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Myosin IIIA is specifically expressed in photoreceptors and
cochlea and is important for the phototransduction and hearing
processes. In addition, myosin IIIA contains a unique N-termi-
nal kinase domain and C-terminal tail actin-binding motif. We
examined the kinetic properties of baculovirus expressed
human myosin IIIA containing the kinase, motor, and two IQ
domains. The maximum actin-activated ATPase rate is rela-
tively slow (kcat � 0.77 � 0.08 s�1), and high actin concentra-
tions are required to fully activate the ATPase rate (KATPase �

34 � 11 �M). However, actin co-sedimentation assays suggest
thatmyosin III has a relatively high steady-state affinity for actin
in the presence of ATP (Kactin � 7 �M). The rate of ATP binding
to the motor domain is quite slow both in the presence and
absence of actin (K1k�2 � 0.020 and 0.001 �M�1�s�1, respec-
tively). The rate of actin-activated phosphate release is more
than 100-fold faster (85 s�1) than the kcat, whereas ADP release
in the presence of actin follows a two-step mechanism (7.0 and
0.6 s�1). Thus, our data suggest a transition between two acto-
myosin-ADP states is the rate-limiting step in the actomyosin
III ATPase cycle. Our data also suggest the myosin III motor
spends a large fraction of its cycle in an actomyosin ADP state
that has an intermediate affinity for actin (Kd � 5 �M). The long
lived actomyosin-ADP state may be important for the ability of
myosin III to function as a cellular transporter and actin cross-
linker in the actin bundles of sensory cells.

Molecular motor proteins of the myosin superfamily are
capable of converting the energy from ATP hydrolysis into
force and motion through a cyclic interaction with actin fila-
ments. Myosins are involved in many different types of cell
motility, including muscle contraction, cell division, and intra-
cellular transport (1, 2). Several myosin proteins, including
myosins I, III, VI, VIIA, X, and XV, have been found to be
involved in sensory processes (3). A common theme emerging
from the recent work on the structural and functional proper-
ties of myosin motors is that they have a common structural
core (4–6), whereas small differences in specific regions alter
their kinetic properties, tuning each myosin for its functional
role in the cell (7, 8). Thus, understanding the kinetic properties

of an uncharacterized myosin protein can provide important
insights into its biological function.
Class III myosins were originally discovered in Drosophila

eyes and designated as the NINAC protein. The electrophysi-
ological response inDrosophila eyes lacking themyosin III gene
exhibits neither inactivation nor activation following a light
stimulus (9). The ninaC gene contains an N-terminal kinase
domain, a central myosin homology domain, and a C-terminal
tail. In addition, localization studies demonstrated that the
myosin domain is necessary to concentrateNINAC in the rhab-
domere, the microvillus structure that is the site of many steps
in phototransduction and contains a filamentous actin core
(10). The kinase domain was not required for localization (10).
NINAC binds to calmodulin and has the ability to concentrate
calmodulin in the rhabdomeres (11). Because calmodulin is
thought to be involved in the phototransduction process, con-
centrating calmodulin may be a major role for myosin III in fly
photoreceptors. Other studies have implicated NINAC in the
transport of phototransduction signaling proteins such as Gq�
(12) and arrestin (13) in a light-dependent manner. Thus myo-
sin III may alter the phototransduction process by modulating
the concentration of these important signaling proteins at the
site of phototransduction.
Two isoforms of myosin III, myosin IIIA and IIIB, have been

identified in humans (14, 15). Myosin IIIA is expressed primar-
ily in the retina and cochlea (14, 15).Myosin IIIA expression has
also been found in the retina of striped bass and limulus (16, 17).
Mutations in the human myosin IIIA gene have been linked to
nonsyndromic deafness (18). Consistent with a role as a cellular
transporter, human myosin IIIA containing two IQ domains
was found to have ATPase activity, kinase activity, and the abil-
ity to move actin filaments in an in vitromotility assay (19).
To understand how the myosin III motor functions and is

regulated in the cell, it is necessary to determine the kinetic
mechanism of its ATPase cycle. The kinetic mechanism pro-
vides information about the predominant steady-state interme-
diates and the duty ratio, the fraction of the ATPase cycle dur-
ing which myosin is bound to actin. Understanding these
kinetic features of myosin III will provide important insights
into the mechanism by which this myosin can perform its cel-
lular functions such as intracellular transport or cytoskeletal
dynamics. For example,myosinV is a high duty ratiomotor and
functions as an intracellular transporter bymoving processively
along actin, taking multiple steps along actin without diffusing
away (20, 21). Thus, it can function and is likely regulated as a
singlemolecule (22). Othermyosinmotors that have a low duty
ratio function as a group or as an ensemble ofmotors, such as in
muscle contraction and receptor-mediated endocytosis (8).
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Another interesting feature of class III myosins is the N-ter-
minal kinase domain that is capable of autophosphorylating
sites on the myosin motor domain (9, 19). It is unclear how this
kinase domain plays a role in the phototransduction process or
what are its cellular substrates, if there are any. The kinase
domain ismost similar in sequence to PAK1 kinases (16), which
interestingly have been implicated in regulating actin polymer-
ization and myosin activation (23). The kinetics of the kinase
domain of myosin III were shown to be quite slow based on the
rate of autophosphorylation of sites on the myosin III motor
domain (19). In contrast, the kinetics of PAK1 kinases were
found to be quite rapid (20–30 s�1) (24). Thus, understanding
the kinetics of themyosin III kinase domainmay lead to insights
into its biological function.
In this study we have expressed and purified human myosin

IIIA containing the kinase, motor, and two IQ domains, and we
have determined the key individual rate and equilibrium con-
stants in the myosin III motor ATPase cycle. Our results pro-
vide important insights into the potential function ofmyosin III
in sensory organs. In addition, our work provides a framework
for future studies that will examine the kinetic and biophysical
mechanism of myosin III regulation.

EXPERIMENTAL PROCEDURES

Reagents—All reagents were the highest purity commercially
available. ATP and ADP were prepared fresh from powder.
N-Methylanthraniloyl (mant)2-labeled 2�-deoxy-ADP and
2�-deoxy-ATP were prepared as described (25, 26) or pur-
chased from Jena Biosciences. The mant-ATP and mant-ADP
concentrations were determined from absorbance measure-
ments at 255 nm using �255 of 23,300 M�1�cm�1. ATP and ADP
concentrations were determined by absorbance at 259 nm
using �259 of 15,400 M�1�cm�1. Nucleotides were prepared
prior to use in the presence of equimolar MgCl2.
Myosin cDNA Construction and Protein Expression and

Purification—We generated a construct of humanmyosin IIIA
truncated after the second IQdomain (residues 1–1143) (MIII),
and containing aC-terminal FLAG tag (DYKDDDDK) for puri-
fication purposes (27–30). Recombinant baculoviruses of myo-
sin III and calmodulin generated with the FastBac system
(Invitrogen) were co-expressed in Sf9 cells. The purity was
assessed with Coomassie-stained SDS gels. Myosin concentra-
tions were determined using the Bio-Rad microplate assay
using bovine serum albumin as a standard (29, 30). Absorbance
measurements were also performed, and a predicted extinction
coefficient of 129,500 M�1�cm�1 was used to calculate the con-
centration with similar results. Actin was purified from rabbit
skeletal muscle using an acetone powder method (31). Pyrene
actin was generated by labeling actin with pyrene iodoacet-
amide (Molecular Probes) as described (32). All experiments
were performed in KMg50 buffer (50 mM KCl, 1 mM EGTA, 1
mMMgCl2, 1 mM dithiothreitol, and 10mM imidazole-HCl, pH
7.0, 25 °C).
Steady-state ATPase Activity of MIII—Steady-state ATP

hydrolysis by MIII (50–100 nM) in the absence and presence of

actin (0–70 �M) was examined using the NADH-linked assay
(28–30) with a final MgATP concentration of 1 mM.
Kinase Activity—Autophosphorylation of the MIII was

detected byWestern blot analysis using anti-phosphothreonine
antibodies. MIII (0.5 �M) was allowed to react with ATP for
specific time periods ranging from 10 s to 60 min. The reaction
was stopped at each time point by the addition of SDS loading
buffer. A series of time course experiments was conducted at
various ATP concentrations (0–1000 �M). Samples from
sequential time points for each specific ATP concentration
were run on SDS-PAGE, transferred to nitrocellulose mem-
brane, blocked with 3% bovine serum albumin and probed with
anti-phosphothreonine primary antibodies (Zymed Laborato-
ries Inc.). Anti-rabbit horseradish peroxidase-linked IgG (Cell
Signaling Technology) was applied as the secondary antibody,
followed by treatment with Lumiglo chemiluminescence rea-
gent (Cell Signaling Technology) to detect the bands of phos-
phorylated proteinwith x-ray film. Densitometry analysis using
NIH image softwarewas used to determine the band intensities.
The membrane was subsequently stripped and reprobed with
an anti-FLAG antibody to detect total protein and verify even
loading of samples.
Kinase activity was also examined by performing time

courses as described above using [�-32P]ATP as a substrate.
The number of moles of 32P incorporated into each mole of
MIII was determined by subjecting each sample of the time
course to SDS-PAGE, excising each band, and dissolving the
bands in 30% H2O2. The dissolved bands were examined by
scintillation counting and compared with a standard curve to
determine the moles of 32P incorporated per mol of MIII.
Actin Co-sedimentation Assay—MIII was equilibrated with

actin (0–60 �M) and the ATP-regeneration system (2 mM
phosphoenolpyruvate and 20 units/ml pyruvate kinase). 2 mM
ATP was added just prior to ultracentrifugation in a TLA 100.2
Beckman centrifuge at 320,000 � g for 20 min at 25 °C. The
ADP concentration in the supernatant was determined bymix-
ing a specified amount of the supernatant with the NADHmix
and measuring the change in NADH absorbance as described
under “Steady-state ATPase Activity.” Equal amounts of the
supernatant and pellet were subjected to SDS-PAGE, and the
fraction of MIII bound to actin was determined by quantifying
the amount of MIII in the supernatant and pellet with densi-
tometry using NIH image software. The fraction bound was
plotted as a function of actin concentration to determine the
affinity of myosin III for actin in the presence of ATP.
Fluorescence Spectroscopy—A Quantamaster fluorimeter

(Photon Technology International, Lawrenceville, NJ) equipped
with a 75-watt xenon arc lamp as an excitation source and
excitation/emission monochromators was used to measure
steady-state fluorescence of pyrene actin. Pyrene actin was
excited at 365 nm, and the emission spectra was measured
from 380 to 550 nm. Slit widths were set at a resolution of 1
nm. All fluorescence spectra were corrected for variations in
the wavelength sensitivity of the detector system, the pres-
ence of Raman scatter, and background fluorescence in the
appropriate buffer solution.
Acid Quench—To determine the equilibrium constant for

ATP hydrolysis, 0.9 �M myosin III was mixed with 25 �M ATP
2 The abbreviations used are: mant, N-methylanthraniloyl; MDCC-PBP,

N-[2-(1-maleimidyl)ethyl]-7-(diethylamino)coumarin-3-carboxamide.
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containing [�-32P]ATP, allowed to react at 25 °C for 1–20 s, and
quenched with quench solution (2 NHCl, 0.35 M KH2PO4). The
hydrolyzed [�-32P]ATP was separated from unhydrolyzed
[�-32P]ATP using activated charcoal, and scintillation counting
was used to determine [�-32P]ATP concentrations (33, 34). The
number of moles of [�-32P]ATP hydrolyzed per mol of myosin
was used to calculate the phosphate burst and the equilibrium
constant for hydrolysis.
Stopped-flow Measurements and Kinetic Modeling—Tran-

sient kinetic experiments were performed in an Applied Pho-
tophysics stopped-flow with a dead time of 1.2 ms. A mono-
chromator with a 2 nm band pass was used for fluorescence
excitation, and cut-off filters were used to measure the emis-
sion. All optical filters were provided with the stopped-flow
instrument. Light scatter was measured at 320 nm at 90° with
a 305 nm long pass filter. Pyrene actin was excited at 365 nm,
and the emission was measured using a 400 nm long pass
filter. Mant-labeled nucleotides were excited by energy
transfer from tryptophans by exciting at 295 nm or by direct
excitation at 355 nm, and the emission was measured
through a 400 nm long pass filter. Both methods of exciting
mant-ATP and mant-ADP gave similar results. Nonlinear
least squares fitting of the data were done with software pro-
vided with the instrument or Kaleidagraph (Synergy Soft-
ware, Reading, PA). Uncertainties reported are standard
error of the fits unless stated otherwise.
The kinetics of phosphate release were measured using

phosphate-binding protein covalently labeled with N-[2-(1-
maleimidyl)ethyl]-7-(diethylamino)coumarin-3-carboxam-
ide (MDCC-PBP) (generously provided by Howard White,

Eastern Virginia University School of Medicine) (35). The flu-
orescence of MDCC-PBP, which increases severalfold in the
presence of inorganic phosphate (35, 36), was excited at 400
nm, and the emissionwasmeasured through a 425nm long pass
filter. Phosphate release was measured with a sequential mix
experiment in which 2 �M myosin III was mixed with 1.75 �M

ATP and aged for 5 s to allow myosin III to bind and hydrolyze
the ATP, and then the MIII�ADP�Pi complex was mixed with
actin (0–40 �M) (29, 36) (final concentrations after mixing 1.0
�M MIII, 0.875 �M ATP, 2.7 �M MDCC-PBP). All solutions
were preincubated with 7-methylguanosine (0.2 mM) and
purine nucleoside phosphorylase (0.2 units�ml�1) to remove
background phosphate.
Kinetic modeling and simulations were performed with

Pro-K software (Applied Photophysics) using the reaction
scheme, which has recently been used in kinetics studies of
myosin V, VI ,and VII (20, 28–30, 37–39) (see Scheme 1). In
Scheme 1,myosin, actin, and actomyosin are represented byM,
A, and AM, respectively. The rate and equilibrium constants
are labeled on the basis of the reaction proceeding from left to
right and those between the actin-associated and-dissociated
steps proceeding in the dissociated direction. The main flux of
the reaction pathway is shown in boldface. All concentrations
mentioned in the stopped-flow experiments are final concen-
trations unless stated otherwise.

RESULTS

Protein Expression and Purification—The expression yields
of human myosin IIIA 2IQ co-expressed with calmodulin
(MIII) in the baculovirus insect cell (Sf9) system were �0.5–1
mg/liter of Sf9 cells at a density of 2.0� 106 cells/ml. The purity
of MIII following anti-FLAG affinity chromatography was
�95% based on Coomassie-stained SDS-polyacrylamide gels
(Fig. 1). The stoichiometry of calmodulin to MIII in the final
purified product was determined to be two calmodulins per
myosin with densitometry analysis of SDS-polyacrylamide gels
(data not shown). All experiments were performed in KMg50
and in the presence of 10 �M calmodulin to ensure the IQ
domains of MIII had bound calmodulin.
Steady-state ATPase Activity—We examined the actin-acti-

vated ATPase activity of MIII using the NADH-coupled assay
in KMg50 buffer at 25 °C (Fig. 2A). The rate of ATPase activity
was plotted as a function of actin concentration and the data fit
to the Michaelis-Menten relationship. The maximum rate of
ATPase activity (kcat) was found to be 0.77 � 0.06 s�1, and the
actin concentration at which one-half-maximal activity was
achieved (KATPase) was found to be 34 � 11 �M.

FIGURE 1. SDS-PAGE of purified myosin III. Samples from each step of the
purification process are shown compared with the molecular weight marker
and actin. Lanes are as follows: lane 1, molecular weight markers; lane 3, cell
lysate ultracentrifuge pellet; lane 4, ultracentrifuge supernatant; lane 5, flow-
through from FLAG column; lane 6, wash from FLAG column; lane 7, elute
from FLAG column; lane 8, after final (NH4)2SO4 cut, lane 9) G-actin. CaM,
calmodulin.

SCHEME 1
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Single turnover experiments were performed with mant-
ATP, which enhances its fluorescence when bound to myo-
sin, to monitor the turnover rate of MIII in the presence and
absence of actin (data not shown). MIII (1.0 �M) was mixed
with 25 �Mmant-ATP, aged for 10 s, and thenmixed with 0.5
mM unlabeled ADP in the presence and absence of 20 �M
actin (final reaction conditions: 0.5 �M MIII, 12.5 �M mant-
ATP, 0.5 mM ADP, with and without 20 �M actin). The
decrease in mant fluorescence was monitored as a function
of time. The fluorescence transients were biexponential with
a fast phase of 16 � 1 s�1 and a slow phase of 0.11 � 0.01 s�1

(relative amplitudes � 0.62 and 0.38, respectively) in the
absence of actin, and a fast phase of 18 � 1 s�1 and slow
phase of 0.78 � 0.15 s�1 (relative amplitudes � 0.57 and

0.43, respectively) in the presence of actin. The fast phase
was modeled to be mant-ATP dissociation from the kinase
domain, determined from the direct binding experiments
described below (Fig. 4), whereas the slow phase was mod-
eled to be the rate of ATP turnover by themotor domain. The
slow phase of the fluorescence transient is in relatively good
agreement with the steady-state ATPase rate in the absence of
actin and the kcat in the presence of actin (Table 1).
Actin Affinity in the Presence of ATP—Actin co-sedimen-

tation assays were performed to determine the affinity of
MIII for actin in the presence of ATP and the ATP-regener-
ation system. The ADP concentration in the supernatant
following centrifugation at 25 °C was determined by NADH
absorbance as in the steady-state ATPase assay. The ADP
concentration was determined to be less than 10% of the
total nucleotide concentration. Fig. 2B demonstrates the
fraction of MIII bound to actin as a function of actin concen-
tration. The data were fit to a hyperbola to determine the
actin affinity in the presence of ATP (Kactin � 7.0 � 0.6 �M)
and amaximum fraction bound of 0.91� 0.1. In addition, the
data were compared with a simulation of the fraction of myo-
sin III bound to actin determined from the rate and equilib-
rium constants described below (Table 2).
Kinase Domain Activity—The rate of autophosphoryla-

tion in MIII was monitored by examining the time course of
phosphothreonine incorporation following the addition of
ATP using quantitative Western blotting and radiolabeled
ATP, [�-32P]ATP (see “Experimental Procedures”) (Fig. 3).
The phosphorylation time courses were found to have an
initial linear phase followed by saturation after 10–30 min
(Fig. 3A, single exponential fit, kobs � 0.46 � 0.07 min�1;
linear phase � 0.67 � 0.05 min�1). The rate of the initial
phase was linearly dependent on ATP concentration from
50–1000 �M ATP (Fig. 3B, 0.001 � 0.0001 �M�1�min�1).
Experiments were performed in parallel using [�-32P]ATP
(200 �M) to determine the number of moles of 32P incorpo-
rated intoMIII upon saturation (Fig. 3C).We found 2.2� 0.2
moles of phosphate were incorporated into each mole of
MIII during the course of the reaction. The results of these
experiments suggest the overall kinase autophosphorylation
reaction is quite slow (0.002 mol of Pi�mol of myosin�1�s�1 at
200 �M ATP), and phosphorylation of threonine is linearly
dependent on ATP concentration from 0 to 1000 �M ATP.

FIGURE 2. ATPase activity and actin binding affinity of myosin III.
A, steady-state ATPase rate was measured using the NADH coupled assay in
the presence of various concentrations of actin. The kcat and KATPase values
were determined by fitting the data to the Michaelis-Menten equation, and v0
is the ATPase activity in the absence of actin. B, the affinity of myosin III for
F-actin was measured with the actin co-sedimentation assay. Myosin III (0.9
�M) was equilibrated in the presence of various concentrations of actin, 2 mM

ATP, and the ATP-regeneration system and then pelleted at 25 °C. The frac-
tion of myosin III bound to actin was quantified by performing densitometry
on Coomassie-stained gels following SDS-PAGE. The plot of the fraction
bound (closed circles) as a function of actin concentration was fit to a hyper-
bola to determine the steady-state affinity for actin. The fraction bound was
also calculated with kinetic simulations (open squares) performed with the
described rate and equilibrium constants (Table 2). The error bars represent
the standard deviation from three separate experiments done with different
protein preparations.

TABLE 1
Steady-state parameters of the MIII motor ATPase cycle

Steady-state parameters Value
v0 (s)�1 a 0.07 � 0.03
v0 (s)�1 b 0.11 � 0.01
kcat (s)�1 c 0.77 � 0.08
kcat (s)�1 b 0.78 � 0.15
KATPase (�M)d 34 � 11
Kactin (�M)e 7.0 � 0.6

a Steady-state ATPase activity in the absence of actin measured with the NADH-
coupled assay.

b Single turnover measurement with mant-ATP.
c Maximum rate of actin-activated ATPase measured with the NADH-coupled
assay. The values for KATPase and kcat were determined from the fit of the data in
Fig. 2 to the following equation: (v0 � (kcat �actin	)/(KATPase � actin)).

d Actin concentration at which the actin-activated ATPase rate is one-half-maximal
from the NADH assay.

e Dissociation constant of myosin III for F-actin in the presence of ATP and ATP-
regeneration system, measured by actin co-sedimentation.
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The rate of autophosphorylation withmant-ATP (100 �M) as
a substrate was similar to that with ATP at the same concen-
tration (data not shown). However, the maximum level of
phosphorylation was reduced 2-fold with mant-ATP com-
pared with ATP. These results indicate that the mant fluoro-
phore reduces the affinity of the kinase domain for ATP but
does not alter autophosphorylation activity.
ATP Binding—To determine the kinetics of ATP binding to

myosin III, we used fluorescently labeled ATP (mant-ATP),
which was modeled with Reaction 1 (where mant-ATP* indi-
cates enhanced mant fluorescence) (Fig. 4).

M � mATP ¢O¡
K1

M
mATP� ¢O¡
K2

M � mATP*

AM � mATP ¢O¡
K1�

AM
mATP� ¢O¡
K2�

AM � mATP*

REACTION 1

FIGURE 3. Myosin III kinase activity. A, rate of autophosphorylation was
monitored by examining phosphothreonine content by Western blotting
with anti-phosphothreonine antibodies. Samples were incubated with ATP
and quenched with SDS loading buffer at specific time points after the addi-
tion of ATP. Densitometry was used to quantify the increase in phosphothreo-
nine as a function of time. The time course from an experiment with 565 �M

ATP is shown, and the data are fit to a single exponential function (kobs �
0.46 � 0.07 min�1 and linear phase � 0.67 � 0.05 min�1). Inset shows the
Western blotting results; each lane is labeled with the incubation time in
minutes. B, initial linear phase of the time course allowed us to determine the
autophosphorylation rate at each ATP concentration. The plot demonstrates
that autophosphorylation rate (min�1) is linearly dependent on ATP concen-
tration in the concentration range measured (linear fit � 0.0010 � 0.0001
�M

�1�min�1). C, the kinase activity was also measured with a similar experi-
ment, but using [�-32P]ATP (200 �M) to determine the total amount of phos-
phate incorporation at each time point. The amount of 32P incorporation as a
function of time was fit to a single exponential function (kobs � 0.082 � 0.02
min�1, linear phase � 0.16 � 0.03 min�1) to determine the maximum num-
ber of moles of 32P per mol of myosin III (2.2 � 0.2).

TABLE 2
Summary of rate and equilibrium constants in the myosin IIIA motor
ATPase cycle

ATP binding and hydrolysis
K1k�2 (�M�1�s�1)a 0.010 � 0.004
K1k�2 (�M�1�s�1)b 0.003 � 0.001
K3

c 9
K1�k�2� (�M�1�s�1)a 0.005 � 0.002
K1�k�2� (�M�1�s�1)b 0.043 � 0.010
K1�k�2� (�M�1�s�1)d 0.022 � 0.001
1/K1� (�M)d 11,144 � 2319
k�2� (s�1)d 246 � 38

ADP binding
k�5B (s�1)e 6.8 � 0.2
k�5B� (�M�1�s�1)e 1.0 � 0.1
1/K5B� (�M)e 6.8 � 0.4
k�5A� (s�1)e 0.60 � 0.10
k�5A� (s�1)f 0.97 � 0.03
k�5A� (s�1)f 0.54 � 0.08
K5A� f 1.8 � 0.3
k�5B� (s�1)f 9.84 � 0.25
k�5B� (�M�1�s�1)f 0.29 � 0.11
1/K5B�(�M)f 34 � 14
k�5A (s�1)f 1.00 � 0.24
k�5A (s�1)f 0.88 � 0.11
K 5A

f 1.1 � 0.3
k�5B (s�1)f 9.26 � 1.55
k�5B (�M�1� s�1) 0.31 � 0.09
1/K5B (�M)f 30 � 11

Pi release
k�4� (s�1)g 85 � 17
1/K9 (�M)g 44 � 15

Actin binding
k�6 (�M�1�s�1)h 11.4 � 0.4
k�6 (s�1)h 1.5 � 0.1
1/K6 (�M)h 0.13 � 0.01
1/K6 (�M)i 0.06 � 0.02
k�10B (�M�1�s�1)h 14.6 � 0.6
k�10B (s�1)h 1.2 � 0.1
1/K10B (�M)h 0.08 � 0.01
1/K10B (�M)i 0.06 � 0.03
1/K10A (�M)j 5.0

a mant-ATP fluorescence.
b ATP binding by competition with mant-ATP.
c Acid quench with ��-32P	ATP.
d ATP-induced dissociation was monitored by light scatter.
e ADP competition with ATP-induced dissociation was monitored by light scatter.
f mant-ADP fluorescence.
g Phosphate-binding protein.
h Pyrene actin fluorescence, association, and dissociation.
i Pyrene actin fluorescence, titration.
j Data were predicted from kinetic simulation.
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The rate of themant-ATP fluorescence increase as a function of
time was fit to a two-exponential function at each mant-ATP
concentration in the presence and absence of actin. The fast
and the slow phases of the fluorescence transients were both
linearly dependent onmant-ATP concentration. The fast phase
of the fluorescence transient was found to have a similar sec-
ond-order binding constant in the presence (1.6 � 0.2
�M�1�s�1) and absence of actin (1.5 � 0.2 �M�1�s�1) (Fig. 4A).
The slow phase of the fluorescence transient changed very little
in the mant-ATP concentration range measured, and thus it
was difficult to fit the data to a linear relationship. Nevertheless,
the linear fit of the data gave an estimate of the second-order
rate constants in the presence (K1�k�2� � 0.005 � 0.002
�M�1�s�1) and absence (K1k�2 � 0.010 � 0.004 �M�1�s�1) of
actin (Fig. 4B). The relative amplitudes of the fast and slowphases
in the absence and presence of actin (0.86, 0.14, 0.8, and 0.2,
respectively) were similar at all mant-ATP concentrations
measured. The data from the fast phase contain a y intercept
of �16 s�1, whereas the slow phase contains a much lower
intercept in the presence and absence of actin (0.40 � 0.02
and 0.26 � 0.03 s�1). By comparing these data with the ATP-
induced dissociation of actomyosin III experiments (Fig. 5)
and mant-ATP competition experiments (Fig. 4C) described
below, the slow phase was assigned to mant-ATP binding to
the motor and the fast phase was assigned to mant-ATP
binding to the kinase domain.
To determine the kinetics of unlabeled ATP binding tomyo-

sin and actomyosin III, we examined ATP binding by kinetic
competition with mant-ATP (Reaction 2) (Fig. 4C) (34, 38).

M � mATP ¢O¡
K1

M
mATP� ¢O¡
K2

M � mATP*
�

ATP
K1)
M(ATP)
K2)

M � ATP
REACTION 2

MIII or actomyosin III was mixed with 5 �M mant-ATP and
varying concentrations of ATP. The fluorescence transients
were biphasic with slow and fast phases that were linearly
dependent on ATP concentration. In the absence of actin, the

FIGURE 4. The rate of mant-ATP binding to myosin III (0.5 �M) and acto-
myosin III (0.5 �M MIII; 2 �M actin) monitored with mant-ATP fluores-
cence. The fluorescence transients were fit to a two-exponential function at
all mant-ATP concentrations. The relative amplitudes of the fast and slow
phases were similar at each mant-ATP concentration measured but slightly
different in the presence (amplitudes, fast � 0.80 and slow � 0.20) and
absence (amplitudes, fast � 0.86 and slow � 0.14) of actin. A, the fast phases
of the fluorescence transients were linearly dependent on mant-ATP concen-
tration in the presence (open circles) and absence (open squares) of actin and
were assigned to the kinase domain. The inset demonstrates the fast phase of

the fluorescence transient at 15 �M mant-ATP (kobs � 37.8 � 0.3 s�1). B, the
slow phases were also linearly dependent on mant-ATP concentrations in the
presence (closed circles) and absence (closed squares) of actin and were
assigned to the motor domain. The data were fit to a linear regression to
determine the second-order rate constant for mant-ATP binding to MIII in the
absence (K1k�2) and presence (K1�k�2�) of actin. The inset demonstrates the
slow phase of the fluorescence transient at 15 �M mant-ATP plotted on a log
scale (kobs � 0.43 � 0.3 s�1). C, the rate of ATP binding was also measured by
kinetic competition with mant-ATP (see “Results”). Myosin III (1 �M) or acto-
myosin III (1 �M MIII: 2 �M actin) was mixed with 5 �M mant-ATP and varying
concentrations of ATP. The fast (MIII, open squares; actomyosin III, open circles)
and slow phases (MIII, closed squares; actomyosin III, closed circles) both
increased linearly as a function of ATP concentration, which allowed us to
determine the second-order rate constant for ATP binding to the motor and
kinase domains (see Table 2). The inset shows the rate constants for the fast
phase of the fluorescence transient measured as a function of ATP
concentration.
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slow phase was fit to a second-order binding constant of
0.003 � 0.001 �M�1�s�1, whereas the fast phase was fit to a
second-order binding constant of 2.1 � 0.3 �M�1�s�1. In the
presence of actin, the second-order binding constant of the
slow phase was 10-fold faster than in the absence of actin
(0.042 � 0.01 �M�1�s�1), whereas the fast phase was similar
(1.5 � 0.1 �M�1�s�1). The slow phase for ATP binding in the
presence of actin was faster than that determined with mant-
ATP, indicating the mant fluorophore reduces the rate of ATP
binding in the presence of actin. The slow phase in the presence
of actin was similar to the second-order binding constant for
ATP binding to the motor domain as determined with pyrene
actin and light scatter (Fig. 5).
We examined the rate of ATP binding specifically to the

motor domain using pyrene-labeled actin, which allowed us to
assign the two phases from the previous ATP binding experi-
ments to the motor and kinase domains. Strongly bound myo-
sin quenches pyrene actin, and upon ATP binding the fluores-
cence recovers because of population of the weakly bound
states of myosin. The ATP-induced rate of formation of weakly
bound actomyosin III (0.5 �M) was monitored as shown in
Reaction 3, where A* indicates unquenched pyrene actin fluo-
rescence (Fig. 5A).

AM � ATP ¢O¡
K1�

AM
ATP� ¢O¡
K2�

A*M � ATP ¢O¡
K8�

A* � M � ATP

REACTION 3

The linear fit of the ATP binding rates as a function of ATP
concentration (in the concentration range of 0–2000 �M
ATP) was used to determine the second-order rate constant
for ATP binding (K1�k�2�). The second-order rate constant
for ATP binding to MIII was found to be �6-fold faster
(K1�k�2� � 0.034 � 0.003 �M�1�s�1) than the slow phase
observed with mant-ATP and similar to that measured with
the mant-ATP competition experiment (Fig. 4C). However,
ATP binding was nearly 100-fold slower than the fast phase of
that measured with mant-ATP. Thus, the slow phase from the
mant-ATP binding experiments was assigned to the motor
domain, and the fast phase was assigned to the kinase domain.
The hyperbolic fit of the data allowed us to determine the equi-
librium constant (1/K1� � 7500 � 1800 �M), as well as the
maximum rate of ATP binding (k�2� � 259� 44 s�1) to pyrene
actomyosin III.
Similar experiments were performed with unlabeled F-ac-

tin by using the light scatter signal to monitor ATP-induced
dissociation of actomyosin III. The second-order rate con-
stant for ATP binding to actomyosin III was found to be
slightly slower than that measured with pyrene actin
(K1�k�2� � 0.022 � 0.001 �M�1�s�1). The equilibrium con-
stant for ATP binding to actomyosin III was weaker than that
measured with pyrene actin (1/K1� � 11,144 � 2319 �M).
Finally, the maximum rate of ATP-induced dissociation was
similar (k�2� � 246 � 38 s�1) to that measured with pyrene
actin. The amplitudes of the light scatter transients were
plotted as a function of ATP concentration, which allowed us
to determine the apparent affinity of actomyosin III for ATP
(Kd � 19.5 � 3.4 �M) (Fig. 5B). The apparent affinity can be
modeled with the equation Kd � K1�k�2�/k�2�, which
assumes the initial interaction is a rapid equilibrium (K1�)
that is followed by an isomerization step (K2�). These results
suggest that the rate of the isomerization from the weakly
bound to the strongly bound conformation (K2�) limits the
overall rate of ATP-induced dissociation of myosin III from
actin. Based on the ATP binding rates that pass relatively
close to the origin and the slow rate of the reverse isomer-
ization step estimated from the above equation (k�2� � 0.001
s�1), we conclude that ATP binding to the motor domain is
essentially irreversible.
ATP Hydrolysis—The equilibrium constant for ATP hydrol-

ysis was determined by acid quench experiments with

FIGURE 5. The rate of ATP binding to 0.5 �M actomyosin III monitored by
pyrene actin (open circles) fluorescence or light scattering (open
squares). A, rate of ATP binding was found to be hyperbolically dependent on
ATP concentration for both the pyrene actin and light scatter signals. The data
were fit to a hyperbola to determine the second-order rate constant (K1�k�2�),
equilibrium constant (K1�), and maximum rate (k�2�) for ATP binding. Inset is
the rates of binding measured at low ATP concentrations (0 – 400 �M). B, light
scatter signal decreased upon ATP binding, and the amplitude of the
decrease was plotted as a function of ATP concentration. A hyperbolic fit of
the amplitude data was used to determine the apparent affinity of actomyo-
sin III for ATP (19.5 � 3.4 �M). The inset shows the light scatter transients and
the single exponential fits of the data from two different ATP concentrations
as follows: (a) 250 �M ATP (kobs � 21.1 � 0.2 s�1; (b) 3000 �M ATP (kobs �
50.8 � 0.5 s�1).
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[�-32P]ATP (see “Experimental Procedures”) (Fig. 6). After
mixing 25 �M [�-32P]ATP with 0.9 �M MIII, the reaction was
quenched at time points from 1 to 20 s. The amount of ATP
hydrolyzed per myosin was plotted as a function of time in Fig.
6. The data fit well to a single exponential function with a rate
constant of 0.10 � 0.01 s�1 and a maximum of 0.89 � 0.06 mol
of Pi per mol of MIII. This rate constant is similar to the rate of
ATP binding to the motor domain expected at 25 �M ATP,
which suggests the reaction is limited by ATP binding to the
motor domain. ATP hydrolysis by the kinase domain may be
much slower so that it fails to contribute to the reaction under
these conditions. The maximum amount of ATP hydrolyzed
per myosin (burst) was used to estimate the equilibrium con-
stant for ATP hydrolysis (K3 � 9) using the following equation:
burst � K3/(1 � K3).
Binding to Pyrene Actin Filaments—We examined the bind-

ing ofMIII to pyrene actin filaments in the strong binding states
(ADP and nucleotide-free) with a fluorescence titration exper-
iment. Wemeasured the degree of quenching of 0.1 �M pyrene
actin with varying concentrations of myosin III to determine
the actin binding affinity in the presence and absence of ADP.
The amplitudes of the fluorescence decrease were plotted as a
function ofMIII concentration and fit to the quadratic equation
to determine the dissociation constant for binding to actin in
the presence (1/K10 � 0.06 � 0.03 �M) and absence of ADP
(1/K6 � 0.06� 0.02�M). The degree of pyrene actin quenching
was lower in the presence of ADP compared with nucleotide-
free conditions (29 � 2 and 39 � 2%, respectively).

We also examined the binding of myosin III to pyrene actin
filaments by examining the rates of association and dissociation
in the presence of ADP and absence of nucleotide (Reaction 4)
(Fig. 7).

A* � M ¢O¡
K6

AM

A* � M � ADP ¢O¡
K10

AM � ADP

REACTION 4

The association rates were determined by mixing MIII with
varying concentrations of pyrene actin (at least 5-fold excess of
MIII). In the absence of nucleotide the transients were fit to a
single exponential function at each actin concentration meas-

FIGURE 6. The equilibrium constant for ATP hydrolysis determined by
acid quench experiments. Myosin III (0.9 �M) was mixed with [�-32P]ATP (25
�M) and allowed to age for specific time points (1–20 s) before manually
quenching the reaction with acid. The amount of 32P and thus the amount of
ATP hydrolyzed was determined as described under “Experimental Proce-
dures.” The data were fit to an exponential function with a rate constant of
0.10 � 0.01 s�1 and a burst of 0.89 � 0.06 �M Pi per �M myosin III. The value of
0.1 s�1 is similar to the rate of ATP binding to the motor domain at 25 �M ATP
suggesting the reaction was essentially limited by ATP binding to the motor
domain.

FIGURE 7. Binding of myosin III to pyrene actin filaments. A, pyrene fluo-
rescence quenching upon mixing myosin III with 5–10-fold excess pyrene
actin was fit to a single exponential function at each pyrene actin concentra-
tion in the absence of nucleotide (closed circles) and a two-exponential func-
tion in the presence of ADP (open squares). The rate of pyrene actin fluores-
cence quenching in the absence of nucleotide and the fast phase in the
presence of ADP were linearly dependent on pyrene actin concentration.
Inset, the rate of dissociation of myosin III from pyrene actin was determined
by mixing 0.25 �M pyrene actomyosin III with 40-fold molar excess unlabeled
actin filaments in the presence (trace a, kobs � 1.4 � 0.3 and 0.18 � 0.02 s�1)
and absence (trace b, kobs � 1.5 � 0.1 s�1) of 1 mM ADP. B, time courses of the
fluorescence decrease upon binding pyrene actin to myosin III and the fit of
the data: trace a, 0.4 �M MIII and 2 �M pyrene actin (kobs � 24.2 � 0.89 s�1);
trace b, 0.4 �M MIII and 2.0 �M pyrene actin and 1 mM ADP (kobs � 21.5 � 1.3
and 0.40 � 0.03 s�1; amplitudes � 0.6 and 0.4, respectively).
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ured. The association rates were fit to a two-exponential func-
tion in the presence of ADP, a slow phase that was independent
of actin concentration in the concentration range measured
(kobs � 0.2–0.4 s�1) and a fast phase that was dependent on
actin concentration (relative amplitudes, slow � 0.44 and
fast � 0.56). The rate of the fast phase of myosin III binding to
actin was similar in the presence of ADP (k�10 � 14.6 � 0.6
�M�1�s�1) compared with the rate of binding in the absence of
nucleotide (k�6 � 11.4 � 0.6 �M�1�s�1). The rate of dissocia-
tion from actinwasmonitored bymixing pyrene actomyosin III
with excess unlabeled actin filaments. The dissociation rates
were fit to a single exponential function in the absence of ADP
(k�6 � 1.5 � 0.1 s�1, respectively) and double exponential
function in the presence of ADP (k�10 � 1.4 � 0.3 s�1 and
0.18 � 0.02; relative amplitudes, 0.35 and 0.65, respectively).
Thus, the affinity ofmyosin III for pyrene actin, calculated from
the dissociation and association rate constants, was found to be
similar in the presence and absence of ADP (1/K6 � 0.13� 0.01
�M and 1/K10 � 0.08 � 0.01 �M), which is in fairly good agree-
ment with the titration experiments.
ADP Binding to and Dissociation from Myosin and Actomy-

osin III—The rate of ADP binding to myosin III (0.5 �M) and
actomyosin III (0.5 �M MIII; 2.5 �M actin) was monitored with
mant-ADP (Reaction 5) (Fig. 8).

M � mADP ¢O¡
K5B

M � mADP* ¢O¡
K5A

M � mADP�*

AM � mADP ¢O¡
K5B�

AM � mADP* ¢O¡
K5A�

AM � mADP�*

REACTION 5

Therewas a triphasic transient observed uponmant-ADPbind-
ing to myosin or actomyosin III (Fig. 8A). In the presence and
absence of actin, the fast and intermediate phases were depend-
ent on mant-ADP concentrations (Fig. 8, A and B). The data
weremodeled as a single step binding to the kinase domain and
a two-step binding to the motor domain, in which the mant-
ADP fluorescence was sensitive to both states (see rationale
below). In the absence of actin the linear dependence of fast and
intermediate phases onmant-ADP concentration allowed us to
determine the second-order binding constants for each phase
(fast phase � 3.5 � 0.7 �M�1�s�1, intercept of 102 � 10 s�1,
intermediate phase � 0.31 � 0.09 �M�1�s�1 with an intercept
of 12.5 � 1.3 s�1). In the presence of actin, the two phases were

FIGURE 8. Mant-ADP binding to myosin III and actomyosin III. The rate
of mant-ADP binding was measured by monitoring the fluorescence en-
hancement of mant-ADP upon binding to myosin (0.5 �M) or actomyosin III
(0.5 �M MIII and 2.5 �M actin). The fluorescence transients were triphasic at each
mant-ADP concentration. A, fast phase was linearly dependent on mant-ADP
concentrations and similar in the presence (closed triangles) and absence
(open triangles) of actin. Inset, transient from mixing 0.5 �M myosin III with 20
�M mant-ADP with the first 500 ms shown as well as the full 10 s. Trace was
plotted on a log time scale (kobs � 189 � 4, 16.5 � 0.4, and 0.53 � 0.02 s�1,
amplitudes � 0.66. 0.26, 0.08, respectively). B, the rate of the intermediate

phase was also dependent on mant-ADP concentration and similar in the
presence (closed circles) and absence (open squares) of actin. The inset shows
the slow phase that was independent of mant-ADP concentration and
slightly lower in the presence (closed squares) compared with the absence
(open circles) of actin. C, rate of dissociation of mant-ADP from myosin III and
actomyosin III was monitored by mixing myosin III (0.5 �M) or actomyosin III
(0.5 �M MIII, 2.5 �M actin) in the presence of 12.5 �M mant-ADP with 5 mM ATP.
The fluorescence transients of actomyosin and myosin III were fit to a triex-
ponential function. The fluorescence transients are shown on a log time scale.
The inset shows the first 500 ms of the trace on a linear scale (myosin III, trace
a, kobs � 92 � 3, 10.2 � 1.6, and 0.91 � 0.08 s�1; amplitudes � 0.78, 0.11, and
0.11, respectively. Actomyosin III, trace b, kobs � 136 � 2, 10.4 � 0.2, and
0.92 � 0.03 s�1; amplitudes � 0.67, 0.23, and 0.10, respectively).
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similarly dependent on mant-ADP concentrations (fast
phase � 3.9 � 1.4 �M�1�s�1, intercept of 100 � 20 s�1, inter-
mediate phase � 0.35 � 0.16 �M�1�s�1, intercept of 9.3 � 1.7
s�1). The slow phase in the absence and presence of actin was
independent of mant-ADP concentration in the concentration
range measured (0.88 � 0.12 and 0.54 � 0.08 s�1, respectively)
(Fig. 8B, inset). The amplitudes of each of the fast, intermediate,
and slow phases were similar at each mant-ADP concentration
in the absence (relative amplitudes � 0.63, 0.25, and 0.12) and
presence (relative amplitudes � 0.60, 0.29, and 0.11) of actin.
The rate of mant-ADP release from myosin III and actomy-

osin III was determined bymixing actomyosin (0.5�MMIII; 2.5
�M actin) or myosin III (0.5 �M) in the presence of 12.5 �M
mant-ADP with 5 mM ATP (Fig. 8C). The rate of mant-ADP
release from myosin III and actomyosin III was also triphasic.
The fast and intermediate phases in the absence (92 � 3 and
10.1 � 1.6) and presence (136 � 2 and 10.4 � 0.2) of actin
were fairly consistent with the y intercept determined from
the direct binding experiments described above. The slow
phase was found to be similar in the absence (0.91 � 0.08
s�1) and presence (0.92 � 0.03 s�1) of actin. The relative
amplitudes of the fast, intermediate, and slow phases were
slightly different in the absence (0.78, 0.11, and 0.11) and
presence of actin (0.67, 0.23, and 0.10). The intermediate and
slow mant-ADP release rates in the presence of actin are in
reasonably good agreement with the release of unlabeled
ADP from actomyosin III measured with light scatter (Fig.
9). Thus, the intermediate and slow phases were modeled to
be ADP binding to and release from the motor domain, and
the fast phase was modeled to be ADP binding to and release
from the kinase domain.
We analyzed the two-step mant-ADP binding to the motor

domain of myosin and actomyosin III with equations outlined in
HennandDeLaCruz (37).Thismodel incorporates themeasured
slow and fast phases for mant-ADP binding and dissociation as
well as the amplitudes of the each of these phases to determine the
rate constants and equilibriumconstants for the two-step process.
The overall affinity for mant-ADP can also be determined. Our
data fit reasonablywell to this kineticmodel,with a fewexceptions
(see below), and the determined rate and equilibrium constants
are shown inTable 2.The calculateddissociation constants for the
overall affinity for mant-ADP were quite similar in the presence
and absence of actin (Kd (overall) � and 22 � 7 and 14 � 7 �M,
respectively). The rates of associationof the slowphase are slightly
reduced (Fig. 8B, inset; and 0.4–0.6 and 0.7–1.0 s�1 in the pres-

FIGURE 9. ADP binding to and dissociation from actomyosin III. A, 0.5
�M actomyosin III in the presence of varying concentrations of ADP was
mixed with 5 mM ATP. The fast phase was equivalent to the rate of ATP-
induced dissociation in the absence of nucleotide, and the two slower
phases were modeled to be the rate of ADP release prior to ATP binding.
The intermediate and slow phases were found to be 5–10 and 0.5–2 s�1,
respectively, whereas the fast phase was 40 –70 s�1 at each ADP concen-
tration. The amplitude of the intermediate phase (open squares) increased

as a function of ADP concentration, whereas the amplitude of the fast phase
(closed circles) decreased. The dependence of the amplitude of the fast/inter-
mediate phases were fit to a hyperbola to determine the dissociation con-
stant for ADP binding to the myosin III motor domain (1/K5B� � 6.7 � 0.5 �M).
The amplitude of slow phase (open triangles) was �10% of the overall signal.
B, three-phase fluorescence transient was observed upon mixing 0.5 �M acto-
myosin in the presence of 1.25 �M ADP (bottom trace, kobs � 35.56 � 1.0, 6.2 �
2.0, and 0.9 � 0.1 s�1) or 5 �M ADP (top trace, kobs � 48.83 � 0.5, 4.5 � 0.1, and
0.36 � 0.08 s�1) with 5 mM ATP. The inset shows the 5 �M ADP trace on a log
scale. C, ADP release was measured as described above, but at a higher actin
concentration to populate the AM�ADP� state. The light scatter transient of
actomyosin III (0.5 �M MIII, 2.5 �M actin) was best fit to a three-exponential
function in the presence of 25 �M ADP and 5 mM ATP (kobs � 40 � 9, 5.4 � 0.5,
0.6 � 0.1 s�1; relative amplitudes � 0.12, 0.57. 0.31, respectively). Inset shows
the entire 10-s trace plotted on a log scale.
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ence and absence of actin, respectively) compared with what is
expected from themodel (1.0–1.2 and 1.1–1.4 s�1 in the presence
and absence of actin, respectively). The ratio of the amplitudes of
the slow and intermediate phases for mant-ADP dissociation
are in good agreement with the determined equilibrium con-
stant (K5A) for the transition between the two proposed ADP
states in the presence and absence of actin (K5A� � 1.8, disso-
ciation amplitude ratio (slow phase/intermediate phase) �2.4;
K5A � 1.1, dissociation amplitude ratio �1.0). However, the
amplitudes from the mant-ADP association experiments are
slightly different from what is expected from the two-state
model in the presence and absence of actin (association ampli-
tude ratio �2.7 and �2.2, respectively).
We also examined the rate of ADP release from actomyosin

III by performing ATP-induced dissociation experiments with
0.5�Mactomyosin III in the presence of varying concentrations
of ADP (Reaction 6) (Fig. 9, A and B).

AM � ATP ¢O¡
K1�

AM
ATP� ¢O¡
K2�

AM � ATP ¢O¡
K8�

AM � ATP

�

ADP
K5B�)
AM � ADP
K5A�)
AM � ADP�

REACTION 6

The light scatter transients contained three phases as follows: a
fast phase equivalent to the rate of ATP-induced dissociation
(30–70 s�1), an intermediate phase (5–10 s�1), and a slower
phase (0.5–2.0 s�1) that was a small percentage (5–10%) of the
overall amplitude. The amplitudes of the fast and intermediate
phases were dependent on ADP concentration. The plot of the
relative amplitudes as a function of ADP concentration fit well
to the hyperbolic curve, with an ADP affinity of 6.8 � 0.4 �M
(Fig. 9A). A similar analysis was performed with pyrene actin,
but the ADP affinity was found to be �36 �M (data not shown).
We propose that the slow phase monitors the transition out of
the AM�ADP� state, but because this state may have a relatively
low affinity for actin (Kd � 5 �M), the amplitude of this phase
was quite small (see Fig. 9C for experiments at a higher concen-
tration of actin). Our analysis of the intermediate phase likely
measures the interaction of ADP with actomyosin (K5B�) and
refers to the ADP affinity of the AM�ADP� state.
We alsomeasured the rate of ADP release as described above

but in the presence of 2.5 �M actin (Fig. 9C). The light scatter
transients were best fit to three exponentials with two of the
phases similar to that described above (kobs� 40� 10 and 5.4�
0.5 s�1) and the slow phase similar to the kcat and slow phase of
mant-ADP dissociation (kobs � 0.6 � 0.1 s�1). The relative
amplitudes of the slow and intermediate phases were similar to
the mant-ADP release amplitudes of these phases in the pres-
ence of actin (0.65 for the 5.4 s�1 phase and 0.35 for the 0.6 s�1

phase). Similar results were obtained by monitoring pyrene
actin (5 �M pyrene actin, 0.5 �M MIII) fluorescence (kobs �
67.5 � 11, 5.3 � 0.4, and 0.52 � 0.12, relative amplitudes of the

two slower phases 0.67 and 0.33, respectively) (data not shown).
Phosphate Release—We examined the rate of actin-activated

phosphate release using a sequential mix experiment described
under “Experimental Procedures” (Reaction 7) (Fig. 10).

M � ADP � Pi � A ¢O¡
K9

A*M � ADP � Pi ¢O¡
K4�

AM � ADP � Pi ¢O¡
K5�

AM � ADP

REACTION 7

FIGURE 10. Phosphate release from myosin III and actomyosin III. The rate
of phosphate release was monitored by mixing 2 �M MIII with 1.75 �M ATP,
aging the reaction for 5 s, and then mixing with phosphate-binding protein in
the presence and absence of actin. A, rate of the phosphate burst was
dependent on actin concentration (closed triangles). The hyperbolic fit of the
data demonstrates a maximum rate of phosphate release of 85 � 17 s�1 and
an affinity for actin in the ADP�Pi state (1/K9) of 44 � 15 �M. The rate of pyrene
actin quenching in the ADP�Pi state (open circles) was similar to the rate of
phosphate release. MIII was mixed with 50 �M ATP, aged for 10 s, and then
mixed with at least a 5-fold excess pyrene actin (inset, pyrene actin fluores-
cence transient with a kobs � 9.6 � 0.3 s�1; final conditions: 0.75 �M MIII, 25 �M

ATP, and 5 �M pyrene actin). B, fluorescence transients of phosphate release
in the presence and absence of actin. In the absence of actin, no phosphate
burst was observed, and the linear transient was fit to the steady-state rate. In
the presence of actin there was a burst phase followed by a linear phase. The
data were fit to a single exponential function with a steady-state to determine
the rate of phosphate release at each actin concentration. Final reaction con-
ditions were as follows: 1 �M MIII, 0.85 �M ATP, 2.65 �M phosphate-binding
protein, and 0 �M actin (transient a), 2.5 �M actin (transient b, kobs(burst) �
6.3 � 0.2 s�1), and 5 �M actin (transient c, kobs(burst) � 9.7 � 0.3 s�1).

Kinetic Mechanism of Myosin III

226 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 282 • NUMBER 1 • JANUARY 5, 2007

 at K
A

N
A

Z
A

W
A

 U
N

IV
 on M

arch 17, 2007 
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org


The rate of phosphate release in the presence and absence of
actin was determined by mixing 2 �M myosin III with 1.75 �M
ATP, allowing the reaction to age for 5 s, and then mixing with
phosphate-binding protein and various concentrations of actin
(0–40�M). A standard curvewith inorganic phosphate allowed
us to determine the concentration of phosphate release during
the reaction. Because ATP binding is slow and the equilibrium
constant for hydrolysis is high in myosin III, we calculated that
�0.05 �M myosin III would be in the ADP�Pi state after the
aging time, and the remainder would be in the nucleotide-free
and myosin ATP states. In the absence of actin there was no
phosphate burst observed, and a linear fit of the transient was
found to be similar to the steady-state ATPase rate expected at
this ATP concentration (0.005 mol of Pi�mol of myosin�1�s�1).
In the presence of actin, a burst was seen followed by a linear
phase (Fig. 10B). The burst rate was plotted as a function of
actin concentration and fit to a hyperbolic relationship, to
determine the maximum rate of phosphate releases (k�4� �
85 � 17 s�1) and affinity for actin in the ADP�Pi state (1/K9 �
44� 15�M) (Fig. 10A). It is possible to fit the phosphate release
rates to a linear function in the actin concentration rangemeas-
ured. However, the results would not dramatically affect the
conclusion that phosphate release is rapid and the affinity for
actin in the ADP�Pi state is weak (k�4� � 85 � 17 s�1 and
1/K9 � 44 � 15 �M). The amplitude of the burst phase corre-
sponded to a phosphate burst of 0.05 �M Pi at 40 �M actin,
which was in good agreement with our expectations based on
the predicted amount of myosin III in the ADP�Pi state at the
end of the 5-s age time. The linear phase was also in good agree-
ment with the steady-state ATPase rate at 0.875 �M ATP.
Weak-to-Strong Transition—We examined the rate of for-

mation of the strongly bound actomyosin III complex using
pyrene-labeled actin.MIII wasmixedwith 50�MATP, aged for
10 s, and mixed with varying concentrations of pyrene actin (at
least 5-fold greater than the MIII concentration). The fluores-
cence decrease followed a single exponential and was depend-
ent on actin concentration (Fig. 10A, inset). The rate of pyrene
fluorescence quenching was plotted as a function of actin con-
centration and compared with the phosphate release data (Fig.
10A). The comparison demonstrates that the rate of pyrene
fluorescence quenchingwas nearly identical to the rate of phos-
phate release at each actin concentration measured (1.25, 2.5,
and 5 �M actin).

DISCUSSION

Catalytic Cycle of the Myosin III Kinase Domain—The
overall rate of the kinase autophosphorylation reaction was
quite slow compared with the motor ATPase cycle (0.002 s�1

in the presence of 200 �M ATP; Fig. 3C). Interestingly, the
rate of autophosphorylation, measured by phosphothreo-
nine incorporation, was linearly dependent on ATP concen-
trations up to 1 mM ATP. Thus, a step in the kinase reaction
that is dependent on ATP binding may be rate-limiting at
physiological ATP concentrations. Direct binding experi-
ments with mant-ATP indicate that ATP binding to the
kinase domain is much faster than ATP binding to the motor
domain. If the motor domain adopts a conformation in the
presence of ATP that favors phosphorylation, ATP binding

to the motor domain could limit the rate of autophosphoryl-
ation. The slow steady-state ATPase rate of the kinase domain
indicates the myosin III kinase domain does not turn over rap-
idly without phosphorylating its substrate, as observed in some
PAK1 kinases (24). The mant-ADP release experiments dem-
onstrate ADP release from the kinase domain is rapid and not
likely to be rate-limiting. The experiments with mant-ATP and
mant-ADP suggest the kinase domain has a 2-fold higher affin-
ity for ATP compared with ADP (Kd � 10 and �20 �M, respec-
tively), and thus ADP is not likely to inhibit ATP binding under
physiological conditions (mM ATP and �M ADP). The relative
affinities for ATP and ADP may be altered by the mant fluoro-
phore. Indeed, the reduced autophosphorylation levels with
mant-ATP indicate mant-ATP binds weaker than ATP. Fur-
ther detailed analysis of the kinetics of the kinase domain reac-
tion cycle will be evaluated in future studies.
Our kinase autophosphorylation experiments demonstrate

that �2 mol of phosphate are incorporated into myosin III
when autophosophorylation is complete, which is similar to the
results of Komaba et al. (19). Komaba et al. (19) suggest that
both threonine and serine residues are phosphorylated inmyo-
sin III, so there may be one phosphoserine and one phospho-
threonine in the motor domain. Also, because the Western
blotting and radioactivity measurements can only detect an
increase in phosphorylation, we have not addressed the possi-
bility of myosin III becoming phosphorylated during the
expression and purification process. Interestingly, the rate of
phosphothreonine incorporation measured by Western blot-
ting was �2-fold faster than the rate of total phosphorylation
measured by radioactivity. Thus, the kinase domain may phos-
phorylate threonine more rapidly than serine in myosin III. A
more detailed study will determine the exact number, location,
and rate of phosphorylation of the phosphorylatable serine and
threonine residues.
It is intriguing to speculate that kinase autophosphorylation

regulates the motor activity of myosin III. Komaba et al. (19)
suggest the myosin III motor is not regulated by autophospho-
rylation. However, a fish myosin IIIA construct lacking the
N-terminal kinase domain moved more efficiently than wild-
type myosin III to the tips of filopodia in HeLa cells (40). In
addition, the human and fish myosin III construct lacking the
kinase domain localized more efficiently to the tips of hair cell
stereocilia (41). Future studies will evaluate the possibility of
kinase-dependent regulation of the motor, by examining the
kinetics of a kinase deleted and/or inactivated construct.
General Properties of the Myosin III Motor ATPase Cycle—

We were able to measure most of the rate and equilibrium
constants in myosin III motor domain ATPase cycle. The
kinase domain activity was well separated from the motor
activity in both the steady-state and transient kinetic exper-
iments. The myosin III motor has a slow maximum rate of
actin-activated ATPase (kcat � 0.77 � 0.08 s�1) and rela-
tively high KATPase (34 � 11 �M) compared with processive
myosins such as myosin V and VI (20, 38), suggesting myosin
III has a low duty ratio. However, actin co-sedimentation
assays demonstrate myosin III has a relatively high steady-state
affinity for actin (Kactin � 7 �M), which suggests it is a high to
intermediate duty ratio motor. We found that myosin III has a
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fast rate of actin-activated phosphate release (k4� � 85 � 17
s�1). Also, ADP releasemeasured byATP-induced dissociation
in the presence of ADPwas biphasic (k�5A� � 0.6� 0.1 s�1 and
k�5B� � 6.8 � 0.2 s�1). We propose that the rate-limiting step
in themyosin III ATPase cycle is a transition between two acto-
myosin-ADP states (K5A�). We also propose the predominant
steady-state intermediate in the myosin III ATPase cycle is a
unique actomyosin-ADP state that has an affinity for actin in
the micromolar range (Kd � 5 �M), instead of the usual nano-
molar range of most myosin motors. The slow transition
between actomyosin-ADP states that limits the overall reaction
of the myosin III ATPase cycle may allow myosin III to stay
associated with the actin bundles, such as are present in the
calycal processes of the photoreceptors and stereocilia of the
inner ear hair cells.
Structural Basis for Slow ATP Binding to the Motor Domain—

Myosin III has a very slow rate of ATP binding both in the
presence and absence of actin. The rate of binding is similar to
that of myosin VI (38–39, 42). The reduction in ATP binding
could be a result of a reduction in the initial interaction between
ATP and myosin (K1) or the isomerization step (K2) to form a
tight stereospecific interaction with ATP. The isomerization
step was determined from the maximum rate of the hyperbolic
fit of the ATP-induced dissociation data (Fig. 5A). However,
because the data are close to being linearly dependent on ATP
concentration, there is some uncertainty in the maximum rate
(k�2�). Nevertheless, the hyperbolic fit of the ATP-induced dis-
sociation data suggests thatK1� is themain step altered inmyo-
sin III, whereas K2� is reduced 4-fold, compared with other
myosin isoforms that have fast ATP binding. Indeed,myosin VI
also has a reduced K1� and K2� compared with other myosin
isoforms (38–39, 42). The structural basis for slow ATP bind-
ing in myosin VI is linked to an insert in the upper 50-kDa
domain (42). This insert appears to interact with and alter the
dynamics of switch I, one of the nucleotide-binding elements
in myosin. Sequence alignments with myosin VI indicate
that myosin III also has a sequence that is divergent from
other myosins in this region suggesting a similar structural
mechanism may be responsible for the reduced rate of ATP
binding. In addition, a recent paper (43) suggested amino
acid sequence differences in this same region may account
for the 5-fold reduced ATP binding rate observed in myosin
Vb compared with myosin Va. Overall, differences in this
region may result in the variability in ATP binding through-
out the myosin superfamily.
Another possible structural mechanism for slow ATP bind-

ing to the myosin III motor is that the presence of the kinase
domain may sterically interfere with nucleotide binding to the
motor. The kinase domain is located at the N terminus, which
may be in close enough proximity to the active site to interfere
with ATP binding. It is possible that myosin III exists in two or
more conformations, of which one has a reduced ATP binding
rate. We did not obtain evidence for more than one conforma-
tion of myosin or actomyosin III from our mant-ATP binding
and ATP-induced dissociation experiments. However, the rate
of ATP binding was enhanced �10-fold in presence of actin
(Fig. 4C), suggesting actin binding induces a conformation that
is more favorable for ATP binding. Further studies will investi-

gate the structural mechanism of slow ATP binding and deter-
mine its physiological role in the cell.
Myosin III Motor ATPase Cycle in the Absence of Actin—The

rate-limiting step in themyosin III ATPase cycle in the absence
of actin is likely phosphate release as is the case for most of the
myosins that have been kinetically characterized (8). Although
we did not directly measure the rate of ATP hydrolysis, we
found that the equilibrium constant for ATP hydrolysis is quite
high (K3 � 9). Kinetic simulations suggest the rate of ATP
hydrolysis must be at least 0.5 s�1 to account for the ATP
hydrolysis data (calculated at 25�MATP,K1k�2� 0.1 s�1,K3�
9, and k�4 � 0.07 s�1). ADP release (1.0 � 0.2 s�1) is nearly
10-fold faster than the steady-state rate. This suggests that the
predominant steady-state intermediate is the myosin ADP�Pi
state because although ATP binding is slow, hydrolysis is
favored and phosphate release is rate-limiting. Thus, actin
binding is required to activate the phosphate release step and
the catalytic cycle ofmyosin III, as is the case withmanymyosin
motors that have been kinetically characterized to date (2, 7, 8).
Myosin III Motor ATPase Cycle in the Presence of Actin—In

contrast to the absence of actin, phosphate release is not
rate-limiting in the presence of actin. In fact, phosphate
release is quite rapid in the presence of actin and similar to
that of other high duty ratio myosins (k4� � 85 � 17) (20, 37,
39). The slow phase from the mant-ADP release (k��5A �
0.97 � 0.02 s�1) and ADP release (k��5A � 0.6 � 0.1 s�1)
experiments were similar to the maximum steady-state
ATPase rate (kcat � 0.77 � 0.08). Our results indicate there
are two different actomyosin-ADP states, and the transition
between those states is slow and rate-limiting. Other myo-
sins have been shown to have a rate-limiting transition
between actomyosin-ADP states (37, 44). Our results dem-
onstrate the first actomyosin-ADP state (AM�ADP�) imme-
diately following phosphate release is more populated at
higher actin concentrations, which is consistent with this
state containing an intermediate affinity for actin. This
intermediate actin affinity state was not seen in the steady-
state pyrene actin titration experiments, which indicates the
AM�ADP� state that contains 50-fold higher actin affinity
dominated in these experiments. Two phases were seen
when we examined the direct binding of myosin III to pyrene
actin in the presence of ADP, providing additional evidence
for twomyosin�ADP states. Themant-ADP experiments also
provide evidence for two myosin�ADP states and allowed us
to determine the equilibrium between the two myosin�ADP
states (see discussion below and Scheme 2).
The KATPase can be calculated from the following rate and

equilibrium constants in myosins with rate-limiting ADP-
release (20, 45): KATPase � k5�/{(k4�/1/K9) [K3/(K3 � 1)]}.
Assuming that ADP release is the rate-limiting step in myo-
sin III, the calculated KATPase would be 0.44 �M actin, which
is �100-fold lower than the measured KATPase (34 � 11 �M).
Because the AM�ADP� state has a weaker than normal affin-
ity for actin (K10A � 5 �M), this equation does not fit well to
our ATPase data. However, kinetic simulations using the
measured rate and equilibrium constants and including two
ADP states, with the AM�ADP� state exhibiting a 5 �M affin-
ity for actin, fit the steady-state actin binding data quite well
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(Fig. 2B). The duty ratio can be calculated using the assumption
that it is equal to the rate of formation of the strong binding
states divided by the addition of the rate of formation plus the
rate of loss of the strong binding states. At high actin concen-
trations the following rate constants can be used to describe the
duty ratio: (k�4�/(k�4� � k5A) � 85/(85 � 0.77)), which gives a
value close to 1. This conclusion is in reasonably good agree-
ment with the steady-state actin binding data, which reaches a
maximum fraction bound of 0.91 � 0.1.
The mant-ADP binding and dissociation data demonstrate

the equilibrium constant between the twomyosin�ADP states is
similar in the presence and absence of actin, suggesting weak
coupling between the actin and nucleotide-binding sites with
ADP (Scheme 2).

K5A�� 1.8

AM � ADP� 7 AM � ADP

)Kd � 5�M )Kd � 0.1�M

M � ADP� 7 M � ADP

K5A � 1.1

SCHEME 2

However, because our model proposes a large difference
between the actin affinities of these two states, the scheme is
not energetically balanced. This may be caused by additional
intermediates and/or side reactions within the pathway. Alter-
natively, a thirdmyosin�ADP statemay be populated, which has
a 50-fold higher equilibrium constant in the presence com-
pared with the absence of actin. This model would make it less
likely for myosin III to proceed through a dissociative pathway
(dissociate from actin following phosphate release and rapidly
release ADP).
We also determined that the rate of pyrene fluorescence

quenching when mixing myosin III in the ADP�Pi state with
actin was identical to the rate of phosphate release. Thus,
even though the AM�ADP� state has an intermediate affinity
for actin, it still quenches pyrene actin. This is surprising
because typically only strong binding conformations of myo-
sin can quench pyrene actin (see exceptions below). Myosin
III appears to have a weaker affinity for actin in the strong
binding states than other myosins as a result of a faster than
normal rate of dissociation from actin (�1 s�1 in ADP and
rigor) (see Table 2). The affinity for actin in the ADP and
rigor states is �100 nM which is 10–100-fold weaker than
most other myosins in these states (8). Thus, the intermedi-
ate affinity of the AM�ADP� state may be a result of a faster
than typical dissociation rate that weakens its affinity for
actin even though it still forms a specific interaction with
actin that can quench pyrene actin.
Actomyosin-ADP States—Rosenfeld and Sweeney (46) have

proposed a two-step ADP release inmyosin V in which the first
step has an intermediate affinity for actin and the second step
has a high affinity for actin (Scheme 3).

A*M � ADP � Pi ¢O¡
K4�

AM � ADP�� Pi ¢O¡
K5A�

AM � ADP

“Weak” “Intermediate” “Strong”
SCHEME 3

The transition between these two actomyosin-ADP states
(K5A�) is referred to as the weak-to-strong transition and is
slower than the rate of phosphate release but faster than ADP
release in myosin V. This transition that has been detected in
several other myosins is accompanied by an additional lever
arm swing (44, 46, 47, 49–51). In the case of smooth muscle
myosin the actomyosin�ADP� state with intermediate actin
affinity does not quench pyrene actin (47). Myosin V was
shown to have two ADP states that both quench pyrene
actin. One of these states has a weak actin affinity (�0.5 �M),
and the other has a strong actin affinity (�nM) (52). Jontes et
al. (50) demonstrated that there are two actomyosin-ADP
states inmyosin I and that both of these states quench pyrene
actin. However, the actin affinity of these two states has not
been characterized. Myosin III is similar to myosin V in that
it transitions into an intermediate affinity actomyosin�ADP�
state following phosphate release, and this state can quench
pyrene actin. Thus, in the presence of higher actin concen-
trations the actomyosin�ADP� state can form a stereospecific
interaction with actin that can generate tension.
The transition between the two actomyosin-ADP states is

thought to be a strain-sensitive step utilized by dimericmyosins to
coordinate thecatalytic cyclesof eachheadof thedimer (20, 38, 39,
51). This allows the dimeric myosins to processively walk hand-
over-hand along actin without diffusing away. However, myosin
III is thought to be monomeric because it does not contain a pre-
dicted coiled-coil sequence and thus it is not clear what purpose
strain sensitivity would serve. The walking mechanism of myosin
III is currently unknown, but an additional actin-binding motif in
the tail of myosin IIIA was identified (40). The long lived
actomyosin�ADP� state inmyosin III with intermediate affinity for
actin may allow myosin III to coordinate the conformational
changes of the motor and the tail actin-binding motif, which may
be necessary for it to walk along actin.
Other nonprocessive myosins such as smooth muscle myosin

andnon-musclemyosin IIBmay use strain sensitivity tomodulate
forcegeneration in response to thecontractileneedsof thecell (44,
47).Musclemyosins,whichmainlybind to actinwith a singlehead
of the monomer, can exhibit strain sensitivity as a result of other
myosinmotors interactingwith the sameactin filament (48).Class
I myosins, which are monomeric, have been shown to demon-
strate strain sensitivity and an additional lever arm swing during
ADP release (49, 50). Thus, strain sensitivity is also a characteristic
of monomeric myosins andmay be critical for myosins that func-
tion in actin networks or bundles in the cell.
Implications for the in Vivo Function of Myosin III—Myosin

IIIA is primarily localized to thedistal endsof actin-bundled struc-
tures such as the calycal processes in photoreceptors and stereo-
cilia in inner ear hair cells (16, 41). In addition, myosin III inDro-
sophila was shown to be important for the transport of the
signaling proteins arrestin andGq�, which are important for pho-
totransduction (12, 13). The transport of arrestin was found to be
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phosphatidylinositol phosphate-dependent, indicating that myo-
sin III may be capable of binding lipids and transporting vesicles.
Indeed the tail domain of myosin IIIA has been shown to bind
phospholipids.3 Thus, myosin III may be a cellular transporter
capable of moving along actin bundles in sensory cells. The rela-
tively high duty ratio of myosin III suggests it may function alone
or in a small group of motors to transport proteins in the cell.
Because myosin III contains an additional actin-binding site in its
tail, itmayhaveauniquewalkingmechanismthatallows it tomove
processively along actin.
Altering the myosin III expression levels appears to alter the

cytoskeletal structures of photoreceptor cells (53). The long lived
actomyosin-ADP state may be important for mediating actin
cross-linking dynamics and provide a mechanism to trigger actin
cross-linking at specific actin concentrations in the cell. For exam-
ple, at actin concentrations well above 5�M,myosin III has a high
duty ratio andwouldbeavery efficient actincross-linker, although
at concentrations lower than5�Mmyosin IIIwouldbemore likely
to be dissociated from actin. However, the tail actin bindingmotif
may prevent myosin III from completely dissociating at low actin
concentrations.
While our paper was in review, another paper describing the

kinetics of the human myosin IIIA motor domain, lacking the
kinase domain and two IQ domains, was published (54). The
results suggest ATP hydrolysis is rate-limiting, phosphate release
is slow in thepresenceof actin, and theaffinity for actin in theweak
binding states is extremely high. These results appear to conflict
with our results because we show phosphate release is rapid and
the myosin�ADP�Pi state is relatively weak. We have examined
actin-activated phosphate release of myosin III lacking the kinase
domain but containing the two IQ domains, and we find that the
phosphate release kinetics are identical to the results in Fig. 10
(data not shown). Thus, it is possible that removing the IQ
domains significantly alters the kinetic properties of myosin III.
Indeed, a study on myosin V demonstrated that altering the light
chain of myosin V changes the kinetics of ATP hydrolysis (44).
In conclusion, we propose thatmyosin IIIA, which has a high

to intermediate duty ratio, is kinetically tuned to provide two
critical functions in the sensory cells. The observed duty ratio
and long lived actomyosin-ADP state ofmyosin IIImay provide
amechanism for thismotor to function as a cellular transporter
in actin bundles. In addition, these kinetic features may allow
myosin III to function as an actin cross-linker at higher concen-
trations of actin. Future studies will address the specific mech-
anism of myosin III walking/cross-linking and determine the
regulation of its enzymatic and motile activities in the cell.
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40. Erickson, F. L., Corsa, A. C., Dosé, A. C., and Burnside, B. (2003)Mol. Biol.

Cell 14, 4173–4180
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Sci. 117, 5825–5834

54. Kambara, T., Komaba, S., and Ikebe, M. (2006) J. Biol. Chem. 281,
37291–37301

Kinetic Mechanism of Myosin III

JANUARY 5, 2007 • VOLUME 282 • NUMBER 1 JOURNAL OF BIOLOGICAL CHEMISTRY 231

 at K
A

N
A

Z
A

W
A

 U
N

IV
 on M

arch 17, 2007 
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org

