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ABSTRACT: Myosin IIIA is unique among myosin proteins in that it contains an N-terminal kinase domain
capable of autophosphorylating sites on the motor domain. A construct of myosin IIIA lacking the kinase
domain localizes more efficiently to the stereocilia tips and alters the morphology of the tips in inner ear
hair cells. Therefore, we performed a kinetic analysis of myosin IIIA without the kinase domain (MIII
∆K) and compared these results with our reported analysis of myosin IIIA containing the kinase domain
(MIII). The steady-state kinetic properties of MIII∆K indicate that it has a 2-fold higher maximum actin-
activated ATPase rate (kcat ) 1.5 ( 0.1 s-1) and a 5-fold tighter actin affinity (KATPase) 6.0 ( 1.4 µM,
andKActin ) 1.4( 0.4µM) compared to MIII. The rate of ATP binding to the motor domain is enhanced
in MIII ∆K (K1k+2 ≈ 0.10 ( 0.01 µM-1‚s-1) to a level similar to the rate of binding to MIII in the
presence of actin. The rate of ATP hydrolysis in the absence of actin is slow and may be rate limiting.
Actin-activated phosphate release is identical with and without the kinase domain. The transition between
actomyosin.ADP states, which is rate limiting in MIII, is enhanced in MIII∆K. MIII ∆K accumulates
more efficiently at the tips of filopodia in HeLa cells. Our results suggest a model in which the activity
and concentration of myosin IIIA localized to the tips of actin bundles mediates the morphology of the
tips in sensory cells.

Myosin motor proteins generate force and motion through
an ATP-dependent cyclic interaction with actin filaments (1).
Mechanisms of regulation of myosin motor activity range
from calcium-calmodulin to both heavy chain and light chain
phosphorylation (2). Myosin III is unique in that it contains
an N-terminal kinase domain that is capable of autophos-
phorylating sites on the motor domain (3, 4). It is unclear
what role autophosphorylation and the kinase domain play
in regulating the function of myosin III in the cell.

Class III myosins were originally discovered inDrosophila
eyes and designated as the NINAC protein (5-7). Two
isoforms of myosin III, myosin IIIA and IIIB, have been
identified in vertebrates (8, 9). Expression of myosin IIIA
has been found primarily in the retina and inner ear (10).
Furthermore, disruption of the myosin IIIA gene leads to
nonsyndromic deafness (11).

Cell biological studies suggest the kinase domain plays a
role in regulation of myosin IIIA motor activity. Myosin IIIA
localizes to the tips of actin bundles in the calycal processes
of photoreceptors (10, 12). In addition, studies in inner ear
hair cells demonstrate myosin IIIA localizes to the tips of
stereocilia, and a construct with the kinase domain removed
localizes more efficiently to and seemed to alter the

morphology of the stereocilia tips (13). Interestingly, cochlear
expression of kinase deleted myosin IIIA resulted in expan-
sion of a previously unidentified compartment found at the
tips of stereocilia (13). These results suggest myosin IIIA
may perform a critical mechanical function or mediate actin
dynamics at the tips of actin bundles in sensory cells. Myosin
IIIA was proposed to serve as a light-dependent transporter
of arrestin and Gq alpha in invertebrate photoreceptors (14,
15), but no transport function has been discovered in
vertebrates. Thus, kinase-dependent regulation may be neces-
sary to mediate actin-based transport or alter the morphology
of the tips of actin bundles in sensory cells.

Recent results suggest that autophosphorylation of myosin
IIIA reduces its affinity for actin and thus may be a
mechanism for downregulating the motor (16). However,
these studies were done with myosin IIIA lacking both the
IQ domains and the kinase domain, and thus it is difficult to
separate the effects of kinase removal from those due to lack
of a lever arm. To understand how autophosphorylation
regulates the motor domain and begin to explore the
possibility of coupling between the motor and kinase
domains, we have examined the kinetic properties of myosin
IIIA containing the motor and two IQ domains but lacking
the kinase domain. By comparing our results to our reported
kinetic mechanism of the same myosin IIIA construct
containing the kinase domain (4), we have determined the
steps in the kinetic cycle altered by the presence of the kinase
domain. These results allow us to propose a model that
describes how the motor properties of myosin IIIA play a
role in mediating the morphology of the stereocilia tips of
inner ear hair cells.
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EXPERIMENTAL PROCEDURES

Reagents.All reagents were the highest purity com-
mercially available. ATP and ADP were prepared fresh from
powder.N-Methylanthraniloyl(mant)-labeled 2′deoxy ADP
and 2′deoxy ATP were prepared as described (17, 18) or
purchased from Jenna Biosciences. The mantATP1 and
mantADP concentrations were determined from absorbance
measurements at 255 nm usingε255 of 23 300 M-1‚cm-1.
ATP and ADP concentrations were determined by absor-
bance at 259 nm usingε259 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 human myosin IIIA
truncated after the second IQ domain (residues 1-1143)
(MIII) and containing a C-terminal FLAG tag (DYKD-
DDDK) for purification purposes (4, 19-20). A second
construct was generated, identical to the first but with the
kinase domain truncated (residues 324-1143) (MIII ∆K).
Recombinant baculoviruses of myosin IIIA and calmodulin
generated with the FastBac system (Invitrogen) were coex-
pressed in Sf9 cells. The myosin IIIA construct containing
the kinase, motor, and 2IQ domains was previously dem-
onstrated to be monomeric and contains no coiled-coil
domain (3). We assumed the similar construct without the
kinase domain is monomeric as well. The purity of MIII and
MIII ∆K was assessed with Coomassie stained SDS gels.
Myosin concentrations were determined using the Bio-Rad
microplate assay using BSA as a standard (4). Actin was
purified from rabbit skeletal muscle using an acetone powder
method (21). Pyrene actin was generated by labeling actin
with pyrene iodoacetamide (Molecular Probes) as described
(22). All experiments were performed in KMg50 buffer (50
mM KCl, 1 mM EGTA, 1 mM MgCl2, 1 mM DTT and 10
mM Imidazole-HCl, pH 7.0, 25°C). The specific concentra-
tions of ATP, ADP, MIII, and actin are indicated in the
description of each experiment.

Kinase ActiVity. Autophosphorylation of MIII (0.5µM)
in the presence of 200µM ATP was detected by western
blot analysis using antiphosphothreonine and antiphospho-
serine antibodies (Zymed Laboratories) as described (4).
Densitometry analysis using NIH image software was used
to determine the band intensities. The membranes were sub-
sequently stripped and reprobed with an anti-FLAG antibody
to detect total protein and verify even loading of samples.

Kinase activity was also determined by incubating MIII
or MIII ∆K (2 µM) with [γ-32P] ATP (200µM ATP) for a
60 min period. The reaction was sampled at specific time
points by removing an aliquot and quenching it with SDS-
loading buffer. The samples were subjected to SDS PAGE
and the degree of32P incorporation into the MIII heavy chain
was visualized using a Typhoon phosphorimager.

Steady-State ATPase ActiVity. Steady-state ATP hydrolysis
by MIII or MIII ∆K (50-100 nM) in the absence and
presence of actin (0-70 µM) was examined using the

NADH-linked assay (4, 23) with a final MgATP concentra-
tion of 1 mM.

Actin-Cosedimentation Assay.MIII or MIII ∆K was
equilibrated with actin (0-60µM) and the ATP-regeneration
system (2 mM phosphoenol pyruvate and 20 units/mL of
pyruvate kinase); 2 mM ATP was added just prior to
ultracentrifugation in a TLA 100.2 Beckman centrifuge rotor
at 320 000× g for 20 min at 25°C. The ADP concentration
in the supernatant was determined by mixing a specified
amount of the supernatant with the NADH mix and measur-
ing the change in NADH absorbance as described in the
Steady-State ATPase Assays. Equal amounts of the super-
natant and pellet were subjected to SDS-PAGE and the
fraction of MIII or MIII ∆K bound to actin was determined
by quantifying the amount of MIII or MIII ∆K in the
supernatant and pellet with densitometry using NIH image
software. The actin-bound fraction was plotted as a function
of actin concentration to determine the affinity of MIII or
MIII ∆K for actin in the presence of ATP.

Acid Quench.To determine the equilibrium constant for
ATP hydrolysis 1-2 µM MIII ∆K was mixed with 25µM
ATP containing [γ-32P] ATP, allowed to react at 25°C for
1-20 s, and quenched with quench solution (2N HCl, 0.35
M KH2PO4). The unhydrolyzed [γ-32P]-ATP was removed
using activated charcoal, and scintillation counting was used
to determine32P concentrations (4, 24, 25). The number of
moles of [γ-32P]-ATP hydrolyzed per mole of myosin was
used to calculate the phosphate burst and the equilibrium
constant for ATP 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 nmband-pass was used for fluorescence
excitation and cutoff filters were used to measure the
emission. All optical filters were provided with the stopped-
flow instrument. Light scatter was measured at 320 nm at
90°. 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 and the emission measured through a
400 nm long pass filter. Nonlinear least-squares fitting of
the data was done with software provided with the instrument
or KaleidaGraph (Synergy Software). Uncertainties reported
are the standard error of the fits unless stated otherwise.

The kinetics of phosphate release were measured using
phosphate-binding protein covalently labeled withN-[2-(1-
maleimidyl)ethyl]-7-(diethylamino)coumarin-3-carboxamide-
(MDCC-PBP) (generously provided by Howard White,
Eastern Virginia University School of Medicine) (26). The
fluorescence of MDCC-PBP, which increases several-fold
in the presence of inorganic phosphate (26, 27), was excited
at 400 nm, and the emission was measured through a 425
nm long pass filter. Phosphate release was measured with a
sequential mix experiment in which 2µM myosin was mixed
with 5 µM ATP and aged for 5 s toallow myosin to bind
and hydrolyze the ATP, and then the M.ADP.Pi complex
was mixed with actin (0-40 µM) (4) (final concentrations
after mixing were 1.0µM myosin, 2.5 µM ATP, 3 µM
MDCC-PBP, and 0-40 µM actin). All solutions were
preincubated with 7-methylguanosine (0.2 mM) and purine
nucleoside phosphorylase (0.2 units‚mL-1) to remove back-
ground phosphate.

1 Abbreviations: MIII, human myosin IIIA 2IQ; MIII∆K, human
myosin IIIA 2IQ (kinase removed); MDCC-PBP or PBP,N-[2-(1-
maleimidyl) ethyl]-7-(diethylamino)coumarin-3-carboxamide-labeled
phosphate binding protein; mantATP,N-methylanthraniloyl(mant)-
labeled 2′deoxy ATP; mantADP,N-methylanthraniloyl(mant)-labeled
2′deoxy ADP.
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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 IIIA, and other myosins (4, 28-30) (see Scheme
1). In this scheme, myosin, actin, and actomyosin are
represented by M, 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 dissoci-
ated direction. The main flux of the reaction pathway is
shown in bold. The mixing ratio was one-to-one unless
otherwise stated. All concentrations mentioned in the stopped-
flow experiments are final concentrations unless stated
otherwise.

HeLa Cell Culture and Transfections. HeLa cells were
maintained and transfected as described (31) with the
following changes. Initially, 1-2 × 105 cells were plated in
6-well plates and transfected with 1µg DNA and 3 µL
fugene reagent. After 24 h, the cells were trypsinized and
replated onto polylysine coated coverslips in 6-well plates
to promote filopodia formation. Fixation and imaging were
done as previously described (31).

RESULTS

Protein Expression and Purification.The expression yields
of human myosin IIIA 2IQ with or without the kinase domain
coexpressed with calmodulin (MIII and MIII∆K, respec-
tively) in the baculovirus insect cell (Sf9) system were similar
to previous studies (4). The purity of MIII and MIII ∆K
following anti-FLAG affinity chromatography was ap-
proximately 95% based on Coomassie stained SDS-PAGE
gels (expected molecular weights: MIII, 131 780 Da; and
MIII ∆K, 93 469 Da) (Figure 1A). The stoichiometry of
calmodulin to MIII or MIII ∆K in the final purified product
was determined to be 2 calmodulins per myosin with
densitometry analysis of SDS-PAGE gels (data not shown).
All experiments were performed in KMg50 buffer and in
the presence of 10-fold excess calmodulin to ensure that all
the IQ domains of MIII or MIII∆K had bound calmodulin.
All steady-state and transient kinetic experiments were
performed under identical conditions and with similar
methods to directly compare the results to our kinetic
characterization of MIII (4).

Kinase ActiVity. Western blot analysis was used to
determine the phosphothreonine content of MIII∆K and MIII
purified from Sf9 cells (Figure 1B). A time course of
autophosphorylation upon the addition of 200µM ATP to
0.5µM MIII was performed as previously described (4) and
compared to MIII∆K. In our previous work, we demon-
strated two moles of phosphate were incorporated into MIII
during a 60 min time course (4). There was no detectable
phosphothreonine incorporated into MIII∆K in the presence
or absence of ATP (untreated). There was also very little
phosphothreonine incorporation in MIII in the absence of
ATP (untreated), whereas the enhancement of phosphothreo-
nine content in the presence of ATP as a function of time

was similar to our previous study (4) (Figure 1B). Another
time course was performed with anti-phosphoserine, which
demonstrated that there was some phosphoserine content in
MIII and none detectable in MIII∆K in the absence of ATP
(data not shown). The phosphoserine content in MIII
increased as a function of time in the presence of ATP, albeit
not as dramatically as phosphothreonine. In general, the anti-
phosphoserine antibody was not as specific as the anti-
phosphothreonine antibody, and therefore, a time course with
MIII ∆K was not performed. Blots were stripped and
reprobed with anti-FLAG to demonstrate that similar protein
levels were present in each band. The kinase activity was
also assayed by incubating MIII and MIII∆K with [γ-32P]-
ATP (Figure 1C). The time course of MIII phosphorylation
was similar to previous measurements (4) whereas no
phosphorylation was detected with MIII∆K. All kinetic
experiments were performed with untreated MIII and MIII
∆K, which should mimic the dephosphorylated state (see
discussion for further details).

Steady-State ATPase ActiVity. We examined the actin-
activated ATPase activity of MIII∆K using the NADH-
coupled assay in KMg50 buffer at 25°C, and compared it
to our previously reported results with MIII (4) (Figure 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) of
MIII ∆K was found to be 2-fold higher (1.5( 0.1 s-1) than
MIII (0.77 ( 0.08 s-1), and the actin concentration at which
one-half-maximal activity was achieved (KATPase) was found
to be 5-fold lower (6.0( 1.4µM) than MIII (34 ( 11 µM).

Actin Affinity in the Presence of ATP.Actin co-sedimenta-
tion assays were performed to determine the affinity of MIII
∆K for actin in the presence of ATP and ATP regeneration
system. The ADP concentration after ultracentrifugation,
determined by NADH absorbance, was found to be less than
10% of the total nucleotide concentration, which is higher
than was reported for the NADH assay under equilibrium

Scheme 1

FIGURE 1: (A) SDS-PAGE of purified MIII and MIII∆K. Lane 1
is the purified myosin III containing 2IQ domains (MIII) and lane
2 is purified myosin III with 2IQ domains but lacking the kinase
domain (MIII ∆K). Calmodulin co-purified with the both MIII and
MIII ∆K. The molecular weight markers (kDa) are labeled on the
left. (B) Anti-phosphothreonine western blot. A time course of MIII
autophosphorylation upon treatment with ATP demonstrates the
increase in phosphothreonine content over a 60 min period (time
points) 0, 1, 5, 30, and 60 min). MIII∆K was also examined in
the presence of ATP for the same time points as MIII. The blot
was stripped and reprobed with anti-FLAG to demonstrate equal
loading of samples. (C) Time course of MIII and MIII∆K in the
presence of [γ-32P] ATP (200µM) (time points) 0, 3, 10, 15, 60
min). Total protein was determined by Coomassie staining.

Kinase Domain Alters Myosin III Motor Kinetics Biochemistry, Vol. 47, No. 8, 20082487



conditions (23). Figure 2B demonstrates that the steady-state
affinity of MIII ∆K for actin is 5-fold tighter than MIII (KActin

) 1.4 ( 0.4 and 7.0( 0.6 µM, respectively).
ATP-Binding.To examine the kinetics of ATP binding to

MIII ∆K or acto-MIII ∆K, we used fluorescently labeled
ATP (mantATP), which enhances fluorescence when bound
to myosin (Figure 3). The rate of the mantATP fluorescence
increase as a function of time was fit to a double exponential
function at each mantATP concentration in the presence and
absence of actin (1µM MIII ∆K or acto-MIII ∆K). In the
absence of actin, the slow phase of mantATP binding was
80-85% of the fluorescence signal, and this phase was
linearly dependent on ATP concentration (K1k+2 ) 0.031(
0.005µM-1‚s-1). The second, faster phase (∼15 s-1) was
independent of mantATP concentration and was 15-20%
of the signal. In the presence of actin, there were also two
phases (0.8 fast and 0.2 slow) observed with the faster phase
being linearly dependent on mantATP concentration (K′1k′+2

) 0.116( 0.013µM-1‚s-1) and the slower phase (0.15-
0.25 s-1) being independent of mantATP concentration. The
y-intercept of the linear fits was higher in the presence
compared to the absence of actin (1.5( 0.1 s-1 and 0.35(
0.05 s-1).

To determine the kinetics of unlabeled ATP binding to
myosin and actomyosin III∆K, we examined ATP binding
by kinetic competition with mantATP (Figure 3B) (4, 25).
MIII ∆K or actomyosin III∆K (0.5 µM) was mixed with 5

µM mantATP and varying concentrations of ATP. The
mantATP fluorescence transients were dominated by the slow
phase in the absence of actin and fast phase in the presence
of actin (g90% of the signal) and were linearly dependent
on ATP concentration. In the absence of actin, a second-
order binding constant of 0.075( 0.005 µM-1‚s-1 was
found. In the presence of actin, we obtained a second-order
binding constant of 0.099( 0.005 µM-1‚s-1. The rate of
binding in the presence of actin was similar to the second-
order binding constant for ATP binding determined by pyrene
actin and light scatter (Figure 4). The amplitude of the
mantATP fluorescence decreased as a function of ATP
concentration. This allowed us to determine the apparent
affinity of MIII ∆K and acto-MIII ∆K for ATP using a
standard competitive binding equation (Kd ≈ 8 µM for both
MIII ∆K and acto-MIII∆K) (data not shown).

We measured the rate of ATP-induced formation of weakly
bound actomyosin III∆K using pyrene actin (Table 2).
Strongly bound myosin quenches pyrene actin whereas upon
ATP binding the fluorescence recovers due to population of

FIGURE 2: ATPase activity and actin binding affinity of MIII and
MIII ∆K. (A) Steady-state ATPase rate of MIII (0, data from ref
4) and MIII ∆K (O) plotted as a function of actin concentration.
The VMAX andKATPasewere determined by fitting the data to the
Michaelis-Menten equation (see Table 1). (B) Affinity of MIII
(data from ref 4) or MIII∆K for F-actin was measured with the
actin-cosedimentation assay in the presence of ATP (2 mM) and
ATP-regeneration system. The plot of the fraction of MIII (0) and
MIII ∆K (O) bound to actin as a function of actin concentration
was fit to a hyperbola to determine the steady-state affinity for actin.
The inset demonstrates the supernatant (S) and pellet (P) of MIII
∆K in the presence of 0, 1.25, 2.5, 5.0, and 20µM actin. The data
represent a summary of 3 separate experiments done with different
protein preparations, and the error bars represent the standard
deviation.

FIGURE 3: ATP binding to MIII ∆K and acto-MIII∆K. (A) Rate
of mantATP binding to MIII∆K and acto-MIII∆K monitored with
mantATP fluorescence. The fluorescence transients were fit to a
two exponential function at all mantATP concentrations in the
presence [relative amplitudes: fast) 0.80 (O), slow ) 0.20 (b)]
and absence [amplitudes: fast) 0.14 (0, inset), slow) 0.86 (9)]
of actin. (Inset) Fast phase of the fluorescence transient in the
absence of actin (0). (B) Rate of ATP binding was also measured
by kinetic competition with mantATP (MIII∆K, 0; acto-MIII ∆K,
O). (Inset) Fluorescence transients observed with two different
mantATP/ATP concentrations in the absence of actin (a, 5µM
mantATP and 0µM ATP with kobs ) 0.54 ( 0.01 s-1, b, 5 µM
mantATP and 5µM ATP with kobs ) 0.68 ( 0.01 s-1).
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the weakly bound states of myosin. The linear fit of the ATP
binding rates as a function of ATP concentration (in the
concentration range of 0-500 µM ATP) was used to
determine the second-order rate constant for ATP binding
(K′1k′+2). This rate constant determined for MIII∆K (K′1k′+2

) 0.065( 0.007µM-1‚s-1) was found to be similar to that
measured with mantATP (Table 2). The hyperbolic fit of
the data allowed us to determine the equilibrium constant
(1/K′1 ) 4056( 853µM), as well as the maximum rate of
ATP binding (k′+2 ) 265 ( 29 s-1) to pyrene actomyosin
III ∆K.

Similar experiments were performed by using the light
scatter signal to monitor ATP-induced dissociation of acto-
myosin III ∆K (Table 2). The second-order rate constant for
ATP binding to actomyosin III∆K was found to be similar
to that measured with pyrene actin (K′1k′+2 ) 0.054( 0.005
µM-1‚s-1), as was the equilibrium constant for ATP binding
to actomyosin III∆K (1/K′1 ) 4591( 1063µM) and the
maximum rate of ATP-induced dissociation (k′+2 ) 248 (
34 s-1). 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∆K

for ATP (Kd ) 22( 11µM) (data not shown). The apparent
affinity can be modeled with the equationKd ) k′-2/ K′1k′+2,

which assumes the initial interaction is a rapid equilibrium
(K′1) that is followed by an isomerization step (K′2). These
results suggest that the rate of the isomerization from the
weakly bound to the strongly bound conformation (K′2) limits
the overall rate of ATP-induced dissociation of myosin III
∆K from actin. Based on the ATP binding rates that pass
relatively close to the origin and the slow rate of the reverse
isomerization step estimated from the above equation (k′-2

≈ 1 s-1), we conclude that ATP binding to the motor domain
is highly favorable.

ATP Hydrolysis.The equilibrium constant for ATP hy-
drolysis was determined by acid quench experiments with
[γ-32P]ATP (seeExperimental Procedures) (Figure 4). After
mixing 25 µM [γ-32P]ATP with 1.0-2.0 µM MIII ∆K 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 Figure 4 (average of 3 separate MIII∆K
preparations). The data fit well to a single-exponential burst
(0.71 ( 0.22 s-1) followed by a steady-state rate (0.06(
0.01 s-1). The amplitude of the Pi-burst was found to be
0.53 ( 0.05 mol Pi/mol myosin. The data were corrected
for the amount of MIII∆K that did not bind ATP, using the
affinity determined in the ATP binding experiments (Kd )
8 µM). The amplitude of the burst was used to estimate the
equilibrium constant for ATP hydrolysis (K3 ) 1.2) using
the following equation: Burst) K3/(1+K3).

We also examined the rate of ATP hydrolysis by perform-
ing a sequential mix experiment in which MIII∆K (2 µM)
was first mixed with ATP (5µM), allowed to age for various
time periods (1-20 s), and then mixed with actin and
phosphate-binding protein (final reaction conditions: 1µM
MIII ∆K, 2.5 µM ATP, and 20 µM actin, and 3 µM
phosphate-binding protein) (Figure 4). The amplitude of rapid
phosphate release is indicative of the concentration of MIII
∆K in the M.ADP.Pi state. A standard curve with inorganic
phosphate was used to convert the fluorescence amplitude
into moles of phosphate released. The amplitude of rapid
actin-activated phosphate release was dependent on the age
time and was fit to a kinetic simulation using the previously
measured ATP binding rate constants (K1k+2 ) 0.37 s-1, k-2

) 0.6 s-1). The kinetic simulation allowed us to estimate
the rate and equilibrium constants for ATP hydrolysis (k+3

) 1.8 s-1, k-3 ) 1.2 s-1, K3 ) 1.5). The amplitude was
corrected for the MIII∆K that did not bind actin (1/K9 )
29 µM, see phosphate release experiments, Figure 6). The

FIGURE 4: Equilibrium constant for ATP hydrolysis determined
by acid quench and phosphate release experiments. (A) Myosin III
∆K (1.0-2.0 µM) was mixed with [γ-32P]-ATP (25 µM) and
manually quenched at specific time points. The data represent the
average of three experiments ()) done with three separate protein
preparations, and the error bars represent the standard deviation of
the mean. The data was fit to a single-exponential burst, modeled
to be the Pi-burst, followed by a steady-state rate (burst rate)
0.71( 0.22 s-1, amplitude was 0.53( 0.05µM Pi per µM MIII
∆K, steady-state rate) 0.06( 0.01 s-1). The rate and equilibrium
constant for ATP hydrolysis were also determined by examining
the amount of MIII ∆K that was capable of actin-activated
phosphate release after a sequential mix with different age times
(0) (final reaction conditions: 1µM MIII ∆K, 2.5 µM ATP, 20
µM actin, 3µM PBP). The phosphate release amplitude was plotted
as a function of age time and fit to a kinetic simulation to estimate
the rate and equilibrium constants for ATP hydrolysis (k+3 ) 1.8
s-1, k-3 ) 1.2 s-1, K3 ) 1.5). (B) Phosphate release transient after
a 20 s age time was best fit to a three exponential function (kobs )
19.3( 0.4, 2.8( 0.1, and 0.14( 0.01 s-1, relative amplitudes)
0.33, 0.27, and 0.4, respectively). (Inset) The phosphate release
transient on a log time scale.

Table 1: Steady-State Parameters of the MIII Motor ATPase Cycle

steady-state parameters MIII MIII (∆K)

V0 (sec)-1a 0.07( 0.03 0.08( 0.02
kcat (sec)-1b 0.77( 0.08 1.5( 0.1

KATPase(µM)c 34 ( 11 6.0( 1.4
KActin (µM)d 7.0( 0.6 1.4( 0.4

a Steady-state ATPase activity in the absence of actin measured with
the NADH coupled assay.b Maximum rate of actin-activated ATPase
measured with the NADH coupled assay. The values forKATPaseand
kcat were determined from the fit of the data in Figure 2 to the equation:
[V0 + (kcat [Actin])/(KATPase+ Actin)]. c Actin concentration at which
the actin-activated ATPase rate is one-half-maximal from the NADH
assay.d Dissociation constant of MIII and MIII∆K for F-actin in the
presence of ATP and ATP-regeneration system, measured by actin
cosedimentation.
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phosphate release transients with a 10, 15, and 20 s age time
were best fit by a three exponential function (kobs for 20 s
age time) 19.3( 0.4 s-1, 2.8 ( 0.1 s-1, and 0.14( 0.01
s-1; relative amplitudes) 0.33, 0.27, 0.40, respectively)
(Figure 4B). The three phases are consistent with rapid actin-
activated phosphate release (fast), ATP hydrolysis (interme-
diate), and ATP binding and/or phosphate release in the
absence of actin (slow), respectively. The relative amplitudes
of the phosphate release and ATP hydrolysis rates are
consistent with the equilibrium constant for hydrolysis
measured in the32P experiments.

Binding to Pyrene Actin Filaments. We examined the
binding of MIII ∆K to pyrene actin filaments (5-10 fold
excess over MIII∆K) by examining the rates of association
and dissociation in the presence of ADP (0.5 mM) and
absence of nucleotide (Figure 5). The association rates in

the absence of nucleotide were fit to a single-exponential
function and found to be linearly dependent on actin
concentration. The association rates in the presence of ADP
were fit to a three exponential function with the fast and
intermediate phases dependent on actin concentration, while
the slow phase was independent of actin concentration (kobs

≈ 0.2 s-1) (relative amplitudes: slow) 0.34, intermediate
) 0.24, fast) 0.42). The rate of the fast phase of MIII∆K
binding to actin was similar in the presence of ADP (k+10 )
16.8( 0.4 µM-1‚s-1) and in the absence of nucleotide (k+6

) 21.2 ( 0.4 µM-1‚s-1). The intermediate phase in the
presence of ADP was found to have an association rate of
1.1 ( 0.4 µM-1‚s-1 (Figure 5B). The rate of dissociation
from actin was also monitored by mixing pyrene actomyosin
III ∆K with excess unlabeled actin filaments. The dissocia-
tion rates were fit to a two exponential function in the
absence of ADP (k-6 ) 2.1 ( 0.13 and 0.40( 0.02 s-1)
and presence of ADP (k-10 ) 1.1 ( 0.1 and 0.30( 0.01
s-1) (relative amplitudes for slow and fast phases were similar
in the presence and absence of ADP: 0.35 and 0.65,
respectively). The y-intercepts of the fast and intermediate
phases of MIII∆K binding to actin in the presence of ADP
were very similar to the fast and slow dissociation rates.
Thus, the data was modeled with two different ADP states,
one with a weak actin affinity (1/K10A ) 1.1( 0.1µM) and
another with a strong actin affinity (1/K10B ) 0.020( 0.001
µM). The data in the absence of nucleotide also suggest the
presence of weak (1/K6(weak)) 0.10( 0.01µM) and strong
(1/K6(strong)) 0.020( 0.001µM) actin binding rigor states,

FIGURE 5: Binding of MIII ∆K to pyrene actin filaments. (A)
Pyrene actin fluorescence transients upon mixing MIII∆K with 5-
to 10-fold excess pyrene actin were fit to a single-exponential
function at each pyrene actin concentration in the absence of
nucleotide and a three exponential function in the presence of ADP
(0.5 mM). The rate of pyrene actin fluorescence quenching in the
absence of nucleotide (b) and the fast phase in the presence of
ADP (O), were linearly dependent on pyrene actin concentration.
(Inset) Fast phase of the fluorescence transients in the absence,
upper trace, and presence of ADP, lower trace. (B) In the presence
of ADP, the intermediate phase (0) of binding to pyrene actin was
linearly dependent on actin concentration, while the slow phase
()) was independent of actin concentration. (Inset) Fluorescence
transient shown on a log time scale from 0.5µM MIII ∆K binding
to 4 µM pyrene actin and the fit to a three exponential function
(kobs) 66 ( 2, 5.0( 0.2, and 0.17( 0.01 s-1, amplitudes) 0.45.
0.23, 0.32, respectively).

FIGURE 6: Actin-activated phosphate release from MIII and MIII
∆K. (A) Rate of the phosphate burst in MIII∆K was hyperbolically
dependent on actin concentration (b). The phosphate release data
previously reported for MIII (4) is shown for comparison (0). (B)
Fluorescence transients of phosphate release from MIII∆K in the
presence of actin which contain a burst phase followed by two
slower phases. The burst was fit to a single-exponential function
followed by a linear phase to determine the rate of phosphate release
at each actin concentration. Final reaction conditions: 1µM MIII,
2.5µM ATP, 3 µM phosphate binding protein, 5µM actin [transient
a, kobs(burst) ) 13.2 ( 0.1 s-1), and 20µM actin (transient b,
kobs(burst)) 29.2 ( 0.3 s-1].
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having similar association rates but different dissociation
rates.

Phosphate Release.We examined the rate of actin-
activated phosphate release using the sequential mix experi-
ment described inExperimental Procedures(Figure 6). The
rate of phosphate release in the presence and absence of actin
was determined by mixing 2µM MIII ∆K with 5.0µM ATP,
allowing the reaction to age for 5 s and then mixing with
phosphate binding protein and various concentrations of actin
(0-40 µM). A standard curve with inorganic phosphate
allowed us to determine the concentration of phosphate
release during the reaction. 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 (0.02 mol Pi‚mol
myosin-1‚s-1) (data not shown). In the presence of actin, a
burst was observed (Figure 6) followed by a slower linear
phase (∼0.1 s-1). The burst rate was plotted as a function
of actin concentration and fit to a hyperbolic relationship,
to determine the maximum rate of phosphate release (k′+4

) 74 ( 5 s-1) and affinity for actin in the ADP.Pi state
(1/K9 ) 29 ( 4 µM) (Figure 6). The results are very similar
to phosphate release in MIII in that phosphate release is rapid
and the affinity for actin in the ADP.Pi state is weak (k′+4

g 74 ( 5 s-1 and 1/K9 g 29 ( 4 µM). The amplitude of the
burst phase corresponded to a phosphate burst of 0.16µM
Pi at 40µM actin, which was in good agreement with our
expectations based on the predicted amount of MIII∆K in
the M.ADP.Pi state and the affinity for actin in the M.ADP.Pi
state (see also Figure 4).

ADP Binding to and Dissociation from Myosin III∆K and
Actomyosin III∆K. The rate of ADP binding to myosin III
∆K (0.5µM) and actomyosin III∆K (0.5µM MIII ∆K: 5.0
µM actin) was monitored with mantADP (Table 2). There
was a biphasic transient observed upon mantADP binding
to myosin or actomyosin III∆K. The transients were similar
to those observed in MIII except they lacked the rapid phase
which we had previously assigned to mantADP binding to
the kinase domain. In the presence and absence of actin the
fast phase was dependent on mantADP concentration. The
data was modeled as a two step binding to MIII∆K, in which
the mantADP fluorescence was sensitive to both states. In
the absence of actin, the linear dependence of the fast phase
on mantADP concentration allowed us to determine the
second-order binding constants in the absence (k-5B ) 0.51
( 0.12 µM-1‚s-1) and presence of actin (k′-5B ) 0.29 (
0.07µM-1‚s-1). The slow phase in the absence and presence
of actin was independent of mantADP concentration in the
concentration range measured (0.3-0.4 and 0.5-1.2 s-1,
respectively). The amplitudes of each of the fast and slow
phases were similar at each mantADP concentration in the
absence (relative amplitudes) 0.70 and 0.30, respectively)
and presence (relative amplitudes) 0.78 and 0.22, respec-
tively) of actin.

The rate of mantADP release from myosin III∆K and
actomyosin III∆K was determined by mixing actomyosin
III ∆K (0.5 µM MIII ∆K: 2.5 µM actin) or MIII ∆K (0.5
µM) in the presence of 12.5µM mantADP with 5 mM ATP
(Table 2). The rate of mantADP release from MIII∆K and
actomyosin III∆K was also biphasic. The fast phases in the
absence (5.3( 0.5 s-1) and presence (8.8( 0.4 s-1) of actin
were slightly lower than the y-intercept determined from the

direct binding experiments described above. The slow phase
was found to be similar in the absence (0.45( 0.09 s-1)
and presence (0.62( 0.07 s-1) of actin. The relative
amplitudes of the fast and slow phases were slightly different
in the absence (0.66 and 0.34, respectively) and presence of
actin (0.73 and 0.27, respectively). The fast and slow
mantADP 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 or
pyrene actin (Figure 7B).

We analyzed the two-step mantADP binding to the motor
domain of myosin III ∆K and actomyosin III∆K with
equations outlined in Henn and De La Cruz (28). This model
was also used in our kinetic analysis of MIII (4). The

Table 2: Summary of Rate and Equilibrium Constants in the
Myosin IIIA Motor ATPase Cycle

rate/equilibrium constant MIII MIII∆K

ATP binding and hydrolysis
K1k+2 (µM-1×sec-1)a 0.010( 0.004 0.031( 0.005
K1k+2 (µM-1×sec-1)b 0.002( 0.001 0.075( 0.005
K3

c 9 1.5
K′1k′+2(µM-1×sec-1)a 0.005( 0.002 0.116( 0.013
K′1k′+2 (µM-1×sec-1)b 0.043( 0.010 0.099( 0.005
K′1k′+2 (µM-1×sec-1)d 0.022( 0.001 0.054( 0.005
1/K′1 (µM)d 11 144( 2319 4591( 1063
k′+2(sec-1)d 246( 38 248( 34

ADP binding
k′+5B (sec-1)e 6.8( 0.2 6.5( 0.1
k′-5B(µM-1×sec-1)e 1.0( 0.1 0.4( 0.1
K′5B (µM)e 6.8( 0.4 16.4( 2.2
*k′+5A (sec-1)e,f 0.60( 0.10 0.67( 0.20
*k′+5A (sec-1)f,g 0.97( 0.03 0.62( 0.07
*k ′-5A (sec-1)f,g 0.54( 0.08 0.50( 0.10
*K′5A

f,g 1.8( 0.3 1.2( 0.3
k′+5B (sec-1)g 9.84( 0.25 8.5( 0.4
k′-5B (µM-1×sec-1)g 0.29( 0.11 0.29( 0.07
K′5B (µM)g 34 ( 14 29.1( 7.3
k+5A (sec-1)g 1.00( 0.24 0.45( 0.09
k-5A (sec-1)g 0.88( 0.11 0.35( 0.10
K5A

g 1.1( 0.3 1.2( 0.4
k+5B (sec-1)g 9.26( 1.55 4.8( 1.3
k-5B (µM-1×sec-1)g 0.31( 0.09 0.51( 0.12
K5B (µM)g 30 ( 11 9.4( 3.4

Pi release
k′+4 (sec-1)h 85 ( 17 74( 5
1/K9

h 44 ( 15 29( 4

Actin binding
k+6 (µM-1×sec-1)i 11.4( 0.4 21.2( 0.4
k-6 (sec-1)i 1.5( 0.1 0.40( 0.02
1/K6 (µM) i 0.13( 0.01 0.020( 0.001
k+10A (µM-1×sec-1)i 14.6( 0.6 16.8( 0.4
k-10A (sec-1)i 1.2( 0.1 0.30( 0.01
1/K10B (µM) i 0.08( 0.01 0.020( 0.001
k+10A (µM-1×sec-1)i NA 1.1 ( 0.1
k-10A (sec-1)i NA 1.1 ( 0.1
1/K10A (µM) i NA 1.0 ( 0.1
1/K10A (µM) j 5.0 NA
a mantATP fluorescence.b ATP binding by competition with

mantATP.c Acid quench with [γ-32P]ATP. d ATP-induced dissociation
monitored by light scatter.e ADP release by competition with ATP-
induced dissociation monitored by light scatter or pyrene actin.f Note
the rate and equilibrium constants definingK′5A were modeled with an
off-pathway intermediate (K10R, see Discussion) in MIII∆K. g mantADP
fluorescence.h Phosphate binding protein.i Pyrene actin fluorescence.
j Predicted from kinetic simulation of steady-state actin binding data
(not determined by simulation with MIII∆K because this state is not
a significantly populated steady-state intermediate in the MIII∆K
ATPase cycle).
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calculated dissociation constant for the overall affinity for
mantADP was 3-fold weaker in the presence compared to
the absence of actin (Kd (overall) ) 16 ( 7 µM and 5( 3
µM, respectively). The ratio of amplitudes of the slow and
fast phases for mantADP dissociation are in reasonable
agreement with the determined equilibrium constant (K5A)
for the transition between the two proposed ADP states in
the presence and absence of actin [K′5A ) 1.2, dissociation
amplitude ratio (fast phase/slow phase)≈ 2.8; K5A ) 1.2,
dissociation amplitude ratio (fast phase/slow phase)≈ 1.9].
However, the amplitudes from the mantADP association

experiments are slightly different than what is expected from
the two-state model in the presence and absence of actin
(fast/slow association amplitude ratio∼3.5 and ∼2.3,
respectively).

We also examined the rate of ADP release from pyrene
actomyosin III∆K by performing ATP-induced dissociation
(5000 µM ATP) experiments with 0.5µM actomyosin III
∆K in the presence of varying concentrations of ADP (Figure
7A). The fluorescence transients contained two phases at all
ADP concentrations measured (∼120 and∼6.5 s-1). The
slow phase was modeled to be ADP release and the fast
phase modeled to be ATP-induced dissociation. The ampli-
tudes of the slow phase increased while the fast phase
decreased as a function of ADP concentration. The ampli-
tudes were fit to a hyperbolic function to determine the
apparent affinity of actomyosin III∆K for ADP (1/K′5B )
16.4 ( 2.2).

We also measured ADP release from actomyosin III∆K,
as described above but in the presence of a higher actin
concentration (final conditions: 5.0µM pyrene actin, 0.5
µM MIII ∆K, 100 µM ADP, and 5 mM ATP) as was
performed for MIII (4) (Figure 7B). We observed a fast and
a slow phase of ADP-release with the fast phase dominating
the signal (amplitude was 90% of the total). The fast and
slow phases (k′5B ) 5.0 ( 0.2; k′5A ) 0.67 ( 0.20) were
similar to those measured with mantADP, while the relative
amplitudes were different. The mant probe may alter the
equilibrium between actomyosin.ADP states as was found
in a myosin VII study (28).

Actin-ActiVated ADP-Release. We performed a sequential
mix experiment in which MIII∆K (2.25 µM) was mixed
with 12.5µM mantATP, aged for 4 s toallow MIII ∆K to
populate the M.ADP.Pi state, and then mixed with 20µM
actin in the presence of 500µM ADP (Figure 7C) (final
reaction conditions: 1.13µM MIII ∆K, 6.25µM mantATP,
20 µM actin, and 0.5 mM ADP). The mant fluorescence
followed a two exponential function with rate constants of
9.9 ( 0.2 and 0.25( 0.03 s-1 (relative amplitudes, 0.85
and 0.15, respectively). We obtained similar results when
the age time was increased to 20 s (data not shown). The
transients were dominated by the fast rate, which is similar
to the fast phase of mantADP release measured in the
mantADP binding and release experiments (Table 2). Similar
experiments were performed in the absence of actin and the
rate of the mant fluorescence transient after a 20 s age time
was found to be 0.18( 0.01 s-1 (data not shown). This rate
is similar to the slow phase measured in the presence of actin
(Figure 7C), which likely represents the rate of phosphate
release in the absence of actin (see also Figure 4B).

HeLa Cell Localization.To examine the effect that the
loss of the kinase domain would have on heterologously
expressed myosin IIIA we transfected HeLa cells with full
length myosin IIIA containing an N-terminal GFP tag with
and without the kinase domain (GFP.MIII Full and GFP.MIII
Full ∆K) (Figure 8). Here we used constructs that included
the tail domain since a functional 3THDII (Myosin III Tail
Homology Domain II) is necessary for tip localization in
HeLa cells (31). Cell counting yielded that 86% of the cells
transfected with the full-length myosin IIIA∆K construct
(n ) 200) exhibited a concentration of fluorescence at the
tips of filopodia, whereas only 41% of cells transfected with
GFP.MIII Full (n ) 200) exhibited a concentration of

FIGURE 7: ADP binding to and dissociation from acto-MIII∆K.
(A) Pyrene acto-MIII∆K (0.5 µM) in the presence of varying
concentrations of ADP was mixed with 5 mM ATP. The amplitude
of the slow phase (b) increased as a function of ADP concentration,
while the amplitude of the fast phase (0) decreased. The ADP
concentration dependence of the amplitude of the slow phase was
fit to a hyperbola to determine the dissociation constant for ADP
binding to MIII ∆K (K5B′ ) 16.4( 2.2µM). B) The rate of ADP-
release measured with pyrene actomyosin III∆K as described for
panel A except at a higher pyrene actin concentration (final
conditions: 0.5µM MIII ∆K, 5 µM pyrene actin, 100µM ADP, 5
mM ATP). The fluorescence transients were best fit by a two
exponential function containing fast (5.0( 0.2 s-1) and slow (0.67
( 0.20 s-1) components (relative amplitudes, fast) 0.9, slow)
0.1). (Inset) Same fluorescence transient on a log time scale. (C)
The rate of mantADP release following binding to actin in the
M.ADP.Pi state. MIII ∆K (2.25 µM) was mixed with 12.5µM
mantATP, aged for 4 s and then mixed with 20µM actin and 0.5
mM ADP (final reaction conditions: 1.13µM MIII ∆K, 6.25µM
mantATP, 20µM actin, and 0.5 mM ADP). The mant fluorescence
decay was fit to a two exponential function (kobs ) 9.9 ( 0.2 and
0.25 ( 0.02 s-1). (Inset) Same transient on a log time scale.
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fluorescence at the tips of filopodia. These results suggest
that the mechanism responsible for tip localization, whether
it be ability/likelihood of myosin IIIA to reach the tips or
lack of its ability to leave (or be recycled from) the tips, is
enhanced when the kinase domain is not present in the
molecule.

DISCUSSION

OVerall Comparison of Myosin III and Myosin III∆K
Kinetics.We have examined the key rate and equilibrium
constants in the motor ATPase cycle of myosin IIIA lacking
the kinase domain but containing the first two IQ motifs.
The current results were compared to the motor ATPase
mechanism of myosin IIIA containing the kinase domain (4),
directly demonstrating the impact of the kinase domain on
the kinetic properties of the myosin IIIA motor. The steady-
state results demonstrate MIII∆K has a 2-fold higherkcat

and 5-fold higher steady-state actin affinity. Thekcat is
enhanced in the MIII∆K because of a faster transition

between actomyosin.ADP-states. Thus, instead of the transi-
tion between ADP states being rate limiting as it is in MIII,
the ATP hydrolysis step is likely rate limiting. In addition,
MIII ∆K has a higher affinity for actin in both the rigor and
ADP states, suggesting the kinase domain may reduce the
ability of the motor to bind to actin. Thus, removal of the
kinase domain shifts myosin III to a higher duty ratio motor
at lower actin concentrations.

One possible explanation for the observed kinetic differ-
ences between MIII and MIII∆K is that removal of the
kinase domain alters the native structure of myosin IIIA and/
or coupling that occurs between the kinase and motor
domains. A study that examined the kinetics ofDictyostelium
myosin II with the N-terminal SH3 domain removed
demonstrated reduced ATPase activity, actin binding, and
ADP release compared to a wild-type control (33). Our
results show the complete opposite effect, in that MIII∆K
has enhanced ATPase activity, higher actin affinity, and
accelerated ADP-release compared to MIII. Therefore, there
does not appear to be a conserved role for the N-terminal
domain in myosin motor function. Indeed, class I myosins
completely lack an N-terminal domain (2), suggesting that
the importance of the N-terminus varies throughout the
myosin superfamily. An intriguing possibility is that kinase-
motor interactions influence the kinetic properties of MIII,
and that coupling between the motor and kinase domains
occurs during the motor ATPase cycle. This may be
physiologically relevant because other proteins that interact
with myosin IIIA in the cell, such as kinase substrates, may
alter the kinase-motor coupling and influence motor activity.
Point mutations in the kinase domain will be used in future
studies to differentiate between the kinetic effects that are
due to alterations in the native structure of myosin IIIA versus
coupling that occurs between the kinase and motor domains.

Another possible mechanism for the observed differences
between MIII and MIII∆K is that phosphorylation of critical
sites on MIII may alter the kinetic properties of the myosin
IIIA motor. The steady state measurements in MIII have the
caveat that phosphorylation can occur during the timecourse
of the experiment (steady-state ATPase and actin binding).
However, because the transient kinetic measurements are
done on a rapid time scale and autophosphorylation is slow
(3, 4), the phosphorylation state will not likely change during
the timecourse of these measurements. Western blot analysis
demonstrated that the phosphothreonine content in purified
MIII and MIII ∆K was quite low compared to fully
phoshorylated MIII, suggesting phosphorylation itself is not
responsible for the transient kinetic differences between the
two constructs. However, we cannot rule out that phospho-
serine levels are responsible for the kinetic differences,
because the phosphoserine content was higher in MIII
compared to MIII∆K in the absence of ATP. Further analysis
is necessary to confirm the phosphorylation levels of purified
MIII and MIII ∆K using more sensitive methods such as
mass spectrometry. Our results do not rule out that fully
phosphorylated MIII may have altered ATPase activity. In
order to rigorously examine the effect of phosphorylation
on the kinetic properties of MIII, the phosphorylation sites
must be determined and point mutations that mimic and
prevent phosphorylation examined. Thus, it is possible that
future studies will reveal that both kinase-motor interactions
and phosphorylation may play a role in regulating the motor

FIGURE 8: HeLa cells were transfected with plasmids encoding a
full length wild type myosin IIIA tagged with GFP (GFP.MIII Full)
(A) or full length myosin IIIA with the kinase domain removed
(GFP.MIII Full ∆K) (B), and analyzed by fluorescence microscopy.
The amount of GFP.MIII Full and GFP.MIII.Full∆K protein
localized along the filopodia and at the filopodial tips was compared.
The F-actin cytoskeleton was visualized with Texas Red-X phal-
loidin.
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properties of myosin IIIA in sensory cells. In addition,
calcium may also play a role in myosin IIIA regulation, but
it was not investigated in the current study since all
experiments were performed in buffer containing EGTA.

ATP Binding to Myosin III∆K. We reported that the rate
of ATP binding to the myosin IIIA motor domain in the
construct containing the kinase domain is quite slow (4). We
also determined that actin binding enhances the rate of ATP
binding to the motor domain of MIII (4). Thus, although
the kinase domain appears to interfere with ATP binding,
this interference is reduced when MIII is bound to actin. Our
current results support this conclusion since MIII∆K has a
similar ATP binding rate to that of actin bound MIII. In
addition, the rate of ATP binding in MIII∆K was similar in
the presence and absence of actin. These results suggest
coupling between the kinase and motor domain may play a
role in the ATP binding step in the absence of actin. Upon
binding to actin the kinase-motor interactions that reduce
ATP binding may be abolished. Structurally this could be
accomplished by altering the position of switch I, a critical
element of the nucleotide binding region. Previous results
have demonstrated that myosin VI has a reduced ATP
binding rate, which is a consequence of interactions between
a unique insert and switch I (33). The inhibited conformation
of switch I may be promoted by specific kinase-motor
interactions, while upon binding to actin these interactions
are abolished.

The Hydrolysis Step in Myosin III∆K. The rate of ATP
hydrolysis in MIII ∆K in the absence of actin may be rate
limiting. Both 32P and phosphate release experiments suggest
the equilibrium constant for ATP hydrolysis is approximately
1.5 and the rate of ATP hydrolysis is∼3.0 s-1. Kinetic
simulations using the measured rate and equilibrium con-
stants demonstrate a turnover rate similar to our measured
kcat (data not shown). Actin-activated product release moni-
tored with mantATP suggests that following a delay which
allows MIII ∆K to populate the M.ADP.Pi state the reaction
proceeds at a rate of∼10 s-1. This rate is similar to the fast
phase of our ADP release experiments (Figure 7). A similar
experiment performed with MIII indicated a slow transition
following the hydrolysis step was rate limiting, which we
concluded to be the transition between actomyosin.ADP
states (4).

Our hydrolysis results are similar to the previous report
of myosin IIIA without the kinase domain and lacking IQ
domains (16) in that a similar equilibrium constant for ATP
hydrolysis was obtained (K3 ) 1.5). In addition, the affinity
for actin in the M.ATP state, estimated from light scatter
measurements (data not shown), was found to be quite high
(1/K8 ≈ 1 µM) in our MIII ∆K construct. However, the rate
of ATP hydrolysis in the absence of actin that we measured
was∼10-fold faster and the affinity for actin in the M.ATP
state was 10-fold weaker compared to Kambara et al. (16).
The differences in the kinetic measurements may be due to
their removal of the IQ motifs. Indeed, myosin V complexed
with different light chains was shown to have different ATP
hydrolysis rate and equilibrium constants (34). Furthermore,
measurements in the Kambara et al. study (16) were done
at a lower ionic strength than our studies, which is known
to alter actin affinity in the weak binding states. Overall,
kinetic analysis of the kinase removed myosin IIIA in the
current study and the Kambara study (16) suggest the

predominant steady-state intermediate is the pre-hydrolysis
M.ATP state.

We cannot rule out that actin bound hydrolysis occurs in
the MIII ∆K pathway as was suggested by Kambara et al.
(16). Because the affinity for actin in the M.ATP state may
be quite high, we would expect to observe inhibition of the
steady-state ATPase at higher actin concentrations if actin
bound hydrolysis did not occur. Since we did not observe
this inhibition, our results suggest actin bound hydrolysis
may occur in the actoMIII∆K pathway. Nevertheless, the
kinetic mechanism of myosin IIIA containing the kinase
domain is very different because the actomyosin.ADP state
is the predominant steady state intermediate. The steps in
the pathway that account for this difference are an equilib-
rium constant for ATP hydrolysis that is highly favored and
a slow transition between actomyosin.ADP states in MIII.
Therefore, the kinase domain, either by phosphorylation or
kinase-motor coupling, may be important for mediating ATP
hydrolysis and ADP release.

Rate-limiting ATP hydrolysis has been reported for very
few other myosins. Myosin IXB was found to have rate-
limiting ATP hydrolysis and a high affinity for actin in the
M.ATP state, which results in the actomyosin.ATP state
being the predominant steady-state intermediate (35). Myosin
IXB was also found to have the ability to move processively
along actin (35). Myosin II was shown to be limited by actin-
bound ATP hydrolysis at low ionic strength and saturating
actin concentrations (27). However, it is unclear whether this
pathway occurs under physiological conditions. Previous
work demonstrated that full-length MIII∆K is capable of
translocating to the tips of actin bundles in sensory cells and
filopodia in COS cells and motor activity is required for
myosin IIIA tip localization (13, 31). Thus, it appears that
in these cells MIII∆K is capable of functioning as a motor
with a rate-limiting hydrolysis step. Therefore, a rate-limiting
ATP hydrolysis step appears to be a viable kinetic mecha-
nism for myosin motor function, but it is unclear what
advantage this mechanism would provide for myosins to
perform their cellular functions.

The ADP Release Step in Myosin III∆K. We found a two-
step mantADP release in MIII∆K that was very similar to
that of MIII. Similarly, we observed two phases of unlabeled
ADP release from pyrene actomyosin III∆K in the presence
of 5.0 µM actin. The slow phase of ADP release (0.6-0.7
s-1) was found to be 2-fold slower than thekcat measured in
our steady-state ATPase assay. In addition, the slow phase
was not observed in the actin-activated product release
experiments (Figure 7C). Thus, the slow transition measured
by mantADP and pyrene actin may indicate an off-pathway
intermediate. A similar off-pathway actomyosin.ADP inter-
mediate was observed in the myosin V ATPase cycle (36).
Scheme 2 represents a proposed model for the two acto-
myosin.ADP states and a third off pathway AM†.ADP state.

Scheme 2
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The proposed AM†.ADP state would have a more quenched
pyrene actin fluorescence and more enhanced mantADP
fluorescence compared to the AM.ADP′ and AM.ADP states.
Evidence for multiple actomyosin.ADP states in MIII∆K
is also apparent from the pyrene actin binding experiments
in the presence of ADP. We observed fast and intermediate
phases with pyrene actin binding that were both linearly
dependent on pyrene actin concentrations, and a third phase
that was independent of actin concentration. The two actin-
dependent phases were modeled to be weak (1/K10A ) 1 µM)
and strong (1/K10B ) 0.02µM) actin affinity states. The slow
phase of the pyrene actin binding data was modeled to be
the transition into the off pathway actomyosin.ADP inter-
mediate (k′+10BR ≈ 0.2 s-1). We propose that the transition
out of this intermediate is monitored by mantADP release
and ADP release from pyrene actomyosin (k′+10BR ≈ 0.6 s-1).
In our previous study of MIII, we observed a slow transition
between the two actomyosin.ADP states that occurred at a
similar rate and was similar to thekcat. We concluded that
this step is the rate-limiting step in the MIII ATPase cycle.
Thus, population of the proposed off-pathway AM.ADP
intermediate may be influenced by the kinase domain (i.e.,
MIII populates the off-pathway AM†.ADP state, whereas
MIII ∆K does not).

The physiological relevance of multiple actomyosin.ADP
states in the myosin ATPase cycle has been proposed in
previous studies of other myosins (36-40). The slow
transition between actomyosin.ADP states may allow myosin
IIIA to generate tension for a longer period of time under
conditions of high mechanical load. In addition, myosin IIIA
may be able to function as an efficient transporter under
conditions where it proceeds through the rapid ADP-release
step, whereas it may function as a tension generator or anchor
under conditions where it populates the off-pathway AM†.ADP
state.

Model of Myosin IIIA Regulation.Our cell localization
studies suggest that full length human myosin IIIA localiza-
tion to the tips of filopodia is enhanced by removal of the
kinase domain. Previous studies have also found that bass
myosin IIIA localizes more efficiently to the tips of filopodia
in HeLa cells without the kinase domain (31). In addition,
kinase domain removal results in more enhanced localization
of human myosin IIIA to the tips of filopodia in COS cells
and inner hair cell stereocilia (45) and enlargement of a
compartment at the tips (13). Our current results add to
previous results by demonstrating that HeLa cells transfected
with MIII ∆K are more likely to contain tip localization than
cells transfected with wild type MIII. Because the filopodia
in HeLa cells are more pronounced than in COS cells our
results demonstrate that MIII is sometimes found localized
along the length of the filopodia while MIII∆K is predomi-
nantly at the tips. Our results are not able to conclude that
more filopodia are present in the MIII∆K tranfected cells
compared to MIII transfected cells because numbers of
filopodia per cell are highly variable and are present in the
non-transfected cells as well. Thus, it remains to be
determined if myosin IIIA contains the ability to induce
filopodia as has been found with myosin X (41).

The enhanced tip localization observed with myosin IIIA
∆K may be due to an increase in the rate of movement to
the tips. The enhanced ATPase activity and actin binding
affinity in MIII ∆K suggest that the rate of movement may

be increased in MIII∆K, as sliding velocity scales with
ATPase rate in many myosins (42, 43). If the kinase domain
inactivates or downregulates the motor by phosphorylation
or kinase-motor interactions, this may also explain the
enhanced tip localization in MIII∆K. The inactivated myosin
IIIA could return to the base of actin bundles by retrograde
flow. Because myosin IIIA has a tail actin binding motif, it
would be able to stay attached to actin when the actin affinity
of the motor domain is reduced due to down regulation.
Additionally, it is possible that myosin IIIA may have a
homologous function to that of myosin IA, which was
recently shown to power the motion of the microvillar
membrane toward the tips of the microvilli and increase the
size of the compartment at the tips (44). Indeed, myosin IIIA
was shown to contain lipid binding capability in its tail
domain (45), which would allow the tail to dock onto the
membrane while the motor generates tension through its
interaction with actin. Further study is necessary to determine
the mechanism of myosin IIIA regulation by phosphorylation
and/or kinase-motor interactions. Nevertheless, our results
suggest the concentration and activity of myosin IIIA
localized to the tips of actin bundles may be important for
mediating actin bundle tip morphology in sensory cells.

Our results have provided further evidence of kinase-
dependent regulation of myosin IIIA both in biochemical
and cell biological assays. Our kinetic analysis demonstrates
myosin IIIA has a higher actin-affinity and ATPase rate with
the kinase domain removed. The hydrolysis step is slow
whereas the transition between actomyosin.ADP states is
accelerated in the kinase-removed construct, which accounts
for the kinetic differences from wild-type myosin IIIA. Thus,
the transition between actomyosin.ADP states or hydrolysis
could be key regulatory steps in the myosin IIIA motor
ATPase cycle.
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