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ABSTRACT: Myo1c is an unconventional myosin involved in cell signaling and membrane dynamics. Calcium
binding to the regulatory-domain-associated calmodulin affects myo1c motor properties, but the kinetic
details of this regulation are not fully understood. We performed actin gliding assays, ATPase measurements,
fluorescence spectroscopy, and stopped-flow kinetics to determine the biochemical parameters that define
the calmodulin-regulatory-domain interaction. We found calcium moderately increases the actin-activated
ATPase activity and completely inhibits actin gliding. Addition of exogenous calmodulin in the presence
of calcium fully restores the actin gliding rate. A fluorescently labeled calmodulin mutant (N111C) binds
to recombinant peptides containing the myo1c IQ motifs at a diffusion-limited rate in the presence and
absence of calcium. Measurements of calmodulin dissociation from the IQ motifs in the absence of calcium
show that the calmodulin bound to the IQ motif adjacent to the motor domain (IQ1) has the slowest
dissociation rate (0.0007 s-1), and the IQ motif adjacent to the tail domain (IQ3) has the fastest dissociation
rate (0.5 s-1). When the complex is equilibrated with calcium, calmodulin dissociates most rapidly from
IQ1 (60 s-1). However, this increased rate of dissociation is limited by a slow calcium-induced
conformational change (3 s-1). Fluorescence anisotropy decay of fluorescently labeled N111C bound to
myo1c did not depend appreciably on Ca2+. Our data suggest that the calmodulin bound to the IQ motif
adjacent to the motor domain is rapidly exchangeable in the presence of calcium and is responsible for
regulation of myo1c ATPase and motile activity.

Myo1c1 is a member of the myosin-I family of molecular
motors that functions in mechano-signal transduction (1, 2),
membrane dynamics (3-5), protein trafficking (6), and
nuclear transcription (7). Myo1c contains a conserved motor
domain, a calmodulin-binding regulatory domain (or lever
arm), and a tail domain responsible for subcellular targeting
and phosphoinositide binding (3, 4, 8).

The regulatory domain of myo1c contains three IQ
motifs, which are sequences of∼23 amino acids with a
core consensus sequence that binds calmodulin (Figure 1;
(9, 10)). This domain acts as a lever arm, amplifying
conformational changes in the motor to produce a force-
generating power stroke (11). The regulatory domain is
composed of a singleR-helix and requires calmodulin
binding to stabilize its structure and to give it mechanical
stiffness (12-14).

Calcium binding to the high-affinity binding sites of
calmodulin change the interaction between calmodulin and
the myo1c regulatory domain (15, 16), resulting in the
apparent weakening of the affinity of at least one IQ-bound
calmodulin. The dissociation of calmodulin inhibits myo1c-
dependent actin gliding in thein Vitro motility assay (15),
and similar regulation has also been observed for myo1a and
myo1b (17-19). Gillespie and Cyr (20) measured the affinity
of calmodulin for peptides with sequences of each of the
myo1c IQ motifs and found calcium weakens the affinity of
calmodulin for the IQ motifs closest to the motor domain

† E.M.O. was supported by grants from the National Institutes of
Health (GM57247 and AR051174). J.H.L. was supported by a training
grant from the National Institute of Arthritis and Musculoskeletal and
Skin Diseases (AR053461).

* Corresponding author. Phone: 215-573-9758, fax: 215-573-1171,
e-mail: ostap@mail.med.upenn.edu.

1 Abbreviations: IAEDANS, 5-((((2-iodoacetyl)amino)ethyl)amino)-
naphthalene-1-sulfonic acid; IQ12, truncated regulatory domain residues
698-743; IQ23, truncated regulatory domain residues 721-767; L-CaM,
N111C-CaM labeled with IAEDANS; N111C-CaM, calmodulin with
a cystein point mutation; myo1cIQ1-3, expressed myo1c protein construct
containing the motor domain and a regulatory domain with bound
calmodulin.

FIGURE 1: Domain structure of myo1c and IQ-motif expression
constructs used in this study. Light gray and dark gray boxes
represent 6x-His and FLAG tags, respectively, used for purification.
The black box represents an Avi-tag used for site-specific bioti-
nylation. The protein sequences of the individual IQ motifs are
shown.
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(IQ1 and IQ2) but not the IQ motif closest to the tail domain
(IQ3). However, the reported affinities are much weaker than
one would expect based on other experiments (15, 16).

Given the localization of myo1c to membranes in dynamic
regions of the cell (3, 21, 22), it is likely that myo1c
experiences transient changes of calcium concentration within
a range that is capable of regulating motor activity. Indeed,
it has been proposed that calcium regulates the fast-adaptation
response in sensory hair cells (23) by binding directly to
myo1c-bound calmodulin. However, nothing is known about
the rates at which calcium affects calmodulin binding and
dissociation to myo1c, and little is known about calcium-
induced structural transitions within the regulatory domain.

Our goal is to characterize the effect of calcium and
calmodulin on the regulation of myo1c by measuring the
binding and kinetics of the association of calmodulin with
each of the myo1c IQ motifs in the presence and absence of
calcium, and to determine the rate at which calcium affects
the affinity of the IQ-calmodulin interaction.

MATERIALS AND METHODS

Expression and Purification of IQ12 and IQ23. Truncated
regulatory domain expression constructs for IQ12 (698-743)
and IQ23 (721-767) were created by cloning the appropriate
myo1c cDNA into a pET-28 vector (Novagen) that contains
an N-terminal 6-His tag for purification (Figure 1). BL21-
(DE3) pLysS cells (Stratagene) were transformed with IQ12
or IQ23 and a vector for expression of vertebrate calmodulin.
Expression of soluble IQ12 and IQ23 requires the protein
to be coexpressed with calmodulin. Protein expression was
induced by addition of 1 mM IPTG when the optical density
of the bacterial culture was 0.5-0.6. Induced cells were
further cultured with shaking for 3 h at 37°C. Cells were
lysed with lysis buffer (20 mM imidazole, 150 mM NaCl,
0.5 mM EGTA, 1 mM â-mercaptoethanol (BME), 0.5%
Igepal, 1 mM phenylmethanesulfonyl fluoride, 0.01 mg/mL
aprotinin, 0.01 mg/mL leupeptin, 15 mM Tris, pH 7.5) on
ice and sonicated. Cell extract was collected after spinning
the lysed cells at 10 000g for 30 min. The supernatant was
passed through a 1× 1.5 mL Ni-NTA agarose column
(Qiagen) and calmodulin-bound IQ12 or IQ23 was eluted
from the column with 10 mL of elution buffer (EB: 200
mM imidazole, 150 mM NaCl, 0.5 mM EGTA, and 1 mM
BME, 25 mM Tris pH 8). The protein was dialyzed against
1 L of HNa100 buffer (10 mM HEPES, 100 mM NaCl, 1
mM EGTA, 1 mM DTT, pH 7.0) overnight, and the
precipitate was removed by sedimentation. Calmodulin-
bound IQ12 or IQ23 was further purified by anion-exchange
chromatography (MonoQ; Amersham Pharmacia Bioscienc-
es). The identity and molecular weight of IQ12 and IQ23
were verified by Western blot using anti-His antibodies and
MALDI analysis (not shown).

Calmodulin was removed from IQ peptides after the
monoQ step by loading the protein complex on a Ni-NTA
agarose column (1× 1.5 mL) and removing the calmodulin
by washing the column with 10 mL of 8 M urea. The peptide
was eluted with 10 mL of EB. The calmodulin-free IQ
peptide was immediately loaded on to an HPLC reverse-
phase column (PLRP-S column; Polymer Laboratories),
where the mobile phase was 10-90% acetonitrile and 0.1%
TFA. We found that calmodulin-free IQ12 and IQ23 in

solution nonspecifically bound to polypropylene tubes.
Therefore, lyophilized IQ motifs were stored at-20 °C until
use. High concentrations of solubilized protein kept in glass
vials were stable for at least 1 h onice, which is the duration
of our experiments. Adsorption of IQ12 and IQ23 to assay
tubes was not observed when the peptides were bound to
calmodulin.

Purification of Myo1c-motorIQ1-3. A mouse myo1c con-
struct containing residues 1-767 (myo1cIQ1-3), which in-
cludes the motor domain, three calmodulin-binding IQ
motifs, a C-terminal tag for site-specific biotinylation, and
a C-terminal FLAG sequence for purification, was expressed
and purified in the presence of calmodulin as described (3).
Myo1cIQ1-3 was biotinylated as described (19).

Purification and Labeling of Calmodulin.Wildtype and
mutant (N111C-CaM) recombinant chicken calmodulin were
expressed and purified from bacterial lysates as described
(24). The concentration of calmodulin was determined by
absorbance (ε275 ) 3300 M-1 cm-1).

N111C-CaM was labeled on cysteine-111 with the thiol-
reactive dye, 5-((((2-iodoacetyl)amino)ethyl)amino)naphth-
alene-1-sulfonic acid (IAEDANS). N111C-CaM (50µM) in
labeling buffer (25 mM Tris, pH 7.4, 100 mM NaCl, 2 mM
EGTA) was incubated with tris(2-carboxyethyl)phosphine
hydrochloride (TCEP) for 60 min at room temperature,
followed by incubation with 500µM IAEDANS for 3 h.
The labeling reaction was quenched with 3 mM 2-mercap-
toethanesulfonic acid. Free label was removed by gel
filtration, and the AEDANS-labeled calmodulin (L-CaM)
was concentrated. The AEDANS concentration was deter-
mined by absorbance (ε336 ) 5700 M-1 cm-1), and the
L-CaM concentration was determined using [L-CaM]) (A275

- (2360 M-1 cm-1 × [AEDANS]))/3300 M-1 cm-1.
ATPase and Motility Assays.Steady-state ATPase activi-

ties were measured in KMg25 (10 mM Mops, pH 7.0, 25
mM KCl, 1 mM MgCl2, 1 mM EGTA, 1 mM DTT) at 37°C
using the NADH-coupled assay as described (25). The final
protein concentrations after mixing were 100 nM myo1cIQ1-3,
50 µM actin, and (10 µM calmodulin. Free calcium
concentrations were calculated using MaxChelator (26).
Calculations took into account the total calcium, magnesium,
ATP, and EGTA concentrations, as well as the ionic strength,
pH, and temperature. The calcium concentrations are buffered
with 1 mM EGTA, so the inclusion of 10µM calmodulin
only marginally changed the free calcium concentration
(<0.5 µM).

In Vitro motility assays using biotinylated myo1bIQ1-3 were
performed in the absence and presence of calcium in standard
motility chambers at 37°C as described (19). The temper-
ature was controlled using an objective heater (Bioptechs).
Nitrocellulose-coated coverslips were exposed to 0.1 mg/
mL streptavidin and then blocked with 1 mg/mL BSA.
Biotinylated myo1cIQ1-3 (250 nM) was added to the coverslip
and allowed to bind to the immobilized streptavidin. Free
calcium concentrations were determined as described above.
The rate of actin filament gliding was determined using
Metamorph (Universal Imaging).

Steady-State Fluorescence Binding Assays. Binding of
calmodulin to IQ12 and IQ23 was determined by monitoring
the steady-state fluorescence of the intrinsic tryptophans of
the IQ peptides as a function of calmodulin concentration.
Trp residues were excited at 295 nm, and fluorescence
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spectra were collected between 310 and 450 nm. Excitation
and emission slits were 6 nm.

Binding of L-CaM to IQ12 and IQ23 was determined by
monitoring the steady-state fluorescence of the AEDANS
probe excited by fluorescence resonance energy transfer
(FRET) from the tryptophans in the IQ peptides to the
AEDANS bound to the L-CaM (calmodulin does not contain
tryptophans). Tryptophans were excited at 295 nm, and
fluorescence spectra were collected from 310 to 600 nm.
Data were corrected for the small amount of fluorescence
obtained by the 295 nm excitation of L-CaM by subtracting
the contribution of the fluorescence spectra of samples
containing only L-CaM (0-3 µM).

Sedimentation Assays. The stoichiometry of calmodulin
binding to myo1cIQ1-3 was determined using actomyosin
spin-down assays as described previously (19). Phalloidin-
stabilized actin (4µM) was incubated with 1µM myo1cIQ1-3

and titrated with calmodulin (0-10 µM) in the absence and
presence of 100µM free calcium. The actomyosin complexes
were centrifuged at 250 000g for 20 min at 25°C. Super-
natants were immediately removed, and the pellets were
resuspended in SDS-PAGE sample buffer. Samples were
boiled for 3 min, resolved by SDS-PAGE, and visualized
by staining with SYPRO-red (Invitrogen). Consistent lane-
to-lane loading on the gels was confirmed by monitoring
the myosin and actin bands. Gel-band intensities were
detected with a Typhoon 8600 imager (GE Healthcare) and
were quantified using Metamorph (Universal Imaging) with
known quantities of calmodulin as standards resolved on the
same gel.

Calmodulin Association and Dissociation Kinetics. The
rates of association were determined by monitoring the
increase in FRET upon mixing of IQ12 or IQ23 with L-CaM
in an Applied Photophysics SX.18MV instrument withλex

) 295 nm and fluorescence emission detected using a 475
nm long-pass filter. Data were fit to eq 1 using Berkeley
Madonna. The ratesk1 andk2 were allowed to vary, as were
normalization factors for assigning biochemical states to
fluorescence intensities.

The rates of dissociation of L-CaM from IQ12, and IQ23
were determined by monitoring the decrease in FRET after
the protein complex was mixed with a 50-fold excess of
unlabeled calmodulin in HNa100 in the absence or presence
of 2 mM CaCl2. Manual mixing in a PTI fluorometer was
used to measure the dissociation of L-CaM from IQ12 in
the absence of calciumλex ) 295 nm andλem ) 490 nm.
All other measurements were made by stopped-flow as
described above. Data were fit to single or double exponential
functions and the results are reported as mean( SD of
multiple experiments. Fits to double exponential functions
are reported if there was a significant improvement in the
chi-squared values and observed residuals over the single-
exponential fits. The concentrations reported in the text and
figure legends are after mixing.

Time-ResolVed Fluorescence Anisotropy.Myo1cIQ1-3 was
exchanged with L-CaM by mixing 10µM myo1cIQ1-3, 60
µM L-CaM, in 10 mM Tris, 100 mM NaCl, 1 mM EGTA,
1 mM DTT, 1 mM MgCl2, 1.1 mM CaCl2. After 1 min,
EGTA was added to a final concentration of 2 mM.
Myo1cIQ1-3 was mixed with phalloidin-stabilized actin and
centrifuged to separate the myosin from free L-CaM. The
actin-myo1cIQ1-3 pellet was washed and resuspended in the

same buffer, but with the addition of 200 mM NaCl and 1
mM ATP. The mixture was centrifuged to separate the actin
(pellet) from the myo1cIQ1-3 with bound L-CaM (superna-
tant).

Time-resolved fluorescence anisotropy was performed
using a Photon Technology International (PTI) QuantaMaster
fluorometer with polarizers in T-format with a pulsed 337
nm nitrogen laser as the excitation source. Fluorescence
emission was collected at 490( 2 nm by a time-delay gated
photomultiplier tube, and theg-factor was calculated using
the instrument software as described (27). The instrument
response function at 337 nm was determined using a dilute
solution of nonfat dry milk as a scatterer. Data were analyzed
by Felix (PTI, inc.) and Globals (Laboratory for Fluorescence
Dynamics, Univ. of IL) software.

RESULTS

ATPase and Motile ActiVity of Myo1c.The actin-activated
ATPase activity of 100 nM myo1cIQ1-3 was determined as
a function of calcium concentration. The ATPase rate
increased less than 1.5-fold as the concentration of free
calcium was increased to 100µM (Figure 2). The addition
of 10 µM calmodulin resulted in a slight increase in the
ATPase rate at all calcium concentrations tested.

The rate of actin gliding in thein Vitro motility assay in
the absence of calcium increased∼1.5 fold as the calmodulin
concentration was increased from 0 to 10µM (Figure 2).
Calcium inhibited actin gliding in the absence of exogenously
added calmodulin. The addition of calmodulin resulted in
restoration of actin gliding to rates that were identical to
calcium-free conditions (Figure 2), which is in agreement
with previous studies (15).

Myo1c Binds Three Calmodulins in the Absence and
Presence of Calcium.We determined the number of calm-
odulins bound to myo1cIQ1-3 by sedimentation assays.
Myo1cIQ1-3 (1 µM) was mixed with 0-10 µM calmodulin
and bound to 4µM actin. The actomyosin complexes were
pelleted in the absence or presence of 100µM free calcium,
and the proteins were resolved by SDS-PAGE along with
calmodulin standards for the determination of protein
concentration. Since myo1c-IQ1-3 was expressed and purified
in the presence of calmodulin, we expected calmodulin to
be bound even in the absence of exogenously added
calmodulin. We found three calmodulins bound to myo1cIQ1-3

in the absence and presence of 100µM free calcium (Figure
2). Although calcium apparently weakens the affinity of
calmodulin for the IQ motifs (Figure 2; (15, 20)), binding
in the absence and presence of calcium is tight. Because
myo1c-IQ1-3 is calmodulin-saturated at the lowest concentra-
tion tested (1µM), we estimate the dissociation constants
(Kds) for the IQ motifs to be at least 5-fold lower than this
calmodulin concentration (<0.2µM). These affinities are>5-
fold tighter than determined by previous binding measure-
ments (20).

Stoichiometry of Calmodulin and L-CaM Binding to IQ12
and IQ23.To better facilitate investigation of the biochemical
properties of the individual IQ-motif-calmodulin interactions,
we expressed peptides composed of the first two (IQ12) and
second two (IQ23) IQ-motifs of myo1c (Figure 1). We
monitored the intrinsic tryptophan fluorescence of 0.5µM
IQ12 and IQ23 as the peptides were titrated with 0-6 µM
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calmodulin (Figure 3). Calmodulin does not contain tryp-
tophans, so changes in fluorescence are due to environmental
changes around the tryptophans in the IQ peptides. In the
absence and presence of 100µM free calcium, the fluores-
cence of IQ12 increased upon calmodulin binding until the
calmodulin to IQ-motif ratio was 1:1, which is two calm-
odulins per peptide. Titrations performed with 0.25µM and

2.5 µM IQ12 (not shown) also showed saturation at 1:1
calmodulin to IQ-motif ratios, indicating that the peptide
concentration is greater than theKd for calmodulin binding.
The fluorescence of IQ23 decreased in intensity upon
calmodulin binding in the absence of calcium until the
calmodulin to IQ-motif ratio reached 1:1 (Figure 3). In the
presence of calcium, the fluorescence increased upon calm-
odulin binding, and this increase also saturated at a calm-
odulin to IQ-motif ratio of 1:1. This difference in the
direction of change of the fluorescence intensity upon
calcium addition indicates that calcium alters the conforma-
tion of the IQ-bound calmodulin.

Kinetics of L-CaM Binding to IQ12 and IQ23.We used
FRET from the tryptophans in IQ12 and IQ23 to L-CaM to
measure the kinetics of the IQ-calmodulin interaction (see
Materials and Methods). We confirmed that we could detect
L-CaM binding to IQ12 and IQ23 with the same stoichi-
ometry as observed by monitoring the tryptophan fluores-
cence. The fluorescence of L-CaM increased with increasing
concentrations of IQ12 until it reached saturation at a ratio
of one calmodulin per IQ-motif (2 calmodulins per peptide)
in the absence and presence of 100µM free calcium (Figure
4). The fluorescence of L-CaM also increased with increasing
concentrations of IQ23 until it reached saturation at one
calmodulin per IQ motif (2 L-CaM per peptide) in the
absence and presence of calcium (Figure 4).

Stopped-flow fluorescence measurements were used to
follow the time course of L-CaM binding to IQ12 and IQ23.
We were unable to use pseudo-first-order kinetic methods
to determine rate constants for L-CaM-IQ binding, because
the FRET signal intensities were too low or the FRET
transients were too fast at concentrations that satisfied
pseudo-first-order conditions. Therefore, we followed the
FRET signal after mixing 0.1µM L-CaM with 0.05µM IQ12
or IQ23 in a second-order reaction. We observed biphasic

FIGURE 2: Effect of calcium and calmodulin on myo1cIQ1-3. (Top)
Actin-activated ATPase activity of 100 nM myo1cIQ1-3 in the
presence of 50µM actin as a function of the concentration of free
calcium in the (b) absence and (9) presence of 10µM calmodulin.
The first point represents the ATPase activity in the absence of
added calcium. (Center) Velocity of actin filament gliding, measured
by the in Vitro motility assay, as a function of calmodulin
concentration in the (9) absence and presence of (b) 10 µM and
(2) 100µM free calcium. No motility was detected in the absence
of calmodulin and presence of 10µM or 100 µM calcium. Each
point and error bar represents the average and standard deviation
of 50 filaments (Bottom) Number of calmodulin molecules bound
to myo1cIQ1-3 as a function of calmodulin concentration in the (b)
absence and (9) presence of 100µM free calcium. The calmodulins
bound at the zero point copurifed with the myosin. Error bars
represent the range of duplicate experiments.

FIGURE 3: Binding of calmodulin to IQ12 and IQ23 as determined
by changes in intrinsic tryptophan fluorescence. (Top) Fluorescence
intensity (λex ) 295 nm,λem ) 350 nm) of (left) 0.5µM IQ12 and
(right) 0.5 µM IQ23 titrated with 0-6 µM calmodulin in the (b)
absence and (9) presence of 100µM free calcium. Data were
normalized to the average maximum intensity of the fluorescence
emission in the absence of calcium. Lines are drawn by eye to show
stoichiometric binding of calmodulin to the IQ motifs. (Bottom)
Fluorescence emission spectra of (left) IQ12 and (right) IQ23 in
the absence and presence of calmodulin.
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transients in the absence of calcium for both peptides with
the fast rising phases occurring largely within the instrument
dead-time (Figure 5). The half-times of the increases were
∼1.5 ms for IQ12 and IQ23. A second, slower phase in
which the FRET signal decreased was observed for both
IQ12 and IQ23. The relative amplitude of the decrease was
smaller for the reaction with IQ23. We were unable to assign
spectroscopic changes to specific IQ motifs, so we modeled
the reaction as:

where (L-CaM)-IQ** is collision complex, L-CaM-IQ* is a
calmodulin-bound state with a lower FRET signal,k1 is the
effective rate of binding of the collision complex, andk2 is
the effective rate of the conformational change. We are not
able to determine reverse rate constants from this experiment.
Fitting this model to the IQ12 transient yielded effective rate
constants ofk1 ) 8 × 109 M-1 s-1 andk2 ) 170 s-1 with
the L-CaM-IQ* state having 47% the fluorescence intensity
of the (L-CaM)IQ** state. The effective rate contants for
L-CaM binding to IQ23 werek1 ) 8 × 109 M-1s-1 andk2

) 87 s-1 with the L-CaM-IQ* having 60% the fluorescence
intensity of the (L-CaM)IQ** state. Rates ofk2 were the same
when binding reactions were performed with twice the
protein concentrations (not shown), supporting the proposal
thatk2 reports the rate of a conformational change that occurs
after L-CaM binding.

In the presence of 100µM free calcium, FRET signals
observed during the binding of 0.1µM L-CaM to 0.05µM

IQ12 or IQ23 increased in a single phase (Figure 5). The
transients were fit to a simple second-order binding reaction
resulting in effective rate constants ofk1 ) 8 × 1010 M-1

s-1 for IQ12 andk1 ) 1 × 1010 M-1 s-1 for IQ23.
Kinetics of L-CaM Dissociation from IQ12 and IQ23.The

rate of L-CaM dissociation from IQ12 or IQ23 was measured
by competition after mixing an equilibrated mixture of 1.25
µM L-CaM plus 0.5µM IQ12 or 0.5µM IQ23 with a 50-
fold excess of unlabeled calmodulin (concentrations after
mixing). The dissociation of the L-CaM from IQ12 or IQ23
was detected by a decrease in FRET from the tryptophans
in the IQ motifs to the L-CaM. Mixing the L-CaM- IQ12
complex with unlabeled calmodulin resulted in a fluorescence
decrease that reached a final fluorescence level of that found
for 0.5 µM IQ12 premixed with 50-fold excess unlabeled
calmodulin then mixed with 1.25µM L-CaM, indicating that
the labeled calmodulins were displaced from the peptide. The
time course of the fluorescence decrease is best fit to the
sum of two exponentials that differ in rate 10-fold,kslow )
0.00067 s-1 andkfast ) 0.0065 s-1 (Figure 6; Table 1). When
the L-CaM-IQ12 complex was equilibrated with calcium
before mixing with the unlabeled calmodulin, the rates were
greatly increased tokslow ) 0.49 s-1 andkfast ) 59 s-1 (Figure
6 and Table 1).

Mixing of the L-CaM and IQ23 complex with unlabeled
calmodulin also resulted in a decrease in the fluorescence
to the level expected for complete exchange of the L-CaM
with unlabeled calmodulin (Figure 6). The time course of
the fluorescence decrease was best fit by the sum of two

FIGURE 4: Binding of L-CaM to IQ12 and IQ23 as determined by
FRET. FRET emission intensity (λex ) 295 nm,λem ) 490 nm) of
0-3 µM L-CaM and (top) 0.5µM IQ12 and (bottom) 0.5µM IQ23
in the (b) absence and (9) presence of 100µM free calcium. Lines
are drawn by eye and show stoichiometric binding of calmodulin
to the IQ motifs.

L-CaM + IQ-motif98
k1

(L-CaM)IQ**98
k2

L-CaM-IQ* (1)

FIGURE 5: Kinetics of L-CaM binding to IQ12 and IQ23. Time
courses of FRET emission intensity obtained after mixing 0.05µM
IQ12 or IQ23 with 0.1µM L-CaM in the (top) absence or (bottom)
presence of 100µM free calcium. The solid lines are the best fits
to the data as described in the text. Transients are the averages of
14-26 individual traces.
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exponentials with rates ofkslow ) 0.0071 s-1 andkfast ) 0.53
s-1 (Table 1). The rate of the slow component is similar to
kfast observed in the IQ12 experiment (Figure 6), so we
propose that this component represents the rate of L-CaM
dissociation from IQ2. The time course of the decrease in
the presence of calcium was best fit to the sum of two
exponentials with rateskslow ) 0.12 s-1 andkfast ) 0.32 s-1

(Table 1). Thiskfast is similar to thekslow in the experiment
performed with IQ12 in the presence of calcium, so we
propose that this component represents the rate of L-CaM
dissociation from IQ2.

Kinetics of Calcium-Induced L-CaM Dissociation from
IQ12. The rate of L-CaM dissociation from IQ12 was
measured upon mixing with calcium (Figure 7). An equili-
brated mixture of 0.75µM L-CaM plus 0.3µM IQ12 was
mixed with a 50-fold excess of unlabeled calmodulin and
100µM or 1 mM free calcium (concentrations after mixing).
High calcium concentrations were used to ensure rapid
saturation of calcium binding sites. The time course of the
fluorescence decrease due to the dissociation of L-CaM was
best fit by the sum of two exponentials with rateskslow )
0.23 s-1 andkfast ) 3.3 s-1 at both calcium concentrations
(Figure 7). The fast component is>10-fold slower than the
kfast observed when L-CaM dissociated from IQ12 complex
pre-equilibrated with calcium. This result suggests that a slow
calcium-induced conformational change (3.3 s-1) in the IQ-
calmodulin complex precedes rapid dissociation (∼60 s-1)
of calmodulin from IQ1.

Rotational Dynamics of IQ-Motif-Bound L-CaM.We used
time-resolved fluorescence anisotropy to determine if L-CaM
is rigidly bound to myo1cIQ1-3 in the absence and presence
of calcium (Figure 8). L-CaM was exchanged onto the
regulatory domain of myo1c as described in the Materials
and Methods. Because of the dynamic nature of calmodulin
binding (Table 1), and the long fluorescence acquisition
times, the L-CaM is likely distributed onto all three IQ
motifs.

In the absence of myosin, the r(0) value of the anisotropy
for L-CaM was 0.13 with a rotational correlation time (τ)
of 6.0 ns. When bound to myo1cIQ1-3 in the absence of
calcium, r(0)) 0.16,τ ) 4.0 ns, and r(∞) ) 0.08. Assuming
a hindered rotational diffusion model (27), these values
indicate that binding of the calmodulin to myo1cIQ1-3 restricts
rapid rotations of the C-terminal lobe of L-CaM to a cone
of half-width 37°. The addition of calcium did not ap-
preciably affect these values, withr(0) ) 0.15,τ ) 6.3 ns,
and r(∞) ) 0.07. Thus, in the presence of calcium, the
C-terminal lobe of L-CaM remains tightly bound to the
myo1c regulatory domain.

DISCUSSION

ATPase and Motile ActiVity of myo1c.Calcium increases
the actin-activated ATPase activity of myo1cIQ1-3 < 1.5-
fold, which is significantly less than the calcium activation
of myo1b, where the actin-activated ATPase is increased>4-
fold by calcium (19). Addition of 10 µM calmodulin did
not affect the calcium dependence of the ATPase rate but
did result in a∼1.5-fold increase in activity. Additionally,
inclusion of calmodulin increased the rate of actin gliding
in the in Vitro motility assay. These increases are likely due
to the replacement of calmodulins that dissociated from the
regulatory domain during protein and motility chamber
preparation (19). Sedimentation assays indicate that purified
myo1b can be purified with fewer than three calmodulins
per myosin (see the zero calmodulin point in Figure 2,
bottom). The loss of calmodulin may lead to aggregation or
inactivation of the molecules in solution and to lower motility
rates due to changes of lever arm structure and stiffness.

Calcium inhibited actin gliding in thein Vitro motility
assay (Figure 2). This inhibition has been attributed to
calcium-induced dissociation of one or more calmodulins
from the regulatory domain (15, 17). Motility is rescued in
the presence of calcium by the addition of calmodulin at
concentrationse1 µM. Thus, even though the affinity of
calmodulin for the myo1c IQ motifs is apparently weakened
by calcium, calmodulin will still bind the IQ motifs in a 1:1
stoichiometry (Figure 2) and thus will support motility.

Our spectroscopic (Figure 3) and kinetic experiments
(Figure 6) show that calcium affects the conformation of IQ-
motif-bound calmodulin. However, the rate of actin gliding
in the presence of calcium and calmodulin is identical to
the rate in the absence of calcium (Figure 2). Therefore, in
the nearly unloaded conditions of the actin-gliding assay,
calcium does not affect myo1c kinetics or step size. This
finding contrasts with single-molecule experiments that
reported an increase in the myo1c step size from 4.2 to 7.2
nm in the presence of calcium (28). We would have expected
an increase in the rate of actin gliding with an increase in
step size, which was not observed. It is possible that calcium

FIGURE 6: Kinetics of L-CaM dissociation from IQ12 and IQ23.
Time courses of FRET emission intensity obtained after mixing
equilibrated mixtures of 1.25µM L-CaM plus (top) 0.5µM IQ12
or (bottom) 0.5µM IQ23 in the absence or presence of 100µM
free calcium with a 50-fold excess of unlabeled calmodulin. Solid
lines are the best fits to two exponential rate functions. Transients
are the averages of five traces.
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affects the step size when it is generating force under load,
but it is also possible that the reported change in step-size is
due to nonspecific effects of surface attachment used in the
single molecule experiments.

The inhibition of actin gliding by calcium in the absence
of added calmodulin suggests a loss of lever arm function.
This disruption may be due to large-scale conformational
changes in the regulatory domain or to the uncoupling of
lever arm rotation from the conformational changes in the
motor domain. Loss of calmodulin from the IQ motif nearest
the motor (IQ1) is suggested by our kinetic experiments (see
below). It is unlikely that the inhibition of motility is due
only to the dissociation of calmodulins from IQ2 or IQ3,
since the loss of the distal calmodulins may simply result in
lever arms that are effectively shorter, which would result
in slower motility. For example, the loss of distal calmodulins
for the myo1b myosin-I isoforms results in a decrease in
motility rate, rather than a complete inhibition of motility
(19).

Kinetics of Calmodulin Binding and Dissociation.Binding
of L-CaM to IQ12 and IQ23 is fast, with the initial phases
of the transients occurring largely within the dead-time of
the stopped flow instrument (Figure 5). Similar fast, diffu-
sion-limited rates have been observed for calmodulin binding
to peptides derived from M13, myosin light chain kinase,
and adenylate cyclase (29-31). In the absence of calcium,
a second phase is observed in the association transient, which
is likely due to a conformational change in the IQ-
calmodulin complex that leads to tight binding. The second
phase is not observed in the presence of calcium, but it is
possible that conformational changes occur after formation
of the collision complex that are not detected by changes in
FRET. Additionally, a second phase of positive amplitude
is not observed in the dissociation reaction indicating that

the higher fluorescence state is not significantly populated
during dissociation and thatk-2 (eq 1) is rate-limiting for
this reaction. It is important to note that since the ratek1

reports the formation of a collision complex, not a stable
equilibrium complex, we cannot determine equilibrium
dissociation constants for calmodulin binding to the IQ motifs
from the ratios of the dissociation rates (Table 1) and these
on-rates.

L-CaM dissociation from IQ1 and IQ2 in the absence of
calcium is remarkably slow (Table 1). By comparing the
dissociation rates from IQ12 and IQ23, we can propose an
IQ-specific dissociation model (Figure 9). The rates of
dissociation of L-CaM from IQ1 and IQ2 are dramatically
increased when complexes are preincubated with calcium,
while the rate of dissociation from IQ3 is relatively insensi-
tive to calcium. If we assume that the association rates for
all the IQ motifs are similar, then IQ1 has the tightest
calmodulin affinity in the absence of calcium and the weakest
affinity in the presence of calcium. We therefore propose
that motility is inhibited in the presence of calcium at low
calmodulin concentrations because of the dissociation of the
calmodulin from IQ1. This dissociation results in the
uncoupling of the rotation of the lever arm from conforma-
tional changes in the motor domain.

Kinetics of Calcium-Induced Calmodulin Dissociation.The
kfast rate observed in calcium-induced calmodulin dissociation
from IQ12 is >10-fold slower (Figure 7) thankfast from
complexes preincubated with calcium (Figure 6), while the
rates ofkslow are similar. We propose that the decrease in
kfast is due to a calcium-induced conformational change in
calmodulin that precedes its dissociation from IQ1 as follows:

where Ca‚CaM represents calmodulin saturated with calcium,
and CaMstrong and CaMweak are conformational states of
calmodulin that bind strongly and weakly to IQ1. Although
this is the simplest scheme that describes the data, it is
possible that calcium binding and the CaMstrong to CaMweak

transition occurs in multiple steps. An examination of the
calcium concentration dependence of the CaMstrong and
CaMweak transition would help resolve this pathway.

The major interaction of calmodulin with IQ motifs of
myosin-V has been shown to be mediated by the C-terminal
lobe of calmodulin, where it wraps around the IQ motif in
a semi-open conformation (14, 32). The N-terminal lobe is
in a closed conformation and interacts more weakly with
the myosin-V IQ motif. Thus, if the IQ-calmodulin interac-
tion in myo1c is similar, the slow calcium-induced change
in affinity is probably due to a conformational rearrangement
of the C-terminal lobe into a weak-binding open conforma-
tion. Although this weak-binding state dissociates more

Table 1: Dissociation Rates of L-CaM from IQ12 and IQ23a

EGTA calcium

kslow (s-1) kfast (s-1) kslow (s-1) kfast (s-1)

IQ12 0.00067( 0.00015 (33( 7.4) 0.0065( 0.0015 (66( 7.4) 0.49( 0.062 (48( 9.2) 59( 4.1 (52( 9.2)
IQ23 0.0071( 0.0014 (55( 3.4) 0.53( 0.11 (45( 3.4) 0.12( 0.01 (79( 5.5) 0.32( 0.045 (21( 5.5)
a Values are presented as the averages and standard deviations of 10 transients performed on two preparations. Relative amplitudes are given in

the parentheses.

FIGURE 7: Kinetics of calcium-induced dissociation of calmodulin
from IQ12. Time course of FRET emission intensity obtained after
mixing an equilibrated mixture of 0.75µM L-CaM and 0.3µM
IQ12 with a 50-fold excess of unlabeled calmodulin and 100µM
free calcium. The solid line is the best fit to a two-exponential rate
function.

Ca+ CAMstrong‚IQ198
∼3 s-1

Ca‚CaMweak‚IQ198
∼60 s-1

Ca‚CaM + IQ1 (2)
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rapidly from the IQ motifs, the rotational dynamics of the
IQ-bound C-terminal lobes are not affected by calcium
binding (Figure 8). Interesting new structural work with
myosin-V shows that calcium not only weakens the affinity
of calmodulin for the IQ motif, but it can also induce a
rotation of the calmodulin relative to the IQ motif resulting
in a conformational change in the lever arm (33).

The rate of calcium-induced dissociation of calmodulin
from IQ2 is within a factor of 2 of the rate of dissociation
of calcium-saturated calmodulin, implying that the calcium-
induced conformational change that leads to the weaker
affinity must be faster than the dissociation rate and it is not
resolvable. The rate of L-CaM dissociation from IQ3 is
relatively insensitive to calcium, so if a similar calcium-
induced conformational change occurs, it does not affect the
dissociation rate.

Cellular Implications.Calcium dramatically increases the
rate at which calmodulin dissociates from IQ1 (Figure 6,
Table 1), which likely results in a large decrease in IQ-
calmodulin affinity. It has been reported that the free
calmodulin concentration in live cells decreases to<200 nM
in the presence of 4µM calcium (34). Under such conditions,
it is possible that IQ1 would be calmodulin-free, and motility
would be inhibited. Thus, transient changes in the cellular
calcium concentration may act to inhibit myo1c activity, in

a calmodulin concentration dependent manner, at a maximum
rate of 3 s-1.

Myo1c has been implicated in mechano-signal transduction
in sensory hair cells, and calcium binding to calmodulin-
bound myo1c has been proposed to mediate fast adaptation
by affecting the stiffness of the actomyosin cross-bridge (2,
23). However, the rate of fast adaptation is significantly faster
in vestibular hairs cells (>10 s-1; (23)) and auditory hair
cells (>100 s-1; (35)) than the rate of the calcium-induced
conformational change in calmodulin that precedes dissocia-
tion (3 s-1; Figure 7). If these kinetics apply within cells, it
is not likely that fast adaptation is the result of calmodulin
dissociation. If fast adaptation is due to calcium binding to
myo1c-bound calmodulin, a distinct conformational state
must be populated at a rate faster than the population of
CaMweak state (eq 2).

While it is clear that unloaded mechanical activity is
unchanged by calcium binding under saturating calmodulin
concentrations, it is not known if calcium affects the
mechanical properties of the motor when it is under strain.
It is likely that the actin-detachment kinetics of myo1c are
load dependent, with resisting loads markedly decreasing
detachment rate from actin (28). Calcium binding may affect
the stiffness of the actomyo1c cross-bridge and thereby
attachment lifetime. Further mechanical experiments are
required to better understand this regulation.
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