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ATP Analogs and Muscle Contraction: Mechanics and Kinetics of
Nucleoside Triphosphate Binding and Hydrolysis

M. Regnier, D. M. Lee, and E. Homsher
Department of Physiology, School of Medicine, University of California, Los Angeles, California 90095 USA

ABSTRACT The mechanical behavior of skinned rabbit psoas muscle fiber contractions and in vitro motility of F-actin (V)
have been examined using ATP, CTP, UTP, or their 2-deoxy forms (collectively designated as nucleotide triphosphates or
NTPs) as contractile substrates. Measurements of actin-activated heavy meromyosin (HMM) NTPase, the rates of NTP
binding to myosin and actomyosin, NTP-mediated acto-HMM dissociation, and NTP hydrolysis by acto-HMM were made for
comparison to the mechanical results. The data suggest a very similar mechanism of acto-HMM NTP hydrolysis. Whereas all
NTPs studied support force production and stiffness that vary by a factor 2 or less, the unloaded shortening velocity (V) of
muscle fibers varies by almost 10-fold. 2-Deoxy ATP (dATP) was unique in that V,, was 30% greater than with ATP. Parallel
behavior was observed between V; and the steady-state maximum actin-activated HMM ATPase rate. Further comparisons
suggest that the variation in force correlates with the rate and equilibrium constant for NTP cleavage; the variations in V,, or
V; are related to the rate of cross-bridge dissociation caused by NTP binding or to the rate(s) of product release.

INTRODUCTION

Muscular work results from the cyclic interaction betweenlin this model ATP binds to the myosin S1 (M) of an
actin and myosin in which chemical energy, derived fromattached (rigor) cross-bridge (step 1), followed rapidly by
the hydrolysis of MgATP, is converted into mechanical the dissociation of actin (A) from M (step 2), producing the
work, force, and shortening (chemomechanical transducdetached M ATP cross-bridge state. After hydrolysis of
tion). Myosin and acto-myosin ATPase activity have beernthe +y-phosphate (step 3), a low-force, weakly bound
studied extensively in solution, and a number of steps havA~M - ADP - P, state can form (step 4), which is in a rapid
been identified and characterized (reviewed in Homsher andquilibrium with the M- ADP - P, state. During isometric
Millar, 1990). In muscle fibers, however, the orderly array contractions the cross-bridge then isomerizes to a strongly
of thin and thick filaments may impose steric and strain-bound state (step 5) that produces strain, resulting in force
dependent constraints on acto-myosin interactions. Regeneration (denoted by *). Studies of the tension transients
cently, measurements of force transients after quick lengtfollowing caged-Pphotolysis and pressure jumps have been
changes or the photolysis of caged compounds (such asterpreted as indicating that this strongly bound, high strain
ATP, ADP, P, and C&") have been used to determine 1) state occurs before and is rapidly stabilized by the release of
which cross-bridge transition steps occur during muscle® (step 6) from the cross-bridge (Fortune et al., 1991;
fiber contractions, and 2) the strain-dependent properties dbantzig et al., 1992; Millar and Homsher, 1992; Walker et
these cross-bridge steps. Several chemomechanical modells, 1992). In the isometric contraction this is followed by
now exist, most of which can be incorporated into thethe slower release of ADP from the cross-bridge (step 7) at
following simplified scheme: the end of the power stroke.

1 6 7
AM* + ATP< AM:-ATP =A~M-ADP-P < AM* -ADP-P, < AM* - ADP < AM* attached
201 3 114
A+M-ATP<A +M-ADP-P, detached

ol

Scheme 1
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AM - ADP - P, state that precedes myosin isomerization topublished previously (Regnier et al., 1993; Regnier and
the force-exerting AM*ADP-P; state. Furthermore, there is Homsher, 1996; Homsher et al., 1993).

strong evidence that release of ADP from the cross-bridge is

a two-step process in muscle fibers (Bagshaw and

Trentham, 1975; Sleep and Hutton, 1980; Dantzig et al. MATERIALS AND METHODS

1991). Recently Homsher et al. (1997) have provided eViFiber solutions

dence that the forward rate constant for the force-generating

isomerization (Step 5) varies with fiber Shortening Ve|0cityA” fiber solutions were at 200 mM ionic strength (pH 7.1, 10°C) and, for
and is thus strain-dependent control measurements, contained 100 MNiI-bis(2-hydroxyethyl)-2-ami-

. noethane sulfonic acid (BES), 6 mM MgATP, 1 mM FRfg (added as
Another method used to study the chemomechanical prorﬁagnesium acetate), 20 mM K-acetate, 20 mM EGTA (as K-EGTA for

cess in muscle fibers is to substitute analogs of ATP (NTPS)ejaxation solution or CaEGTA for activation solution), 15 mM creatine
as the substrate for contraction. Correlation of the mecharphosphate, and 200-4000 units Thicreatine phosphokinase (Sigma, St.
ical behavior in NTPs with changes in rate constants of-ouis, MO). In preactivation solutions, the K-EGTA concentration was

i i i i i 2 mM, and 18 mM HDTA was added to maintain a total
in the hydrolysis m rovi ful information "éduced to ,
S the hydrolysis may provide usefu ormatio concentration of (EGTA+ HDTA) at 20 mM. For comparison of sub-

about mechanically and energetically important steps. Somgtrates’ MgATP was replaced with MgCTP, MgUTP, MgITP, MgGTP, or
of these analogs (e.g., ITP, GTP, and aza-ATP) bind moree Mg2-deoxy forms of ATP (dATP), CTP (dCTP), and UTP (dUTP). For
slowly to myosin, support less force and shortening velocnucleotide concentrations, the stocks were scanned using the following
ity, and have slower steady-state hydrolysis rates than whegxtinction coefficients and wavelengths: ATP, 140°M *cm * (259
MgATP is the substrate for contraction (Pate et al., 19917 dATP, 15.4< 10°M *cm* (259 nm); CTP, 9.1< 10°M * em™

S . . 271 nm); UTP, 8.1x 10° M~* cm * (261 nm); ITP 12.2x 10* M2
1993; Whlte et gl., 1993). TWQ notable gxceptlons to this arg, ;1 (249 nm); GTP 13.7 10° M~ cm™* (252 nm). In some experi-
2-[(4-azido-2-nitrophenyl)amino]ethyltriphosphate  (Mg- ments the NTP concentration [NTP] was increased or decreased, and the
NANTP) (which behaves in a manner similar to that of K-acetate concentration was adjusted to maintain ionic strength at 200 mM.
MgATP; Pate et al., 1991) and MgCTP, which SupportContaminant levels of nucleotide diphosphates (NDPs) in activation solu-

i ; : i i high-performance liquid chromatography
imilar for n lower shortening veloci retions were determined by
S ar force and a slower shorte g veloctty, but a e(HPLC) (Waters Associates, Milford, MA; Partisil 10 SAX, 4.6 mm [I.D.]

reported to have a faster steady-state hydrolysis rate th%@ 250 mm steel column, Whatman, Clifton, NJ). The mobile phase, 0.4 M
MgATP (Pate et al.,, 1993). Both NANTP and MgCTP NH,H,PO, (pH 4.0), was pumped through the column at 3 ml rirThe

exhibit a sensitivity to ADP and;Roncentrations similar to elutant’s optical density was monitored at 254 nm. ATP stocks contained
that seen with ATP (Pate et al., 1991). Furthermore <1% contamination with ADP. NTP stocks contained 1-3% contamination

P NDPs and were free of ATP contamination. Several stock solutions
himiz l. (1991) showed th xy forms of ATP?Y
S u et al. (1991) showed that deoxy forms o were further purified by chromatography on a DEAE-52 column equili-

Sl_JppF’” translocatlon of F-actin ov'er'myosm-coated COVEI ated with 10 mM tetraethyl ammonium bicarbonate (TEAB) at pH 7.4
slips in motility assays at speeds similar to that of ATP anchnd elution with a 10-700 mM gradient. The NTP peak fractions were
have a higher turnover rate by HMM, in the absence andbooled and rotary evaporated three times at 25°C with methanol washes
presence of actin. _betvyeen rota[)y evaporation. This process reduce_d NDRMP contam-

In the present study we extended this work by surveyin nation to <1%. The results (maximum isometric force and unloaded

. hortening velocity) obtained using the column-purified NTP were not
several natura”y occurring NTPs (dATP’ CTP, dCTP, UTP'different from those using the original stocks. This result suggests that the

dUTP, ITP, and GTP) to find substrates that support evels of NDP and Pcontamination of the NTP samples were not signif-
variety of force levels and shortening speeds as a prelude fcant to the results obtained. To determine the ability of the creatine
experiments examining the posthydrolytic steps of the acPhosphokinase (CPK) (1-20 mg/mi) to regenerate NTP from NDP, acti-
tomyosin ATPase cycle. Similar to previous work (Pate etvatlon solutions were prepared with 5 mM NDP in place of NTP. To start
. . the reaction, CPK was added to the activation solution (at 10°C), and, at

al., 1993; White et al., 1993)' We_ found .that at 6 ml\/l mQStprogressive times, samples were taken and the reaction was stopped by the
of the NTPs surveyed reduced isometric force, fiber stiff-aqdition ¢ 5 N HCI. The solutions were brought to pH 4.0 by the addition
ness, and unloaded velocity of shortening)(in muscle  of NaOH, and then injected onto the HPLC for determination of the time
fibers and slowed F-actin filament sliding velocity;) in course of NTP synthesis. These meas_ur_ements showed that ATP and dATP
the in vitro motility assay. In contrast, JATP produces the"Ve'® completely rephosphorylated within 20 s, but CTP and UTP gave

. . only 48% and 51% rephosphorylation after 30 min in 20 mg CPK/ml.
_Same isometric force as ATP, but bO‘ﬂﬂJ and Vf Were. Nevertheless, CPK at 20 mg/ml was added to CTP and UTP containing
increased by~30%. We then selected dATP, CTP (which fiber solutions to mitigate increases in the basal NDP concentration.
produces similar isometric force but slowg by ~50%),
and UTP (which reduces isometric force by50% and
slowsV, by 80%) for a more detailed study of their effects Fiber preparation and mechanical measurements
on muscle m?ChamCS_ and the kinetic steps ",1 NTP blndln%undles of psoas muscle fibers from female New Zealand White rabbits
and hydrolysis. In this paper we characterize the CrosSgere harvested, chemically skinned by the glycerol extraction method
bridge steps most likely to limit the ability of fibers to (Goldman et al., 1984), stored at20°C, and used for up to 6 weeks.
shorten. In the companion paper (Regnier et al., 1997) weéeveral times, freshly skinned fibers were used after incubation in a
characterize the cross-bridge steps (the pOSthydl’OlySi@laxation solution containing 0.1% Triton for 15 min after to the experi-

. . ment. Procedures for mounting short lengths of single fibers (3-5 mm),
StEps) that control Steady'State force, the kinetics of forC%hanging solutions, and making mechanical measurements were as previ-

g?ne':ationa and' the Strair.‘ C!ependency of Crpss-bridge C¥usly described (Dantzig et al., 1992). After mounting, laser diffraction
cling in muscle fibers. Preliminary reports of this work were was used to set sarcomere spacing ag2r8 Measurements of fiber width
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(w) and depth d) were made with a compound microscope (4QGrom software (OLIS, Silver Springs, GA). The rate of NTP binding to HMM
three separate locations along the fiber length, and an average crosaas measured using exciting light at 295 nm (from a grating monochrom-
sectional area was computed {d - [7/4]). Force transients were acquired eter with 1-mm slit width) from a 150-W xenon arc lamp, and the change
by digitizing signals at 20 kHz and were analyzed using the program KFITin protein fluorescence at 90° to the incident light was monitored using a
(Millar and Homsher, 1990). Fibers were excluded if the control level of photomultiplier at wave lengths greater than 345 nm after passing through
isometric force decreased by10% during the experiment. Unloaded a WG 345 filter. The rate of acto-HMM dissociation was monitored by the
shortening velocity ) was measured using the “slack test” (Edman, change in light scattering at 365 nm (Johnson and Taylor, 1978; White et
1979). The reportel,, values are expressed in muscle lengths per secondal., 1993). Estimates of the equilibrium constant for NTP cleavage were
(ML/s) (the observed shortening velocity (mm/s divided by the musclemade using a single-turnover/cold chase technique (Bagshaw and
length, corresponding to a sarcomere length of 2u#%). The apparent  Trentham, 1973). In these experiments, a 10-fold excess of HMM S-1 was
maximumV,, (max V,) and the appareri,, (K,,) were obtained from  mixed with [y-**P] NTP or PH] NTP and, after the nucleotide bound to and
measurements &f, over a range of NTP concentrations (from 1,00 to equilibrated with the HMM (as judged from the increase in protein fluo-
12 mM), and using least-squares linear regression of the 1/NTP versuescence), 2 mM unlabeled NTP was added. Aliquots of the reaction
1N, Fiber stiffness was measured as the change in force per length, usirgplution were quenchead il N H;PO,, mixed, allowed to stand on ice for
sinusoidal length changes of 0.05-0.1% of fiber length (peak to peak) ab min, and then brought to pH 4.6 Wwitt N NH,OH. Carrier NTP, NDP,
0.5 kHz. Stiffness values are reported as a percentage of stiffness in contrahd NMP were added to the solution, which was centrifuged in an Eppen-
activation solution (6 mM ATP, pCa 4.5). dorf tabletop centrifuge for 5 min. Aliquots of the supernatant were
injected onto a SAX analytical column (see above), and the isocratically
eluted NTP and NDP peaks were collected and analyzed by scintillation
Protein preparation counting to determine the extent of NTP hydrolysis. Experiments were

. . . ~ conducted under conditions similar to those for fibers (10°C, pH 7.1, 200
Rabbit skeletal myosin was prepared from white back muscles (Margossiag,uv ionic strength) and the in vitro motility assay (25°C, pH 7.4, 54 mM

and Lowey, 1982) and used immediately or stored for up to 4 weeks, agynic strength). The protein solutions at 10°C contained 100 mM BES (pH
previously described (Homsher et al., 1992). Heavy meromyosin (HMM)7_1) 2 mM KEGTA, 1 mM free Mg*, 1 mM DTT, and 163 mM

was produced by digestion of myosin laychymotrypsin for 10 min at  _acetate, and those at 25°C contained 25 mM KCI, 25 mM MOPS (pH
25°C (Toyoshima et al., 1987). Actin was prepared according to the7.4) 2 mM KEGTA, 2 mM MgCl, and 1 mM DTT).
method of Eisenberg and Keilly (1974) and was labeled with phalloidin-

tetramethylrhodamine (Molecular Probes, Eugene, OR), according to the

method of Kron and Spudich (1986) for motility experiments. Protein RESULTS

concentrations were determined by measuring absorption at 280 nm with

extinction coefficients of 0.53, 0.60, and 1.15 mhg * - cm™* for my- Survey of NTPs

osin, HMM, and actin, respectively.
The isometric forceR,), stiffness §)), andV,, produced by
fibers with 6 mM ATP were compared with the force

In vitro motility assays (Pure), stiffness Gyrp), and unloaded shortening velocity
Assay conditions, techniques, and measurement procedures for f-acttVuNTP) Pmduced in the same ﬁper when ATP was re-
filament sliding speed\) were as described in Homsher et al. (1992). All placed with 6 mM NTP. Comparisons for the survey of
measurements of; were made at 25°C, and motility solutions contained NTPs were made at 6 mM nucleotide concentration to
?54)”“'\2" ana ,\iZC’ZMZSr;qNN'Im;Eg‘;';‘oip;?&a&iﬂfﬁs'Ca?]fj'da(g'lsc':gl(E’SH insure that/, was at maximum for ATP (Cooke and Bialek,
-4), , 2 , - , . . .

mM)/glucose oxidase (27 units/ml)/catalase (260 units/ml) system to sIowlg?g)' The results of this SL_‘r"ey are Summanzed in Table 1.
photobleaching. Total ionic strength was computed as 54 mM, and inl N€ level ofPyrp occurred in the following order: ATP-
experiments in which the MgNTP was raised or lowered, [KCI] concen-dATP > CTP = dCTP > UTP = dUTP > GTP > ITP.
tration was diminished or raised to maintain ionic strength. At 6 mM Pcrp and Pycrp Were only slightly reduced fronmP,,
gﬂoﬂgs tvér;;h/SIGMn?Z'\:I, and 0 mM KCI, the ionic strength of motility WhereasPUTp andeUprere reduce by half, a“aGTP and

' Prp were <17% Patp. Syt Was similar toPyrp and had

the relationship ATP= dATP = CTP = dCTP> UTP =

Measurement of the kinetics of NTP binding, dUTP > GTP > ITP. As a control, stiffness was measured
cleavage, and hydrolysis under rigor conditions and was found to be 1302%

The proteins used in these experiments were dialyzed overnight against the
solutions to be used in the transient kinetic and steady-state NTPase
measurements. The steady-state rate of NTP hydrolysis was measur
using a colorimetric phosphate procedure (based on the formation o
phosphomolybdate) (White, 1982) from five time points for HMM alone NTP Rure Sute ViunTe)
and in the presence of increasing actin concentrations ranging from 0 to ZRTP

BLE 1 Relative values of Pyp, Syrp, and V,,rp), by NTP

. ; . 1 1 1
;ul\/lc. The solutions contained 10 mM MOPS_(p_H 7.1_ at 10°C and 7.4 atdATP 0.98+ 0.07 (20) 0.99 0.06 (8) 1.27+ 0.02 (20)
25°C), 3 mM MgCl}, 2 mM K,EGTA, 1 mM dithiothreitol (DTT), and 1
Nt . CTP 0.86% 0.02 (28) 1.02+ 0.06 (4) 0.52+ 0.03 (16)
mM Na,-NTP (ionic strength 20—23 mM), and were thermostatted in a
N o g dCTP 0.92+ 0.03 (22) 1.0+ 0.03 (3) 0.47+ 0.03 (15)
temperature bath at 10°C or 25°C (ionic strength 20—23 mM). The reac- N N
tions were initiated by the addition of NTP. Estimations of the maximum uTP 0.470.03 (24) 0.65= 0.05(10) 0.17-0.01 (10)
hydrolysis rate of NTPK,,) and K,,, were 6btained from least-squares dutp 0.47=0.03 (18) 0.72= 0.06 (6) 0.26= 0.03 (10)
Iir}1/ear );its to double-reci e;ocal Iont]s For transient kinetics theol rate ofITP 0.11+0.01 (10) 0.29=0.03 (3) 0.07=0.01 (2)
procal plois. ’ GTP 0.17+ 0.03 (7) 0.46+ 0.02 (5) 0.04+ 0.01 (5)

NTP-induced dissociation of acto-HMM and the rate of NTP binding and
cleavage were measured using a using a Hi-Tech PQ/SF stopped-flowalues are mean:SE (number of observations) expressed as a percentage
sample handling unit (with a dead time of 2.1 ms) (Salisbury, England)of P, (136 + 5 S, (12.4 kN/nf), andV,, (1.8 = 0.1 ML/s) in the same fiber.
interfaced with an OLIS Spectrofluorimeter, data acquisition unit, and[NTP] = 6 mM for all observations.
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(mean* SE,n = 23) of §,, in agreement with earlier data 150 a b

(Goldman and Simmons, 1984; Pate et al., 1993). Because - QZTPP v oy a
Sute Was compared t@&, in the same fiber (at the same e

sarcomere spacing), the rat® /S, should be roughly 100

proportional to the number of strongly bound cross-bridges
during isometric contractions (Ford et al., 1977). Measure-
ments of theS§ /S, ratio suggest that the number of
strongly bound cross-bridges does not change for dATP,
CTP, or dCTP, but was reduced for the other NTPs. For
these NTPs (UTP, dUTP, ITP, and GTRyp Was not
reduced as much & (Table 1). Similar stiffness-force
relationships were reported by Pate et al. (1993) for CTP
and GTP. The larger decrease in force (relative to stiffness)

[3)]
o

Force (kN/mz)

is similar to that seen when force is reduced by increasjng P 0.3

(Dantzig et al., 1992; Martyn and Gordon, 1992; Hibberdet ¢

al., 1985) or the addition of butanedione monoxime (BDM) E

(Regnier et al., 1995; Higuchi and Takemori, 1989), vana- S 02

date (Chase et al., 1993), aluminofluoride (Chase et al., 2

1993, 1994), or beryllofluoride (Regnier et al., 1997). As- B 01

suming that the compliance of the thick and thin filaments 8§ ™

is unchanged in different nucleotides, the change may be B

produced by variation in the population of strongly bound, 0.0 1 l ! ‘
low-force-exerting cross-bridges (Regnier et al., 1995). Al- 0.00 0.05 0.10 0.15 0.20

ternatively, these NTPs may alter the power stroke in a
manner that reduces the force per cross-bridge in isometric
contractions. FIGURE 1 Isometric force Ryrpy and unloaded shortening velocity

V, varied widely for the various NTPs. Fig. d shows  (Vuwte) for ATP, dATP, CTP, and UTP in the same fibes) The inset
typical slack test force traces after a 7% Iength step usingemonstrates the procedure used for measurements. At arrow a, the fiber

. ] « was transferred from a preactivating solution (see Materials and Methods)
ATP, dATP, CTP, and UTP in the same fiber. The Slatho an activation solution containing 6 mM NTP (pCa 4.5), and force was

time,” the time from the beginning of the length step to theyjowed to develop to a steady-state condition. At arrow b, the fiber was
point when force starts to redevelop, increases with thenloaded by a quick release (of 7%), and force was allowed to redevelop
order dATP<< ATP < CTP < UTP. Least-squares linear at the shorter length before the fiber was transferred to relaxing solution.
regression fits of the slack times for four length stepsFor this fiber,P, = 133 kN/nf, CSA = 3156 um? and fiber length (at a

. 0 0 ] . _sarcomere length of 2,8m) was 3.0 mm. Normalized force values are 1.0
(ranging from 5% to 10% of fiber length) used to determlne(ATP)’ 1.0 (dATP), 0.85 (CTP), and 0.45 (UTPP) (Plot of slack time

VL_J[NTP] are shown in Fig. b. Ve for th.iS fiber incregseq versus length steps (5.5%, 7.0%, 8.5%, and 10% of fiber length) used to
with the same order as shown for the single traces in Fig. HetermineV, e, The adjustedV,rp, for this fiber was 1.8 muscle

a. The VU[NTP) data for all of the NTPs surveyed are sum- lengths/s, and normalized values are 1.0 (ATP), 1.25 (dATP), 0.70 (CTP),
marized in Table 1 and yield the relationship dATP  and 0.27 (UTP).

ATP > dCTP= CTP> dUTP> UTP > ITP > GTP. The

results obtained for CTP and GTP agree with those of Pate

et al. (1993). dATP was unique becau&g - was similar  different NTP concentrations. In agreement with Cooke and
to Py, butV,yarpywas greater thaw, by almost 30%. CTP  Bialek (1989) and Ferenczi et al. (1984), decreased
and dCTP reduce isometric force only slightly, but reducdinearly with log [ATP] for concentrations ranging from 0.1
V, by ~50%, whereas UTP and dUTP reduce force bymM to 5 mM (Fig. 2). This inverse correlation between
~50% and are poor substrates for fiber shortening. ITP andubstrate concentration and force was observed for all of the
GTP are poor substrates for both force and shortening anNTPs examined as well (Fig. 2). Over the concentration
were not studied further. dATP, CTP, and UTP were setanges used for these experiments, the slope of the force/log
lected for further study because they support significan{NTP) for dATP, CTP, and UTP was not significantly
force and span a wide range of shortening velocities. different from that seen in ATP, which suggests that the
equilibrium binding constants of the nucleotides to rigor
cross-bridge state are similar.

As previously demonstrated for ATP (Cooke and Bialek,
1979; Ferenczi et al., 1984), thg of fibers increased with
increasing [NTP]. Double-reciprocal plots oML{rp) ver-

To determine the extent to which differences in fiber con-sus 1/[NTP] are shown for ATP and dATP in Figa3and
tractile properties with NTPs at 6 mM were associated withfor CTP and UTP in Fig. 3b. The values forV, are
differences in NTP binding, we measured force &fdat  expressed relative td, with 6 mM ATP (1.0) in each fiber

Time (sec)

Concentration dependence of Py;p and V,rp) in
fibers and Vyrp) in motility assays
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FIGURE 2 Concentration dependence of isometric force for ATP,

dATP, CTP, and UTP. Values are normalized to the isometric force level

at 6 mM ATP in the same fiber. Regression analysisli€l line) showed

that force decreases linearly with log [NTP] for all of the nucleotides, over 6
the ranges used for these experimentsX 0.98;n = 3-7 fibers for each

NTP). Most SE bars are within the symbols.

for ease of comparison. The data for the four nucleotides
obey Michaelis-Menten saturation behavior, allowing esti-
mates of max/,, (V, at infinite [NTP]) andK,,, shown in
Table 2. TheK,,, for ATP was within the range of pub-
lished values and was about threefold less tharkthg for
dATP, but both were in the submillimolar range. Thysis
near maximum for both substrates at a concentration of 6
mM, and maxV, was 31% faster for dATRK,,, values for
CTP and UTP were in the millimolar range:ZO times FIGURE 3 Double reciprocal plots of \tj versus 1/[substrate] foa)

greater than for ATP. The large€,,, values limit the NTP  ATp (@) and dATP M) and ) CTP () and UTP ¥). Values are the
concentrations used for extrapolations to maximnto  means= SE for 3-7 fibers. The solid lines are least-squares linear fits

the ascending (steep) limb of the substrate saturation curv&? = 0.98) used to determine values for maximyre) and thekyp,
Nevertheless, the data suggest that UTP is a moderatef{f™ NTP) for half-maximumV,,re, summarized in Table 2.

good substrate fo¥, (76% of ATPV,), and CTP could
produce shortening velocities similar to those in ATP if the

[MgCTP] could be raised to 15 mM. THe&,,,may also be g psirate concentrations, but, as in fibers, maximum veloc-
inflated by a the build up of NDP in the center of the fiber. ity in CTP was about the same as in ATP, and in UTP was
Elevated levels of ADP are known to redusé in 700 as fast as ATP. The qualitatively similk,,, and

skinned muscle fibers (Qooke and Pate, 1989), and eIevat%mcity results support the hypothesis that UTP and espe-
CDP or UDP may also influence measurements of Max  cjally CTP are effective substrates for shortening at saturat-
HPLC analysis of activation solutions showed that contaMing substrate concentrations, and that dATP is more effec-
inating levels of NDP were 1-3%, but because CDP angjye than ATP in shortening muscle fibers.

UDP are poor substrates for CPK (see above), these prod- The differences in mechanical measurements with NTPs

ucts may accumulate in the fiber contractile lattice. Theretannot be interpreted without additional information about
fore, an independent measure of the [NTP] dependence of

shortening velocity was obtained by studying F-actin sliding
speed or motility V) in an in vitro motility assay (pH 7.4, TABLE 2 [NTP] dependence of V,,nrp, for muscle fibers and
25°C) (Fig. 3,a andb). This method minimizes the prob- F-actin motility

/normalized V,,

\1
T
-

S
N
o
o

0.2 0.4

1/INTP] (mM)

relatively higherK,g, for CTP and UTP limitsV; at low

lems associated with NDP accumulation, because the low Muscle fibers (10°C) F-actin motility (25°C)
concentration of contractile proteins in the motility assay K max V K max V.

. . . . app u app f
preclude a significant rise in NDP (Harada et al., 1990). NTP (mM (NTP/ATP) (mM) (um/s)
Measurements o¥; at [MgNTP] up tg 5 mM (at least 8 AP 0.25 1 013 6.4 06
Kapp gave results qualitatively similar to those found in gatp 0.76 1.31+ 0.06 0.13 8.3- 0.4
fibers (Table 2)K,,, was the same for ATP and dATP, CTP 5.62 1.0k 0.05 1.58 6.9+ 0.7
resulting in an increased; with dATP at each substrate YTP 9.83 0.76- 0.04 0.92 4513

concentration and an increase in mex by 40%. The Values for maxV, and maxV; are means- SE.
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various steps of the reaction mechanism. These include the 1.0 -
actin-activated steady-state NTPase rate, the rate of NTP L 10° C a
binding to the actomyosin cross-bridge and the subsequent

rate of actomyosin dissociation, and the rate of NTP cleav- =
age and the equilibrium constant for that cleavage. Below
we report estimates of these rate constants, assuming that
the basic mechanism of NTP hydrolysis is similar to that for
ATP (Scheme 1).

)

NTPase (s

Steady-state rate of hydrolysis of NTPs by HMM
and acto-HMM

To examine the relationship between shortening velocity L TP 25° C b
and the rate of substrate utilization, the steady-state hydro-

lysis rate of NTPs by HMM alone\,v) and actin-
activated HMM ¥,,.0 was measured under low ionic
strength conditions at 10°C and 25°C. At both temperatures
Vymm increased in the order CTR ATP < dATP < UTP
(Table 3). TakingVy for ATP as 100% at 10°C, the rate
was 134% for dATP, 68% for CTP, and400% faster for
UTP, with all of the differences being significanp 0 ‘ ; |

0.05). The large increase M, for UTP has been re- 0 10 20

ported by others (Keilley et al., 1956; Weber, 1969), but the F-actin (M)

decrease for CTP is different from that reported by White et

al. (1993), who found no significant difference from ATP. FIGURE 4 F-actin concentration dependence of acto-HMM NTPase for
Because the steady-state rate is limited by the dissociatiofTP (®), dATP @), CTP (&), and UTP ¥) at (a) 10°C and b) 25°C.

of P, from the MADP-P, state,V,,, represents a lower Reaction conditions at 10°C were the same as for fiber experiments, and at

. o 25°C were the same as for in vitro motility assays, as reported in Materials
o
limit for that transition. Measurements &y at 25°C and Methods. The data are fidlid line9 to the equatiory = V. ([Al/

revealed faster rates with relationships similar to those affa] + k). values forV,,,, andK,, were derived using double-reciprocal
10°C (Table 3), indicating that the overall reaction mecha-plots of the data, as in Fig. 3; the data are summarized in Table 3.

nism has similar temperature sensitivities.
The rate of NTP hydrolysis by HMM was increased by
actin and, as seen in Fig. 4, exhibited hyperbolic behavior

W.ith the actin Cof‘ce”tfa“‘?“- The rate of NTP h_ydrolys_isand CTP, but by<20 fold for UTP.K, was the same for
displayed _saturat|on _klnetlcs_ for all NTPs at high actin A 1p and dATP ~25% lower for CTP, and>10-fold lower
ggzgfentr?;o?jéaji"o;’ggg _?sglrga;es ftf”b‘z?ﬁ \t/emrgx ferrOaTuresfor UTP at 10°C. Increasing the reaction temperature to
V. increaged b)bploo fE)Id over\)/;,\,,,\,, for ATP SATP 25°C increased,,,, by about eightfold (from 10°C values)
' * for ATP, CTP, and UTP and 12-fold for dATP, whereas the
K., for actin was increased by two- to fourfold for ATP and
dATP, and seven to eightfold for CTP and UTP. Notable is

4 rm o

NTPase (5'1)

TABLE 3 Steady-state NTPase rate of HMM in the absence the increased,,,, for dATP compared to that of ATP,
and presence of F-actin which is in qualitative agreement with the data of Shimizu
M al Actin-activated et al. (1991). At 10°C the acto-HMM CTPase rate-i$0%
alone = less than the ATPase rate. White et al. (1993) have reported
NTP VHMM (S ) Vmax(s ) Km (Mm)
that the acto-S1 CTPase rate wa30% greater than that for
10°C acto-S1 ATPase. This discrepancy may be related to our use
ATP 0.0135+ 0.0002 0.92+ 0.06 5.4+ 0.9 £ MM dto S1 by White et al
dATP 0.0181+ 0.0006 1.01+ 0.05 5.2+ 0.7 0 as opposed to y White et al.
CTP 0.0093+ 0.0002 0.84+ 0.07 4.0+ 1.0 The V. for each NTPase rate correlates Wity rp) at
uTpP 0.061= 0.007 0.31* 0.01 04=0.18  10°C andVynrpyat 25°C. Itis notable that the dATPase rate
oo is greater than that for ATP at both temperatures in the
TP 0.03% 0.0005 78t 15 1445 5.4 absenpe and presence of actin. This increase is similar in
dATP 0.04+ 0.0007 128 1.9 215+ 53 magnitude to the increasad,yate) ande@ATp) (Table 2).
CTP 0.02+ 0.0005 6.9+ 1.2 29.6+ 8.4 In contrastV,,yrp)andVy e correlate withV,,, for UTP
uTP 0.14+ 0.004 2.5+ 0.1 3.0+ 0.4 (relative to ATP), but are inversely related @, SUg-

The K,, for actin-activated NTPase is the apparent [NTP] that producesd€sting that either the affinity of UTP for cross-bridges
half-V, . and/or the rate of UTP cleavage differs from ATP.
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FIGURE 5 Time course of the decrease in light scattering by acto-HMM at a final concentration @VBRIOP. Conditions were the same as for fibers

(i.e., 10°C, 0.2 M). The declines in light scattering in ATP and dATP were well fit by a single exponential, using the eguator- B - exp(—At) +

C - tfor (@) ATP and p) dATP. The fits for these dataglid lineg yielded rates of 3757 for ATP and 280 s* for dATP. The rate of decrease in light
scattering was greatly reduced witt) CTP and ) UTP (note the 10-fold slower time scale) and had a lag phase. The data were fit as a two-step process
(A — B — C) with atime cours®, + Py - t + P,[1 + (P, — P3) + (P,&""%' Y — Pel=P4 )] whereP; is the time course of the lag phag,corresponds

to the rate of decline of light scattering (i.e., the rate of formation of C) measured for ATP and 8AEPthe starting pointP, is the amplitude change

of light scattering, andPs is the linear slope of the data. For CT®,(P; = 124 s*, P, = 25.8 s'%; and for UTP (), P; = 232 s'%, P, = 57 s %, Axis

labels are the same for each plot, as described in

NTP effects on the kinetics of whereK; corresponds to the equilibrium constant for step 1
acto-HMM dissociation in Scheme 1 an#, to the forward rate in step 2 of Scheme
1. The equations describing the kinetics of this reaction

A more direct estimate of NTP affinity for cross—bridgesorpech‘,jmism have been described by White (1982) and

was obtained by measuring the NTP-dependent rate
acto-HMM dissociation in a stopped-flow apparatus (see

Materials and Methods). Fig. 5 shows the decrease in light

scattering upon mixing of~-800 uM ATP, dATP, CTP, or 800
UTP with acto-HMM at 10°C and 200 mM ionic strength.

This change in light scattering monitors the dissociation of 600
actin and HMM (White and Taylor, 1976). At this [NTP],
the rate of acto-HMM dissociation increased with the order
CTP< UTP < dATP = ATP. The rates for dATP and ATP
are not different. Fig. 6 shows the results of similar studies

400

Kops (57)

over a range of NTP concentrations from Bl to 1.6 mM. 200

The data are fit to a hyperbolic relationship (see legend to

Fig. 6), which yields the apparent second-order binding 00‘0 05 10 15 20
constants of the NTPs to acto-HMNK{k,, Scheme 2) and ' ’ : ’ ’
the rate of actin dissociation from AMNTP (k,, Scheme 2) NTP (mM)

according to the following scheme:
FIGURE 6 Rate of acto-HMM dissociation versus [NTP]. Lines are fits

Ki ka to the equatiork,,s = k/(1 + K/[NTP]) and correspond to the reaction
AM +NTP < AM-NTP < A+ M-NTP mechanism in Scheme 2. The results of these fits are summarized in

Scheme 2 Table 4.
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Woledge et al. (1985). The experimental results are sum- r
marized in Table 4. They show that the apparent second-
order rates of CTP and UTP binding are 10- to 20-fold less
than those for ATP and dATP, and the smallBrl() is
predicted by the lower ratios of,/K,,, and V{/K,,, ob-
tained from the data in Table 2. Furthermore, the maximum
rate of acto-HMM dissociationk,, in CTP was 350 s',
whereas values 0f1300 s * were obtained for ATP and
dATP. The data indicate that each of these NTPs is effective

110

100 £,

Protein Fluorescence (%)

. . . . . . 1 L |

in dissociating actin and myosin; consequently dissociation 0.0 01 ! 0.2 !
is unlikely to be rate limiting for steady-state NTP hydro- ’ ' ’

lysis (except, perhaps, at low substrate concentrations). On Time (sec)

the other hand, dissociation of actomyosin is relatively slow 120 —
for CTP (190 s*) and UTP (360 s%) at 6 mM, a substrate
concentration that produces the maximwupfor ATP (1 X

10° s ! rate of dissociation), and may therefore limit short-
ening velocity for these NTPs at this substrate concentra-
tion. The values ok, for ATP and CTP obtained in these
studies is about half those observed by White et al. (1993),
although the K values are about the same. The values
obtained here may be underestimates in that the rates were
measured to only the dissociation constant of CTP.

110

100 ¥

Protein Fluorescence (%)

0.0 0.5 1.0

Estimation of the rate of NTP cleavage Time (sec)
The rate of NTP cleavage was measured using stopped-flolWGURE 7 The time course of the increase in intrinsic fluorescence of
HMM protein fluorescence. Johnson and Taylor (1978)HMM at a final concentration of 50uM NTP (10°C). The reaction

. . conditions are given in the Results. The data for AGR ¢ATP @), and
have shown that the time course of the protein fluorescenc8TP (b) were fit (solid lineg using the lag equation described for Fig. 5,

increase on binding ATP is the same as the time course Qfandd. For ATP the rate constant for the lag fit was 38.sand the rate
ATP cleavage as measured by quenched-flow techniquest protein fluorescence increase was 24.sCorresponding fits for dATP
Therefore we have assumed that the time course of thare 254 s*and 17 s*, whereas those for CTP are 48'sand 8 5. The
fluorescence change after mixing of HMM with NTP can be trace for UTP(b) is fit with a double exponentigi £ A + B - exgf *19 +

- exg~*?Y), with a rate of fluorescence decrease of 10.¥@3.1+ 1.6
taken 6_13 a prObe for the rate of NTP CleangBZ (+ k—Z) s !, mean= SEM, n = 11 for studies at 10°C) and a rate of fluorescence
according to Scheme 3:

increase of 4.5s". This behavior is approximated by the equation

ket kiz ks M* 2 M + UTP 2 M-UTP 2 M**-UDP-P;
M + NTP <> M-NTP <> M -NDP-P <> M + ADP + P,
(1 k-2 where the relative fluorescence for M* 1, M and M-UTP= 0.8, and
Scheme 3 M** - UDP - P, = 1.05. The forward rate constant for protein isomeriza-

~_tion is 15 s'%, and the backward rate constant is 75.s
Measurements were made at both 10°C, 200 mM ionic

strength (pH 7.1), and 25°C, 50 mM ionic strength (pH 7.4)
for comparison with fiber mechanics and F-actin motility i . . tein f
data, respectively. Typical fluorescence increases after mixgvera(\jgs pAe'Ir'(I:DETJI,igl'IeD mcrdeacszlfaps In protein l:.o relscigcgeB;ro-
ing of 1 mM NTP (producing a final NTP concentration of uced by j » an Were, respectively, 2.6670,

: ) 11.87%, and 12.16%. As the substrate concentration was
500 uM) with 2 uM HMM (to produce a final HMM S-1 ised. the ATP and dATP litude did not d
head concentration of 2ZM) are shown in Fig. 7. The solid “f"se.f.' tle th tan i damrzjlty © eI\Q 20 egre}:{ase
lines are exponential fits to the protein fluorescence> 9nMcan y (the stopped flow dead time wa.1 ms), bu

; the rate of the fluorescence increase rose. The absolute
changes. At low substrate concentrations (15 , the ) . .
g (15250 protein fluorescence in CTP and UTP decreased with in-

creases in nucleotide concentration, because these NTPs
absorb significant amounts of exciting light at 295 nm. The
similar amplitude of the percentage fluorescence increase
K, k Kika for ATP, dATP, and CTP, however, suggests that the equi-

TABLE 4 The rate of acto-HMM dissociation by NTP at 10°C

NTP M~ (s (M~™*s™)  librium constant for the cleavage step is similar.

ATP 1.24x 10° 1290+ 170 1.6x 10° The recording of the fluorescence change after the addi-
dATP 7.9X 107 1386+ 103 1.1x10° tion of UTP (seen in Fig. B) gave a different pattern. UTP
cTP 2.0x 10° 354+ 54 7.0x10°  addition produces an initial fall in protein fluorescence,
uTtp 1.5X% 107 870+ 37 1.3% 10°

followed by a rise. When the traces at different UTP con-
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FIGURE 8 Rate of the increase in intrinsic fluorescence of HMM upon the addition of NTP versus [NTP]. Hyperbolic fits to theliimég were

used to determink, , + k_, (Scheme 3) an#,,, which are summarized in Table 5. At 10°C, 0.2 M ionic strength, the apparent second-order rate constants
were (in M s7%) as follows:®, ATP = 8.0 X 10 (a); M, dJATP = 9.0 X 10* (a); A, CTP = 1.4 X 10* (c); and at 25°C, 55 mM ionic strength: ATP

5.6 X 10° (b), dATP = 5.1 X 1C° (b), CTP = 2.0 X 10° (c); ¥, UTP = 1.7 X 1CP (d).

centrations were fitted by a double exponential, we foundinding here is the similarity ofl(, , + k_,) for ATP, dATP,
that the absolute amplitude of initial decrease in proteinand CTP at both 10°C and 25°C. The rate for UTP is,
fluorescence averaged 0.620.03 of the subsequent fluo- however, only 12-25% as fast. The similarity of behavior
rescence rise and did not change with [UTP]. The rate of théor ATP and dATP and the relatively high rates (compared
fluorescence decrease averagedt56 s * (mean+ SEM, to NTPase rates) render it unlikely that the cleavage rate
n = 31) and did not change significantly with [UTP] at produces the differences M, for these two nucleotides.
25°C. However, the rate of the subsequent fluorescenc8imilarly, even though the apparefyt, for CTP is high, the
increase rose hyperbolically with [UTP] (see Fig. 8). The

simplest model approximating these changes is the follow-

ing. We assumed that the HMM exists in two forms: a
higher fluroescent form (M*), which does not bind UTP
significantly, and a second isomer (M, having a lower

TABLE 5 Rate of HMM fluorescence increase on
NTP binding

fluorescence), which can bind UTP and produces no fluo- P k+2(sf1)k—2 (rm)
rescence change. (We further assume that ATP, dATP, anz:N
CTP can bind to both M* and M.) The hydrolysis forming 10°C
M** - UDP - P, then increases the protein fluorescence, as dAEP ggfi 8;5 8'8?
with the other nucleotides. The rate of fluorescence decreasectp 47+ 2 27+ 0.20
on UTP addition is produced by the kinetics of the equilib- ytp 6+0.2 0.13+ 0.02
rium between the two nucleotide-free HMM isomers. Fur-
ther details are given in the legend to Fig. 7. 25°C

The rates of the fluorescence increases in Fig. 7 are 24.2477 e ST
s 'for ATP, 17.4 s* for dATP, 7.8 S* for CTP, and 45  ~7p 219+ 47 210+ 0.60
s~ for UTP. Fig. 8 shows plots of the rates of the fluores- uTp 38+1 0.13+ 0.01

Cegce mcreafes as a function (?f n_UCIeOtlde concentrations Qéaction conditions for 10°C were 200 mM ionic strength, 100 mM BES
10°C and 25°C, and hyperbolic fits to the data (shown agpH 7.1), 2 mM MgCl, 1 mM DTT. Reactions conditions for 25°C were
lines) are summarized in Table 5. The most significantthe same as for the in vitro motility assay (see Materials and Methods).
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cleavage rate should be fast enough that it is not the limitinABLE 6 Single-turnover experiments

factor inV,crpyat 10°C with 6 mM CTP. Cold chase Quench
Substrate time (s) time (s) NDP NTP
ATP 6 10 0.59 0.41
Measurement of the equilibrium constant for NTP dATP 6 10 0.59 0.41
cleavage (K,) CTP 20 30 0.93 0.07

For measurements of the cleavage equilibrium COﬂstad\fucleotide values are fraction of total measured at given quench time.
(K, = ki,/k_,, Scheme 3), the single-turnover and cold

chase techniques of Bagshaw and Trentham (1973) WeraBLE 7 Estimation of HMM cleavage equilibrium and rate
used. In these experimentg-f?P]NTP (final concentration constants, for HMM at 10°C

1 wM) was mixed with S-1 (as HMM; final S-1 head K., K,
concentration 1uM at 200 mM ionic strength, pH 7.1, 2 NTP K, (s (s
mM MgCl,, 10°C) at time 0. Parallel studies of increased ,1p 142 20k 2 20+ 1
protein fluorescence with NTP binding under the sameyatp 1.42 14+ 1 9+1
conditions showed that NTP binding was at maximum at 6 TP 13.5 42-44 3.0-5.0
for ATP and dATP and at 20 s for CTP (Fig. 9). It is UTP* 2.6 4.3+ 0.1 17+01

assumed that most of the NTP is bound to S-1 and equili*k, estimated from zero-time intercept of UTP hydrolysis rate.

brates between MNTP and M- NDP - P, (Scheme 3). The

method further assumes that, + k_, is rapid compared to

k., s, and this is approximately true, because the HMI\ The method described above could not be used for mea-
(Table 3) and the rate of fluorescence decay after the fluosurements oK, with UTP, because the fluorescence signal
rescence peak are 15-240 times slower than+ k_,. At used to indicate the point in time at which the NDP and NTP
the peak fluorescence increase (6 s for ATP and dATP andome into equilibrium (Fig. 9) was indistinguishable from
20 s for CTP), 2 mM unlabeled NTP (cold chase) was addedackground noise under single-turnover conditions. To ob-
to the reaction mixture to prevent any-f°PJNTP that tain a rough estimate df,, HMM (final concentration was
dissociates from the S-1 from rebinding to the S-1. Aliquots21 uM S-1 heads) was mixed withy{**P]JUTP (100 uM

of the solutions were taken and quenched, and the amounti®ial concentration). The reaction was quenched at 5, 20, 40,
of NTP and NDP were determined in the sample. The raticand 60 s, after the initiation of the reaction and the fraction
of NDP/NTP immediately after the cold chase is the ratio ofof [y-**P]JUTP hydrolyzed was measured. A regression of
k,./k_,. The results in Tables 6 and 7 also show that thethe percentage ofyt**P]JUTP cleaved against time gave a
NDP/NTP ratio K,) in ATP (1.42) and dATP (1.42) is the zero time intercept of 15.LM [y-**P]JUTP, or 0.72 of the
same (implying thaK, is the same for both nucleotides). S-1 heads present (Fig. 10). Assuming that all of the S-1
However, the NDP/NTP ratio in CTP is larger (13.5) thanheads are active, this result implieska for UTP of 2.6
those from ATP and dATP. From these data the calculate¢K, = 0.72/0.28). This value, coupled with the low maxi-
values fork, at 10°C can be coupled with the stopped flow mum cleavage rate (see above), suggests a much slower
measures of cleavage rate §{ + k_,, Scheme 3), allowing

the estimations ok, , andk_, shown in Table 7.
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FIGURE 10 Time course of32P] UTP hydrolysis by HMM used to
Time (sec) estimate UTP Pburst size. At zero time-*2PJUTP was mixed with
HMM (final concentration 10QuM [y-*?P]JUTP and 21uM HMM S-1
FIGURE 9 Time course of HMM fluorescence increase used to deterheads), and the reaction was acid-quenched at 5, 20, 40, or 60 s. Linear fits
mine when NDP and NTP come into equilibrium for AT#i( solid ling, to the data yield an intercept of 15/M with a slope of 0.825 %/s. Thus
dATP (otg, and CTP thick solid ling. Conditions were as described in the R burst size indicates that the ratio 15.1 FMj2W = 0.72, so that the
the Results for cold chase experiments. NTP cleavage equilibrium occurretio k. ./k_, (Scheme 3) is 0.72/0.28 or 2.6. Thg-J°P]UTPase rate was
at 6 s for ATP and dATP and at20 s for CTP. 0.04 s
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forward rate for UTP cleavagé,) than for ATP, dATP, Determinants of force, shortening
and CTP (Table 6). velocity, and stiffness

Insight into this question can be gained by systematically
DISCUSSION .examini'ng the change in forpe, shortening vglocity, and

isometric NTPase rates predicted by the strain-dependent
The present study confirms earlier reports that most NTPspate-Cooke cross-bridge model in Fig. 11. The Pate-Cooke
when used as substrates for contractions, produce less isgross-bridge model involves five steps: 1) NTP cleavage by
metric force and a slower shortening velocity than that formyosin, M+ NTP (state 1) to form M NDP - P, (state 2);
ATP at comparable nucleotide concentrations (Pate et al2) binding of the M:NDP:P, to actin to form
1991, 1993; White et al., 1993). However, the most inter-aAmM* - NDP - P, (state 3), which exerts force (both positive
esting finding was thav,, is increased when dATP replaces and negative); 3) a power stroke in whichi®released to
ATP, whereas isometric force is unchanged. dATP is one oproduce force, movement, and AMNDP (state 4); 4) the
the few substrates that allows a faster shortening velocity inelease of NDP from AM* NDP to form the AM* rigor
the muscle and motility assay than ATP, increasing bothinkage (state 5; this step does not produce additional force
maxV,, and maxV; by ~30%. Velocity was also faster for or shortening); 5) NTP binding to the rigor linkage and the
dATP at all submaximum nucleotide concentrations. Thissubsequent dissociation of AM* to MATP and actin. The
contrasts with the findings of Shimizu et al. (1991), who asterisk (*) near M designates strongly bound, force-exert-
reported a slightly slowe¥; (87% that of ATP) at 1 mM ing states. The model assumes a cross-bridge stiffness, a
nucleotide. The difference may be a consequence of theross-bridge throw, free energy changes between the vari-
lower ionic strengths used in their studies. At comparableyus states, forward%) and reverse le) rate constants
ionic strengths, Shimizu et al. (1991) do report faster my-hetween théth andjth states, and most importantly, a strain
osin S-1 dATPase rates in both the presence and absenced¥pendence of the different cross-bridge states. The model
actin, in agreement with our measurements (Table 3).  successfully accounts for the force-velocity curve and the

Isometric force is significantly reduced in the presence of ATP], [ADP], and [P] dependence of both force and un-

CTP and UTP, whereas maximum shortening velocity ofloaded shortening velocity. We programmed the model us-
sliding speed is similar for ATP and CTP, but is reduced ining Quickbasic, and have used Cooke and Pate’s (1989) rate
UTP. Measurement o¥, in fibers at 6 mM CTP implied constants, free energy changes, and cross-bridge strain de-
that in CTP,V,, is reduced. However, experiments at in- pendencies. We changed only the rate and equilibrium con-
creased MgNTP showed both in skinned fibers and instant for ATP cleavage, given the results of the experiments
motility assays that this apparent reduction was a conseabove. The force exerted in the muscle, expressed as the
quence of the relatively weak binding of MgCTP to acto-sum of the forces exerted by all cross-bridges in the range
myosin (Tables 2, 4, and 5). UTP, despite its gre#tg,  from —12 to 12 nm, is then divided by the number of
for actomyosin dissociation (compared to CTP), supports @&ross-bridges in this range to obtain an average force. The
significantly reduced/,,. Muscle stiffness during isometric value is~0.54 pN/cross-bridge and corresponds-~t2.16
activation in ATP, dATP, and CTP is the same, whereas thasN/attached cross-bridge. The modkland isometric AT-
in UTP is reduced. Although a significant fraction§0%)  Pase are almost identical to those reported by Cooke and
of the isometric compliance occurs in the thick and thinpate (1989). We next examined the sequelae of increases
filaments, these components are unlikely to change in difand decreases of each of the forward rate constants (by
ferent nucleotides. The decline in muscle stiffness in UTPZ_]_O_fold) in their model on force, unloaded shortening
may be a result of at least three factors: 1) the number ofelocity, stiffness, and isometric NTPase rate.
strongly bound cross-bridges (AM*NDP - P, AM* - NDP, The model calculations show that changes in the rate
AM*) may be reduced; 2) the number of weakly bound cross-constants that regulate the entry into or exit of cross-bridges
bridges (AM- NDP - P) may be increased at the expense offrom strongly bound states reduce force and stiffness,
strongly bound cross-bridges; 3) or the numbers of bothwhereas changes in the rates of transitions that govern the
weakly and strongly bound cross-bridges may decline. transition of cross-bridges from negatively strained,

There is an intriguing proportionality between unloadedstrongly bound states strongly affaéét. The results of those
shortening velocity and actin-activated NTPase, which is

most clearly seen in Tables 2 and 3. Regression of the
relative V, and relativeV; against the relative acto-HMM Riy
Vohax is Well fitted (R?2 = 0.994) by an equation in which MNTP =———" M.NDP.Pi

RZ‘I
rel Vy(rel V;) = 0.55+ 0.53*(rel Va0 Rs1 ’//?15 RZX\FZ«;
Ras

Rsq
A M* A.M*NDP A.M* NDP.Pi
Rs Ras

However, unloaded shortening velocity does not correlate
with NTP cleavage rates, cleavage equilibrium constants, or
rate of acto-S1 dissociation. On what do filament slidingriGURE 11 The Pate-Cooke cross-bridge model with associated for-
speed, force, stiffness, and isometric NTPase depend? ward Ry Ry, - . . ) andreverse Ry, Ry, . . .) rate constants.
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TABLE 8 Change in force (P,), unloaded shortening velocity (V,), and Isometric ATPase rate with changes in various rate

constants

Rate constant
(% of control)

AP,

(% of control)

AV,

(% of control)

A isometric ATPase
(% of control)

Ry> (150%,Kcq = 10, CTP) —6* No change 3
Ry, (14%,Kgq = 2, UTP) -19 No change -25
Ry, (67%,Keq = 1.5, dATP) -2 No change -3
R, (200%) 6 2 33
R3 (50%) -7 -2 -25
R34 (200%0) 3 29 6
R, (50%) -1 —28 -5
Rys (150%) -6 14 21
Rys (33%) 12 —42 —36
Rs, (200%) No change 10 1
Rs, (10%) No change —54 -3
G, (50%) 4 —40 -5
G, (150%) No change No change No change

For control, isometric force averages 2.16 pN/attached cross-bridge, unloaded shortening velocity is 1580 nm/hs/s, and isometric stef@sastat=AT
is 0.92 s*.

*The change in force is negative because the chang jmequires thaG,(i) = 2.3RT, because5,(i) = 4.3RT at its equilibrium point, the decrease in
G,(i) necessitates that in the transition from-MIDP - P, to AM - NDP - P, less energy is released and the force exerted by the NBIP - P, state must
be reduced.

simulations are summarized in Table 8, which indicates thahccount our measured value for the cleavage step (step 2),
1) changes in the rates of the power stroke (step 3) and AM#and the forward rate constant for cleavage was setto 30 s
dissociation (step 5) have little or no effect on the isometricbased on our measurements (Tables 5-7). The valu,for
force, but large effects orv,, 2) changes in the NTP was set ak;kJATP]/(1 + K,[ATP] for x > 0 from the data
cleavage rate or equilibrium constant (step 1) or crossin Table 4, rather than the apparent second-order rate con-
bridge attachment (step 2) have significant effects on isostant of 2x 10° M~* s™* used by Cooke and Pate (1989).
metric force, but little effect on unloaded shortening veloc-This is because the use of the second-order rate constant
ity; 3) posthydrolysis attached state transitions (steps 3, 4gnores the fact that, limits the rate of dissociation by ATP
and 5) exert a strong influence on shortening velocity, butunder zero strain te-1300 s *. Furthermore, our measured
only the rate-limiting release of ADP has a signficant effectrates of ATP-induced association are in reasonable agree-
on force. The effect of changes Ry, onV, are significant ment with similar measurements by Johnson and Taylor
only if they apply to the rates at negative strain (i.ex at (1978), Ma and Taylor (1994), and White et al. (1993). For
0). The apparent second-order rate constant uselefdiat

X < 0) in the Pate and Cooke model assumes a linear

increase in the rate with increases in ATPA(HSOl at 6 mMm TABLE 9 Comparison of Pate-Cooke model predictions and

ATP), whereas stopped flow measurements indicate that :Teasured values
saturates at 800-2200° 5 (White et al., 1993; Ma and Substate  Condition ~ Rek,  Rel sfiffiess  Rel,
Taylor, 1994; this paper); 4) finally, the isometric ATPase ATP Model* 1 1 1
rate is significantly affected by moderate changes in each Measured 1 1 1
step, except the rate of cross-bridge detachment by NTPUATP Model 0.94 0.96 1.28

L . Measured 0.98 0.99 1.27
binding (step 5). The effects of changlng the free energy_for cTP Model 0.84 082 056
NTP hydrolysis GQ,) are also shown in Table 8. Using this Measured 0.86 1.02 0.52
model, the observed changes in rates measured in theseTp Model 0.46 0.60 0.26
experiments, and trial and error changes in the various rate Measured 0.47 0.65 0.17

constants given below, we obtained reasonable fits for theor ATP, R,J/R,, = 30/20; Rys, Ry, Rys as in Pate and Cooke (1989);
observed changes in isometric force, stiffness,\§pnidy the  Rs; = 1.6 X 109ATP]/(1 + 1240[ATP]) forx = 0 or >0; andRg; =
alterations shown in Table 9. We next consider the changel-6 X 10°ATP] — 4 10%()/(1 + 1240[ATP]) forx < 0.

. . . . For dATP,R,,/R,; = 20/14; increase botR;, and R,5 by 30%; Rs; =
and implications of each of the NTPs characterized. 1.1 X 1CF[dATP]/(L + 790[dATP]) forx = 0 or >0, andRe, = (1.1 X

1OF[dATP] — 4 X 10° (x))/(1 + 790[ATP]) forx < O.

For CTP,R;/R,, = 45/5; R,; reduced to 60%R;, andR,5 increased by
50%; Ry, = 7 X 10[CTPY/(L + 200[CTP]) forx = 0 or >0, andRs; =
The rate constants and strain dependency for ATP as & 10[CTP] — 12004(1 + 200[CTP]) forx < 0.

For UTP,R,J/R,; = 4/2; R,5 reduced to 40%iR,, increased to 200%R,5

substrate were those used by Cooke and Pate (1989), asigle. o, CandR, = 1.3 % 10P[UTPJ/(L + 150[UTP]) for all values ok,

from the fact that the free-energy change for the MTP t0  «rorce is 2.01 pN/attached cross-bridge, fraction cross-bridges attached is
M - ADP - P, step was reduced t6 0.4 * RT, to take into  0.54,V, is 1470 nm/hs/s, and isometric ATPase is 0.92.s

ATP
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negative strains, at < 0, it was necessary to mak®;;  in the strain dependency &t O (see Table 4 and footnote
dependent on cross-bridge strain, because using the valuet Table 9). These changes reducégdto 40%, isometric
obtained from stopped flow studies resulted in a computedorce to 94%, and raised the isometric CTPase rate to 104%
V, of 400 nm/hs/s,~1/4 the observed value. By letting of that in the muscle. To reduce both the force and CTPase
Rs; = (K{KJATP] — 4 X 10%(x)/(1 + K,[ATP]) for x < rate, R,5 was reduced to 60% of its value in ATP, which
0, an isometric forceV,, stiffness, and isometric ATPase brought the isometric force to 89% ang to 40% of the
rate practically identical to those in Table 8 were obtainedcorresponding values in ATP. Finally, bot,, and R,
A similar strain dependency was used for every ATP anawere increased by 50% above their value in ATP, to rsse
log, as detailed in Table 9. to 56% and isometric force to 84% of their values in ATP.
These results are in reasonable agreement with the experi-
mental changes, as seen in Table 9. The step(s) limiting
dATP fiber shortening in 6 mM CTP differs from those for ATP or
dATP. Estimates of ma¥/,, maxV;, and actin-activated
The rate constants for dATP cleavage and actomyosin dissteady-state CTPase all suggest that if enough substrate
sociation and the equilibrium constant for cleavage were notould be made available, fiber shortening velocity would be
much different from those for ATP, and their inclusion in similar to or greater than the values in ATP. Because the
the Pate-Cooke model did not significantly change thecleavage rate for CTP (at 10°C) is fast (Table 6), either CTP
force, V,, or isometric dATPase. Because the rate-limitingbinding to AM or the subsequent dissociation of actin from
step for the dATPase is subsequent to cross-bridge attacthe M- CTP cross-bridge are rate limiting at a substrate
ment and in the model is controlled by the release of NDRconcentration of 6 mM. This means that the attached AM*
from AM* - dADP, we increased the rate Bjs to increase and AM* - CTP cross-bridge states accumulate during con-
the dATPase and to increa¥g. IncreasingR,s by 30% at tractions in CTP. An increase in either of these populations
all cross-bridge strains increases the isometric dATPase bgould explain why fiber stiffness in CTP is similar to that in
only ~8%, V, by 8%, and decreased isometric force by 7%.ATP, whereas force is reduced byl5% (Table 1). Fur-
To better approximate the observed changes in mechanictermore, the drag force (negative strain) created by these
we next increased the rate entering the power strékg) ( cross-bridge states markedly redudksincreasing the CTP
by 30%, a change that brought the forvg, and dATPase concentration in the model to 24 mM rais¥s to 84% of
rate close to observed values (see Table 9). These changtst in ATP. The somewhat greater stiffness measured than
produce an increase in ATPase ang but leave isometric predicted by the model may be a consequence of an accu-
force and stiffness essentially unchangRBg, andR,s are  mulation of CDP in the fiber lattice secondary to the low
rate constants for posthydrolysis steps that cannot be drate of CDP phosphorylation by CPK. The combined effects
rectly measured. However, increases in these steps shoutd an increase ifR;, and a decrease iR,; suggest that both
increase bottk, and k,;. The behavior of posthydrolysis k, andkg; will be increased in the presence of CTP.
steps is considered in the following paper.
Using the changes iR;, andR,5 above suggests that the
power output in the presence of dATP will be12% greater UTP
than that in the presence of ATP. However, the dATPase
will be ~12% greater as well, suggesting no real change irReducingR,, to 4, the cleavage equilibrium constant to 2,
contractile efficiency. This, plus the fact that the binding of and settingRs; to (1.5 10°[UTP]/(1 + 150[UTPY))) for all
dATP to myosin, its cleavage, and its ability to dissociatevalues ofx, and doublindzs, (in accordance with data in the
actomyosin as well as ATP, indicates that the lack of arfollowing paper, Regnier and Homsher, 1998) in the pres-
oxygen on the 2 position of the ribose ring does not limit itsence of UTP reduced the model isometric force to 82% and
effectiveness as a substrate for myosin. dATP can substituté, to 28% of the corresponding values in ATP. To lower
for ATP in a variety of enzymatic reactions that influence isometric force still furtheriR,; was reduced to 40% arij},5
muscle fiber contractions, as judged by the rapid rephosincreased to 500% of their values in ATP, yielding an
phorylation of dADP by the CP/CPK reaction. This prop- isometric force of 46%, &, of 27%, and a stiffness of 66%
erty ensures that mechanical and kinetic properties are natf those seen in ATP. The reduction i, which implies
influenced by product build-up. that the S-1 and actin binding sites may not interact in the
normal fashion, should redu&g. Futhermore, the increased
Rs4 andR,5 will increasekp;.
CTP Recently White et al. (1997) have shown that the rate of
NTP cleavage by the attached cross-bridge (AM) is much
The equilibrium constant for CTP cleavage and the estislower than that of the dissociated cross-bridge (M) at low
mated forward rate constant for cleavage were put into thénic strength. They suggested that during isometric con-
Pate-Cooke model. NexRs, at all cross-bridge displace- tractions, the rate-limiting step of the cross-bridge cycle is
ments was reduced to the values observed in AM dissociahe cleavage step by the AM-NTP cross-bridge. If this is so,
tion experiments (Table 4), with a corresponding reductiorthe model employed above would need to be modified to
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include the hydrolysis by the attached cross-bridge, by shortening of skinned muscle fibres from rabhit. Physiol. (Lond.).
making the dissociation step in ATP binding strain depen- #60:231-246.
dent. Such a change would facilitate fitting of the data Cooke, R., and W. Bialek. 1979. Contraction of glycerinated muscle fibers

. . o as a function of the ATP concentratioBiophys. J.28:241-258.
because it would provide several additional parameters th%t ‘e R and E. Pate. 1989, The effects of ADP and phosohat "
. . . 00Ke, R., an . Pate. . e erfects o an ospnate on the

can be varied in the modeling. phosp

. . . contraction of muscle fiberd8iophys. J48:789-798.
The variety of mechanical responses prowded by NTP%antzig, J. A., Y. E. Goldman, N. C. Millar, J. Lacktis, and E. Homsher.

must stem from differences in the structure of the nucleo- 1992. Reversal of the cross-bridge force-generating transition by pho-
side (and ribose) portions of the molecule. Pate et al. (1993) togeneration of phosphate in rabbit psoas muscle fibseshysiol.
suggest that the mechanical response of fibers to CTP is (Lond).451:247-278.

more similar to ATP than GTP, because ATP and CTP sharB21zig. J. A, M. G. Hibberd, D. R. Trentham, and Y. E. Goldman. 1991.
Cross-bridge kinetics in the presence of MgADP investigated by pho-

a close proximity of amin'o groups. When j[he structures of oysis of caged ATP in rabbit psoas muscle fibexsPhysiol. (Lond.).
ATP and CTP are superimposed, the amino groups at the 432:639-680.
4-position of CTP and the 6-position of ATP are in similar Edman, K. A. P. 1979. The velocity of unloaded shortening and its relation
spatial locations, with a nitrogen-to-nitrogen distance of to sarcomere length and isometric force in vertebrate muscle fibres.
P . . 9 9 J. Physiol. (Lond.)291:143-160.

only 1.8 A. This amino group, a hydrogen donor for hydro- . bera. E. and W. W. Keilley. 1974, T - _ |

. . . -zisenpberg, ., an . . Kellley. . froponin-tropomyosin compiex.
gen binding, hgs been suggested to play an |mpqrtant role in 3. Biol. Chem249:4742—4748,
NTP hydronS|s (Pate et E,ll_" 1993),' GTP, which has aFerenczi, M. A., Y. E. Goldman, and R. M. Simmons. 1984. The depen-
carbonyl group at the 6-position and is a hydrogen acceptor dence of force and shortening velocity on substrate concentration in
for hydrogen bonding, is a very poor substrate for myosin or skinned muscle fibres froRana temporariaJ. Physiol. (Lond.)350:
acto-HMM. UTP supports a greater force and velocity than 519-543.

; isher, A. J., C. A. Smith, J. B. Thoden, R. Smith, K. Sutoh, H. M. Holden,
GTP. This may be a consequence of the fact that thg and |. Rayment. 1995a. Structural studies of myosin: nucleotide

hydroxyl group at the 6-position in the purine ring is closer complexes: a revised model for the molecular basis of muscle contrac-
to being a hydrogen bond donor than a carbonyl group. tion. Biophys. J68:19s-28s.

Another and unexpected influence ¥ appears to be the Fisher, A. J., C. A. Smith, J. B. Thoden, R. Smith, K. Sutoh, H. M. Holden,

2-positi0n on the ribose ring of the nucleotide Causing a and l. Rayment. 1995b. X-ray structures of the myosin motor domain of
ianifi . in hvdrolvsi . d,\/ Th Dictyostelium discoideurnomplexed with MgADPCBeFand MgAD-
significant increase in hydrolysis activity,, and V;. The PCAIF, . Biochemistry34:8960—8972.

reasons for this are not clegr, because the x-ray tsm’_'Cture Qgrd, L. E., A. F. Huxley, and R. M. Simmons. 1977. Tension responses to
the ADP- Al - F, - S1 by Fisher et al. (1995a,b) indicates sudden length change in stimulated from muscle fibres near slack length.
that the ribose hydroxyl groups face toward the solution and J: Physiol. (Lond.)269:441-515.

do not interact with S-1 residues. It could be, however, thafortune, N. S., M. A. Geeves, and K. W. Ranatunga. 1991. Tension

_ ; responses to rapid pressure release in glycerinated rabbit muscle fibers.
the removal of the 2-hydroxyl group causes a flattening of Proc. Nafl. Acad. Sci. US/A88:7323. 7327

the ribose rlng. and Wea.lkens the dADP binding to the S-:lGoIdman, Y. E., M. G. Hibberd, and D. R. Trentham. 1984. Relaxation of
head. If so, this could increase the rate of dADP release raphit psoas muscle fibres from rigor by photochemical generation of
from the attached cross-bridge and account for the increasedadenosine-5triphosphateJ. Physiol. (Lond.)354:577-604.

rate of shortening in dATP. Goldman, Y. E., and R. M. Simmons. 1984. Control of sarcomere length in

skinned muscle fibres dkana temporariauring mechanical transients.
J. Physiol. (Lond.)350:497-518.
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