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ABSTRACT: The enzymatic and motor function of smooth muscle and nonmuscle myosin Il is activated by
phosphorylation of the regulatory light chains located in the head portion of myosin. Dimerization of the
heads, which is brought about by the coiled-coil tail region, is essential for regulation since single-headed
fragments are active regardless of the state of phosphorylation. Utilizing the fluorescence signal on binding
of myosin to pyrene-labeled actin filaments, we investigated the interplay of actin and nucleotide binding
to thiophosphorylated and unphosphorylated recombinant nonmuscle lIA heavy meromyosin constructs.
We show that both heads of either thiophosphorylated or unphosphorylated heavy meromyosin bind very
strongly to actin K¢ < 10 nM) in the presence or absence of ADP. The heads have high and
indistinguishable affinities for ADPKy around 1uM) when bound to actin. These findings are in line

with the previously observed unusually loose coupling between nucleotide and actin binding to nonmuscle
myosin IIA subfragment-1 (Kowas et al. (2003)). Biol. Chem. 27838132.). Furthermore, they imply

that the structure of the two heads in the ternary actomyoSDP complex is symmetrical and that the
asymmetrical structure observed in the presence of ATP and the absence of actin in previous investigations
(Wendt et al. (2001lProc. Natl. Acad. Sci. U.S.A. 98361) is likely to represent an ATPase intermediate
that precedes the actomyosiADP state.

Myosins are a large and diverse superfamily of actin- enzymatic activity, and together with the neck region, it
dependent molecular motors, in which a wide variety of forms the “head” portion of myosin (subfragment-1, S1). The
regulatory mechanisms has developed to control enzymaticheavy chains dimerize by formation of a coiled-coil structure
activity and motor function. Regulation can involve accessory in the C-terminal tail domain.

proteins on the actin filament, like the troponitiopomyosin Vertebrate nonmuscle and smooth muscle myosin lIs share
and calponir-caldesmon systems in different vertebrate the common feature that their ATPase and motile activity is
muscle types], 2). Alternatively, in some myosins, control  tyed on by RLC phosphorylatiod) In regulated myosin
of activity can be brought about by changes in the myosin s, single-headed (S1) fragments are constitutively active
holoenzyme itself, by the binding of €ato a myosin light () |n contrast, double-headed heavy meromyosin (HMM)
chain or calmodulin or by reversible phosphorylation of the constructs containing a portion of the coiled-coil tail exhibit
heavy or light chains3). _ _normal regulation §-7). This implies that interaction
Nonmuscle myosin Il, like all other conventional myosins, petween the two heads is required for formation of affe
is composed of two identical heavy chains forming the motor, state of myosin. This assumption is strengthened by bio-
neck, and tail domains with each heavy chain having an chemical studies 7) and also by electron microscopic
essential (ELC)and a regulatory (RLC) light chain attached  jmage reconstructions, in which one head of unphosphory-
to its neck region. The N-terminal motor domain confers |ated smooth muscle HMM is bent toward the other in a
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light chain; S1, subfragment-1P, thiophosphorylated; Tris, tris- Pyrene-labeled actin filaments show a large quench in
hydroxymethyl-aminomethaneP, unphosphorylated. fluorescence on binding to various myosin isoforms both in

10.1021/bi0360071 CCC: $27.50 © 2004 American Chemical Society
Published on Web 03/19/2004



4220 Biochemistry, Vol. 43, No. 14, 2004 Kovacs et al.

the absence of nucleotide and in the presence of ADP that RLC ThiophosphorylationThiophosphorylation of the
has been extensively utilized in solution kinetic studie3 ( RLC (in 5-10uM NMIIA HMM solutions) was performed
Such investigations of the ternary complex of smooth muscle essentially as described by Facemyer and Crel8ipif the
HMM with actin and ADP have led to conflicting conclu- presence of 10 mM MOPS (pH 7.2), 3 mM NaNs0 mM
sions. Berger et al.1@) found that upon ADP binding, the  NaCl, 2.5 mM MgC}, 2.5 mM CaC}, 1 mM ATPyS, 0.25
structure of unphosphorylated recombinant smooth muscleuM calmodulin, and 4ug/mL MLCK. The mixture was
HMM becomes asymmetrical and only one of the heads canincubated at 25°C for 1 h. Thiophosphorylated NMIIA
bind to actin, which results in a reduced amplitude of pyrene HMM was made nucleotide free by gel filtration on a 5-mL
fluorescence change on actomyosin interaction compared toSephadex G-50 column.
the phosphorylated state. Conversely, the experiments of The phosphorylation state of the light chains was verified
Ellison et al. (4) on tissue-purified proteolytic material by gel electrophoresis using glycerol (40%)/polyacrylamide
showed symmetrical two-headed actin binding of the smooth (11%) gels 19). Samples of 1(xg of HMM were loaded in
muscle HMMADP complex, regardless of the state of a buffer containig 8 M urea, 10 mM DTT, 0.2 mM EDTA,
phosphorylation. and 33 mM Tris-glycine (pH 8.6) and run at 10 mA for 2 h.
On the basis of available data, it seems that the structural Kinetic AssaysSteady-state ATPase activities were mea-
and kinetic basis of phosphorylation-dependent regulation sured at 25C by a NADH-coupled assay as described earlier
of smooth muscle and nonmuscle myosins is very similar (20) in a low ionic strength buffer (10 mM MOPS (pH 7.0),
(3). The unphosphorylated off-state of nonmuscle myosin Il 2 mM MgCl,, 0.15 mM EGTA, 1 mM ATP, 40 units/mL
may play an important role in prolonged tension maintenance lactate dehydrogenase, 200 units/mL pyruvate kinase, 1 mM
in both smooth muscle and nonmuscle cells. Therefore, it is phosphoenolpyruvate, and 2@ NADH).
of great interest to determine how the nucleotide bound in  All stopped-flow measurements were carried out in a
the active site affects the actin-binding properties of the KinTek SF-2001 instrument (KinTek Corp., Austin, TX) at
unphosphorylated myosin heads. 25 °C in a buffer comprising 20 mM MOPS (pH 7.0), 5
To address this problem, we characterized the actin andmM MgCl,, 0.1 mM EGTA, and 100 mM KCI. Pyrene
ADP interaction of a human nonmuscle IIA (NMIIA) HMM  fluorescence was excited at 365 nm (6 nm band-pass), and
fragment produced in the baculovirdSf9 expression sys-  emission was monitored through a 400 nm long-pass cutoff
tem. The analysis of pyrene-actin fluorescence transientsfilter. Typically, 4—12 traces were averaged for data analysis.
shows that both thiophosphorylated and unphosphorylated Single ATP turnovers by NMIIA HMM were also fol-
NMIIA HMM bind strongly to actin with both heads, lowed in a SPEX FluoroMax3 spectrofluorometer at°25
regardless of the presence of ADP. We also find that the in a buffer comprising 10 mM MOPS (pH 7.1), 1 mM
two heads have high and indistinguishable ADP affinities MgCl,, 0.1 mM EGTA, and 3 mM NaBl In these experi-
when bound to actin. These results show that there is a loosements, pyrene was excited at 344 nm (0.5 nm band-pass),
coupling between actin and ADP binding in NMIIA HMM  and emission detected through a monochromator centered
and imply that the two heads, either phosphorylated or at 406 nm.
unphosphorylated, have a similar interaction with and affinity =~ Pyrene photobleaching controls were recorded and used
for actin in the ternary actomyosiiDP complex. On the  for correction of long time scale>(10 s) stopped-flow and
basis of spectroscopic and kinetic arguments, we proposeconventional spectrofluorometer records. Before analysis of
that the asymmetrical off-state structure seen in ATP in the amplitudes, the background signal level measured with assay
absence of actin in electron microscopic image reconstructionbuffer only was subtracted from all fluorescence records.
studies 8—10) represents an intermediate that is different  Pyrene-actin was stabilized in all experiments by the

from the actomyositADP state. addition of an equimolar amount of phalloidin. NMIIA HMM
was made ADP free by incubation with 0.01 unit/mL apyrase
EXPERIMENTAL PROCEDURES at 25°C for 30 min.
Protein Expression and Purificatiom this study, we used Data were analyzed using the KinTek SF-2001 software

a recombinant construct that contains the first 1337 amino and Microcal Origin v6.0 (Microcal Software). Means and
acids of the human nonmuscle myosin IIA (NMIIA) heavy standard errors reported are generally those of two or three
chain, resembling heavy meromyosin (HMM). A C-terminal rounds of experiment.

FLAG-tag (sequence DYKDDDDK) was appended to the  In stopped-flow-based titration experiments, the concentra-
construct to aid affinity purification. The recombinant NMIIA  tions of the reactants before mixing are relevant in terms of
HMM heavy chain was coexpressed with light chains (bovine analyzing reaction amplitudes, whereas the rate parameters

nonmuscle MLG7s and chicken nonmuscle ML) in the reflect concentrations after the mix. To avoid confusion, we
baculovirus-Sf9 expression system. Cloning, expression, and specify at the introduction of each experiment whether
preparation of NMIIA HMM was described earliet5). premixing or postmixing concentrations are stated.

Actin was prepared from rabbit skeletal muscle according  Titration curves of actin binding were analyzed according
to Spudich and Wattl) and pyrene-labeled as described to the method of Kurzawa and Geev@d)(except that both
in Cooper et al. 17). ATPyS was from Roche Applied the maximal fluorescence change and the concentration of
Science (Indianapolis, IN). Pyrene iodoacetamide was pur-the titrated species (i.e., pyrene-actin) were left free to float
chased from Molecular Probes (Eugene, OR). Phalloidin wasduring the fitting iterations.
fsr?gr?ngélblochem (La Jolla, CA). Other chemicals were from RESULTS

HMM concentrations stated throughout this article are  Thiophosphorylation of NMIIA HMMWe expressed a
expressed in terms of myosin heads. two-headed, HMM-like construct of nonmuscle myosin 1A
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Ficure 1: Thiophosphorylation of the RLC. Glycerolirea-PAGE
electrophoretogram of the light chains is shown. In lane A,
baculovirus-expressed NMIIA HMM had fully unphosphorylated
RLCs (UP-RLC) as isolated. In lane B, the RLCs of NMIIA HMM
after incubation with MLCK and ATPS were fully thiophospho-
rylated (P-RLC), as seen from the higher mobility of this species
compared touP-RLC. The ELCs were unaffected by MLCK
treatment.
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FiGure 2: ATPase activity oftP-HMM and uP-HMM. Steady-
state MgATPase activity aP-HMM (@) anduP-HMM (O) was
measured by a NADH-coupled ass#8-HMM had a basal ATPase
activity of 0.0134+ 0.04 s, which was activated by actin to a
Vimax Of 0.45+ 0.03 s, and aKatpaseOf 9 + 2 uM (hyperbolic fit
of the dataset is shown)P-HMM had no detectable actin activation
of its ATPase activity. Conditions were 2&, 10 mM MOPS (pH
7.0), 2 MM MgC}, 0.15 mM EGTA, and 1 mM ATP.

in the baculovirusSf9 system. Generally,-36 mg of
FLAG-tagged protein could be prepared from about 40°
cells.

To study the effect of light chain phosphorylation on
myosin function, the RLC was thiophosphorylated by myosin
light chain kinase (MLCK) using adenosin&G-3-thio-
triphosphate (ATPS), a structural analogue of ATP, as a
substrate 18). To the limit of electrophoretic detectability,
the regulatory light chain (RLC) of the recombinant NMIIA
HMM construct purified from the cells was fully in the
unphosphorylated form (Figure 1). Treatment with alkaline
phosphatase did not have an effect on the glycelPdlGE
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activated ATPase activity of NMIIA HMM is significantly
higher /max= 0.174 0.005 s'in S1 and 0.45+ 0.03 s*

in tP-HMM) and theKatpasevalue is lower by an order of
magnitude (72 4 uM in S1 and 9+ 2 uM in tP-HMM,

see also in Table 1). This kind of difference between single-
headed and double-headed forms is also observed in smooth
muscle myosinZ3, 24).

In contrast totP-HMM, the unphosphorylated form did
not show measurable actin activation of the ATPase activity
(Figure 2). The low activity oiP-HMM was confirmed by
single turnover experiments (Table 1), which are more
suitable for determination of very low ATPase activities
where the background signal change introduces a large error
into the linear steady-state slope obtain@8)( From the
results it appears that the conditions used are suitable for
production of practically 100% enand off-state form of
NMIIA-HMM.

Kinetic Model of the Interaction of NMIIA HMM with
Actin and NucleotideA simplified kinetic model shown in
Scheme 1 was sulfficient for the interpretation of the transient
kinetic results obtained in this study. In this model, ADP
and actin binding to the myosin head are treated as single-
step reactions. Upon ATP binding to actomyosin, the initial
second-order collision stef) is followed by an irreversible
isomerization K;) that limits the observed rate constant of
ATP-induced actomyosin dissociation at high ATP concen-
trations. This step is followed by a rapid detachment of the
myosinATP complex from actin.

Dissociation of the Acto-uP-HMM Complex by ATP.
Population of the weak actin binding statesu%HMM was
monitored by rapidly mixing 0.0&M pyrene-actin and 0.1
uM uP-HMM (in heads, postmix concentrations stated) with
a range of ATP concentrations. The dependence of the
observed rate constant of pyrene fluorescence increase was
hyperbolic with a maximaky,sof 230+ 6 s (corresponding
to kp) and half-saturationk;) at 980+ 50 uM ATP (Figure
3). Linear fit to the data points at low ATP concentration
(up to 50 uM) gave an apparent second-order binding
constant of ATP to actomyosit{K;) of 0.234 0.02uM 1
s (Figure 3, inset). These parameters are very similar to
those obtained with NMIIA S1 in our previous stud®2(
Table 1). Throughout the examined ATP concentration range,
a minor (<10%) slow phase with #&gps of 1.5-3 s was
present that we attribute to the presence of residual small
amounts of ADP in protein or ATP stock solutions or both.

Actin Interaction of tP- and uP-HMM in the Presence and
Absence of ADPThe interaction of HMM with actin was
assessed by a stopped-flow technique in which 00v5

pattern of the light chains (data not shown). The RLC could pyrene-actin was premixed with a range of HMM concentra-

be fully thiophosphorylated by treatment with MLCK, and

tions and the equilibrium binding mixtures were rapidly

only a single RLC band was detectable after the treatmentmixed with 300uM ATP (premixing concentrations stated).

(Figure 1).
Effect of Phosphorylation on ATPase Adiy. The quality
of phosphorylation-dependent regulation of the NMIIA

Assuming that ATP causes complete dissociation of HMM
from pyrene-actin, the amplitude of the observed pyrene
fluorescence transient will reflect the concentration of the

HMM construct was assessed by steady-state and singleStrongly bound pyrene-acto-HMM complex before mixing.
turnover ATPase measurements. In the thiophosphorylatedT he experiment was performed both wittHMM and uP-

form, NMIIA HMM showed a low basal steady-state ATPase
activity (0.0214= 0.003 s?) that was activated by actin to a
Vmax Of 0.45+ 0.03 s%, with half-saturation at 9% 2 uM
actin concentration (Figure 2). Compared to an NMIIA S1
construct characterized earlieR?j, the maximal actin-

HMM in the absence and presence of 4@ ADP.

In the case otP-HMM, the transients showed a major
phase with &g,saround 40 st in the absence of ADP (Figure
4A), corresponding to ATP-induced dissociation of the acto-
tP-HMM rigor complex. The minor slow phase mentioned
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Table 1: Rate and Equilibrium Parameters of Fragments of Phosphorylation-Regulated Myosins

nonmuscle lla smooth muscle
St tP-HMM ¢ uP-HMM¢ S1 tP-HMM uP-HMM
ATPase Activity
basal (s%) 0.013+ 0.004 0.024: 0.003 0.08
Vinax (571 0.1740.005 0.45+ 0.03 0.71.8%e 1.9-2.5f
kst (s71)9 0.0012 0.00%2
Katpase(uM) 72+ 4 942 60—-100"¢ 20—40f
ATP-Induced Actomyosin Dissociatibn
Ky (uM) ~900 9804+ 50
ko (s7Y) ~190 230+ 6
ko/Ki (uM~1s71) 0.21+£0.04 ~0.25 0.23+0.02 0.47
Actin Interaction
Ka (uM) <0.01 <0.01 <0.01
Kpa (uM) ~0.02 <0.01 <0.01 0.049+ 0.028% 0.0184+ 0.004" 0.051+ 0.01¢
ADP Interaction
ko (s79) 0.8+£0.3" 5.0+£1.8; 1.9 3! 2.4
0.7+ 0.1 (bpy™n
kap (s79) 2.2+05 7.3+ 0.6; 2.6+0.2; 221 ~40 ~50
1.2+ 0.1 (bp) 0.8+ 0.1 (bp)
Kap (uM) 1.1+£0.3 2.24+0.8 1.3+ 0.2 5.0 10! 1-2;10-20°

2bp, biphasic. Nomenclature of steps refers to Schemi®&ference22. © Present study! Reference82. € Reference33. f Reference9. 9 Single
turnover rate constant ef~-HMM in the presence of actin (independent of actin concentratloRference?s. ' Pyrene-actinl Reference84. In
200 mM KCI.! Referencel3. ™ mantADP." Determined by following mant fluorescence change on mixing®/5uP-HMM (in heads) and M
mantADP with 150uM ATP (conditions the same as those in Figuredifferent ADP affinities of the two heads were detected.

Scheme P amplitude of this phase, which indicates that it may originate
K, K, k from residual ADP in protein preparations.
AMD = AM = AMT - A-MT - A+MT In the presence of 56M ADP, the rate constant of acto-
Kol 1 &, tP-HMM dissociation was limited by the ADP dissociation
MD = M process Kap). The observed pyrene fluorescence transients
K, were best described by two exponentials Wik values of

aSymbols used: A, actin; M, myosin (S1 or HMM); T, ATP; D, 7.3+ 0.6 and 1.2+ 0.1 s'* (Figure 4A). The ratio of the
ADP. All equilibrium constants are expressed as dissociation constants.amplitudes of the two phases remained constant throughout

Rate constants are denoted kasand k-; in the dissociation and the HMM concentration range examined (about 40% fast
association directions, respectively. Additional arrows for associating phase and 60% slow phase, cf. Figure 4B)

and dissociating components are omitted for clarity.

Figure 4B shows the dependence of the amplitudes of the
pyrene fluorescence change (expressedBS-na, Where
Frinal IS the fluorescence level of detached pyrene-actin) on
tP-HMM concentration. These titration curves show ttit
HMM binds very tightly to actin both in the absence and
presence of ADP with a dissociation constant much lower
than the pyrene-actin concentration used in the experiments
(Ka, Kpa < 0.01uM). The amplitudes of both phases of the
ADP transients show similar tight binding. It is also apparent
that ADP does not have an effect on the maximal amplitude
of the change (0.96: 0.05 in the absence, and 0.910.05
0 10 20 30 40 0 in the presence of ADP), which indicates a similar mode of

TR e tP-HMM binding to actin regardless of the presence of ADP.

0 500 [A'Ijlé);)(zuM) 1500 2000 uP-HMM showed a similar behavior t*>-HMM in these
experiments (Figure 4C,D). In the absence of ADP, the fast

FiGuRe 3: ATP-induced dissociation of actd®>HMM. The rate constant of dissociation was around 20veith a similar
observed rate constants of the pyrene fluorescence transients upon

mixing 0.05uM pyrene-actin and 0.kM uP-HMM (in heads, minor phase. as that it_P'HMM' The transients in 5a:M
postmix concentrations) with ATP are plotted against ATP con- ADP were biexponential with rate constants of 2:60.2
centration. The solid line is a hyperbolic fit with a maxinkals of 571 (70% of total amplitude) and 048 0.1 s (30% of total
230+ 6 st (corresponding td) and half-saturationK;) at 980 amplitude) (Figure 4C). Similar tdP-HMM, uP-HMM

+ 50 uM ATP. In the inset, a linear fit of the data points at low : S i ;
ATP concentration yielded an apparent ATP on-rate conskaht ( showed tight actin binding both in the absence and presence

Ky) of 0.23 + 0.02uM-! s°L. Conditions were 25C, 20 mM of ADP (Figure 4D). Importantly, ADP did not have a large

MOPS (pH 7.0), 5 mM MgGl 0.1 mM EGTA, and 100 mM KCI. effect on the maximal amplitude of the pyrene fluorescence
change. Indeed, the change in the presence of ADP (B.76

in the previous section was also present in these experiments0.10) was somewhat larger than in its absence (&.6305).

A longer preincubation of the pyrene-acto-HMM mixture Even though the maximal amplitudes P-HMM are

with 0.01 units/ml apyrase (2 h at 2%C) reduced the  smaller than those itP-HMM (see below), the results imply
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FiGure 4: Interaction oftP-HMM and uP-HMM with actin in the presence and absence of ADP. Panel A shows pyrene fluorescence
transients of the ATP-induced dissociation of atie<IMM (—ADP trace) or actaP-HMM-ADP (+ADP trace) complex. Pyrene-actin

(0.1 uM) was manually premixed with 0.6M tP-HMM (in heads) in the absence or presence of/80ADP and then rapidly mixed with

300uM ATP in the stopped-flow (concentrations before rapid mixing stated throughout this figurek.sElo€ the reaction was 4178 in

the absence of ADP with a minor (10% amplitude) 4% ghase in the trace shown. In ADP, the transient was also biphasic with rate
constants of 8.0 and 1.3%(kap). Note the logarithmic time scale in panels A and C. Panel B shows the dependence of the total amplitude
of the reaction ortP-HMM concentration in the presenc®) and absenced) of 50 uM ADP. The solid lines are fitted binding curves

with very low Kq (Ka, Kpa < 0.01 uM, see also in Materials and Methods). The maximal relative fluorescence change (expressed as
AF/Fna, WhereFsn, is the fluorescence level of detached pyrene-actin) was 0.92 in the presence and 0.91 in the absence of ADP in the
experiment shown. Amplitudes of the fast)(and slow @) phases of thetADP transients are also shown. HMM concentrations are
expressed in terms of myosin heads. Panel C shows ATP-induced dissociation oP&tkéM (—ADP trace) and actoP-HMM -ADP

(+ADP trace) under the same experimental conditions as those in panel A. In the absence &f:ABRhe reaction was 347$ with a

minor phase (10% amplitude) of 2.0'dn the experiment shown. In 50V ADP, the observed rate constants of the biphasic transient were

3.1 and 1.0 s! (kap). Panel D shows the dependence of the total amplitudgRaHMM concentration in the presenc®) and absence))

of 50 uM ADP. The fitted maximal relative fluorescence changes in the presence and absence of ADP were 0.66 and 0.57, respectively,
in the experiment shown. Fask) and slow @) phase amplitudes of theADP traces are also shown. Conditions were the same as those

in Figure 3.

that nonmuscle HMM in the dephosphorylated state binds Figure 5A shows representative transients of dieteHtMM
to actin in a double-headed manner regardless of the presencdissociation at different ADP concentrations. g values
of ADP. This behavior is similar to that reported by Ellison of the fast and slow phases phase weret38 and 3.8+
et al. for smooth muscle myosiri4), contrasting to the 0.5 s, respectively, and they did not depend on ADP
findings of Berger et al.13). concentration. Thés of the slow phase falls between the
ADP Affinity of Acto-tP-HMM and Acto-uP-HMM Com-  observed rate constants of the biphasic ADP release transients
plexes We investigated the ADP affinity of the acto-HMM  Of Figure 4. In the ADP titration experiments, we treated
complex by preincubating 0.Q8V pyrene-actin and 0.075 this process as a single exponential to aid determination of
uM tP-HMM or uP-HMM (in heads) with various concen- the ADP dissociation constants. The total amplitude of the
trations of ADP (0.0+100 «M), and then rapidly mixing ~ pyrene fluorescence change was also constant within the
this equilibrium mixture with 300uM ATP (premixing ADP concentration range studied. The fractional amplitudes
concentrations stated). The obtained pyrene fluorescenceof the fast and slow phases, however, showed hyperbolical
transients were biphasic in most cases. The fast phasedependence on ADP concentration with the fast phase being
represents the fraction of acto-HMM not bound to ADP and predominant at low ADP concentration, whereas at high ADP
therefore undergoing rapid dissociation upon mixing with concentration, the transients consisted solely of the slow
ATP. The slow phase reflects the ADP-bound fraction of phase (Figure 5B). Hyperbolic fits of the amplitude data of
acto-HMM, in which ADP release will limit the kinetics of  both phases gave simil&,p values (2.2+ 0.8 uM). The
acto-HMM dissociation. phenomenon that the fractional amplitude of the slow phase
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Ficure 5: ADP affinity of actotP-HMM and actouP-HMM. In panel A, 0.075«M tP-HMM (in heads) was preincubated with 0.0
pyrene-actin and the indicated ADP concentrations and then rapidly mixed wig\8@0P in the stopped-flow (premixing concentrations

stated). The observed transients were biphasic with observed rate constants df 8% (representing the dissociation of a¢cHMM

by ATP) and 3.8+ 0.5 s (representing the ADP-bound fraction of a¢cBBHMM where acto-HMM dissociation is limited by ADP
release). Panel B shows the dependence of the total amplitudsf.(Figure 4B) and the amplitudes of the fasf) @nd slow ®) phases

on ADP concentration. The total amplitude was constant over the ADP concentration range studied, whereas the fast and slow phases
showed a hyperbolic dependence on ADP concentration, yieldifyp af 2.2 + 0.8 uM. (Data points below 0.2M ADP concentration

were omitted from the hyperbolic fits in panels B and D.) Panel C shows pyrene fluorescence transients of the dissociation of the acto-
uP-HMM complex in the presence of the indicated ADP concentrations under the same conditions as those in panel A. The rate constants
of the two phases were 35 5 and 3.5+ 0.8 s'1. Panel D shows the ADP concentration dependence of the total amplityden¢l the
amplitudes of the fastQd) and slow ®) phases. Hyperbolic fits to the fast and slow phase amplitudes gée &f 1.3 + 0.2 uM.

Conditions were the same as those in Figure 3.

does not converge to zero with lowering ADP concentration recording the dissociation transients (Figures 4 and 5).
can arise from small amounts of contaminating ADP in the Usually, nonfunctional heads strongly bind to actin and are
proteins as seen also in other experiments described abovenot capable of dissociation upon ATP addition. Consequently,
The data points below 0,2M ADP were omitted from the  the amplitude of the association reaction can be significantly
hyperbolic fits. larger than that of the dissociation reaction.

The transients inlP-HMM were also biphasic in most part The left panel of Figure 6 compares the amplitudes of
of the ADP concentration range studied wifas values of pyrene fluorescence decrease obtained on mixingu1
35+ 5 and 3.8+ 0.9 s''. Representative traces are shown tP-HMM or uP-HMM (in heads) with 0.0%M pyrene-actin
in Figure 5C. The total amplitude of the fluorescence change (postmixing concentrations) in the presence or absence of
was independent of ADP concentration, and it was signifi- 50 uM ADP with those of the dissociation reactions
cantly lower than that inP-HMM (Figure 5D), consistent  performed under similar conditions. While the amplitude data
with the results of the experiments in Figure 4. The fractional show considerable variance, it is apparent that the association
amplitudes of the fast and slow phases showed a hyperbolicand dissociation amplitudes do not systematically differ from
dependence on ADP concentration, yielding simiap each other. This shows that there was no significant fraction
values of 1.3+ 0.2uM (Figure 5D). Thus, unlike in smooth  of nonfunctional heads in our HMM preparations. Interest-
muscleuP-HMM (13), the ADP titration data did not show ingly, the amplitudes itP-HMM (88% =+ 7%) are notably
any indication for heterogeneity of myosin heads, either larger than inuP-HMM (73% + 6%). We also note that
phosphorylated or unphosphorylated, with regard to ADP these NMIIA amplitudes are rather similar to those obtained
affinity. by Ellison et al. £4) on smooth muscle HMM, whereas the

Pyrene Fluorescence Changes on acto-HMM Association. amplitudes were markedly smaller in the Berger et al. study
We checked for the presence of nonfunctional myosin heads(13, Figure 6). In the latter work, only the dissociation
in the NMIIA HMM preparations by assessing the relative amplitudes were investigated.
change in pyrene fluorescence on the acto-HMM association The NMIIA actin-binding transients were not single
reaction in the same experimental setup as we used forexponentials because the reactions did not take place in
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Ficure 6: Pyrene-actin fluorescence changes on interaction with phosphorylation-regulated myosins. Relative fluorescence changes (cf.
Figure 4B) on the association (light gray columns) and dissociation (dark gray columns) of different HMM constructs and pyrene-actin are
shown: (left panel) NMIIA HMM (present study); (middle panel) proteolytic smooth muscle HI¥t (right panel) recombinant smooth

muscle myosin HMM 13) (only dissociation data are available). Conditions for the NMIIA HMM measurements were the same as those

in Figure 3.

pseudo-first-order conditions (traces not shown). Neverthe- release from smooth muscle actomyog, 29) and, in line
less, the binding kinetics implied that the on-rate constant with this, our single turnover experiments with NMIIA HMM

for acto-NMIIA HMM binding (k-a) is in the range of 0.3 also show that reformation of the strong actin-binding state

0.6 uM~1 s7%, consistent with NMIIA S1 data2p). is drastically slowed by RLC dephosphorylation. Thus, it is
conceivable that the Wendt et al. structuse-(0) obtained

DISCUSSION in ATP and in the absence of actin represents an intermediate

Despite a large number of investigations, the structural that precedes the actomyosAP state (e.g., myosin with
basis of light chain phosphorylation-dependent regulation of ADP and phosphate bound to the active site). This is also
myosin and the nature of the off-state is still a matter of implied by the fact 'ghat the atomic stru_cture of §mooth muscle
significant controversy. It appears that an interaction betweenS1 could be best fitted into the density map in the prepow-
the two heads of HMM is necessary for the formation of ©rstroke conformationgt-10).
the off-state, since one-headed fragments are constitutively The ADP affinities of the two heads of actin-bound
active 6, 26). The heaerhead interactions can involve unphosphorylated smooth muscle HMM differ by an order
contacts between the two motor domaifs?) or the motor ~ Of magnitude {3) (Table 1). This behavior is postulated to
domain and the neci28), or possibly the interaction of either ~ be a result of the mutual strain that the two actin-bound heads
of these domains with the coiled-coil tail is also necessary impose on each othet). The smooth muscle myosin head
for regulation 27). It has been shown that HMM fragments  has the interesting feature that in addition to the change in
with one intact head and one head lacking the motor domainthe neck (“lever arm”) orientation coupled to phosphate
are unregulated, which implies that motor domainotor release, the release of ADP causes an additional tilt of the
domain interactions are essential for the formation of the neck domain in the same directioBQj. Thus, the binding
off-state 6, 7, 26). The structural model of Wendt et a8 of ADP to the “leading” head (i.e., the head in the direction
10) strengthened this hypothesis and suggested a mechanisrf the powerstroke) would reduce the strain in the HMM
of inhibition whereby interactions between the actin-binding molecule, whereas ADP binding to the “trailing” head would
site of one motor domain and the converter region of the increase it. This would result in different ADP affinities of
other impede functioning of either head. This model also the two actin-bound head43). We did not observe this
provided a plausible explanation for previously inexplicable phenomenon in NMIIA HMM in the present work, although
results of mutagenesis studies involving these regions ofrelatively small (up to~2—3-fold) differences in the ADP
smooth muscle HMM Z8). dissociation constant may go undetected in the ADP titration

Berger et al. 13) reported that in ADP, unphosphorylated method used. Moreover, a difference in the ADP off-rate
smooth muscle HMM shows half of the pyrene fluorescence constants of the two heads provides a possible explanation
change on actin binding compared to that in the absence offor the biphasic ADP release transients (cf. Figure 4). It
ADP or in thiophosphorylated HMM, implying single-headed remains an interesting possibility to test whether the ADP
actin binding in these conditions. Conversely, Ellison et al. kinetics of the two heads of HMM from different isoforms
(14) showed identical amplitudes in thiophosphorylated and can be correlated to the extent of lever arm tilt on ADP
unphosphorylated HMMADP complexes, suggesting that release and, in turn, the possible strain dependence of the
both heads bind to actin in the presence of ADP regardlessADP release step(s).
of the phosphorylation state. Our study demonstrates that To date, our knowledge about the specific structural
the two heads of NMIIA HMM bind to actin in the presence features of nonmuscle myosin Il isoforms is rather limited.
of ADP and phosphorylation does not affect this property. However, the uniquely loose coupling between actin and
The Berger et al. studyl®) can be regarded as a solution nucleotide binding to nonmuscle myosi29,(22, 31) confers
kinetic implication for the asymmetrical structure seen by a great potential for the investigation of actomyesirtleotide
Wendt et al. 8—10). RLC phosphorylation, however, has ternary complexes. Furthermore, the kinetics of most steps
been shown to primarily affect the rate constant of phosphateof their ATPase cycle is slowed compared to other myosin
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Ils,

which is an advantageous feature in video-based ap-

plications. Due to these properties, together with their high
physiological importance, nonmuscle myosin Il isoforms will

continue to be useful objects for the study of the myosin I
mechanism.
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