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Link between the Enzymatic Kinetics and Mechanical Behavior in an
Actomyosin Motor

Ichiro Amitani, Takeshi Sakamoto, and Toshio Ando
Department of Physics, Faculty of Science, Kanazawa University, Kanazawa 920-1192, Japan

ABSTRACT We have attempted to link the solution actomyosin ATPase with the mechanical properties of in vitro actin
filament sliding over heavy meromyosin. To accomplish this we perturbed the system by altering the substrate with various
NTPs and divalent cations, and by altering ionic strength. A wide variety of enzymatic and mechanical measurements were
made under very similar solution conditions. Excellent correlations between the mechanical and enzymatic quantities were
revealed. Analysis of these correlations based on a force-balance model led us to two fundamental equations, which can be
described approximately as follows: the maximum sliding velocity is proportional to V'V, K5, where K%, is the actin
concentration at which the substrate turnover rate is half of its maximum (V,,,,,). The active force generated by a cross-bridge
under no external load or under a small external load is proportional to V'V,,../Kh.. The equations successfully accounted for
the correlations observed in the present study and observations in other laboratories.

INTRODUCTION

Cyclic interactions of myosin heads with actin coupled totermini (DiSanto et al., 1997). Another approach is to sub-
ATP hydrolysis are the molecular basis of muscle contracstitute various ATP analogs (NTPs) for ATP, using a given
tion, cytokinesis, certain types of vesicle transport, and saype of myosin. This approach was initiated by Blum
forth. Several types of muscles contain myosin heavy an@1955). Myosin can use a wide variety of NTPs as the
light chains characteristic of each type. They differ in theenergy source for the motile activity. Hasselbach (1956)
speed of unloaded shortening and in the magnitude ofeported an excellent correlation between the rate of NTP
isometric tension. Even in a specific type of muscle thesénydrolysis by actomyosin and the isometric tension of glyc-
mechanical outputs vary depending on conditions. Nonerinated muscle fibers. More recently, this study has been
muscle myosins and actins also exhibit distinct rates ofefined by several groups. It has been recognized that var-
movement. How does the actomyosin ATPase kinetics deious NTPs have different affinities for actomyosin, and
termine the mechanical performance of this molecular momyosins complexed with these NTPs or their products have
tor? One approach to this issue is to isolate myosins frondifferent affinities for actin (Pate et al., 1993; White et al.,
various sources, and then compare the kinetics of actint993). This was not carefully considered in the previous
activated ATPase reaction of these myosins and their mestudy by Hasselbach. Moreover, accumulation of the NTP
chanical performance. This approach was pioneered biydrolysis products in fibers without an NTP-regeneration
Béarany (1967) with myosins isolated from various musclessystem must have reduced the tension. Therefore, the ex-
having known maximum speeds of shortening. He founccellent correlation observed in 1956 has to be reexamined.
that the ATPase activity was proportional to the speed oRecent studies have shown that the isometric tension and
shortening of the parent muscles. Qualitatively similar cor-unloaded shortening speed of skinned fibers in various
relations have been observed also by other groups withNTPs have only moderate correlation with the acto-HMM
different mammalian smooth muscles (Malmqvist andor acto-S1 NTPase activities (Pate et al., 1993; Regnier et
Arner, 1991; Helper et al., 1988), frog skeletal muscle fibersal., 1998). We note, however, that measurements of the
with different myosin heavy chain composition (Edman etmechanical properties and the chemical kinetics have not
al., 1988), crab muscle fibers of different types (Galler andbeen made under similar conditions. For technical reasons,
Rathmayer, 1992), and rabbit aorta and small arterial must is often so in studies with muscle fibers, where the
cles containing myosin heavy chains differing at the_,NH mechanical measurements are made at higher ionic strength,
while the measurements of solution chemical kinetics are
made at low ionic strength. Moreover, the solution and fiber
Received for publication 28 February 2000 and in final form 16 October enzymatic activities have been measured in limited concen-
2000. trations of NTPs.
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et al., 1987). These developments allow us to investigatbowever, show moderate correlation of the motile activity
actomyosin motility under wide varieties of solution condi- observed in the sliding actin filament assay with the maxi-
tions with myosins and actins from diverse species and celnum acto-HMM ATPase activity and with th€ , for actin
types. It has now become possible to investigate the fundgRovner et al., 1995). Tryptic cleavage of the 25K/50K loop
mental question regarding the mechanochemical couplingf skeletal myosin inhibits its motor function without any
of the actomyosin motor mentioned above in greater detailsignificant changes in the enzymatic properties of actomy-
First, it has been shown that the velocity of actin filamentsosin, while cleavage of the 50K/20K loop increasesKhe
sliding over myosin-coated surfaces and the velocity offor actin without significant effect on the motor function
myosin-coated beads along actin cables is analogous (witfBobkov et al., 1996). The rate constant for dissociation of
slight differences, depending on conditions) to the speed aADP from various muscle myosins complexed with actin
unloaded shortening of muscle fibers (Sheetz et al., 198%as been compared with the maximum shortening speed of
Homsher et al., 1992). Despite this analogy, many previoushe parent fibers (Siemankowski et al., 1985). These quan-
studies have reported no direct correlation between théties show a strong correlation, although it is still open to
steady-state actin-activated MgATPase activity of myosimquestion whether the state formed by adding ADP to acto-
and the rate of movement in the in vitro motility assays.myosin is on the ATP hydrolysis pathway (Sleep and Hut-
However, we have to be careful in interpreting these resultson, 1980). Contrary to this observation, a chimeric myosin
because identical, or very similar, solution conditions havecontaining theDictyosteliummyosin heavy chain with the
not always been used in the motility and enzymatic assay25K/50K loop from skeletal myosin propels actin filaments
Having this caution in mind, let us briefly review several at a velocity slightly slower than the wild type, while the
types of previous studies where rates of movement meaate of mant-ADP release from the actin-chimera myosin S1
sured in the in vitro motility assays have been compareds more than two times larger than that from the actin-wild-
with the corresponding actin-activated substrate turnovetype myosin S1 (Murphy and Spudich, 1998) (the affinities
rates in solution. 1) Dependence on myosin species: beads mant-ADP and ADP binding to actin-S1 are similar). 2)
coated with myosin from skeletal muscle abittyostelium Dependence on ATP analogs: the velocity of actin filament
move on actin cables fromitella at distinct velocities, and translocation has been examined by Shimizu et al. (1991)
these velocities are proportional to the respective actinusing 15 ATP analogs. The relative velocities do not cor-
activated ATPase activities (Sheetz et al., 1984). Phosphorelate well with the actin-activated substrate turnover rates.
ylated platelet myosin and phosphorylated turkey gizzardrhe actin-activated substrate turnover rate varies in a rela-
myosin have similar actin-activated ATPase activities, yetively small range compared to the variation in the velocity
show very dissimilar rates of movement in thgella-based  of actin translocation. A similar study has been made using
assay (Umemoto et al., 1989). Skeletal muscle myosin lighbaturally occurring nucleotides by another group (Higashi-
chain isoforms have the same maximum actin-activatedrujime and Hozumi, 1996). Again, no correlation is found.
ATPase activity, yet again they translocate actin filaments aln these studies, however, one concentration of actin and
distinct velocities (Lowey et al., 1993). Chimera myosins,one concentration of substrate have been used in the mea-
constructed fronDictyosteliummyosin by substituting the surements of the enzymatic activities. However, in similar
50K/20K junction region with those from other species of studies a moderate correlation is found between the motile
myosins, exhibit actin-activated ATPase activities characactivity and the maximum substrate turnover rate (Pate et
teristic of the activity of the myosins from which the junc- al., 1993; Regnier et al., 1998). In these studies the actin
tion region was donated. The velocities of actin slidingconcentration is varied, but one concentration of substrate is
propelled by these chimeras, on the contrary, have no comsed in the measurements of the substrate turnover rate. 3)
relation with those driven by the donor myosins (Uyeda etDependence on actin species: the maximum MgATPase
al., 1994). Similarly, no correlation has been found withactivity of skeletal muscle myosin activated with yeast actin
myosins from other sources (Vale et al., 1984; Higashidis significantly lower than with skeletal muscle actin,
Fujime, 1991). However, we have to be cautious aboutvhereas the apparentfor yeast actin of myosin heads is
interpreting these observations, because in most cases actslightly larger than for skeletal actin (Cook et al., 1993).
activated ATPase activity has been measured at one coiNevertheless, the sliding velocities of both actins are quite
centration of actin (Note that Bany also used one concen- similar, while force production of skeletal muscle heavy
tration of actin in his 1967 study), and also because theneromyosin with yeast actin is lower than with skeletal
Nitella-based assay tends to show slower motility than thenuscle actin (Cook et al., 1993; Kim et al., 1996; Miller et
sliding actin filament assay, depending on the myosin typel., 1996). Subtilisin cleavage of skeletal muscle actin at
used (Wolenski et al., 1993). Chimeric heavy meromyosinsMet-47 and Gly-48 markedly increases thg, For actin of
which are produced by substituting the 50K/20K loop of myosin heads without changing the maximum ATP turn-
smooth muscle heavy meromyosin with that from skeletabver rate. The sliding velocity of the cleaved actin filaments
or B-cardiac myosin, lose regulation by regulatory light is slower than that of intact actin filaments (Schwyter et al.,
chain phosphorylation. The chimeras and the wild type1990). In contrast to the effect of subtilisin cleavage of actin

Biophysical Journal 80(1) 379-397



Link of Chemistry and Mechanics in Actomyosin 381

on the actin-activated ATPase of myosin, replacement byelationship between the motile activity and the actin affin-
mutagenesis of aspartic acid residue®aftyosteliumactin ity for myosin. In the present study, care was taken in this
with histidine residues reduces the maximum ATP turnoverespect. To examine the links between the motor function
rate with moderate reduction in the,Kfor actin. This and the enzymatic reaction of actin-heavy meromyosin the
replacement also reduces the sliding velocity of actin fila-system was perturbed by altering the substrate with various
ments (Sutoh et al., 1991). Actins modified at Cys-374 byNTPs and divalent cations, and by altering ionic strength. It
different fluorophores have parallel effects on the velocitywas also taken into account that various NTPs have differ-
of actin sliding over HMM, the maximum actin-activated ent affinities for actomyosin, and that myosins complexed
S1 ATPase activity, and the affinity of actin for S1 in ATP with these NTPs or their products have different affinities
(Crosbie et al.,, 1994). 4) Dependence on other factorsfor actin. The experiments made with these precautions
binding of tropomyosin to actin has a parallel enhancementevealed an excellent correlation between the mechanical
effect on the actomyosin ATPase activity and the rate ofproperties and the kinetics of substrate hydrolysis. More-
movement (Umemoto et al., 1989; Umemoto and Sellerspver, to account for these correlations we constructed a
1990; Okagaki et al., 1991; Wang et al., 1993). This effectmodel based on an idea that the balance of a positive force
is ascribed to an increase in the maximum ATPase activitand a velocity-dependent negative force determines the
(Umemoto et al., 1989); the optimum pH is around pH 7.0maximum velocity of movement. This idea was originally
for the actomyosin ATPase activity (Stone and Prevostproposed by Huxley (1957). Equations derived from this
1973). For the motile activity, the optimum pH has beenmodel linked the chemical kinetics to the actin translocation
reported to be around pH 7.0 (Sheetz et al., 1984; Warshawelocity and the force generated without external load or
etal., 1990; Sugiura et al., 1992), or pH 8.5 (Homsher et al.under a small external load. The equations coincided with
1992). In the former three studies the rate of movement athe experimentally revealed correlations in the present
pH 8.5 is very much less than at pH 7.0. The cause of thistudy, and also with observations from other studies.
discrepancy is unknown. We have to note, however, that
parallel measurements of the pH effects on the ATPase and
the motile activities have never been carried out under thJATERIALS AND METHODS
identical or very similar solution conditions. Within a range preparation of proteins
of ionic strength where smooth movement of either actin
filaments or rnyosm-coated bef"‘ds IS (.)bser.vec.i’ the rate he methods of Tonomura et al. (1966) and Spudich and Watt (1971),
movement increases with increasing ionic Strengtr}espectively. HMM was obtained by chymotryptic digestion of freshly
(Homsher et al., 1992; Umemoto and Sellers, 1990; Walrprepared (not glycerinated) myosin according to Weeds and Pope (1977).
shaw et al.,, 1990; Harada et al., 1987; Takiguchi et al.After centrifugal removal of the nondigested myosin and light meromyosin
1990; Saito et al., 1994; Vale and Oosawa, 1990). The speé@ a solution of low 'ion.ic _strepgth, HMM was quickly frozep in liquid
of isotonic and unloaded shortening of skinned musclé}ltrogen_ and stored in Ilqgld n/lctrogen. The molar concentratlon of HMM
. . o LT was estimated on the basis®Bfg, = 7.0 and a molecular weight of 3.8
fibers also increases with Increasing ionic Strength when th?os, with correction for the turbidity (1.93 times the 330 nm absorbance
ionic strength is lower than 100 mM (Gulati and Podolsky,was subtracted from the 280 nm absorbance). The molar concentration of
1981; Arheden et al., 1988). Although an increase in ionig--actin was estimated on the basis&g = 6.5 and a molecular weight
strength is known to reduce the affinity (particularly in the of 4.2 X 10* (1.68 times the 330 nm apsprbanpe was subtracted from the
presence of ATP), of myosin heads for actin, a systematiggo nm absorbance to correct for turbidity artifacts).
comparison of the effect of ionic strength on the motile
activity with that on the actomyosin ATPase activity has pctin-activated HMM NTPase assays
never been made.

As seen in recent many reports, the relationship betweely the measurements below the concentration of HMM was adjusted,

the rate of movement and the actomvosin ATPase kineticdepending on the actin concentrations, NTPs and divalent cations, so that
Yy ﬁydrolyzed NTP at the last time point amounts4d5% of the initial

does not seem as simple as first suggested briain amount of NTP. In the first set of experiments we used various NTPs to
1967. Our present situation regarding this central issue Oditer the enzymatic kinetics of acto-HMM. NTPs we used are ATP, CTP,

the actomyosin motor seems confused. In part, this conful TP, UTP, ITP, and GTP. Actin was polymerized in a solution containing

sion may be because the identical or very similar solution:?0 MM KCI, 1 mM MgCL, 0.2 mM CaC}, 5 mM Tris-HCI (pH 8.0), and
0.2 mM ATP. To remove ATP from the actin sample, the polymerized

conditions have not been used for measurements of tha?ctin was centrifuged at 150,000 g for 1 h. The resulting pellet was

motile and enzymatic activities. Discrepancy is often seen injispersed in Buffer A (25 mM KCI, 25 mM imidazole-HCI (pH 7.6), 2 mM
the previous studies wherein the ATPase assay is performeaycCl,, 0.2 mM CaC}) and dialyzed against the same buffer. HMM was
in a solution whose ionic strength is a few times lower thanmixed with various concentrations of F-actin in Buffer A. The NTPase

the motility assay solution. If the affinities for myosin of the reaction was initiated by the addition of NTP. The concentration of NTP
two actin species have a different dependence on .On.was varied. In the second set of experiments we used various divalent
W : pec v ' p I IEations as the complexing agents with ATP. Divalent cations we used are

strength, the order of the affinities can be reversed byugz+ mn2*, Niz*, and SF*, all in the chloride form. Except for the case
changing ionic strength. Thus, we would misconstrue thef Mg?*, actin pellet was dispersed in Buffer B (25 mM KCI, 25 mM

yosin and actin were prepared from rabbit skeletal muscle according to

Biophysical Journal 80(1) 379-397
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imidazole-HCI (pH 7.6), 0.2 mM Cag@)l and dialyzed against Buffer B.  |n vitro motility assay
The ATPase reaction was initiated by adding 2 mM ATP and 2 mM
divalent cation together to a solution containing HMM and various con- Sliding filament in vitro motility assays were carried out as described in
centrations of F-actin in Buffer B. In the third set of experiments actin- (Toyoshima et al., 1987) with some modifications. The temperature was
activated HMM MgATPase activity was measured in solutions of variousmaintained at 25°C for all assays. To pre-remove ATP-insensitive HMM,
ionic strengths. The solvents (Buffer C) contained various concentration® uM HMM was mixed with 10uM F-actin in a solution containing 0.1
of KCI, 25 mM imidazole-HCI (pH 7.6), 2 mM MgG| and 0.2 mM CaGl M KCI, 3 mM MgCl,, 0.2 mM CaC}, and 5 mM Tris-HCI (pH 8.0) at
The concentration of MgATP was 2 mM. When the acto-HMM MgATPase 25°C. The mixture was incubated for 20 min and then cooled to 0°C. After
activities were measured at [ATR] 0.2 mM, an ATP-regeneration system adding 2 mM ATP and 1 mM potassium pyrophosphate, the mixture was
consisting of phosphoenol pyruvate, pyruvate kinase, NADH, and lactatdmmediately centrifuged at 150,000 g for 1 h. HMM in the supernatant
dehydrogenase was used. The reaction was monitored by measuring thés diluted to 0.3uM with Buffer A, and then applied to a flow cel50
time course of the change in absorption of NADH at 340 nm. In all the ul in volume) made of two coverslips (24 36 mnt and 22X 22 mnf),
other cases, amounts of phosphate liberated at 25°C were quantified by tivghere the larger coverslip had been coated with nitrocellulose. The cell
method of Fiske and Subbarow (1925). The activities of HMM alone atwas incubated for 2 min. Unattached HMM was washed out by applying 50
each condition of substrate or ionic strength were subtracted from eachl of Buffer A from one side of the cell and by sucking, with a piece of
determined activity of acto-HMM under the identical condition. The NT- filter paper, from the other side of the cell. This wash was repeated five
Pase activities were determined by analyzing the amounts of phosphatémes. BSA (1 mg/ml, 10Qul) dissolved in Buffer A was then applied to
liberated at six time points by the least-squares criterion. The absence d¢he cell, incubated for 2 min, and unattached BSA was washed either with
the perturbation effect of Mit, Ni2*, and Sf* upon the phosphate assay Buffer A (when NTPs were the alterant), Buffer B (when divalent cations
was confirmed. were the alterant), or Buffer C (when [KCI] was the alterant). Tetrameth-
ylrhodamine-phalloidine-labeled F-actin (2 nM, 1Q0) in the same buffer
solution was applied to the cell and incubated for 30 s. The motion of actin

Determination of kinetic parameters filaments was initiated by applying 1Q@ of a test solution that addition-
ally contained oxygen-scavenging reagents (1% 2-mercaptoethanol, 4.5
At a given concentration of NTP the acto-HMM NTPase activifip, mg/ml glucose, 0.216 mg/ml glucose-oxidase, 0.36 mg/ml catalase). When

was measured as above at seven different actin concentrations. The maxi** was used as a complexing agent with ATP, 2-mercaptoethanol was
imum activity (Vfy) at infinite concentration of actin and the actin concen- omitted from the oxygen-scavenging reagents. The test solution conditions
tration, KG5 that gave the half maximum activity were determined, a were the same as those used for the actin-activated HMM NTPase assays.
simple hyperbolic dependence ¥ on actin concentration being as- Both open sides of the flow cell were sealed with white Vaseline. The
sumed. The values of;, andKg s were obtained at six different concen-  sliding motion of individual actin filaments was observed under an epilu-
trations of NTP. The maximum activity/,,,, see Table 1 for parameters) minescence fluorescence microscope (Olympus IX70, Tokyo, Japan;
at infinite concentrations of actin and NTP, and the actin concentra€fyn, equipped with an oil-immersion objective, 180 NA 1.35), the images
(K&.sat infinite concentration of NTP), were determined, simple hyperbolic being taken with a SIT video camera (C2400-08, Hamamatsu Photonics,
dependence o}, andKg s on MgNTP concentration being assumed. The Shizuoka, Japan) and being recorded with a Hi8 video cassette recorder
MgNTP concentrationk}, at whichV4, is half of V,,,,, was determined (EV0O-9650, Sony, Tokyo, Japan). The recorded images were digitized
from the relationship o¥/7, versus [MgNTP]. with an image processor (Excel, Nippon Avionics, Osaka, Japan) and the

two-dimensional coordinates of the rear end of each actin filament were

chased frame by frame. Length of a track connecting these coordinates

during a given period of time was calculated and averaged ©%éractin
TABLE 1 List of parameters filaments. The sliding velocity was obtained by dividing the average value
of the lengths of tracks by the given period of time.

d Length of power stroke
(f  Magnitude of sliding force (active force) averaged over the

substrate turnover time In vitro motilit ith
(f) Time-averaged magnitude of resistive force vitro motlity assays wi

. Force required to unbind a rigor head noncycling cross-bridges

F
r E]astlc const.ant qf qross bridge .. Chemically damaged and therefore noncycling HMM was prepared by
First-order dissociation rate constant of weakly bound cross-bridge . . . -
L . S extensive treatment of HMM with NEM. HMM (3@.M) dialyzed against
Second-order binding rate constant in the weak-binding states . .
- 30 mM KCI, 25 mM Tris-HCI (pH 8.0), and 0.1 mM PMSF was mixed
+1 Second-order rate constant of substrate binding tavA . . o :
: - - . with 9 mM NEM and incubated fol h at25°C. The sample was cooled in
¢ Forward rate constant in the rate-limiting step (isomerization rate . . . - : . .
. . ) an ice-water bath, mixed with 180 mM dithiothreitol, and dialyzed against
fromA-M - ADP - Pito A- M* - ADP - Pi)
. ) . a large volume of 25 mM KCI, 2 mM MgGJ 0.2 mM CaC}, 25 mM
Actin concentration for half-maximum NTPase rate
N - . TES-KOH (pH 7.0), 1 mM 2-mercaptoethanol, and 0.1 mM PMSF. The
Ky, Substrate concentration for half-maximum NTPase rate - Lo S
N . . - . modified sample was frozen in liquid nitrogen and stored in liquid nitrogen.
K&  Substrate concentration for half-maximum sliding velocity . . "
A Fraction of weakly bound cross-bridae Intact HMM pretreated for removing ATP-insensitive HMM heads was
w . - y . g mixed with NEM-treated HMM at given ratios in either Buffer A, Buffer
Fraction of rigor cross-bridge g . .
. . B, or Buffer C. The total concentration of intact and noncycling HMM was
p Magnitude of power stroke (force spike) . .
- . adjusted to 0.3uM. The succeeding procedures were the same as those
p Molar ratio of NEM-HMM over intact HMM ; . . ) . o
. mentioned in the preceding subsection. Immediately after initiating the
[J Substrate concentration L . S
movement of actin filaments, the fluorescent images of actin filaments

T, Substrate turnover time ) . O
¢ . were recorded at five different surface areas. The recording time per one

T, Duration of power stroke . . . o o

o ) area was adjusted depending on the velocity of sliding actin filaments.
T, Lifetime of weakly bound cross-bridge . . Lo .

. When the velocity was relatively high, it was minimized to be 20 s. When

Vimax Maximum substrate turnover rate . . . . .

. . o the velocity was very low, it was-2 min. After recording,~40 actin
V,  Sliding velocity of actin filament

filaments on one observation area were arbitrarily picked up for analysis of

V"™ Maximum velocity of actin sliding the average sliding velocity as a function of the molar rappaf NEM-
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HMM to intact HMM. The data were obtained from the five observation
areas and then averaged.

Determination of the relative magnitude of
sliding force

When actin filaments are sliding freely on HMM, the time-averaged active
force generated by a cross-bridge must be balanced with the time-averaged
resistive force generated by a cross-bridge that is attached to actin, but not
generating active force. Let’s call the active force in this situation “sliding
force.” We estimated the relative magnitude of sliding force as follows. We
measure the average sliding velocity, as a function ofp. Vg would
decrease with increasing The intercept of the initial tangent of thé
versusp relationship to the abscissa gives a valug 6f p.. The pg value

is taken as the relative magnitude of sliding force. The theoretical basis of 0
this method is given in the Discussion.

Vs (um / sec)

3 4
NTP (mM)

—_
N =
O -
(o)

RESULTS

Sliding Velocity as a Function of
NTP Concentration

Sliding velocity, V,, of actin filaments was measured in an
in vitro motility assay using various NTPs. Various nucle-
otides have different affinities for HMM and acto-HMM
(Pate et al., 1993; White et al., 1993). Rigor complexes of
acto-HMM, even when in small fractions, may produce
resistive drag force against actin filaments sliding, resulting
in a reduction of the velocity. To estimate the full ability of
each NTP to support acto-HMM motility without rigor
complexes and to estimate the apparent Michaelis-Menten
constant for each NTRKL': NTP concentration at whicl

is half of its maximum value)y, was measured at various
NTP concentrations. Fig. i andb give plots ofVg versus NTP (mM)

[NTP]. At first glance, Vg seemed to show Michaelian

saturation as a function of [NTP], i.eVg = V{®/(1 +  FIGURE 1 Substrate concentration dependence of velocity of actin fil-
KY/[NTP). Similar experiments have previously been madeament translocation over HMM foa] ATP (O), CTP (), TTP (); and

with ATP (Sheetz et al., 1984; Homsher et al., 1992;() UTP @), GTP (), and ITP (). Lines are fits to the modified
Umemoto and Sellers, 1990; Warshaw et al., 1990; Harad 'ig?f'f’}gﬂ/?ﬂlo%x‘)"tm as a variable to be determined, .8, =

et al., 1987) and with the other nucleotides (Cooke and® ° '

Bialek, 1979; Pate et al., 1993; Regnier et al., 1998). Some

of these studies, where data ¥f versus [MgNTP] have equation. As listed in Table 2, the valuerovaried from 1.4
been analyzed quantitatively, have assumed Michaelian sate 2.2 depending on the data, the average value being 1.66.
uration behavior. Careful inspection of these and our owrThe results are summarized in Table 2, together with the
data showed that they did not exactly obey the Michaeliamesults obtained from the Michaelian data fitting. The stan-
relationship. At [NTP] lower tharkY, V tends to deviate dard deviations ang? tests were always smaller when the
downward from the Michaelian fitting curve. However, at modified Michaelian saturation withh as a variable was
[NTP] moderately higher thaKY, V tends to deviate up- assumed than when the original Michaelian saturation was
ward (see, e.g., Fig. 5 in Homsher et al., 1992; Fig. 3 inassumed (Table 2). Although we hereafter describe only
Tawada and Sekimoto, 1991). A theoretical consideratiovalues forv"™®*andKY obtained with the modified Michae-
regarding this issue under a certain condition led to dian data fitting, there were no major differences in the
mixture of a modified Michaelian equation, i.& = VI  corresponding values obtained with the two types of data
1 + (KMZ[NTP?) and the original Michaelian equation fitting (except for the case with ITP).

(see Discussion). So, we assumed a modified saturation The value ofV{'® for CTP was similar to that obtained
behavior, Vg = VI'®(1 + (KY)/[NTF"), where the param- with ATP. This similarity was observed previously in in
eter,n, is one of the parameters to be determined from avitro motility assays (Regnier et al., 1998), although in
least-squares fitting of the data to this modified Michaelianmuscle fibers CTP produces shortening velocity 30-50%

Vs (um / sec)
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TABLE 2 Kinetic parameters of NTP hydrolysis in solution and mechanical properties in the actin sliding assays obtained using
various NTPs as substrate

ATP CTP TTP uTP GTP ITP

n 1.42 1.58 1.41 1.74 1.57 2.23

? tests* 0.064 0.058 0.018 0.0067 0.00045 0.00003
VMR (m/s)* 43+0.18 3.9+ 0.27 2.2+ 0.16 1.38+ 0.07 0.47+ 0.05 0.16+ 0.01
KN (mM)* 0.059 + 0.006 0.76+ 0.12 0.83+0.14 0.82+ 0.09 1.76+ 0.35 2.10+ 0.18
vmax (um/s) 46+0.21 4.5+ 0.32 2.5+ 0.17 1.68= 0.14 0.66= 0.09 0.37+ 0.12
KN (mM)* 0.07+ 0.02 0.97+ 0.25 1.12+ 0.23 1.19+ 0.29 3.34+ 1.0 8.7+ 4.0
X testd 0.096 0.079 0.023 0.014 0.00074 0.00012
Ve (57HF 236 22.0 18.5 13.5 1.8 471

KA (M) 29.1 28.6 12.0 6.87 0.27 8.0

KN (mM) 0.009 0.11 0.25 0.20 0.50 1.00
Vi (798 0.05 0.038 0.075 0.18 0.35 0.50

oe 0.144 0.118 0.159 0.207 0.169 0.177
() (pN) 0.648 0.531 0.716 0.932 0.76 0.800
Kiw/hy (ML) 6.8 107 7.7% 107 7.7% 107 6.5 107 6.9 10° 7.5 10°
K_w/A, (579 1992 2202 922 444 185 60

*Obtained by fitting data in Fig. 1a andb to the modified Michaelian equation withas a variable.
TObtained by fitting data in Fig. 1a andb to the original Michaelian equation (i.e1,= 1).
*$The unit is Pi/s per head.

less than those obtained with ATP (Pate et al., 1993; Wahtherefore examined these parameters as a function of NTP
and Metzger, 1998). Thi€Y for ATP agreed with published concentrationV4, andKj s with CTP were nearly saturated at
values (Cooke and Bialek, 1979; Ferenczi et al., 19841 mM CTP. However, these parameters with TTP, UTP, GTP,
Homsher et al., 1992; Regnier et al., 1998). The values oénd ITP were not saturated at 1 mM [substraté3]displayed

KN for CTP, TTP, and UTP were quite similar to each otherMichaelian saturation behavior as a function of [MgNTHR] 5
(~0.8 mM, 14 times greater than for ATP), while the valuesversus [MgNTP] also showed Michaelian saturation behavior.
of VI'®for these NTPs varied over a relatively wide range.From these saturation cun¥s,,, (Ve at infinite [NTP] and

This indicates that the apparent affinity of NTP for acto- infinite [actin]) andK%, (K§ s at infinite [NTP]) were estimated.
HMM does not correlate withV™™ The values oK. for  These values are listed in Table 2. Buth,, andKZ, decreased
GTP and ITP were>29 times larger than for ATP, and inthe same order, ATB CTP>TTP > UTP > ITP > GTP,
these nucleotides were poor substrates for producing theith K%, varying more widely thaiV,,,.,. The NTP concentra-
sliding motion of actin filaments, as was previously ob-tions,KY, at whichV4, is half of V.., are also listed in Table
served with muscle fibers (Pate et al., 1993; Regnier et al2. K} with ATP was 9uM, 6.6 times less than the valuekf'.
1998) and in the in vitro motility assays (Regnier et al., K} with CTP could not be accurately determined because this
1998; Higashi-Fujime and Hozumi, 1996). value seemed so small and the hydrolysis rate is so high that
V4 could not be measured at low concentrations of [MgCTP]
(effective CTP-regeneration systems are not available). This
parameter, however, seemed to68.1 mM, 6.9 times less

At a given concentration of NTP the acto-HMM NTPase than the value oKY. TTP, UTP, and GTP gave valueski,
activity, Ve, Was measured at various actin concentrathat were in the submillimolar range, 3—4 times less than the
tions. The NTPs used here were the same as used abovespective values &Y. The value oK}, for ITP was 1 mM,
With all the NTPs used/yp displayed simple hyperbolic 2.1 times less than the value K}'. Thus the ratiok}/KY, is
saturation behavior as a function of [actin] (data not shown)markedly dependent on NTP. The values obtained for the
When the relationship of/y;p versus [actin] was analyzed NTPase activity of HMM aloneV,u, at 6 mM [NTP] are

with the modified Michaelian equation, withas a variable to  also listed in Table 2V, increased in the order CTR

be determined, we obtained= 1.0 on the average. The values ATP < TTP < UTP < GTP< ITP, approximately the inverse

of VA (Vyrp at infinite actin concentration) arkf 5 ([actin] at  order to those withV,,., and K/,

which Ve is half of V) for all six nucleotides were obtained
by analyzw_wg f[he hyp_erbollc satu_ratlon Eurv:\es by thi IeaStbomparison of motile activity and NTPase
squares criterion to fit the equatiofyp = Vi/(1 + Ko kinetics with various NTPs

[actin]). Although these parameteX&,, andK5 5, must be less

sensitive to the presence of a small amount of rigor complexeldere, we examine the relationships between the sliding
thanV,, they (except for those with ATP) may not be saturatedvelocity and the kinetic parameters obtained above. Two
in the presence of a milimolar concentration of NTP. We,kinds of plots, &) VI'® versusV,,.,and @) VI'®versusk?,

Kinetic parameters of acto-HMM NTPase
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are given with open circles and with circles with a cross in 10
Figs. 2 and 3, respectively. Although the curve \@f®*

versusv,,,. relationship was concave downward, it suggests
a strong correlation between the rate of hydrolysis and the
sliding velocity. Previous studies with muscle fibers have
reported only moderate correlations between the maximum
rate of actin-activated hydrolysis of NTPs by acto-S1 or
acto-HMM and the unloaded shortening velocity of muscle
fibers (White et al., 1993; Pate et al., 1993; Regnier et al.,
1998). In these studies, however, the solution conditions

x®
N

(um / sec)
>

#

max
VS
T
Vg“ax(um/sec) E
2

were different in the mechanical and enzymatic measure- 2 § 2
ments, and the concentrations of NTP used for measure- ] %z i e 80
ments of the hydrolysis rates were fixed at 1 mM, irrespec- ﬁ&@m JKE  (uM%)
tive of the NTP used. Moderate or very poor correlations 00 "0 40 60 80 100
were also reported in studies with the in vitro actin filament KA M)

m

sliding assays (Higashi-Fujime and Hozumi, 1996; Regnier
et .al" 1.998.).' In the study re_portlng Very poor Corr.elatlonFlGURE 3 The relationship between the maximum sliding velocity
(Higashi-Fujime and Hozumi, 1996), the hydrolysis rate(Vg’e‘x) and theK,, for actin (i.e.,K%). The substrate was altered with
was measured at a fixed concentration of actin (8vf. A MgATP (@), MgCTP, MgTTP, MgUTP, MgGTP, MgITPQ), or with
correlation as good as is observed here between the slidingnATP, NIATP, STATP @). The ionic strength was altered with KQI(
velocity and apparer,,, for actin «ﬁ\q) (Fig. 3) has never EB).‘ In_ this case MgATE was ysed as supstrat_e. The valuk4 afre thoie
been reported before. Similar examinations have been dor?(—g'”_f'”'te [NTP]. The inset is the relationship betweel™ vs. VK,
. . . . . .. _obtained when ionic strength was varied.

previously using various NTPs in muscle fibers and in in
vitro motility assays (White et al., 1993; Pate et al., 1993;
Regnier et al., 1998). However, results similar to ours were
not observed. This may be in part because the previougarametersy,,,, and K%, are, in principle, independent of
studies used different solution conditions for measuring theeach other. Yet, they varied in a similar way when the
sliding velocity and the enzymatic kinetics. substrate was altered with various MgNTPs. It is, therefore,

We have to be careful in concluding that the two excel-possible that only one of the two types of correlations is
lent correlations shown with open circles and circles with asignificant, and that another is just accidental. To clarify this
cross in Figs. 2 and 3 are significant. The two kineticaspect we have to perturb the acto-HMM system by other

methods and examine the two relationships again.

10 Motility and kinetics with substrates, ATP
complexed with various divalent cations
8 As second perturbants of the acto-HMM system we used
B substrates, ATP complexed with various divalent cations
2 64 (Me**). We chose M§", Mn**, Ni*", and Sf" for the
E Me?*. All of these ions, with ATP, supported movement of
= 4- actin filaments over HMM. First, we measured the depen-
é,,, —— dence of sliding velocity on the substrate concentration. The
> ] data for the four substrates were analyzed by least-squares
24 054 fitting to the modified Michaelian equation with as a
o variable to be determined (i.&/, = VI"®Y(1 + (KM)Y[")
0.0—0 . lQi — e and to the original Michaelian equation. The results are
0 10 20 30 40 50 summarized in Table 3. The standard deviations grésts

were again often smaller with the former analysis than the
latter. Because of this we choose the results obtained from
FIGURE 2 The relationship between the maximum sliding velocity the modified Michaelian data fitting. The data fof'®*
(Va®) and the maximum acto-HMM NTPase activity,(,, Pi/sihead).  yielded the relationship Mg> Mn > Ni > Sr. MnATP was
The substrate was altered with MgAT®)( MgCTP, MgTTP, MgUTP, an effective substrate, itvrsnax being 77% of that with

MgGTP, MgITP Q©), or with MnATP, NIATP, SrATP @). The ionic . ax L.
strength was altered with KCL{, ©). In this case MgATP was used as MQATP. SrATP was a very poor substrate, ‘115 bemg

substrate. The maximum acto-HMM NTPase activities are those at infinite<220 Of that with MgATP. These substrates showed rela-
[NTP] and infinite [actin]. tively high affinities for acto-HMM, and their values N’S“

Vmax (1 / sec)
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TABLE 3 Kinetic parameters of Me2* ATP hydrolysis in solution and mechanical properties in the actin sliding assays obtained

using various divalent cations as agents complexing with ATP

MgATP MnATP NiATP SrATP

n* 1.42 1.25 2.32 1.52

X tests* 0.064 0.029 0.0082 0.00004
Vmax (um/s)* 4.3+0.18 3.3+ 0.17 0.65+ 0.03 0.065+ 0.007
KN (mM)y* 0.059 + 0.006 0.18+ 0.03 0.47+ 0.09 0.67+ 0.17
vmax (um/s) 4.6+ 0.21 3.5+ 0.15 0.73+ 0.1 0.073+ 0.007
KN (mM)* 0.07+ 0.02 0.20+ 0.04 0.36+ 0.23 0.83+ 0.28
X2 testd 0.096 0.031 0.015 0.00004
Vinax 57 HF 23.6 41.0 15.0 0.29

KA (uM) 29.1 22.0 17.0 9.6
Viuw (8798 0.05 0.67 0.5 0.023
Ps 0.144 0.12 0.14 N.D.
(f9 (pN) 0.648 0.54 0.63 N.D.
KiwAy M™1s7h 6.8x 107 8.3x 10/ 1.82x 10° N.D.
K_w/Ay (571 1192 1826 309 N.D.

*Obtained by fitting data\{, vs. [substrate], not shown except for MgATP) to the modified Michaelian equationnnatha variable.
TObtained by fitting data\(s vs. [substrate], not shown except for MgATP) to the original Michaelian equationr(ize. 1).

*$The unit is Pi/s per head.

were in the submillimolar range. Becaus must be a few

motility assays is higher thar80 mM, actin filaments or

times less tharkl, several measurements with these sub-myosin-coated beads tend to dissociate from the respective
strates were thereafter made at a fixed substrate concentraartners. At lower ionic strengths the rate of movement
tion, 2 mM, which is sufficient to provide almost complete increases with increasing ionic strength (Harada et al., 1987;
saturation of the nucleotide binding sites. The acto-HMMUmemoto and Sellers, 1990; Warshaw et al., 1990; Takigu-
Me®" ATPase activity exhibited again a simple hyperbolic chi et al., 1990; Vale and Oosawa, 1990; Homsher et al.,
saturation behavior as a function of actin concentration. Thd992; Saito et al., 1994). With the help of methylcellulose,
valuesV,,,, andK?%, are listed in Table 3. MnATP gave the which reduces the lateral diffusion of actin filaments from
highestV, ., 1.7 times greater than that for MgATP, while the myosin-coated surface (Uyeda et al., 1990), the sliding
its K4, value was smaller than that for MgGATP. NiATP was velocity of actin filaments can increase as ionic strength is

an effective substrate with,,,, which was 64% of that

obtained with MgATP, and it&%, value was about half of

elevated even higher than 80 mM (Homsher et al., 1992).
Despite general acceptance of this acceleration effect of

that for MgATP. SrATP was a very poor substrate. How-ionic strength, quantitative analysis of the effect has not
ever, HMM complexed with STATP or its product had the been performed, and therefore the underlying mechanism

highest affinity for actin. Plot3/0"® versusV,,,, shown

has not been well understood. Here, we reexamined the

with closed circles and a circle with a cross in Fig. 2,ionic strength effect on the rate of actin filament transloca-
indicate only a moderate correlation between the slidingion. The ionic strength of solution was varied with KCI.

velocity and the maximum hydrolysis rate of KieATP by

MgATP was used as substrate and its concentration was

acto-HMM. As mentioned above, the MnATPase activity fixed at 2 mM. As shown in Table 4y2'® increased
was 1.7 times greater than the MgATPase activity. Neversmoothly with increasing [KCI], with a slight upward devi-
theless, the sliding velocity with MNATP was 77% of that ation from a linear relationship. The maximum ratg, {,)

with MgATP. The relationshify™® versusk4,, shown with

of MgATP hydrolysis by acto-HMM was nearly constant

closed circles and a circle with a cross in Fig. 3, howeverpver [KCI] from 5 mM to 50 mM (Table 4)K% was,
indicated that the sliding velocity was highly correlated with however, increased with increasing [KCI], with upward
K{, although the fitted line did not intercept the origin. The deviation at higher [KCI] from a linear relationship (Table

hydrolysis ratesV,,y;y, of these M&" ATP by HMM alone
are also listed in Table 3. The\d4,,,, increased in the order
SrATP < MgATP < NIATP < MnATP. This order was
quite different from that ol/{'® indicating no correlation
between the two quantities.

Comparison of motile activity and MgATPase
kinetics at various ionic strengths

4). These distinct behaviors ¥f,,,, andK%, as a function of
[KCI] made the relationship¥2'® versusV,,,, and Vo'
versusk?, very different équaresandcircles with a crossn
Figs. 2 and 3, respectively/2'® varied widely, without
almost no changes iV, In contrast to thisVI'® in-
creased with increasing;. The MgATPase activity of
HMM alone, Vyum. increased, in a linear manner, with
increasing [KCI] (Table 4). This enhancement effect of
[KCI] gave a relationship betweel'® versusV that

As a third perturbant of the acto-HMM system, we chosewas completely opposite to that observed when the substrate
differing ionic strengths. When ionic strength in the in vitro was altered with various MgNTPs (Table 2).
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TABLE 4 Kinetic parameters of MgATP hydrolysis in solution and mechanical properties in the actin sliding assays obtained
under various ionic strengths

[KCl] vrSnax Vmax* Kﬁl VHMMT <fs> 6Vma>!vrsna)<¢ v Vma)lKg
(mM) (nm/s) s (M) (s Ps (PN) (PN) (s- M) 2
5 1.45 21.4 5.7 0.043 0.20 0.9 1.36 1.94
10 1.81 23.0 9.1 0.042 0.17 0.77 1.16 1.59
25 4.00 23.6 29.1 0.060 0.144 0.65 0.54 0.90
30 4.38 23.1 37.0 0.065 0.115 0.52 0.49 0.79
40 5.25 19.6 46.2 0.065 0.108 0.49 0.34 0.65
43 5.30 18.3 53.9 0.065 0.123 0.55 0.31 0.58
46 5.26 195 56.2 0.070 0.126 0.56 0.34 0.59
50 7.35 18.9 70.6 0.065 0.117 0.52 0.24 0.52

*"The unit is Pi/s per head.
*e is the work done by one shot of power stroke. The value used i9122° J (see Discussion).

Sliding force second set of experiments, where divalent cations that complex
] o . with ATP were varied, the, values were quite similar to each
It has been recognized that actin filaments would not Sl'd%ther (Table 3). In this experiment 25r ATP was omitted
smoothly over HMM when the HMM sample is partially pecquse of the very small rate of movement. In the third set of
damaged. Based on this phenomenon, Haeberle devel‘)pe%ﬁ)eriments, where MgATP was used as substrate and the
method for estimating relative magnitude of active force;y;c strength was varied with various [KCl, showed a
exerted on actin fllamen_ts in the in vitro motility assays tendency to decline with increasing [KCI] (Table 4). In this
(Haeberle, 1994). Chemically damaged and therefore nonsyperiment the resistive force by NEM-HMM may vary de-
cycling HMM that is mixed with intact HMM imposes an penging on [KCI). It is likely that the higher [KCI] may result
external load on sliding actin filaments and thereby slows, ess resistive force. The tendency for sliding force to decline

the sliding motion. When the molar ratip)(of noncycling it increasing [KCI] may, therefore, be more significant than
HMM to intact HMM is increased with keeping the total 4 of p.
<

HMM amount constant, the movement of actin filaments is

eventually stalled. We prepared noncycling HMM by ex-

tensively treating HMM with NEM. This NEM-HMM had DISCUSSION

neit_he_r C&" NTPase nor actin-activated NTPase activities.l(_§ kinetic scheme of the actomyosin ATPase

Actin filaments attached to the surface that had been coate

with this damaged HMM never detached from the surface irBefore we discuss the experimental results obtained in the
the presence of any M§-NTPs. NEM-HMM, therefore, present study, we briefly describe the kinetics of the acto-
seemed unable to associate with NTP.

We estimated the relative magnitude of active force that 0.4
is generated by a cross-bridge when cross-bridges are pro- 1 mM NTP 1.
pelling actin filaments to slide without external load or under a Bl 2MNTP E Z:\\
small external load. We call this active force “sliding force.” 034 L amMNTP = "
The method for this estimation and the basis of this method are EmMMNTP 2 s
described in Materials and Methods and Discussion, respec- 1 0P T o020 P TE 08

tively. In the first set of experiments we studied the depen- P

dence of the relative magnitude of sliding force on NTPs. The

<”0.24 g _
concentration of NTP was first fixed at 2 mM. The sliding
velocity decreased linearly with increasipngas demonstrated

in the inset of Fig. 4. The intercept to the abscissa @& .of 017
the initial tangent of th&/, versusp, which is supposed to be
proportional to the magnitude of sliding force, was roughly
constant over the NTPs used (Fig. 4 and Table 2). Since 2 mM 00 =T ce 1P TuTP TGP TP
of NTPs (except for ATP) do not saturate the nucleotide NTP
binding site of HMM, these measurements were repeated at
various concentrations of NTP (from 1t06 mM) We could FIGURE 4 Relative magnitude of sliding forces in various MgNTPs and
t h find NTP trati d d ’ f its dependency on [MgNTP]. The ionic strength was kept constant by
not, however, I_n -concentration epen_ Q_I’]CG 0 p‘,he adjusting [KCI]. The inset shows dependence of sliding velocity in MgGATP
values, even with GTP and ITP, whose affinities for acto-ypon the molar ratiog) of NEM-HMM to intact HMM. The linear line
HMM were low compared with the other NTPs. Also in the intercepts the abscissa at= p,.
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myosin ATPase reaction. The kinetic scheme shown her@Vhite et al. (1993); and Regnier et al. (1998); although the
accounts for the results of various kinetic experimentsGTPase probably has a different kinetic mechanism (Ec-
Myosin heads are distinguished according to their actin€leston and Trentham, 1979; White et al., 1997).

binding kinetics (Stein et al., 1979), i.e., “weak-binding

states” and “strong-binding states.” ATP bhinds to a rigor

cross-bridge (step 1) to form a weakly bound state fA-  Resistive drag forces

ATP), followed rapidly by dissociation of actin (A) from actin-attached cross-bridges that are not executing the
myosin (M) (step 2), or by hydrolysis of the-phosphate  o\ver stroke produce a resistive force opposing sliding
(step 3). After hydrolysis of thg-phosphate (step 3 and step mayement, because these cross-bridges are pulled and de-
5), a weakly bound state (AM - ADP - Pi) forms, which is  ormed passively by moving actin filaments. In a high
in a rapid equilibrium with the M ADP - Pi state (Step 4).  concentration of substrate, such resistive cross-bridges are
The weakly bound cross-bridge then isomerizes to a strongp, the post-power stroke state (from which NDP is released)
binding state (step 6). The bound phosphate is released (stgRq in the weak-binding states. To the authors, it seems
7) to form A- M* - ADP, which is followed by isomeriza-  oniroversial whether weakly bound cross-bridges produce
tion (step 8). Finally, ADP is released (step 9) to form aegistive force to such an extent that it affects or determines
rigor cross-bridge. Rate limitation of the ATPase cycle iny,e sliding velocity (Warshaw et al., 1990; Homsher et al.,
solution has been variously thought to occur at the isomeryggo- cyda et al.. 1997: Brenner 1990). First, we examine
ization step (step 6) (Stein et al., 1979, 1984), at the Pyis jssue quantitatively, since this issue seems to have the
release step (step 7) (Webb and Trentham, 1981; Hibberghy 1o understanding the link between the chemistry and the
and Trentham, 1986; Barmfn et al., 1998) (the two state$nechanics in skeletal actomyosin. If for a tifia resistive

A =M - ADP - Pi and A- M* - ADP - Pi, are not distin- 555 pridge remains attached to a sliding actin filament
guished), or at the cleavage step (step 3) (Rosenfeld ar@/elocity, V), it is pulled for a distance o¥.T. When

Taylor, 1984; White et al., 1997) (deduced from observa-yyeraged over the cycle tim@ (= 1N,,,,) of the NTPase
tions that a high concentration of actin suppresses the ATreaction, the resistive forcé, becomes

Pase activity at very low ionic strength). Using a fluorescent

Pi-probe and caged-ATP in single muscle fibers, He et al. )= %)\FVST (1)
(1997, 1998) have observed that the onset of tension devel-

opment is slightly earlier than that of Pi release, indicatingwherel is an elastic constant of a resistive cross-bridge and
that A- M* - ADP - Pi contributes to the force-generating A is the fraction of this resistive state over all states. Now,
state. Other studies have also presented evidence that botle roughly estimate the magnitude @f) in ATP, using

A - M* - ADP - Pi and A- M* - ADP contribute to the values ofA, I', andT. AlthoughI” may vary depending on
force-generating state (Lund et al., 1987; Dantzig et al.the state concerned, the reported values for different states
1992; Cooke, 1995). Although a consensus about the ratexre similar to each other: 0.65 pN/nm, measured directly
limiting step in the ATPase cycle has not been reached, itising a single-molecule technique in the midst of an AT-
has been generally accepted that 1) myosin heads residRase cycle (Mehta et al., 1997); 0.58 pN/nm, measured
predominantly in the weak-binding state(s) in which theydirectly using a single-molecule technique in the rigor state
are in a rapid equilibrium between the actin-attached andNishizaka et al., 1995). So, we assuine= 0.6 pN/nm for
detached states, and 2) an intermediate just after the powal the resistive states. For weakly bound cross-bridges, the
stroke is A- M - ADP. Although in a part of the subsequent time, T, equals I¢_, or 1k_,. Hereafter, we assunie , =
discussion we assume the rate-limiting step to be step 6, we_, (=k_,,) andk,, = k,, (=k,,,). The rate constant of
do not intend to validate this assumption. The results giverlissociation of myosin heads with ATP from actin is likely
below are not strongly associated with this assumption. Théo be ~2000 s %, inferring from the values obtained previ-
ATPase kinetic scheme cited here probably hold for almosbusly under various solution conditions. So, we assume T

all the other nucleotides, as suggested by Pate et al. (1993);5 ms. Skeletal actomyosin has a low duty ratio, the frac-

|- Weak-Binding States—| |— Strong-Binding States —
1 3 6 7 8 9
AM =& AMT = AMADPPi — AM“ADPPi —» AM"ADP —» AMADP —= AM
21 $4

A+M-T = A+M-ADP-Pi
5

Scheme 1
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tion of time that a cross-bridge spends generating activéx becomes 0.034), the difference in the resistive forces is
force. The ratio is suggested to b®.1 (Cooke, 1997), and still 5 times. After all, we reached an estimate that resistive
myosin heads reside predominantly in the weak-bindingorce is produced predominantly by weakly bound cross-
state(s). Taking these features into account, the total fractiobridges. Hereafter, we neglect resistive forces produced by
of weakly bound cross-bridges is supposed to-b@8.  cross-bridges in the post-power stroke state. We also neglect
These values fof, T, A, andV, = 4.3 um/s result irkf,) = the deformation effect on the lifetime of weakly bound
0.51 pN per a weakly bound cross-bridge. As will be showncross-bridges, because it is not so large. As will be seen
later, this magnitude is comparable to the time-averagethter, deformation energy stored in weakly bound cross-
active force per a cross-bridge, but significantly lower thanbridges is rather independent of nucleotides (a longer life-
the force required to unbind a rigor head from actin. Thetime and a slower rate of movement cancel out each other to
lifetime of the post-power stroke state is determined by thegive a similar deformation energy).

rate constant of ADP dissociation from the actin-bound

cross-bridge (here we distinguish the resistive forces pro-

duced by A- M - ADP and A- M - ATP. The latter is Dependence of sliding velocity on

counted among those produced by weakly bound crosssubstrate concentration

bridges.) Although the rate constant of ADP dissociation on lidi loci £ actin fil d ith d
the ATP hydrolysis pathway has not been determined, W§ iding velocity g of actin filaments decreases with de-

assume that it is similar to the rate constant{k) of ADP f:reasing substrate concentrgtipn, [S] (FigaBndb). This
dissociation from the state formed by externally addingIs Ce”?'”'y due_to the reS|s_t|ve fo-rces produceq b)./ the
ADP to actomyosin. For rabbit skeletal actomyosin,k is nucleotide-free rigor cross—b.rldge_s (i.e., AM). The lifetime,
~1000 s* (700-1000 §* at 25°C, Siemankowski et al., T, Of an AM rigor cross-bridge is determined by

1985; 1400 s* at 20°C, Borejdo et al., 1985). So, we o

assumeT = 1 ms. The fraction of the post-power stroke Tig = Lk S], 2)

state is supposed to be very small (Barman et al., 1998)yerek. , is the second-order rate constant of nucleotide
Tentatively, we assumg = 0.023, becausa must equal  pinging. When averaged ova, + T, the resistive force

TT. = 1/42_('I'C = 1N ax = 42.4 ms). These values lead to per an AM rigor cross-bridge is given by
a rough estimatgf,) = 0.029 pN, 17.6 times less than that

produced by a weakly bound cross-bridge. We have to note Arig X }FVsTriga (3)
here that a cross-bridge in the post-power stroke state pro- 2

duclzes. a resistive fqrcg just once during an ATPase Cyc"?‘Nhere)\rig = Tyig/(Tug + To), andT'V T, cannot exceed the
while in the weak-binding states a cross-bridge produces ifce E ) required to rupture an AM rigor cross-bridge. If
many times. Here, for simplicity, we neglected the reductivet eyceedsr,, the average resistive force should be replaced
effect of elastic deformation on the lifetim&)(of weakly — yith 0.5 x A, F,. For a while we consider the case where
bound cross—brldges._ The rate o_f ADP dissociation may b?‘VsTrig < F, holds. Including the resistive force produced
affected by the elastic deformation. Here, we do not CONpy a weakly bound cross-bridge, a balance of the time-

o ; _ 2
sider it. When the deformation enerdgy, = 0.5X I'(VsT)",  ayeraged forces regarding one cross-bridge is expressed as
is comparable to or larger than the thermal enekgy~ follows.

4 x 107213, T should be reduced significantly, as has been
demonstrated in the acto-HMM rigor bond (Nishizaka et al.,

1995). The deformation accelerates the rate of dissociation T j_ =5 j_ T X 5 Al Vel

from actin by a factor o£= (Bell, 1978). So, the proba- oee e

bility of finding a cross-bridge that bound to actin at time Tiig 1

zero and keeps associating with actin till time propor- Tig + Te X5 INAT (4)

tional to P(t) = exp(— [} k_,,e5 dt). Therefore, the life-
time, T, can be determined by = [g t P(t)dt/[; P(t)dt.  where(fy is sliding force (active force) averaged ovEr,
Performing the integrations numerically, we find that the ), is the fraction of weakly bound cross-bridgesTin and
lifetime of a weakly bound cross-bridge is slightly reducedT,(=1/k_,) is the lifetime of weakly bound cross-bridges.
to 0.3 ms (the resistive force, 0.31 pN). A slight increase inThis equation is independent of the concentration of HMM
the dissociation rate hardly affects the fraction of weaklyon the coverslip (above certain threshold level). Solving this
bound cross-bridges because a high concentration of actequation forV,, we obtain

shifts the rapid equilibrium to the actin-attached side. Al-

though the difference in the resistive forces produced in the 2ty Tao
weak-binding states and in the post-power stroke state be- Vs = AT, ( )\WTWTC>
came smaller (10.7 times), it is still large. Even when we

choose a lower value, 7005 for the ADP dissociation rate By substituting 1¥_,, 1/, 4[S]), and 1V, into T,, Trig»

®)
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andT,, respectively, we obtain solution as used in the present study with [KEI]25 mM).
The second order rate constakt {) of MgATP binding to

_ 2k ( kWVmaX) actomyosin is around & 10° M~ s~ (White and Taylor,
*oAT WHSE 1976; Ando, 1984). Sdry(=I'V"®/(2k, ,KY) becomes 11

N2 pN, slightly larger than the unbinding forcé, = 9 pN.
_ \/max (Ks) This means that at [MgATP] between ([S}- A) and
\/rsn 1+ 2 | (6) . .

[S] (IS]. + A), the relationshipy/, versus [MgATP] should obey
the original Michaelian equation (or Eq. 9), and in the other
ranges of [MgATP], it should obey the modified Michaelian
2k (F) 2K KA equation withn = 2. In practice, the borders ([St A) and

= (7)  ([S]. + A) are blurred by stochastic variation of the unbind-
Al

whereVI"® andKY' are respectively defined by

Vo=

ing force around its averagé (). The shifts between the

AL
1 kv 1 [k KAV, two types of Michaelian relationships, therefore, do not
KY =1 _V)V\ == o wf%max (8)  occur in discrete steps. This seems to be the reason why the
+1 w +1 w least-squares analysis of our data\gfversus [MgATP]
Here, V'™ is the maximum sliding velocityKY is the ~gaven = 1.42 (Table 2). Since analysis of our data\qf
substrate concentration at whiblyis half of V'"® andK#, ~ versus [S] (Fig. 1a andb) gaven = 1.4-1.74 for the
is the actin concentration at which the enzymatic activity isvarious nucleotides (except for ITh (= 2.23)), similar
half of V., and approximately equals ,/k.,,. Here, we balances betweef, andF, must hold for these nucleotides.
assumed thaf,) is constant, although it must vary depend- Now we are going to find the basis for the large differ-
ing on V. Equation 6 is the same as the modified Michae-€nce in the [NTP] dependence of the velocity of actin
lian equation, witm = 2. Now, we consider the case where filaments, and of acto-HMM NTPase activity (Table 2). The
I'VT,, > F, holds. In this case, substitution &, for ~ NTP concentrationKY, that gives half of the maximum
IV, in Eq. 4 leads to sliding velocity /'), is larger than the NTP concentra-
N tion, K, at which the acto-HMM NTPase is half of its
Ks maximum ¥,,,.,0- Suppose that isomerization step (step 6)
— a - m
Vo= V¢ '<1 2 /[S]> (Vs> 0), (©) is the rate-limiting step ankl, s << k,, 7, Kk, g, K5, We obtain
_ _ _ approximationsV,, = A K, and KN = Ak gk, =
where V3™ is the same as that in Eq. 7, b’ is newly v/ k. (whenk_, < k, 5). The conditiork_, << k, 5 has
given by been proven to hold for MgATP (Brune et al., 1994).
N _ Although these approximations may not hold for the poor
Ks = VinaF (K 1(f9) (10) substrates, GTP and ITP, let's continue to explicate further.
For a range [SH KY, Eq. 9 can roughly be approximated By putting theﬁe approximations into Eqgs. 8 andKY,can
to the original Michaelian equatiom (= 1) as be related tK, as

rig
rig

Vs = VI®1(1 + KS/S) (11) KS = Ko Kow/K /A, (13)

Equation 6 holds for [S] that satisfies the conditiéi, > or
I'VgT,ig. Putting this condition andi,,y = 1/(k. 4[S]) into Eq.
6, we obtain the following quadratic inequality:

u

(14)

ax

[S] + (K)?>0 (12)

r
2 s
[S] k+1Fu

From the relationshipgk_,, > k, 4 or F, > (fJ), we can
understand the observed relationshig), > KN,

Solving this inequality for [S], we find that in the cabg > Using KN = Vv__/k,, and Mg = Tigl(Tig + T =
Fo(=IVE™1(2k,1KS)), any [S] satisfies Eq. 12, whileinthe 1/(1 + k,,[S/V,,,), the modified Michaelian equation
caseF, < Fo, Eq. 12 can be satisfied by [S] that are highergjyes the relationship o, versusx
than ([S]. + A), or lower than ([S] — A), where [S] andA

are Fo/F KN andV/([)? — (KY)?, respectively. Here, we e Mg \" KY
examine quantitatively whethé, is smaller or larger than Vs = \4 /(1 + (1 — A ) (KN
Fo. The magnitude of force required for unbinding a rigor ’ "
complex of a single head of HMM and actin has beenThe initial slope ofV/V{® as a function of,, is zero,
measured by a laser optical trap (Nishizaka et al., 1995), otoinciding with the observatioropen circlesn Fig. 5). The
by atomic force microscopy (Nakajima et al., 1997). In thesolid line in Fig. 5 was obtained by fitting the dat@qsed
case where an actin filament is pulled along its length, thecircles in Fig. 1b to Eq. 15. The fitting was not good at
unbinding force is about 9 pN (measured in the same ionidigherA,,,, whereinVyVa'® < 0.3. This arises mainly from

rig:

)n 1<n<?2) (15)

rig:
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relationship ofV, versusp. The pg values with various

1.0 P 0 MgNTPs varied from 0.12 to 0.2 (Fig. 4, Table 2). When
J o.a divalent cations that complex with ATP were varied, the
0.8+ §w0'6 values were 0.144, 0.12, and 0.14 for MgATP, MnATP, and
le ;0'4 NIATP, respectively (Table 3). When [KCI] was varied
§m 0sl ® > 0'2 using MgATP as substratg, varied from 0.2 to 0.11, with
> @ ' ) a tendency to decrease with increasing ionic strength (Table
2 10 000z o.4po.s 0.8 1.0 4). The time-averaged magnitude of sliding force with

MgATP at 25 mM KCl is estimated to be 0.65 pKQ.5 X
0.144 X 9). Force generation by a single myosin head has
been measured directly using optical traps (Mehta et al.,
1997) or micro-needles (Ishijima et al., 1991, 1996). The
magnitude of the power stroke (force spike) has been found
0.0 0.2 0.4 0.6 0.8 to be 2-10 pN, depending on the methods. The higher
E, )\ng values seem reliable, considering a compliance problem
involved in the single-molecule techniques. So, the maxi-
FIGURE 5 Resistive effects of rigor complexes on the velocity of actin MUM power stroke must be 5-10 pN. Since the duty ratio is
filament translocation in assay 1 and assay 2. The substrate was MguTP-0.1 (Cooke, 1997), the active force per cross-bridge is
In assay 1, the fraction of rigor complexes;{) was altered by changing  0.5-1.0 pN on a time-average, similar to 0.65 pN, the value
g(‘)fnc‘l’enxcjs"gi\tl::a‘l’t;‘égzcor;i‘)’("i:”ev;’:iois:zfnj&r:tzeogrsg'\;l’”H,‘\’AfM”\?v‘i’trh estimated above as the sliding force. The values of sliding
intac? HMM while keepingythe totgal amount of NEM-HMM plus intact force for the othgr substrates are listed in Tables 2 a”q 3.
HMM constant ®). In assay 1, the fraction of rigor complexes was |he€ values vary in a small range around 0.7 pN. A possible
calculated usingy;y = 1/(1 + K. [S/Vima = (KMUTPD/(L + K mechanism that accounts for the approximate constancy of

[UTP]). A line is fit to Eq. 15 withn = 1.74. The inset shows the (f)) over various substrates will be discussed later.
relationship betweeW V' vs. p(=&/(1 — §)) obtained in assay 2.

that(fy is not constant in this range af;;. We observed the Djssociation and association rate constants
resistive effect of nucleotide-free rigor complexes\ralso

in a different assay system (assay 2), where noncyclinfrauation 7 can be re-written as follows.
_HMM (NEM-HMM) is present_togeth_er with intact HMM K, [yme
in the presence of [S] that is sufficient to saturate the e
nucleotide binding sites. As shown in Fig. 5, this resistive Au 2K
effect Closed circleywas stror_lgerthan that in the previous The right-hand side of this equation contains kinetic and
assay system_(asg,ay_dpen circley. In assay 2 the force mechanical parameters whose values, exceptl fowere
balance equation is given by obtained in the present study. As mentioned already, the
1 1 value ofI" has been estimated to be0.6 pN/nm in other
@-of=0a- 5)5 Al VeT + 65, (16) laboratories. Using these values (Table 2F)), we calculated the
where¢ is the fraction of NEM-HMM. Solving this equation values ofk.,/A,, and k_,/A,, using Eg. 18 ank_,, =

(18)

for V, we obtain k.K5, respectively. The results are listed in Tables 2 and
3. The values ok, /A, for MgATP, MgCTP, MgTTP, and
V. = Vmax(:l_ _ i Fy ) (17) MgUTP were quite similar to each other. Siricg, andA,,
e 1-¢xf are independent parameters, this similarity suggests that the

The initial slope oV/V™*as a function ok is —0.5F /(f), ~ respective values di,,, andA,, are similar for these sub-
markedly different from that in assay 1. Equation 17 pre-Strates. However, the valde, /A, for MgGTP was one
dicts that plots oV, versusp = &(1 — & should give a Order of magnitude larger than these substrates, while the
straight line. As shown in the insets of Figs. 4 and 5, this isvalue for MgITP was one order of magnitude smaller. As
true as far a&/JV™ s larger than 0.3. AV/V"™* < 0.3, ~mentioned already, this probably arises from different hy-
the noncycling HMM is less efficient in reducing the rate of drolysis mechanisms of the poor nucleotides. The dissoci-

movement, indicating thaf)) increases under a large ex- ation rate constant divided by, (i.e.,k_/A,,) decreased in
ternal load. the order CTP~ ATP > TTP > UTP > GTP> ITP, quite

similar to the order with the maximum sliding velocity,
VI'® Because the fraction of weakly bound cross-bridges in
ATP is very likely to be 0.8—0.9, the value kf, for ATP
From Eq. 17 the sliding forcéf), equals 0.5, wherep,  is 1600-1800 s (1992 X 0.8—0.9), similar to those re-
is the intercept of the abscissa of the initial tangent in thegported previously for the maximum rate of acto-HMM

Sliding force
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dissociation (Regnier et al., 1998) or acto-S1 dissociatiorfforce spike). From these relationships we can obtain
(White et al., 1993) by ATP, although the previous mea-

H H H H Vmax
surements were made at relatively high ionic strength. (fo =pd Ve (19)

From Egs. 7 and 19, two mechanical variabe$?* and

Relationships of V'®* versus V,,,,, and VJ'®* (f9, can be expressed separately.

versus K?
m e 2pdk,., v

- AT Vivm Vmax
w

Analysis of changes iNg™®* (the maximum sliding velocity)

andV,,. (the maximum substrate turnover rate) depending (20)
on MgNTPs 6pen circlesandcircle with a crossn Fig. 2) (_ Zﬂj W)

revealed that these quantities correlated well with each - Vwie

other. When various MeATPs were used as substrates

(closed circlesandcircle with a crossin Fig. 2), the corre- *) = \/Wax

lation was poor. When MgATP was used as substrate and 2K, KA (21)
ionic strength was varied/,,,,, was nearly constant, while

VI increased with increasing ionic strengty@aresand (=A \/ﬁ \/[6)

circle with a crossin Fig. 2). How can we interpret this "V 2 \ky,

result? Before getting into th|§X|ssue,AIet’s look at the ob-rpege o equations link the mechanical behaviors of ac-
served relationships betwebf™*andKy, The relationship  yymyosin to the enzymatic properties. They tell us that
was approximately linear when the substrate was altereghyhortant parameters of the enzymatic kinetics in the de-
with MgNTPs ppen circlesandcircle with a crossin Fig.  termination of the mechanical behaviors are the dissociation
3). When the system with MgATP was perturbed by alteringrate constantk(_,,) in the weak-binding states and the rate
the ionic strengthV'®* increased with increasinigy, with  constant of the rate-limiting step (here, we assumed it to be
the curve being concave upwarsh(aresandcircle with a  step 6)V,,_, (ork, ¢) is involved inV"™®and(f.) in the same
crossin Fig. 3). These similar behaviors guarantee that thisvay, while K%, (or k_,,) is inversely involved inv"® and
excellent correlation is not accidental, but intrinsic to the(fy. These two equations successfully account for many of
protein motor system. This supports our theoretical resultpur observations. When the acto-HMM system was per-
Eqg. 7, that indicate¥/'® is proportional toK%, (the other  turbed by altering the substrate with various MgNTPs, both
parameters contained in Eq. 7, ik,,,/A,, and({fy, are not K4, and V.., changed roughly in parallel. So, Eq. 20 pre-
strongly dependent on nucleotide substrate except for GTHicts approximate linear relationships betw&&i*andK?,

and ITP (Table 2)). A previous study (Regnier et al., 1998)and betweenVy™ and V,,,, under an assumption that
also seems to support this relationship. The rate constan®dK:w/A,l" is approximately constant. This coincides with
k_,, estimated from the rate of acto-HMM dissociation afterWhat we observedopen circlesandcircles with a crossn
adding NTP, increased in the order CEPUTP < ATP <  Figs. 2 and 3). When the acto-HMM system in MgATP was
dATP, while the shortening speed of fibers increased in thé)er_turbfd_ by changing [KCI]Vmax was nearly constant,
order UTP< ATP ~ CTP < dATP. Neglecting the data while K7, mcreased_ with mcraexa_smg [KCI] _(Table 4)._In this
with CTP, the shortening speed linearly increased withc@S€: EQ- 20 predicts that™ increases in proportion to
increasingk_, (Tables 3 and 4 in Regnier et al., 1998). VKA. This again approximately coincides with what we

. X g observed (the inset of Fig. 3). Equation 21 predicts {hat
The maximum turnover ratéfpgy is not visibly con- - oo 0 ion) toV/V,,.,/K5. As mentioned above, bo#f},
tained in Eq. 7. To linkV,,, to the maximum rate of prop max '

a . .,and V..« changed roughly in parallel when various
moyemfant‘(/g‘ ) we need.an.other pe.rspe.ctlwe. we COr.LQ"dengNTPs were used. Thereforéy should be nearly con-
a situation where an actin filament is sliding at maximum

, ) e stant under the assumption thptlk,, /A, ' is approxi-
velocity on HMM without external load. In this situation, mately unchanged. This is what we observed (Fig. 4, Table

thg actin filament receives power stroke(s) from Crossy) \when [KCI] was altered for acto-HMM in MgATRf.)
bridges at any moment. Each power stroke (the duralign,  geclined with increasing [KCI]. As can be seen in Table 4,
displaces the actin filament by a distanak, However, (f5 was roughly proportional ta/V,,, /KA. At [KCI] < 25
power strokes by several cross-bridges that happen to ovefam, however, (f) was smaller than expected from the
lap at one moment produce the same step displacemient, correspondingy/V,,,.,/KA, values, while at [KCI[> 25 mM
According to this model, the power stroke speefT()  (f) was larger than expected from the corresponding
should equal the maximum sliding velocity(®) (Uyeda  \/V,, /K4 values. We have to note that ttfg) values have

et al., 1991). The average sliding force per a cross-bridgeheen estimated on the assumption thai{measured at 25
(fy), equalpT,/T,, wherepis the magnitude of power stroke mM KCI) is constant irrespective of [KCI]. Corrections of
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the (fy values by a likely dependence Bf, on [KCI] may  have to say that this efficient energy transduction does not
lead to better agreement. mean that all the chemical energy is used to perform exter-
Equations 20 and 21 predict that plots \@f'® versus  nal mechanical work. Under no external load, a large part of
V2K KA,/ (A, D) (the right-hand side of Eq. 20 divided the energy is used to deform actin-bound cross-bridges, and
by Vpd) and plots of(fy) versusVA,I'V,,./(2k,,K5) (the  therefore eventually dissipates as heat.
right-hand side of Eq. 21 divided by/pd) give straight Now we discuss the experimental results with various
lines with a slope of/pd. As shown in Fig. 6a andb, this ~ MeATPs. The sliding forces with MnATP and NiATP were
was the case, although the data with the poor substratesmilar to those with MgATP. This observation, as well as
were deviated from the straight line (Figbh The least- Eq. 19, predicts that the maximum sliding velocity should
squares analysis of these plots ggge= 9.2 X 102°J  be proportional to the maximum hydrolysis rates of these
(from Fig. 6a) andpd = 9.3 X 102° J (from Fig. 6b), substrates. This was not the case. The maximum sliding
surprisingly close to the free energy change associated withelocities with MNATP and NIiATP were smaller than ex-
ATP hydrolysis in living cells, 8.3< 10-2°J (Stryer, 1981).  pected from theiV,, ., values €losed circlesn Fig. 2). This
These linear relationships also indicate that these MgNTPsuggests that the energy liberation by hydrolysis of these
(except for the poor substrates) are similar to each other isubstrates or the efficiency of energy transduction by acto-
the extent of energy liberation by hydrolysis and in theHMM with these substrates is smaller than those with
efficiency of energy transduction (nearly 100%). Here, weMgATP. The former possibility is unlikely. The type of
cation that is bound to ATP should not strongly affect the
extent of energy liberation, because there exist several en-
zymes that utilize CaATP, Na-ATP, or K-ATP as energy
A sources. Equation 7 predicts that the maximum sliding ve-
AR locity, V™ should be proportional te, ,,K5/A,,. The value
44 of V" with NIATP was smaller than expected from kg,
cTP value (Fig. 3). This is understandable becakisg/\,, with
NIATP is smaller than those with MgATP and MnATP (see
Table 3). Since the values df,,,/K4 for MgATP and
NiATP (0.8 X 10° M~*s tand 0.9x 1° M~ *s?, re-
TTP . o
2+ UTP spectively) are qU|te.S|m|Iar, .th(.a smalled a|_’1d Kw/Aw
cancel out to afford NiATRf,) similar to that with MgATP
(see Eq. 21).

Vs (um / sec)

GTP

0 ITP Relevance to other studies

0.0 5.0x10° 1-0X1041 1.5x10* It has been studied how noncycling unphosphorylated
2K, WKAVia f0WT) (W2 ms™) smooth muscle or nonmuscle myosin affects the actin slid-
ing produced by cycling myosins (Warshaw et al., 1990;
1.0 Cuda et al., 1997). These noncycling myosins weakly bind
iB UTP to actin. The sliding velocity generated by phosphorylated
smooth muscle myosin was only slightly reduced by un-
0.8 GT.P ® ITP phosphorylated smooth muscle myosin. For instance, when
TP the mixing ratio () of unphosphorylated myosin over phos-
= 0.64 ATP @ phorylated myosin was 1, the reduction rate w&20%. A
e | CTP similar small reduction was also observed in the mixture of
A
v

phosphorylated platelet and unphosphorylated platelet my-
0.4 osin. These small reductions apparently imply that weakly
bound cross-bridges generate little resistive force. Accord-
0.2 ing to our force-balance model, a main determinant for the
reduction in this mixing assay is the ratio of the dissociation
rate constantk(_,,) of cycling myosin in the weak-binding
T states over that of unphosphorylated speciés,), i.e.,
0.000 0.001 0.002 0.003 0.004 10.005: 0.006 V, = VO(1 + rk_,J(\KY,). The larger ratiok . /k".)
\/kwl‘Vmax /2k . KA  (NZm 2) will give a greater reduction in the actin filament velocity.
Under an assumption,, = 0.8, analysis of the data (Figs.
FIGURE 6 The relationshipsa) betweenV™ vs. V/2k, KAV,./ © and 9 of Cuda et al., 1997) based on this model predicts
(A\D) (O) and p) between(fy vs. VAT Via/(2k, K5 (®). that k", is ~5 times larger thark_,, of corresponding

0.0
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phosphorylated myosin in the weak-binding states. This We surveyed previous studies that have compared the
prediction may come true, because in ATP unphosphoryrates of actin translocation with the ATPase activities using
lated smooth muscle myosin has 4-10-times lower actirvarious myosin species, actin species, chemically modified
affinity than its phosphorylated form (lkebe et al., 1981; actins, tropomyosin, or different solution conditions. A
Sellers et al., 1982). When unphosphorylated platelet myorumber of papers have reported complete sets of data for
sin was mixed with skeletal muscle myosin, the reductionV,,,,, K&, andVI® Almost all the works have, however,
rate was approximately proportional to the mixing ratio measuredvV™ and ., K&) under different solution
(Cuda et al., 1997). This suggests, according to our forceeonditions. Nevertheless, we did analyze, using Eq. 20, the
balance model, that the dissociation rate of unphosphorydata that appeared in seven reports (Cook et al., 1993;
lated platelet myosin is similar to that of skeletal muscleUmemoto and Sellers, 1990; Sutoh et al., 1991; Johara et al.,
myosin in the weak-binding states (i.&,,, = k_,). Pair-  1993; Crosbie et al., 1994; Rovner et al., 1995; Hozumi et
wise mixings of different types of actively cycling myosins al., 1996). The results are shown in Fig. 7, where the values
revealed that only small proportions of a more slowly trans-of V' and\/V,,,,KA are normalized to the corresponding
lating myosin type significantly inhibited the sliding veloc- control values. Although scattered in a somewhat wide
ity generated by a more rapidly translocating myosin typerange, the plots are distributed around the diagonal straight
(Warshaw et al., 1990; Cuda et al., 1997). The dissociatiotine connecting the coordinates (0,0) and (1.8,1.8). This
rate of weakly bound cross-bridges probably differs greatlystrongly suggests thafl'®*is approximately proportional to
between the two myosin types, so a large inhibition of actin\V'V,,.,K5. Johara et al. (1993) produced a mutanDid-
sliding is expected to be caused by the slower myosin typelyosteliumactin, and measured,,.,, K, and active force
In addition to this, the cross-bridges that are slowly executgenerated by a single actin filament and rabbit skeletal
ing the power strokes in the strong-binding states (theHMM. The force andV/V,,,,/K4, with the mutant actin are
power-stroke time,Tf)'OW) also produce resistive forces 0.84 and 0.7, respectively, when normalized to those with
against the actin filaments that are slidingvatlarger than  the wild actin. This supports the proportional relationship
the power-stroke speed[lfj"’w. between active force ame/'V,, /KA.

Myosin heads with ATRS weakly attach to actin (the
hydrolysis rate is negligibly small). The actin sliding veloc-

ity in the presence of 1 mM ATR 5 mM ATPyS is~80% '8

of that in 1 mM ATP without ATRS (Homsher et al., 5

1992), apparently implying that weakly attached cross- 157 .

bridges do not play a predominant role in limiting the rate of ] o ®

movement. However, in this report there are not presented 129 'Y

experimental data as to the fraction of actin-attached myosin % e L E

heads that are occupied with A8, so we measured the £ 0.9+

acto-HMM ATPase activity in the presence of 1 mM ATP T 8 06.‘ | B

and various concentrations (0—-5 mM) of AJ® (data not 0.64 TP

shown). The ATPase activity was little inhibited (5% at s

most) even by 5 mM ATRS, indicating a very low affinity 0'3-3% [ &

of ATPyS for acto-HMM compared with ATP, coinciding 1 ITP

with Goody and Hofmann (1980). 0.0 F—E—————————
In addition tok_,, and the rate constant of the rate- 0.0 03 06 Vo‘gKA 12 15 18

limiting step, the elasticity of actin-attached cross-bridges

seems an important factor in determining the mechanical N o
behavior of actomyosin. The more stiff cross-bridges resul IGURE 7 The relationship betwea™ vs. Vg, The values of
y ) 9 2 Ve @NdK24, were quoted from seven published sources that have

. . . . . S

In S%|OWEI’ sliding movement and h!gher force generation, @%ompared the rate of actin translocation with the ATPase activities using

indicated by Egs. 20 and 21. This effect may account, invarious myosin species, actin species, chemically modified actins, or
. p y .

part, for variation of the rate of movement among differenttropomyosin ®). The values oI and V'V, K, were normalized to

myosin species and also possibly among different actiﬁhe corresponding control values. The numbers attached to each data point

. . . . ._represent the literature quoted here.Plgtyosteliumactin mutants (Sutoh
species that have different structures at the myosin binding;",, 1991y (2) chemically modified actins (Crosbie et al., 1994). (3)

Si.tes- A series of mUta@iCtyOSteliummyosmsl th_at have  50k/20K loop-substituted smooth muscle HMMs (Rovner et al., 1995). (4)
different neck lengths propel movement of actin filaments atreast myosin mutant (Cook et al., 1993). (5) Mono and diphosphorylated

distinct velocities. The velocity increases with increasingsmooth muscle HMMs and effect of tropomyosin (Umemoto et al., 1989).
neck Iength (Uyeda etal., 1996). Although this behavior haée) Chemically modified actin (Hozumi et al., 1996). (Djctyostelium

. ! - actin mutant (Johara et al., 1993). The value®/8f V, .., andK%, are
been mterpreted by the swinging lever arm model,” it Canthose obtained in the present study with various MgNTB}s The values

be aCCOUﬂted fOf by dlfferenceS |n the e|aStICIty Of the neCK_)f Vrsnax and \/VmaxKrAn were normalized to the Corresponding values for
region that depends on length. MgATP.
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In this report we showed that the resistive force produceduda, G., E. Pate, R. Cooke, and J. R. Sellers. 1997. In vitro actin filament
by weakly bound cross-bridges plays an important role in sliding velocities produced by mixtures of different types of myosin.

d . h lidi loci W id d | Biophys. J.72:1767-1779.
etermining the sliding velocity. € consiaered only aDantzig, J. A., Y. E. Goldman, N. C. Millar, J. Lacktis, and E. Homsher.

situation where actin filaments are sliding on HMM without 1992 Reversal of the cross-bridge force-generating transition by pho-
external load or under small external load. Within this togeneration of phosphate in rabbit psoas muscle fiberghysiol.

limitation, Eqgs. 20 and 21 can be fundamental equations that,451:247_278' _
link the mechanical behaviors of skeletal actomyosin to theD'Samo’ M. E., R. H. Cox, 2. Wang, and . Chacko. 1997, ftminal-
! y inserted myosin Il heavy chain is expressed in smooth muscle of small

enzymatic kinetics. However, for different types of myosins muscular arteriesam. J. Physiol. Cell PhysioR72:C1532-C1542.
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