linear time courses E)r 2o%mv| ATP (Withﬂor without mop)', and (c) 2M XMF0, 2%
obtained by chemical samplin@%, 22). Therefore, with 5 M MDCC-PBP. and 30 or 20

e u , QM ATP.
uM MDCC-PBP, we limited our measurements to L9
P. For higher Pconcentrations, we increased the MDCC- experiments were carried out in activating buffer, i.e., with
PBP concentration. 0.1 mM CaCi.

The presence of S1 (@M) or cross-linked myofibrils (1 The amplitudes of the phases were very low (both 0.024
uM) had little effect on the Ptitration curves. With mol of B/mol of S1) and the kinetics difficult to fit to single
myofibrils there was a small increase in the magnitude of exponentials. They are probably due to the*'CATPase
the fluorescence signal due to turbidity, but this did not affect activity of S1, which is 2 orders of magnitude higher than
the calibration. the Mg"-ATPase activity because, as shown in Figure 6b,

Experiments with S1Typical time courses with S1 at they were absent in the relaxing buffer (i.e., in the presence
different concentrations are illustrated in Figure 6a. It is of EGTA). These experiments illustrate the sensitivity of the
noteworthy that at ZM and especially %M S1 there were MDCC-PBP method to Rransients and the care needed to
transient fluorescent phases that preceded the steady stateliminate spurious phases.
phases. The steady state rates (0.048 and 0.05@espec- Experiments with XMF90Eree R progress curves with
tively) agreed well with that found by chemical sampling at XMF90 at 30, 100, and 200M ATP are shown in Figure
0.5 uM S1 (0.046 s?, time course not shown). These 7a. Each curve consists of an initial rapid phase that is
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followed by a slower, apparently linear phase. Emapli-
tudesof the initial phases were large (0-20.33 mol of RY

mol of myosin heads), but tHeneticscould not be fitted to
exponentials. It is noteworthy that the phases occurred on
the same time range as the residual shortening mentioned
above.

The final linear phases fitted well to the steady state
ATPase obtained in rapid flow quench experiments: at 30
uM ATP 2.45 s by stopped flow compared to 2.6% at
100uM ATP 2.58 s compared to 3.278, and at 20Q:M
ATP 2.73 s compared to 3.3 3. N

The results of further experiments on different myofibrillar
preparations revealed that the amplitudes of the initial phases
were not reproducible (from 0.13 to 0.76 mol afrRol of
myosin heads), as illustrated in panels b and ¢ of Figure 7. N
The phases were not detected in rapid flow quench experi- 0.25 b
ments because the first sampling times were later<0.2 02 - 1pM " |
s), but clearly, the magnitudes offRurst or cold ATP chase ’
amplitudes with XMF90 must be interpreted with caution.

An explanation for the initial fast phase is that it is a
manifestation of the higher ATPase due to the “residual”
sarcomere shortening mentioned above. To put this explana-
tion to the test, we now carried out Pieasurements with 0.05 - —
myofibrils that had been more extensively cross-linked, i.e., - .
in which the residual shortening had been reduced. 0 L1

Experiments with XMF120As illustrated in Figure 8a, 0 50 100 150 200
with the more heavily cross-linked XMF120, there still was Time (ms)
an initial free Ptransient but its amplitude was onl, of 05 — 7
that with XMF90. In a rapid flow quench experiment and at - -
the same concentration of ATP (12M), there was a large 04 +Ca” .
P, burst of total Pwith an amplitude of 0.55 mol ofifnol
of myosin heads. The two steady state rates agreed reason-
ably well: 1.14 s for free R and 1.6 s? for total P.

Free Pprogress curves on a shorter time scale and at three
concentrations of XMF120 are illustrated in Figure 8b. Each
P, progress curve consists of a small fast phase (aM1
myofibrils, amplitude= 0.033 mol of Fmol of myosin heads
and at 2 and 4(M, 0.009 mol/mol) that is followed by a
linear phase representing the steady state rate of ATP
hydrolysis kss = 1.14, 1.06, and 0.76°% respectively). It 0 100 200 300 400
is noteworthy that the transients were over before 250 ms, Time (ms)
as found for the residual shortening mentioned above. TheFicure8: Time courses of free and totalfBrmation with XMF120
ksswith 4 uM myofibrils is low possibly because of an earlier at 20°C. Unless otherwise stated, the buffer contained 0.1 mM
saturation of the MDCC-PBP with; P CaCb. (ga) The amount of Rvas me_asure(_j by fluorescence stopped

These results suggest that the large, transient phases Witlﬂ/lOW using MDCC-PBP {) (reaction mixture of Pmop, 5uM

- ' . DCC-PBP, 1uM XMF120, and 10uM ATP). For the Rburst
XMF90 are due to the residual sarcomere shortening thatexperiment (reaction mixture of M XMF120 and 10uM ATP),
has a relatively high ATPase activity. Thus, with cross-linked the data were fitted to a rapid transient phase with an amplitude of
myofibrils, it appears that the predominant intermediates in 0.55 mol of total Fmol of myosin heads followed by las of 1.6

.D. s71(0). (b) Fluorescence transients at 1, 2, grM XMF120 and
f:r:)’arlcztrft?gt)i/o:tg;(e( A?@[ggﬁggtzgsﬁﬁes and that the 100uM ATP. (c) Fluorescence transients given byl XMF120

~and 100uM ATP in the presence or absence of?Carhe kinetic
Another noteworthy feature of the stopped flow traces is constants that were obtained are in the text.

that with 2 and 4uM XMF120 there were transient lag
phases, as found with un-cross-linked myofibri2d)( that s 1 with C&* (Figure 8c). With XMF90, thekss was 0.29

[Pi]/[Myosin head] (mol/mol)

0 0.2 0.4 0.6 0.8 1
Time (s)

0.15 2pM

0.1 [~ 4puM

[Pi}/[Myosin head] (mol/mol)

03 - ]

02 [~ -Ca*

[Pi]/[Myosin head] (mol/mol)

01 [ - I

presumably are a manifestation of the buildup of (ANDP- s 1 without C&" and 0.43 s! with Ca*, but at 4°C. We

P, states that are not measured in freameasurements. note that the small initial fast phase was also obtained in
The dependence dfs on the ATP concentration agreed the absence of Ca

well with that obtained by totalRleterminations. Thus, at Conclusions After an evaluation of the MDCC-PBP

60 uM ATP kss= 1.07 s (total R gave 1.04 st), at 100 method with cross-linked myofibrils under our experimental
uM ATP 1.14 s (1.27 s%), and at 30QuM ATP 1.49 st conditions, to eliminate spurious phases, freeneasure-
(1.63 s1) (progress curves not illustrated). ments with myofibrils (in which 6.5% of the heads had been
In the absence of Caand at 10uM ATP, the ATPase cross-linked to the thin filament) gave large and rapid phases
rate of XMF120 was 0.44°$ compared to a value of 1.14  that were followed by steady state phases of ATP hydrolysis.
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The initial phase is almost certainly explained by a residual Scheme 3

sarcomere shortening process because in more heavily cross- Pi

linked myofibrils (8% hgads cross—linked) the pha;e was A~M-ADP-Pi = A-M*-ADP-Pi # A-M*-ADP
reduced greatly. Thus, it appears that with myofibrils that Pi

are prevented from shortening by chemical cross-linking, in no force force force

XMF120, (A)M-ADP-P; states predominate in the steady o _
state, with (A)MADP states representings% of the myosin ~ ATPase activity of S1 as determined by st and cold

heads. ATP chase experiment23). Similarly, the procedure does
not inhibit the actin activation of S1 ATPase whether the
DISCUSSION actin had been activated by EDC at 4 or 20 (P.

i i , Chaussepied, personal communication). Also, it does not
We show here that the predominant intermediates on thegjgnificantly affect the ATPase sites of myofibrils (128
ATPase reaction pathway of myofibrils prevented from ,nq this study), as determined by the cold ATP chase method.

shortening are almost certainly (AJMDP-P states. Thus, 1 decrease ik.. (Table 1) without affecting the ATPase
with all mechanical conditions studied so far [relaxed, rapidly gjie concentration can be explained by the Fenn effect (see

shortening 21)’_ or isometric (this study)]_, (AWADP'Pi below). Second, key features of the ATPase of un-cross-
states predommate. Also c_on_S|der the_ biphasic ATPase ofjiked myofibrils remain with XMF120:k_, < ks, apparent
unheld, C&"-activated myofibrils: a rapi#”followed by a ;"> 109" and similai values for ADP. Third, the overall

slow k° (39). During the fast rate, the myofibrils shorten  girctre of the cross-linked myofibrils, including sarcomere
rapidly; when the sarcomeres reach 2201 um, both  |engihs, could not be distinguished from those of un-cross-
shortening anq ATPase rates are reduqed, presumablyiniqq myofibrils (as seen under the microscope). Finally,
because the thin filaments now touch the M-lines. It has been o i|ustrated in Figure 1, the mechanical properties of

suggested thak® is the ATPase of myofibrils that are  y\1F120 are those expected of the isometric condition.
contracting isometrically47). Therefore, had there beena — owever, there is a caveat: cross-linked myofibrils are
change in the rate-limiting step in going frdn (P release ot fylly regulated because whether?Cas present, their
rate-limiting) tok® (ADP release rate-limiting), there would  Atpase activity is almost 2 orders of magnitude greater than

I F S B . : R
have.t_)een a transient burst phase of freatRhek o K that of relaxed native myofibrils. The high ATPase in the
transition. Free Rransients were not detected, so it appears gpsence of G is almost certainly a manifestation of rigor

that the (A)MADP-P; states predominate for the duration  gctivation caused by the permanently linked bridges intro-

of both k™ andk® (21, 22). _ o ~ duced by the cross-linking procedure. Although modification
That (A)M-ADP-P; states predominate with isometric  of the C&*-regulation apparatus cannot be ruled out, there
myofibrils is at first sight difficult to reconcile with fiber  \y55 no evidence for this from structural studi28)( Further,

and, in particular, myofibrillar mechanics because several e myofibrils were to a certain extent activated by*Ca
workers suggest that in going from the rapidly shortening

to the isometric condition, there is a switch in the rate- Models for Connecting the Mechanical and Chemical
limiting step [R release K4 in Scheme 1) to ADP release Kinetic Data with Cross-Linked Myofibrils (XMF120)
(ke)]. This conclusion comes from the sensitivity to ¢?
isometrically held fibers§, 9, 40) or single myofibrils 82,

48). With an increase in;Roncentration, the isometric force
decreased and the rate constant for force developmen
increased, but the unloaded shortening velocity.f and

the overall ATPase rate were affected little. As the depen-
dence of force on the;Roncentration was hyperbolic and
the asymptote at infinite ;Rroncentration was not zero, a
two-step mechanism was proposed (Scheme 3).

Clearly, to affect force development,iRust interact with
an A-M-ADP state, a state that we were unable to detect
whether the myofibrils were shortening actively or held
isometrically. A secondary allosteric site for €&annot be
excluded, but there is little evidence for this.

How can we reconcile the chemical kinetic and mechanical
data? What are the implications for the mechanochemical
transduction in muscle contraction? First, we must consider
the authenticity of cross-linked myofibrils as the isometric
state.

Our aim was to find the simplest possible model for
accommodating thehemical kinetiadata with cross-linked

yofibrils (XMF120) andmechanical datavith isometrically

eld myofibrils and fibers. In our search, we took into
account the notion of duty cycle. Thus, it is thought that
with skeletal fibers, the duty cycle for active myosin heads
is low, i.e., that only a fraction of the myosin heads is
attached and generates tension at any given t8n9( 50).
This fraction is in the range 60%, and may depend on
the method used and, possibly, the mechanical condition.
By “attached” we mean myosin heads that are bound tightly
to actin (e.g., as in A-M*ADP-P, or A-M*-ADP states,
Scheme 3) and by “detached” heads that are bound weakly
(e.g., A~M-ADP-P, state, Scheme 3). The duty cycle is then
given by the relative amounts of attached and detached heads.

A Model in Which Attached and Detached Headwéla
Different Rate-Limiting StepsHere, we assume that the
detachecheads hydrolyze ATP via rate-limiting Release,
i.e., that (A)MADP-P, states accumulate in the steady state
and that thattached headsydrolyze ATP via a rate-limiting
ADP release step. With these, (A)MDP states accumulate.
This two-pathway model, which is based on the work of

Although we cannot exclude entirely the possibility that Geeves and Holme§), Amitani et al. §0), and Tesi et al.
the myofibrils had been affected adversely by the cross- (32), is given by Scheme 4 in which A-M represents strongly
linking procedure, we think that this is unlikely. First, the attached (*high force”) and AM weakly attached (“low
cross-linking procedure did not significantly affect the force”) states. The rate-limiting steps are in bold. Steps 2

Do Chemically Cross-Linked Myofibrils Mimic the
Isometric State?
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Scheme 4
6' 7
51 A-M*ADP-Pivy A-M*ADP =®ADP rclease  Attached
1 ‘//v Pi slow pathway
A-M7=2A~M-ATP5:=*A~M-ADP-Pi W
N Pi
2I I4 5 A~M*-ADP-PivZ> A~M*ADP—»ADP release  Detached
6 7 fast pathway
M-ATP =— M-ADP-Pi
3
Scheme 5
1. n N T . O 7 8
A-M3--"A~M ATPF==*A~M-ADP-PiT—A-M"ADP Pi = A-M*-ADP-Pi~<A-M*-ADP—>A-M
2I I 4 Force Force Pi Force
M-ATP —,3—‘ M:-ADP-Pi
and 4 are rapid equilibria, steps 5 andrélatively slow A key feature of this scheme is that the kinetics of a step
protein isomerizations, and steps 6 ahdiusion-controlled immediately following a high force state are slow (step 6).

processes. Steps 7 antl ate composite: relatively slow  Step 5 may also be relatively slow [as proposed by Ranatunga

isomerizations followed by rapid releases of ADP. The rate- (53)] and may be the rate-limiting step in rapidly shortening

limiting step with the detached pathway ig®ease (kinetics  myofibrils. The important point is that in the steady state

directed by step 5) and with the attached pathway ADP both the low force A-M-ADP-P; and high force A-MADP-

release (step'y. P, states accumulate, the relative amounts depending on the
This model requires a low duty Cyc]g 6%) because the equilibrium constantKs. The transients in the inUrSt

concentration of the strongly attached A-MDP state is ~ €Xperiments are composed almost exclusively of these two

low (<0.05 mol/mol of myosin heads as judged by the free states (with the MADP-P; state). The concentration of the

P, measurements). Therefore, in Scheme 4 we propose that\-M* *ADP-P; state is low because at low €oncentrations

the attached pathway involves5% and the detached Step 7 is virtually irreversible. Consequently, in this model

pathway >=95% of the heads. To ensure the efficiency of the duty cycle is mainly a function d{s andKa.

the contraction §1, 52), we assume that thks of the In the mechanical experiments, whersfadded, isometric

detached heads is low, possibly that of fully relaxed force is reduced because step 7 becomes a rapid equilibrium

myofibrils (0.07 s* at 20°C), and that the measurégl (2.3 and the system is shifted toward the low force -ADP-

sY) is due mostly to the attached heads. However, the P P, state (and then MADP-P, state, etc.). This implies that

burst of ADPP, states is due almost entirely to the detached k-6 is large.

heads. To summarize, the totabRrst transient isareflgction Which Model?From our experiments, it is difficult to

of the detached heads and the ovekaJand mechanics of ~ chgose between the two models. In the model in Scheme 4,

the attached heads. In this model, the ADP release kineticsingre are two ATPase pathways: one for detached heads with
are modulated by the mechanical state of the myofibrils, as p rejease being rate-limiting and the other for attached heads
postulated by Geeves and Holmé3. ( with ADP release being rate-limiting. In Scheme 5, there is
Although this model accommodates most of the chemical only one pathway. To distinguish between Schemes 4 and
kinetic and mechanical data, it is not wholly satisfactory. 5, we need a method that selectively measures chemically
First, if the overallkss were to be directed by the attached the few attached heads in the presence of a large excess of
pathway with its important A-M*ADP state, it would be detached heads.
sensitive to addediPHowever_, thekss was Insgnsnwe toP The problem is also difficult because there is considerable
(Results, above). Of course, it could be thatin XMF120 the o iqence, hoth chemical kinetic and mechanic, that the
contraction is relatively inefficient, i.e., that the overkll myosin h;ead ATPase pathway has several ATP étﬁt@s (
is a reflection of the detached rather than the attachedADP,Pi states §3), and ADP states46), as predicted by

pathway. Second, the model implies a rather low duty cycle y,o o de| of Geeves et a6%) and by the structural analysis
(=5%), but this could be because chemically cross-linked of Geeves and Holmeg), This makes it difficult to assign

mﬁ/.o;ibrils have aflower duty cycl;azthan lisorrpehtr!c (fjibers. chemical kinetic data to particular intermediate(s). For
Third, to account for an overakks of 2.3 s* which is due  jhqance in Fourst experiments, the transient burst amplitude
almost entirely to the 5% of heads that are attached, therepresents the sum afl ADP-P, states (in Scheme 5) plus

i 1
ATPase of these few heads would be high+{80 s™). any free R We discuss this further below. However, in

We now consider a model in which there is only one certain mechanical experiments, the data can be assigned
pathway. more precisely. Thus, the sensitivity of isometrically held
A Model with Four (A)MADP-P; States Scheme 5 is an  fibers to P can be attributed to an interaction qfviAth the
adaptation of the three-steprelease scheme of Ranatunga A-M'-ADP state of Sleep and Hutto§), as given in
(53) in which K, andK, are rapid equilibria. Because of the Scheme 2. Any interaction of the A-MADP or A-M-ADP
rapidity of the ATP binding kinetics (step 1), the concentra- state with Pwould presumably not lead to a mechanical
tion of the A-M state is low. signal as step a is essentially irreversible.
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Do We Measure K the Equilibrium Constant for the
Cleavage Step, in PBurst Experiments®With S1, K3 is

obtained from the size of the amplitude of the transientin P

burst experiments36). In our previous work, we applied

this method to myofibrils, and we concluded that with these,

Kz is much larger £10) than with S1 (23). We can now

explain this difference not by a difference in the cleavage

step itself, but by different numbers of AD® states in the

two systems. It is generally thought that the cleavage step

occurs in the detached state, so we deKg@s being equal
to [M-ADP-P]/[M -ATP] whether in S1 or myofibrils¥, 56,
57). With S1 and if the the Bagshawlrentham scheme is

assumed (Scheme 1), thelRirst is due to one state only

(M** -ADP-P)). The concentrations of the MADP-P, state

and free Pare low because step 4 is slow and rate-limiting

and step 5 is rapid and virtually irreversible.

However, with myofibrils, there is more than one ADP

P, state before the rate-limiting; Release, sd; cannot be

obtained directly. Thus, in Scheme 4 (detached pathway)

there are two and in Scheme 5 three such AP)Btates.

Therefore, these accumulate in the steady state and arei7.
measured in the total Burst experiments. From the identity

of the burst sizes in cold ATP chase andb&rst experiments,
it appears that in the steady state, with Scheme 4ADP-
P] + [A~M-ADP-P] ~ [active site] and Scheme 5 [M
ADP-P] + [A~M-ADP-P] + [A-M -ADP-P] ~ [active site].
Steady State Parameters of Cross-Linked Myofibfite

keat Of XMF9O0 is less than 50% of that of un-cross-linked

myofibrils, and in XMF120 k.. is reduced further (Table
1). This reduction irk.;, Which is not due to a reduction in

(see above), may be a reflection of the Fenn effé8(

60), namely, that the total energy liberated during a contrac- 2>
tion is increased if the muscle is allowed to shorten, although
with the two-pathway scheme this interpretation may be less
clear-cut. With Scheme 5, it could be that the condition of 27.

the myofibril modulates the equilibria of the different (A)M

ADP-P, states and that this, in turn, modulates the overall

ATPase activity.
The rather sharp increase in tKg for ATP upon cross-

linking is noteworthy, especially the increase in going from
6.5 to 8% heads cross-linked (Table 1). This is surprising
because cross-linked myofibrils appear to bind ATP as tightly
as un-cross-linked myofibrils (with XMF120 in Figure 4).

Further, consider the relation betwdefK; andkea/Km. With
S1, these ratios are very similar [as expectel §f < keq
(24)]. With myofibrils, cross-linked or not/K; > kealKnm.
Unlike with S1, with myofibrils it is difficult to interpret

keat and Ky, in terms of individual rate constants. We have

already referred to this problem elsewheb&)(
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