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ABSTRACT. The striated muscle myosin &lacopectermoves actin faster in in vitro motility assays and

has a higher actin-activated ATPase turnover rate than the myosin of the catch muscle. The heavy chain
sequences of the two PlacoS1s are almost identical except at the surface loop 1 near the nucleotide binding
pocket, where the two sequences vary significanfliygopecterstriated muscle myosin is 96% identical

to Placopecterstriated myosin, and both move actin with a similar velocity. To identify the individual
kinetic steps which differ between these myosins, we completed a transient kinetic characterization of the
three myosin S1s. The two striated S1s have similar rates of nucleotide binding to S1 and$d.acto

The largest differences between the two are in the rate of ADP dissociation from S1 and affinity of ADP
to S1, which differ by a factor of 2. The rates of nucleotide binding, nucleotide dissociation and affinity

to nucleotides of the tw®lacopectenS1s are similar and agree within a factor of 2. In contrast, the
affinity of actoS1 for ADP is nine times weaker for the striated astb than for the catch act8l,
compatible with the differences in motility of thelacopectemmyosins. Thus the differences in ADP
affinity to actoS1 and in the in vitro motility can be attributed to the differences in surface loop 1.

Molluscan catch muscles are unique in that they can Catch muscle myosins have a considerably lower steady-
maintain tension at the expense of a very low metabolic state ATPase activity than myosins of phasic muscles. The
turnover rate. The muscles are stiff in the catch state soactin-activated Mg-ATPase of myosin from the striated
that tension is retained, although contractile processes areadductor muscle of the sea scall®facopecten magellani-
inhibited. In addition to these tonic slow muscles, molluscs cus is severalfold greater than that of the myosin from its
contain faster phasic muscles. The catch muscles enable themooth adductor muscle. Similarly, the ATPase activity of
organism to keep its shell closed for long periods by the striated?lacopectemmuscle myosin exceeds significantly
compressing the elastic ligament at the hinge, while the fasterthe activity of the striated adductor myosin of the bay scallop,
phasic muscles have properties similar to those of vertebratesArgopecten irradiang7, 8). The shortening speed of many
In scallops the phasic muscles are striated, while the catchmuscles is correlated with the ATPase activity of actomyosin
muscles are smooth and contain large amounts of paramyo{9) or with the ADP release ratel(). However, these
sin. It is thought that tension can be maintained by the very functions can be uncoupled, as shown by in vitro motility
slow cycling of the myosin cross-bridges, although the assays. The importance of the surface loops in modulating
contribution of paramyosin to the catch state cannot be ATPase activities and motility has been recently pointed out
excluded. To regulate the catch state, these muscles requirg@y Spudich 11). The two flexible surface loops are poorly
additional regulatory controls. Phosphorylation has been conserved in sequence and in composition among different
considered to specifically regulate catch contraction. The myosins and are, therefore, most likely candidates to
catch state is interrupted by cAMP in skinned fibers of the modulate ATPase activities and the velocity of movement
byssus retractor muscles Blytilus edulis(1). Phosphory-  in motility assays. The two surface loops may act indepen-
lation of the myosin heavy chaing)( the regulatory light  dently. Substitutions of surface loop 2 (50/20-kDa junction)
chains 8), and paramyosir4( 5) has been demonstrates) ( to produce chimeri®ictyosteliummyosins showed that the
Nevertheless, it is unclear how these phosphorylations relatev,,, of the actin-activated ATPase correlated with the parent
to the catch state. myosin from which the sequence was derived, while velocity
of movement was only little affected?). To explain the

t This work was supported by the Max-Planck Society (M.A.G.), discrepancy between motility and ATPase activity, it was
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Scallop muscles are particularly useful to determine the Scheme 1

steps in the ATPase cycle that are modulated by loop 1. The Ky ks K. Keg
myosins of catch and striated adductors arise from the M+T MT ¢ M"T M"-DP M"DP
alternative RNA splicing of a single myosin heavy chain gene k. ko ks ky
both inPlacopecter{7) and inArgopecter(17). The putative

. . . Kis Kig ki
amino acid sequences between the heavy chains of the —— p+MD —— MD—— M + D
isoforms of the same species are well conserved with an K. K k.

identity of 97%. The identity between the two striated and
catch myosin heavy chains is also very high. The differenceswere performed in 25 mM imidazole pH 7, 25 mM KCl, 4
in ATPase activities are also present in the unregulated mM MgCl,, 1 mM EGTA, 1.1 mM CaGl and 1 mM
subfragment-1 (S1)preparations and are not due to light MgATP, in the presence of excess regulatory light chain at
chains. The sequences of tAkicopecterstriated and catch 25 °C. Actin filaments were visualized with rhodamine-
myosin heavy chain motor domains diverge only in the labeled phalloidinZ5). Photobleaching was reduced by 0.1
flexible surface loop near the nucleotide binding pocket and mg/mL glucose oxidase, 0.018 mg/mL catalase, and 2.3 mg/
in a small segment encoded by exon 13. The major changemL glucose 26). Actin filament detection and analysis was
between the two heavy chains of the striated myosins is in performed as previously describe?8]. The velocities of
a 10-residue portion of the same flexible loop which is eight or more actin filaments were analyzed for each group,
changed in the catch muscle and a series of conservativeand values are expressed as means and their standard
point mutations throughout the head. This indicates that this deviations.
flexible loop at the 25/50-kDa junction modulates ATPase  Stopped-Flow ExperimentsStopped-flow experiments
activities in molluscan muscle§) In this study we have  were performed at 20C with a Hi-Tech Scientific SF61 or
employed transient kinetics to focus on the step that controls SF-61MX stopped-flow spectrophotometer equipped with a
the different ATPase rates. We show that Blacopecten 100W Xe/Hg lamp and a monochromator. Pyrene fluores-
catch acteS1 preparations bind ADP with a higher affinity cence was excited at 365 nm and detected after passage
than striated act&ls. We also find that the rate of through a KV 389-nm cutoff filter. Tryptophan fluorescence,
movement of the myosins parallels ATPase activity. excited at 290 nm, was monitored through a WG 320-nm
cutoff filter. Light scattering was collected at 9o the
EXPERIMENTAL PROCEDURES incident light at 405 nm. Data were stored and analyzed
Proteins and ReagentsRabbit actin was purified by the  ysing software provided by Hi-Tech. Transients shown are
method of Lehrer and Kerwafl§) and labeled with pyrene  the average of three to five consecutive shots of the stopped-
(pyr-actin) as previously describefld). The 2'(3')-O-(N- flow machine. All concentrations refer to the concentration
methylanthraniloyl) derivatives of ATP and ADP (mantATP/  of the reactants after mixing in the stopped-flow observation
ADP) were prepared by reaction witN-methylisatoic  cell. The experimental buffer used throughout was 20 mM
anhydride R0), except that after the reaction they were MOPS, 5 mM MgC), and 100 mM KCI, pH 7.0.
purified on a DEAE cellulose columr2y). Affinity of Actin for S1. The affinities were measured using
Scallop myosins were prepared from the striated adductorg novel stopped-flow method in which 30 nM phalloidin-
muscles ofArgopecten irradiangAr®) and the striated and  stapilized pyr-actin was preincubated with different concen-
catch adductors dPlacopecten magellanicu®* and Pf) trations of S1. The complex was then mixed with ATP in
(22). Sls were prepared from Aby an 8 min digestion at  the stopped-flow cell, and the amplitude of the observed

20 °C with a 1:1500 weight ratio of affinity-purified papain  transient gave an estimate of the concentration of the-acto
(23) and from Pit and Pt by a 10-min digestion at 15C S1 Comp|ex present at equ|||br|urﬂx)

with a 1:1000 w/w ratio in 20 mM MOPS, 60 mM NaCl, 2 Transient Kinetic Ana|ysjs The ATP b|nd|ng and hy_
mM MgClz, 0.1 mM CaC}, 0.1 mM EDTA, 3 mM NaN, drolysis by the scallop S1s have been analyzed in terms of
and 0.5 mM DTT g4). The digestion was stopped with 100  the model shown in Scheme 1 based on that of Bagshaw et
#g/mL leupeptin.  S1 was precipitated by addition of 3| (29), where M is S1 and the asterisks refer to different
saturated ammonium sulfate to 55% saturation and redis-conformations of the protein as detected by intrinsic protein
solved in buffer containing 510 ug/mL leupeptin. After  flyorescence. Step 1 is the formation of the binary collision
dialySiS the S1 was clarified by Centrifugation for 30 min at Comp|exy followed by an almost irreversible rapid isomer-
40 000 rpm. ization to the M*ATP complex. This is followed by the
Motility Assays Freshly prepared myosins in 0.6 MNaCl, reversible cleavage step. In a subsequent rate-limiting step
0.1 mM CaC}, 5 mM phosphate pH 7, 3 mM NaNand 1 phosphate is released, followed by a faster release of ADP.
mM MgCl; were centrifuged at 100 000 rpm in a Beckman Both R release and ADP release are two-step processes,
ultracentrifuge in the presence of ATP and actin to remove consisting of an isomerization step followed by a dissociation
heads that cannot be dissociated from actin by ATP. Myosin step.
dissolved in 0.3 M NaCl containing buffer was laid down  The experiments in the presence of actin were analyzed
on a nitrocellulose-coated coverslip to study the movement iy terms of models developed by Millar and Geevas)(
of monomeric myosins. Myosin filaments were formed by and Siemankowski and White31), in which A and M
laying down the myosin in 0.15 M NaCl buffer. All assays represent actin and S1, respectively. The first step after
mixing actoS1 and ATP is the rapid equilibration between

! Abbreviations: P¥, Placopecterstriated; Pl, Placopectercatch; . . P .
Arst Argopecterstriated; RB, rabbit striated; S1, subfragment 1; HMM, A M and ATP defmed by th.e equilibrium constati. This .
heavy meromyosin; pyr-actin, pyrene-labeled actin; mantAD@,)2 is followed by an isomerization of the ternary complex which

O-methylanthranilyladenosing-Biphosphate. limits the maximum rate of actin dissociation from the
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complex. Thus, the observed rate constant for the ATP-
induced dissociation of actin from the complex is defined at
low ATP concentrations by

Kops = [ATPIK K, 1)
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obtained using &litella-based motility assay. The results
of motility assays employing movement of actin filaments
over a myosin surface and movement of myosin-coated beads
over actin lattices are similar. The velocity of movement
of these three scallop myosins seems to vary in the same
direction as their steady-state ATPase activated by acfin. Pl
myosin, with the highest steady-state ATPase activity, moves
actin the fastest, and Pinuscle myosin, with the lowest
steady-state ATPase, moves actin the slowest. The values
for Arst myosin were intermediate both in motility and in
ATPase activity (Table 1). It is noteworthy that tMgax
values of the S1s of the different myosins in the presence of
actin show differences similar to those of the intact myosins.

Protein Fluorescence Changes Associated with- SIP
Interaction The addition of excess ATP to scallop S1
produced increases in intrinsic protein fluorescence of 13%,
10%, and 5% for A¥, PF', and PY, respectively, compared
to a value of 20% for R¥#51. This signal was used to
measure the rate of ATP binding and turnover in stopped-
flow measurements. Figure 1A shows the fluorescence
changes observed when B scallop S1 was mixed with

Scheme 3 demonstrates the coupling between the actin2 #M ATP. An exponential increase in fluorescence was
and the nucleotide binding site. The presence of actin altersSeen, followed by a short steady state and then a decay of

the affinity of ADP to S1 and vice versa. The affinity of
S1 for ADP is given byKp, and in terms of SchemeK is
given by 1K¢K;. The rate constant for ADP binding to S1
is defined bykip = kg, and the dissociation rate constant
is given byk_p = k_g/K.

The affinity of S1 for actin is defined b¥a. If ADP
binds to the AM complex, the affinity of actin for S1 is
weakened and the ternary complexMkD is formed. The
equilibrium constant for this processisa. Binding of actin
to the STIADP complex alters the affinity of S1 for ADP,
which also leads to the formation of the ternary complex
A-M-D. The affinity of actin for MD is defined byKap.

RESULTS

Motility and Myosin ATPasePrevious experiments have

fluorescence back to the original value. The rise in
fluorescence could be described by a single exponential, and
the observed rate constaftd) was linearly dependent on
the ATP concentration in the range of 85uM for all three
S1s. The gradient of the plot in Figure 1B defines the rate
constant of ATP bindingKiky,), which is 5.1x 10f M~

s 1 for PIFS1 and 1/3 slower for P61 and A#S1 (see Table
2). At higher ATP concentrations the plot kf,s vs ATP
concentration showed a deviation from linearity, and clear
evidence of saturation dps was obtained for P51. The
data are shown in Figure 1C with a best fit to a hyperbola
(kobs = kma{ ATPJ/([ATP] + Ko5)) superimposed. This gave
an estimate okmnax of around 500 st for PF'S1. For Pl
and AF'S1, although deviations from the linear fit were
observed, no clear saturation ks was observed at ATP

shown that the steady-state ATPase activities of the threeconcentrations whetle,s~ 600 s* (Figure 1C). Therefore,

myosin isoforms differ. It was of interest to see whether
velocity of actin flament movement is also dependent on
the particular myosin isoform. The movement of fluores-

it was not possible to make any realistic estimateskfQx.
For RbS1 this maximal ratekma, has been shown to
correspond to the rate of the ATP hydrolysis sti&p; (+

cently labeled actin filaments over myosin molecules or K-3)- For RbS1 a fluorescence change is thought to occur
filaments bound to nitrocellulose-coated coverslips was ON both the conformational change following the ATP
recorded by using a camera for several minutes. To reducebinding and the subsequent hydrolysis step. One piece of
the effects of variability between different myosins in the €vidence for this is that the amplitude of the fluorescence
measurements, the same myosin preparation was used foghange decreases with high ATP concentrations. For the
enzymatic activity and for motility (Table 1). The velocity ~scallop S1s the observed fluorescence amplitude is smaller
of actin movement on both the filamentous and the mono- than that for RbS1, and after correction for any loss of
meric forms of myosin was measured. The measurementsamplitude in the dead time of the instrument, no loss of
were repeated on at least two separate myosin preparationg@mplitude was observed at ATP concentrations up to 200
from each of the three myosin isoforms. The rates of actin #M, which is consistent with a fluorescence change occurring
translocation on myosin monomers and on myosin filaments only on the hydrolysis step. This is supported by the lack
were very similar, and the data obtained by the use of the of any measurable protein fluorescence change on ADP
two forms were averaged. The results showed th&t Pl binding to the Sl1s. In addition, the two Trps in the
muscle myosin moved actin faster (381/s) than Pimuscle nucleotide binding pocket thought to be responsible for the
myosin (0.85um/s) (Table 1). Pl myosin also seemed to  fluorescence change in RB1 are absent in all three scallop
move a little faster than Armuscle myosin (2.6m/s). S1s (similar toDictyostelium discoideurmyosin). W113
These data are in very good agreement with previous and W131 in the chicken sequence are replaced by G110
measurements of the motility of Aand P¥ muscle myosins  and R128 in the three scallops. Thlsgaxfor ATP binding
of 2.0 and 3.6:m/s, respectively32). The earlier datawere to PF'S1 can be provisionally assignedko; + k_s.
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Table 1: Motility and ATPase Activity of Myosiris

motility (um/s)  ATPase- calcium gmol min~t mg™)  ATPase+ calcium gmol mintmg?)  sensitivity (%)

Placopecterstriated 3.80: 0.94 0.022+ 0.024 1.32G+ 0.31 98+ 1
Placopectercatch 0.85+ 0.09 0.007+ 0.001 0.122+ 0.06 93+ 4
Argopecterstriated 2.62+ 0.52 0.024+ 0.003 0.334+ 0.04 93+ 2

a Motility data were obtained from measurements ei28 individual actin filaments using two or more independent myosin preparations for all
three groups. All experiments were performed at°25in the presence of excess regulatory light chains. Actin-activated ATPase activities of
myosins used for motility assays were obtained in a pH stat at pH 7.6:100%g of myosin and 1 mg of actin in 10 mL of 2 mM MgATP, 20 mM

NaCl, 1 mM MgCh, and 0.1 mM EGTA in the absence and the presence of 0.2 mM,Caélcium sensitivity= (1 — ATPasECTA/ATPaséalcium)
x 100.
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Ficure 1: Interaction of nucleotide with scallop myosin S1. (A) Protein fluorescence changgMnAX P binding to 0.5uM S1 recorded

in a stopped-flow apparatus. (B, C) Dependence of the observed rate constant of the fluorescence change on ATP concentration. Data in
panel B were fitted to a straight line, witkik;, defined by the gradient, and data in panel C were fitted to a hyperbolakyith= ki3

+ k_s. Kosis 240uM for PIcS1, 113uM for PIS'S1, and 39Q«M for Ars'S1. The other parameters are listed in Table 2. SymboRSIPI

(m), PFS1 (v), Ars'S1 @). (D) Rate of displacement of ADP from scallop S1. Stopped-flow record of the increase in intrinsic protein
fluorescence during the binding of 41 ATP to 0.5uM PIsIS1, premixed with 3@&M ADP. The observed rate constant is 3%,sand

the amplitude of the fluorescence change is about 0.05 V. Conditions: 20 mM MOPS, 5 mM,Mg&1100 mM KCI, pH 7.0, 20C.

If the ATP concentrations are limited to only a few-fold provided the Pand ADP dissociate totally from the S1. The
excess of the S1 concentration as shown in Figure 1A, other ATPase was estimated from the time betwegemhen
the subsequent recovery of the protein fluorescence allowsthe fluorescence increase was 50% complete,tandhen
two estimates of the ATPase rate, one dependent on, andhe decrease was 50% complete. The ATPase is given by
one independent of, S1 concentration. The return of [ATP)/(t; — t1), and ke is the ATPase rate/[S1]. The
fluorescence to the initial level is approximated by an resulting values are 0.16, 0.37, and 0.44.sThe good
exponential and defines the rate-limiting step of the ATP correspondence between the two estimates provides an
turnover normally assigned to; Pelease. This observed internal control for the quality of the protein preparation.
exponential was 0.167%for PI°, 0.35 s for PI¥, and 0.32 Only the results for AfS1 differ significantly. These data
s! for Ars'S1 (Figure 1A) and was independent of the are in good agreement with those obtained in a steady-state
concentration of S1 used and of the ATP concentration, assay T).
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Table 2: Results of the Transient Kinetic Analysis

rate constant RiS1 P#HsS1 PtS1 APFS1
nucleotide binding to actS1 Kikiz (M~1s™) 21x 10° 16x 1¢° 2.8x 10 25x 10°
Kap (uM) 200 670 76 480
Koao (579 >400 >200 >200
actin binding to S1 Ka (NM) 30 500 175 440
kea (M71s7Y) 3.9x 10° 6.2 x 10° 6.2 x 10° 7.9x 10°
Koa (79 0.11 2.5 45 3.1
nucleotide binding to S1 (ATP) Kikiz (M™1s7h) 2.3x 10° 3.6x 10° 51x 10° 3.9x 10°
kiatk s (s 130 470 ¢600)
mantATP Kikiz (M~1s7Y) 3.2x 10 5.1x 10° 6.8 x 10° 5.9x 10°
mantADP koo (s) 0.22 25 28 17
kip (M~1s™) 2.1x 10°f 2.1x 1P 3.1x 108 1.5x 10°
Kp (calc) (M) 0.1 12 9 11
ADP Kp (uM) 1 4.5 2.5 9.8
kp(s9) 2.3 35 32 18.5
Interaction of ADP and Mant Nucleotides with Scallop A ' ' '

S1 As stated above, the binding of ADP to scallop S1 did
not produce any measurable increase in protein fluorescence.
However, the rate of binding of 100M ATP to S1 was
reduced when either S1 or ATP was premixed with ADP,
suggesting that ADP does compete with ATP in binding to
S1.

The ADP dissociation rate constant was determined for
all three S1s by displacing ADP from S1 by a large excess
of ATP (1 uM S1 and 30uM ADP were mixed with 400
uM ATP) and measuring the increase of protein fluorescence
as ATP binds (Figure 1D). This ga%ep values of 31 st
for PF'S1, 32 st for PIFS1, and 18.5% for Ars'S1. S1, 0.5
uM, was mixed with different amounts of mantATP, and
the observed mant fluorescence increase was described by a

-
N
T

0.25 uM acto.PI*'S1
5 pM ATP _——]_‘

fluorescence (V)
o
®

single exponential (data not shown). The observed rate %0 0.5 1.0 1.5 2.0
constants were linearly dependent on the mantATP concen- time (s)

tration over the range of 2520 uM. The second-order

binding constantsi{;k.,) obtained from the slope are listed 100 B ' k

in Table 2. The binding of mantATP is 3@10% faster than
that of ATP for all 3 S1s. The amplitudes of the fluorescence
increases were about 220% fof'81, 100% for P51, and
190% for APF'S1 compared to 160% for RbS1.

The binding of mantADP to the scallop S1s was also ArS1
followed over a similar range of concentrations. The second- Kyxk,p=2.5 X 10°M s
order rate constants are shown in Table 2. The fluorescence 50 -
changes observed on mixingd mantADP with 1uM S1
were 60% for PIS1, 50% for PIS1, and 65% for AfS1.
The rate of dissociation of mantADP from the Sk was
measured by displacement of »1 nucleotide analogue PI'S1
from a 0.5 or 1uM scallop StmantADP complex by 100, Kiyxk,=1.6 x 10°M 75"
200, and 30QtM ATP. The observed rate constant for the
reaction was independent of the ATP concentrations used, 0 . .
with k_p values of 25, 28, and 17 5for PE, P, and At 0 10 20 30
S1. The ratio of the two measuremerksy/kip (= Kp for [ATP)(uM)
MantADP) gives \S/talues of 12 ar]dwll for_th_e two PlacoS1s FiGURe 2: ATP-induced dissociation of pyr-ac®l complexes.
and 11gM for Ar*S1. Thesekp's are similar to those for (A) Increase in pyrene fluorescence recorded during the dissociation
ADP without the fluorescent label (see below). of 0.25 uM pyr-actoPIS1 induced by 5uM ATP. A single
Interaction of S1 with Actin and NucleotidegA) ATP- exponential witH<ob_S: 7.4 5_1 and an amplitude of the fluorescence
Induced Dissociation of Act81 pyr-actinS1, 0.25:M, was change of 0.75 V is superimposed. (B) Plotkgfs vs [ATP]. The

. . - . observed rate constant is linearly dependent on ATP concentration
mixed with different amounts of ATP, and the exponential ;" range of 520 uM. The slopes correspond #nK.,. The

increase in pyrene fluorescence as the complex dissociatedajues ofK;k., are given in Table 2. Symbols: 31 @), PES1
was observed. Figure 2A shows a typical stopped-flow trace (v), Ars'S1 @). Conditions: see Figure 1.

for 5 uM ATP mixed with 0.254M actoPPF'S1. All traces

could be fitted to a single exponential. The observed rate tions in the range of 520 uM (Figure 2B). The second-
constants were linearly dependent upon the ATP concentra-order binding constantXk,,) are defined by the gradi-

PIS1
K,xk,;=2.8x105M1s!

kobs(s-1)
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Ficure 3: ADP inhibition of ATP-induced dissociation of pyr-
actoS1 complexes. Plot okydk, Vs ADP concentration. The
dissociation constants of the ADP complexes were determined by
fitting a plot according to the following equatiorkopdk, = 1/(1 +
[ADP]/Kap); ko = observed rate constant in the absence of ADP.
The data are listed in Table 2. Conditions: see Figure 1.

ent: 2.8x 10f M~t s for PI°S1, a similar value for AS1,

and a factor of 2 slower for P51 (see Table 2). Although
some deviations from a straight-line fit were seen, there was
little evidence of saturation df,,s up to a rate of 800°S.
Fitting a hyperbola to the data predicts a maximum rate
constant of about 2000 5for all three proteins, but the error
on these estimates is very large.

(B) ADP Inhibition of ATP-Induced Dissociation of acto
S1 To measure the ADP affinity for act®l, 0.25:M pyr-
actoS1 was mixed with 10tM ATP in the presence of
different amounts of ADP and we measured the rate of the
ATP-induced dissociation reaction. The fluorescence in-
crease could again be fitted with a single exponential. A

Kurzawa-Goertz et al.
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plot of the observed rate constants for this reaction againstricure 4: Determination of the affinity of scallop S1s for pyr-

the ADP concentration can be fitted to

Kobdko =1/(1+ ([ADP]/Kp)) 2
with k, = observed rate constant in the absence of ADP,
which gaveKp values for ADP binding of 67@M for PIs-

S1, 480uM for Ars'S1, and about 7@8M for PIS1 (Figure

3). This means that act®F'S1 and actArs!S1 have an
almost 5-10 times weaker affinity for ADP than actel-

S1. This analysis assumes that the ADP is in rapid
equilibrium with acteS1. To check this assumption, we
attempted to define the ADP dissociation rate constant.
However, because the affinities of both actin and ADP to
S1 in the ternary complex are weak, it is not possible to
form a stable act&1-:ADP complex. We therefore measured
the rate of dissociation of act®l by ATP when the ATP is
mixed with ADP at a concentration 3 times the estimated
Kap. In each case thé&,,s was one-fourth of that in the
absence of ADP (as predicted by eq 2). In additiks
was linearly dependent upon ATP concentration until the
observed rate constant was in excess of 200 $hus, ADP

is competing with ATP binding and the ADP release rate
constant,k_ap, is in excess of 2004. Therefore, the
conditions for rapid equilibrium are at least approximately
met.

actin by measuring the amplitude of the pyr-a&b dissociation
reaction. (A) Stopped-flow records of the dissociation of 15 nM
pyr-actin from 0.2 and 2.6M PIS'S1 induced by 1M ATP. The
amplitudes of the fluorescence change are 0.09 and 0.24 V for 0.2
and 2.5uM PIs'S1, respectively. (B) Plot of the amplitudes against
S1 concentration. The data were fitted to binding isotherms. The
fitted parameters are listed in Table R,). Symbols: FIS1 @),
PIES1 (v), Ars'S1 @). Conditions: see Figure 1.

(C) Equilibrium Actin Binding to S1.We measured the
affinity of actin for PF'S1 as described{) in Phalloidin-
stabilized pyr-actin, 15 nM, was mixed with different
amounts of S1, and the fluorescence increase during the
dissociation of the complex with ATP (Figure 4A) was
measured. The amplitudes of the reactions (which are
proportional to the amount of ac®1 complex formed) were
plotted against the S1 concentration before mixing (Figure
4B). PF'S1 behaves like AiS1, and aK of around 500
nM could be measured (Figure 4B), whereasKhdor PI*-

S1 (175 nM) was 3-fold tighter. At 10 mM KCI thi€, for
PI’'S1 binding to actin was around 30 nM, suggesting that
the overall salt dependence of thg is similar to that of
RBPS1 Q7).

(D) Actin Binding and Dissociatian The rate of actin
binding to S1 was measured by mixing excess pyr-actin with
0.5uM S1 and monitoring the decrease of pyrene fluores-
cence as actin binds (Figure 5A). The observed rate
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Ficure 5: Binding of pyr-actin to scallop myosin S1. (A) Stopped-flow record of the change of pyrene fluorescence during the binding of
2.5uM pyr-actin to 0.5¢M PIS'S1 with an observed rate constant of 18 and an amplitude of the fluorescence change of about 0.2 V.
(B) Dependence of the observed rate constant on actin concentrations-at2:8M. The data are fitted to straight lines, wikh given
by the slopes. (C) Stopped-flow trace of the increase in pyrene fluorescence during the replacement of the pyr-actin of thPIggtacto
complex with 2.5uM actin. A single-exponential fit wittko,s = 2.5 st and an amplitude of 0.15 V is superimposed. The observed rate
constant is the “off ” rate for actirk(a). All the resulting values are summarized in Table 2. (D) Reduction of the rate:bf Byr-actin
binding to S1 in the presence of ADP. Plotlgfsvs ADP concentration. The dissociation constants of the scallop S1 ADP complexes were
determined by fitting the plot according to the equation

ko= Kp [ADP]

bs™ THAK + [ADP]  TPAK, + [ADP]

wherek;a = observed rate constant in the absence of ADP,lasd = rate constant in the presence of saturating ADP concentrations.
Symbols: PIS1 @), PFS1 (v), Ars'S1 @). Conditions: see Figure 1.

constants were linearly dependent on the actin concentrationin pyrene fluorescence was recorded during the binding of
up to 8uM (Figure 5B). The second-order binding rates pyr-actin (data not shown). If S1 exists in an equilibrium
given by the slope are 6.2 10° M~ s! for PFiS1 and mixture of S1 and SADP, the observed fluorescence change
PIFS1 and 7.9x 10° M~ s for Ars'S1. All scallop S1s  on mixing with excess actin is dependent upon the relative
bind actin twice as fast as R81. The dissociation rate rates of ADP binding to S1 and actin binding to S1 ane-S1
constant for actin was measured by displacing @.R5pyr- ADP. If [ADP]kip + k-p > [A]lksa and [Alkspa, the
actin from the actd®51 complex by a 10-fold excess of resulting equation is
unlabeled actin. The single-exponential increase of pyrene

fluorescence during the displacement could be measured. The kypo = K Kp
dissociation rate is given by the observed rate constant. It is bs— "HAK, + [ADP]
2.8 st for PF'S1 and A#S1 and 2-fold faster for P$1

(Figure 5C). The rate of RI$1 binding to actin is reduced wherek;, andkipa are the rate constants for S1 and-S1
approximately 20-fold when ADP is bound to S1. If thisis ADP binding to actin andKp is the affinity of ADP for S1.
also true for the scallop proteins, the reduction in khe If [ADP] kip + k-p < [A](K+a + K+pa), two phases will be

for S1 binding to excess actin can be used to measure theseen withky,s values ofka[A] and kipa[A]. Because only
extent of saturation of S1 with ADP. Different amounts of one phase was observed, compatible with a fast equilibrium
ADP were premixed with 0.&xM PIS'S1, and the decrease between S1 and SADP, the observed rate constant was

[ADP]
*DAK, + [ADP]

3)
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plotted against the ADP concentration. The dependence ofcould be a protein conformational change which precedes

kobs ON ADP was fitted to eq 3. This analysis (Figure 5D)
gaveKp values for ADP binding to P51 of 4.5uM, to
PILS1 of 2.5uM, and to AF'S1 of 9.8uM.

DISCUSSION

ATP hydrolysis rather than ATP hydrolysis itself.

Jackson and Bagshaw4) completed a transient kinetic
study of the Ca-regulated A¥HMM in the absence of actin
at lower ionic strength and higher pH (20 mM NacCl, pH
7.5). In general, the results presented here are in broad

In this Study we have analyzed the rates of the individual agreement with those of the HMM in the presence offCa
steps of the ATPase cycles of three S1 isoforms obtainedThe rates of ATP and ADP binding and turnover are similar,

from the regulated myosins 8flacopectercatch and striated
and Argopectenstriated adductor muscles. Although the

as is the rate constant for ADP release from S1. Signifi-
cantly, Jackson and Bagshaw were able to measure a

sequences of the heavy chains of the two Placo S1s aremaximum rate for the protein fluorescence change on ATP

almost identical, the S1 ATPase (Figure 1A) and Yhex

binding of 200 s* (34). Whether this slower rate is due to

(7) differ considerably between them. The two striated S1s the differences in conditions or due to a difference between

differ by less than a factor of 2. Hybrid studies have

HMM and S1 remains to be determined.

established that differences in the ATPase activity arise from  The affinity of ADP for the catch act&1 is 8-9-fold

variations in the heavy chaifr), Since the PIS1s differ in
the sequence of the heavy chain that encodes surface loop
(residues 206214) while the sequences of surface loop 2
(residues 625646) are identical, our overall goal was to

reater than the affinity of ADP for the two striated aeto

1s. This tighter ADP binding to the catch a8 is the
single major difference between the catch and striated
preparations. The observation that there are very few

correlate this sequence variability near the nucleotide binding gifferences between Arand P# Sis is a good internal
site with the individual rate constants of the ATPase cycle. control for this finding. The rest of the parameters measured
We have also compared the constants obtained to those ofgr pIcS1 were similar to those of both SPand Aft Sis.
S1s of the unregulated rabbit myosin and measured theThe rate of ATP-induced dissociatioik ) of actoS1,
motilities of the three scallop myosins because this functional the rates of ATP and ADP binding to S1, and the rates of
parameter has been shown to be closely correlated with ADPADP dissociation for S1 agreed within a factor of 2 between

release.

the catch and striated S1s. ADP release from-&itovas

Since the three scallop S1s hydrolyze ATP by the same in each case too fast to measure200 s ). It is significant
mechanism as all the other myosins so far studied, thethat the affinity of S1 for ADP does not change, while the

mechanism shown in Schemes3 can be applied.
The two striated S1s behave very similarly. None of the

affinity for actoS1 is more than 89-fold weaker for Pi-
S1. This suggests that it is not the recognition of ADP by

measured parameters differ by more than a factor of 2. Thethe S1 which has been altered but the ability of actin to
agreement between most of the constants, including thedisplace the ADP.

affinity of ADP for actoS1, is even better (Table 2). The
Vmax Of the S1 ATPase and the actin velocities also differ

The net rate of ADP release and ATP binding has been
proposed to be the one that limits the overall speed of

by less than 2-fold. This indicates that the sequence variationshortening of mammalian and avian muscl&)( It is of

between these two S1s may have little functional signifi-
cance.

The comparison of the two scallop striated S1s with fast
rabbit S1 shows interesting differences. The affinity of the
scallop proteins for rabbit actin is 10-fold weaker than the

interest, therefore, that the equilibrium constant of ADP
binding is the only one which appears significantly different
in PI°S1, apparently influenced by the different sequence of
surface loop 1. An important observation is that both the
motility data presented here and tR&.x of the actin-

affinity of rabbit S1 resulting from their higher dissociation
rate constants. It is noteworthy that scallop actinfsagtin,
and the differences in part may be due to the small
differences in the sequencesmf and$-actins. Neverthe-

activated ATPase7] of the two PIS1s appear altered in a
similar manner (3-4-fold), and this is associated with
changes in ADP affinity for act®1.

Differences in the ATPase activity were also seen between
less,Kw's for the actin activation of the ATPases were similar catch and striated S1s in the absence of actin. Differences
to those of rabbit S1 at low ionic strengtf)( The affinity in steady-state S1-ATPases can result from errors in the
of the scallop S1s for ADP and mantADP was considerably concentration of active protein; however, the data presented
lower than the affinity of rabbit S1 mostly due to the higher here (Figure 1A) provide estimates of the rate of the limiting
dissociation rate constants from the scallop proteins. This event in the ATPase cycle which are independent of the
property does not show a great variation between different protein concentration. These differences lie between the
mammalian and avian myosin S1s, but a similar low affinity proteins themselves, which suggests that changes in loop 1
was reported for the S1 @fictyosteliuncytoplasmic myosin affect the Prelease step of the S1-ATPase in addition to
I (33). the affinity of ADP for acteS1. Thus the influence of loop

The maximum rate constant for the fluorescence changel may be more far reaching than previously proposgyl. (
on ATP binding has been assigned to the rate of the ATP  An understanding of the role of ADP affinity (or ADP
hydrolysis step, as for other myosins. This need not be release) in contracting fibers requires the knowledge of ADP
correct, particularly as this event did not clearly reach concentration in the cell, which is changing during contrac-
saturation in the case of scallop S1s. Nevertheless, thistion. However, the same problem is not a factor in the
fluorescence change accompanies only ATP binding and ismoatility experiments where the free nucleotide concentration
not present upon ADP binding. The rate constants for can be controlled and remains essentially constant due to
mantATP and mantADP binding were similar to the rate the relatively large volume of the medium. Motility studies
constant for ATP binding. Therefore, the observed processindicate a 3-4-fold difference in speed betweerf'Rind P¥.
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The minimum allowable rate constark(;) and therefore
the maximum lifetime of the attached state can be estimated
from the unloaded shortening velocity)(and the distance
over which a cross-bridge can remain attach&:(

K, = V/d

The values okmin can be estimated for Pand Pi myosin.
The measured motility speeds are 0.85 and @/s,

respectively, and assuming a 10-nm attached distance, the 10.

lifetimes of the attached state will be as follows:
k...(PI° myosin)= 0.85/0.01= 85 s *
k..(PF'myosin)= 3.8/0.01= 380 s *

The rate of the limiting reactions cannot be slower than
kmin. The minimum rate is in the range &fap for PI
myosin (=200 s'!). This means, as previous measurements
have shown, that ADP dissociation can limit the unloaded
shortening velocity. On the other harigy, for PI° myosin
is considerably smaller than the estimakeg, (>200 s%).
Therefore, for catch S1, the step limiting velocity may be
different.

Three different structural method35-37) have shown
a structural change in mammalian smooth muscle S1 in
response to ADP binding to the ae&d complex. Yet no
structural change was observed with skeletal muscle-acto
S1. Low-angle X-ray scattering studies withs&1 have
shown only a very small structural change in the presence
of millimolar ADP (K. Poole, personal communication). It
would be of interest to know if the catch muscle S1 did show
the larger structural change observed with smooth muscle
S1, as this act®1 has the higher affinity for ADP associated
with smooth muscle S1.

The role of the surface loops in relating unloaded contrac-
tion speed to ATPase activity in different muscles has been
pointed out by Spudichl@l). The two functions may be
separately influenced by the two surface loops. In some
studies, surface loop 1 modulates the actin-activated ATPase

and surface loop 2 regulates actin motility. In molluscan 28

myosins surface loop 1 can modulate both of these processes.
We speculate that loop 1 in myosin can modulate ATPase
activity as well as actin movement in motility assays because
of changes in the ADP affinity of act81. It could also
introduce a different rate-limiting step which may be related
to the ADP-induced structural changes seen in some-acto
Sis.
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