BIOCHEMISTRY

including biophysical chemistry & molecular biology

Article

Biochemistry 2011, 50, 1831-1838 1831
DOI: 10.1021/b11016777

A Hearing Loss-Associated myolc Mutation (R156W) Decreases the Myosin Duty Ratio
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ABSTRACT: myolcis a member of the myosin superfamily that has been proposed to function as the adaptation
motor in vestibular and auditory hair cells. A recent study identified a myolc point mutation (R156W) in a
person with bilateral sensorineural hearing loss. This mutated residue is located at the start of the highly con-
served switch 1 region, which is a crucial element for the binding of nucleotlde We characterized the key steps
on the ATPase pathway at 37 °C using recombinant wild-type (myolc®'?) and mutant myolc (R156W-
myolc*'Q) constructs that consist of the motor domain and three IQ motifs. The R156W mutation only
moderately affects the rates of ATP binding, ATP-induced actomyosin dissociation, and ADP release. The
actin-activated ATPase rate of the mutant is inhibited >4-fold, which is likely due to a decrease in the rate of
phosphate release. The rate of actin gliding, as measured by the in vitro motility assay, is unaffected by the
mutation at high myosin surface densities, but the rate of actin gliding is substantially reduced at low surface
densities of R156W-myolc*'? We used a frictional loadin (% assay to measure the affect of resisting forces on
the rate of actin gliding and found that R156W-myolc®'? is less force-sensitive than myolc®?. Taken to-
gether, these results indicate that myolc with the R156W mutation has a lower duty ratio than the wild-type

protein and motile properties that are less sensitive to resisting forces.

Myolc s the single-headed member of the myosin superfamily
that plays roles in trafficking of GLUT4-containing vesicles to
the plasma membrane in response to insulin stimulation (/, 2)
and in compensatory endocytosis following regulated exocyto-
sis (3). Myolc has also been proposed to play a key role in the
process of adaptation in specialized sensory cells, where it is
thought to dynamically adjust tension on mechanosensitive ion
channels via its interaction with actin (4, 9).

Cell biological studies have shown that myolc localizes and
fractionates with cell membranes, and biochemical experiments
have shown myosin I isoforms bind directly to phosphoinosi-
tides (6, 7). Additionally, mechanical experiments have shown
that a related myosin isoform (myo1b) acts as a tension sensor by
responding to small resisting loads by increasing its actin attach-
ment lifetime, allowing it to generate and sustain tension for
extended periods of time (8). Thus, evidence points to myolc
acting as a tension-sensing motor protein that links cellular
membranes to the underlying actin cytoskeleton.

Consistent with the proposed role of myolc acting as a
tension-sensing adaptation motor in sensory cells, a myolc point
mutation (R156W) has recently been identified in an individual
with bilateral sensorineural hearing loss (Figure 1) (9). R156 is
highly conserved among the members of the myosin superfamily.
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It is located at the start of the switch 1 region in the motor
domain, which is a crucial structural element involved in nucleo-
tide binding, although R156 is not proposed to interact directly
with the nucleotide (/0). Point mutations in switch 1 of myosins I1
and V affect nucleotide binding, ATP hydrolysis, phosphate
release, and ADP release (//—14). Thus, the R156W mutation
likely affects the motile and tension-sensing properties of myolc.
Indeed, the role of myolc in adaptation may be particularly
sensitive to even minor alterations in the ATPase kinetics and
load-dependent mechanochemistry, because the processes of
hearing and balance have stringent force and kinetic require-
ments (15, 16).

In this study, we determined the effect of the R156W mutation
on key steps in the myolc ATPase cycle (Scheme 1) using
transient and steady-state kinetic techniques. We also determined
the effect of this mutation on the motile properties of the motor.
Experiments were performed with wild-type (myolc*™@)! and
mutated (R156W-myolc*'?) myolc constructs that consist of the
motor domain, regulatory domain (contains three calmodulin-
binding I1Q motifs), and a C-terminal biotinylation tag for site-
specific attachment of myosin for motility assays (Figure 1). We
found that the R156W mutation causes a reduction in the myosin
duty cycle, likely by reducing the rate of phosphate release.
Furthermore, the mutation appears to cause a reduction in the

!Abbreviations: myolc®'?, recombinant myosin IC con51st1ng of
the motor domain and three IQ motifs; R156W-myolc®™?, myolc
containing the R156W mutation; pyrene-actin, actin label ed at Cys-374
with pyrenyl iodoacetamide.
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FIGURE 1: (A) Schematic of the expressed myolb*? construct
showing the relationship of the motor domain (large rectangle) to
the 1Q motifs (smaller numbered rectangles). The inset shows
the positional relationship of the mutated residue (underlined) to
switch 1 (bold). (B) Sodium dodecyl sulfate—polyacrylamide gel
electrophoresis showing purified myolc™™ and R156W-myolc¥?. (C)
Steady-state fluorescence emission spectra of 1 uM (—) myolc*™@ and
(+++) R156W-myolc¥? (Aex = 280 nm). The peak of the R156W-
myolc™? spectrum (335 nm) has a 1.3-fold higher intensity and is red-
shifted compared to that of myolc™< (332 nm).
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sensitivity of myolc to resisting loads, possibly explaining the
basis of the observed mutant phenotype.

EXPERIMENTAL PROCEDURES

Reagents, Proteins, and Buffers. Rabbit skeletal muscle
actin was prepared and gel filtered (/7). Actin concentrations
were determined by absorbance at 290 nm (ey99 = 26600 M~
em ). Actin was labeled with pyrenyl iodoacetamide (pyrene-
actin) and gel filtered (18). All actin was stabilized with a molar
equivalent of phalloidin (Sigma). Calmodulin was expressed in
Escherichia coli and purified as described previously (19). ADP
and ATP concentrations were determined before each experi-
ment by absorbance (¢,s9 = 15400 M~" ecm™"). Unless stated
otherwise, all experiments were performed in KMg25 buffer (10
mM Mops, 25mM KCI, | mM MgCl,, | mM EGTA, and | mM
DTT). Unless otherwise stated, all experiments were conducted
in the presence of 1 uM free calmodulin (i.e., in excess of the
calmodulin already bound to the myosin from the purification).

Myosin I Expression and Purification. Constructs consist-
ing of the motor domain and three 1Q motifs of mouse myolc
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were constructed, expressed in Sf9 cells, and purified as described
previously (20). The R156W-myolc*'? construct was made via
QuickChange (Stratagene), and the sequence was verified by
sequencing.

Steady-State ATPase Measurements. Steady-state AT-
Pase activities were measured in KMg25 at 37 °C using the
NADH-coupled assay as described previously (27, 22). The final
protein concentrations after mixing were 100 nM myolc*'<,
0—175 uM actin, and 1 uM free calmodulin. Steady-state
fluorescence measurements were taken with a Photon Technol-
ogy International fluorometer.

Transient Kinetic Measurements. Transient kinetic mea-
surements were taken with an Applied Photophysics (Surrey, U.
K.) SX.18MV stopped-flow instrument (22). A 400 nm long-pass
filter was used to monitor pyrene fluorescence (Aox = 365 nm),
and a 320 nm long-pass filter was used to monitor intrinsic
tryptophan fluorescence (lex = 295 nm). Transients were fit to
exponential functions using the software supplied with the
stopped-flow instrument. All concentrations are given as final
after mixing. Single-turnover ATPase measurements were fit to
kinetic simulations of Scheme 2 in Berkley Madonna (http://
www.berkeleymadonna.com/) to determine the rate constants.
For the single-turnover measurements, the ratio of myosin to free
calmodulin was maintained at 1:1.

In Vitro Motility Assays. In vitro motility assays using
biotinylated myol1b¥? and R156W-myo1b*'? were performed in
standard motility chambers at 37 °C as described previously (23).
The temperature 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 myo1c®'? (50—250 nM) was added to the coverslip
and allowed to bind to the immobilized streptavidin. The rate
of actin filament gliding was determined using Metamorph
(Universal Imaging).

Frictional loading motility assays were performed using a
procedure identical to that of the unloaded motility assays except
that the desired amount of a-actinin (Cytoskeleton Inc., Denver,
CO) diluted in KMg25 buffer was added to the flow cell and
allowed to incubate for 1 min before the addition of streptavidin.
The myosin concentration added to the flow cell was 250 nM.
The average gliding rate of 15—35 filaments was drift corrected
and measured over five frames, captured at rates varying from 10
to 45 s/frame, using the freeware tracking software Retrac (http://
mcl l.mcri.ac.uk/Retrac). Single-exponential curves were fit to
the data for visualization.

RESULTS

Protein Expression and Steady-State ATPase Activity.
We expressed wild-type and R156W recombinant myolc protein
constructs that contain the motor domain and three IQ motifs,
including a C-terminal sequence for site-specific biotinylation
(Figure 1). The presence of the additional tryptophan is apparent
in the intrinsic fluorescence of the protein, as the steady-state
emission spectrum (e, = 280 nm) of R156W-myolc™'? has a
peak intensity that is 1.3-fold greater than that of myolc™'?
(Figure 1). There is also a 3 nm red shift in the emission peak of
the R156W-myo1c*'? protein.

The steady-state ATPase activity of myolc®@ is linearly
activated by actin with an apparent second-order rate constant
of v, [y, = 0.041 (£0.0015) uM " s~ (Figure 2)]. We were not
able to achieve actin concentrations higher than 175 uM because
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of mixing artifacts resulting from high viscosities. This linear
actin activation suggests that the maximal steady-state ATPase
rate (Vpay) is faster than 7s~ . It also indicates that the affinity of
myolc®'? for actin in the pre-power stroke states is very weak, as
found for other myosin I isoforms (24, 25). The ATPase activity
of R156W-myolc”? is also linearly related to the actin concen-
tration [v, = 0.010 (£0.0004) ,LtMﬂ s~ (Figure 2)], but the rates
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FIGURE 2: (A) Steady-state ATPase activity of myolc. Actin con-
centration dependence of the steady-state ATPase rate of (@)
myolc*'Q and (W) R156W-myolc*'? measured using the NADH-
coupled assay at 37 °C. Data for filled symbols were acquired in the
presence of KMg25, and data for empty symbols were acquired in the
same buffer in the absence of KCl. Solid lines are linear fits to the data
acquired in KMg25 with slopes of 0.041 uM ™" s~ for myolc*? and
0.010 uM ™' s~ for R156W-myo1c*'. (B) Single-turnover measure-
ments of myolc ATPase activity acquired in KMg25. Pyrene fluor-
escence transients were obtained by mixing 0.75 uM ATP with a pre-
equilibrated mixture of 2.5 uM myosin and 7.5 uM pyrene-actin at
37 °C. Five traces were averaged and normalized. Transients were fit
to kinetic simulations of Scheme 2 (smooth lines) to obtain effective
rate constants for detachment (ko = 0.1 M~ 's™! for myo1c¢*', and
kot = 028 uM ™! s7! for R156W-myolc™'?) and for the strong
bindin% of myosin to pyrene-actin (k,, = 0.05 uM_' s7! for
myolc® and ko, = 0.008 uM ™! 57! for R156W-myo1c*Q).
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are 4-fold lower than that of myol1c¢®™. ATPase rates obtained in
the absence of added salt were only slightly faster [v, = 0.046
(£0.0052) uM ™' 57! for myolc®®, and v, = 0.016 (£0.0004)
uM ™" s7! for R156W-myolc¢®™?), indicating that the affinity of
myo1c*™? for actin is less sensitive to ionic strength than other
characterized myosins (26, 27).

To ensure that the measured steady-state ATPase activity of
the mutant was not decreased because of the presence of inactive
protein, we performed single-turnover ATPase measurements
(Figure 2). ATP (0.75 uM) was mixed with a pre-equilibrated
complex of 7.5 uM pyrene-labeled actin and 2.5 uM myosin.
Upon mixing, the intensity of fluorescence transients increased
rapidly because of ATP-induced dissociation of myosin from
pyrene-actin, which was followed by slow quenching because of
repopulation of the strong binding state. Experiments performed
with R156W-myolc*'? had a quenching time course that was
substantially slower than that of myolc®'? (Figure 2). Thus, the
rate of the kinetic step that limits entry into the quenched pyrene
state is decreased for R156W-myolc®'@ Data were fit via
simulation to the following pathway:

Scheme 2

* - For * Fon * #x ATP Hydrolysis
AM+A" +ATP — MATP+A" — AM+A" + poduces

where A* is the quenched state of actin, A** is the high-
fluorescence state of actin, k. is the effective rate constant for
ATP-induced dissociation of the pyrene—actomyosin complex,
and k,, 1s the effective rate constant for myosin binding to actin
and formation of a strongly bound state. Fits of the data yielded a
ko 0f 0.05 uM ™" ™! for myolc*™? and a koy, of 0.008 uM !5
for R156W-myo1c*'?, which are similar to those measured for
the steady-state ATPase rates (Figure 2 and Table 1). These results
confirm that the observed reduction of the ATPase activity of the
mutant protein is due to kinetic changes in the myosin and also
suggest that the rate-limiting step of the ATPase cycle is a
transition that precedes entry into the strong binding state.
ATP-Induced Population of the Weakly Bound States.
Pyrene-actin fluorescence was used to measure the rate of ATP
binding and population of the weakly bound states at 37 °C
(22, 28). Mixing actomyolc with ATP resulted in transient
increases in pyrene-actin fluorescence that were best fit to the
sum of two exponential rates (Figure 3). The rates were

Table 1: Rates and Equilibrium Constants for the myol¢®'? and R156W-myolc*'? ATPase”

myolc3Q R156W-myolc*'?

steady-state ATPase activity
actin concentration dependence of the ATPase rate
Vmax

ATP binding

1/K/

kz/

Ka

kia

ke

ATP hydrolysis

Je3PP

ADP release

KS/

ks

k—S,

0.041 (£0.0015) uM ' 57!

24 (£0.50) s~

0.010 (£0.0004) uM ! 57!

>7s7! >2g7!

220 (£60) uM 250 (£40) uM
150 (£15) 7" 230 (£14) 5!
1.2 (£0.31) 4.2 (£1.6)

37 (£5.4) 57! 26 (£3.1)s7!

31(£9.1)s7! 6.2 (£2.5) 5!
140 (£9.0) s~ 160 (£14) s~

1.8 (£0.54) uM 1.6 (£0.27) uM
19 (£0.087) s

13 (£4.0) uM ' 57! 12 (#2.0) uM ' s7!

“Experiments performed in KMg25 [10 mM MOPS (pH 7.0), 25 mM KCI, I mM EGTA, 1 mM DTT, and | mM MgCl,] at 37 °C.
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FiGURE 3: ATP-induced population of weakly bound actomyolc
states. Pgrene fluorescence transients obtained by mixing 1 uM (@)
myolc¥“pyrene-actin or (M) R156W-myolc*'®-pyrene-actin with
16—1400 uM ATP at 37 °C were fitted to a double-exponential
function [kops = Aps(l — e XY + Ag00(1 — e X=")]. The rates
(A) ko and (B) kg0 are plotted as a function of ATP concentration.
The fractional amplitude of the slow phase [Asiow/(Asiow + Afast)] 18
also plotted (C) as a function of ATP concentration. Solid lines are
the best fits of the data toeq 1.

hyperbolically related to the ATP concentration, with R156W-
myolc*'? having faster rates than myol¢®'?. The fast phase (kgys.)
of the increase in pyrene-actin fluorescence was modeled as ATP
binding to the AM state and subsequent population of the AM.
ATP state (Ki'k,,"), and the slow phase (ko) Was modeled as a
transition (ko) from a nucleotide-insensitive state (AM) to a
state that can bind ATP (AM’) as proposed by Geeves (29):

Scheme 3

AM
ke ke

Ky ko'
AM’ = AM(ATP) — A*M.ATP

)

A+ M.ATP

where A* represents the unquenched fluorescent state of pyrene-
actin. We analyzed the ATP dependence of the fast phase as

k., [ATP
kfast = # (1)
K_l/ + [ATP}

where K’ is a rapid equilibrium and k. ;' is a rate-limiting isomeriza-
tion to the high-fluorescence AM.ATP state. Values for K|’ and k.,
for the wild-type and mutant proteins are listed in Table 1.

At high ATP concentrations, the rate of the slow phase reports
the isomerization of AM to AM’ (k.), and the ratio of the
amplitudes of the fast phase to the slow phase reports the
equilibrium constant between AM and AM’ (28, 29). Values
for Ky, k.o, and k_, were determined by averaging points
acquired at ATP concentrations of >300 uM. Interestingly,
R156W-myolc®'? has a larger K, than the wild-type protein
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FiGuRE 4: Rate of ATP hydrolysis as measured by intrinsic trypto-
phan fluorescence. ATP concentration dependence of the rate of
change in tryptophan fluorescence of (®) myolc*'? and (M) R156W-
myolc*™@ at 37 °C. Solid lines are hyperbolic fits, yielding maximal
rates: k5*PP = 140 (£9.0)s™ ! formyo1c*' and k3PP = 160 (£14)s™!
for R156W-myo1c¢*'?. The inset shows time courses of a fluorescence
increase after mixing proteins with 73 uM ATP. The smooth lines are
the best fits of the data to a single-exponential function with the
following rates: ko, = 110 (+4.1) s~! for myolc3]Q, and kops = 120
(£2.7) s~ ! for R156W-myolc*'Q

Scheme 4
K‘I k+2 k+3
M == M(ATP) — M.ATP 7: M".ADPP,
-3
Scheme 5
ks’ K’ ki
AM.ADP == AM’'== AM(ATP) — A*M.ATP
) Kol

A'+ M.ATP

(Table 1), which can be seen in a plot of the ATP dependence of
the amplitude of the slow phase, which reports the mole fraction
of the AM state (Figure 3 and Scheme 3).

Intrinsic Tryptophan Fluorescence Changes in myolc
and RI56W-myolc®™. Changes in the intrinsic tryptophan
fluorescence of myolc®™@ and R156W-myolc*? upon mixing
with ATP were determined by the stopped-flow method at 37 °C
(Figure 4). Fluorescence time courses were best fit to a single-
exponential function, and the rates were found to increase
hyperbolically with ATP concentration (Figure 4). Previous
kinetic reports associated this myolc fluorescence change with
the structural transition that accompanies ATP hydrolysis, as
shown in Scheme 4 where M* represents the enhanced fluores-
cence state (30).

Thus, the maximal rate of the fluorescence change reports the
effective rate of ATP hydrolysis (k3" = k3 + k_3) for the wild-
type [k5*P = 140 (£9.0) s~'] and mutant proteins [k5**® = 160
(£14) s~ ". The amplitudes and rates of the fluorescent transients
for the two proteins are similar, so it appears that the fluorescence
of the tryptophan introduced via the point mutation does not
change upon ATP binding or hydrolysis, despite its proximity to
the nucleotide binding site.

ADP Release. The rate of ADP release [k s (Scheme 1)] was
determined by ATP-induced dissociation of the myolc*'? con-
structs from pyrene-actin (22). When the active sites of myolc*'?
and R156W-myolc*'? are saturated with ADP, ATP binding is
rate-limited by the slow dissociation of ADP [ks' (Scheme 5)].

ADP (10 uM) was incubated with 250 nM pyrene-actomyolc
and mixed with 500 uM ATP, and transients were best fit by a

310
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FIGURE 5: (A) Release of ADP from actomyolc®?. The fractional
amplitudes of the slow phase were obtained by fitting pyrene-
actomyolc dissociation transients from experiments with (@)
myolc*Qor (M) R156W-myo1c? to a double-exponential function
asa function of ADP concentration at 37 °C. Values were normalized
to the total change in amplitude. The lines are fits of the (—) myo1¢*'?
and () R156W-myo1c*'? data to a hyperbolic function. The inset
shows time courses of pyrene-actin fluorescence after mixing 500 uM
ATP with 0.25 uM myolc*®-pyrene-actin and R156W-myolc*'%-
pyrene-actin equilibrated with 10 uM ADP. The smooth lines are best
fits of the data to a single-exponential function. (B) Calculated duty
ratio as a function of actin concentration for (—) myolc®'? and (---)
R156W-myo1c*'2 Duty ratios were calculated as defined in eq 2.

single-exponential function (Figure 5, inset). The rate of release of
ADP from myol¢*™? [ks' = 24 (£0.50) s~ "] is slightly faster than
the rate of release from R156W-myolc*'?[ks' = 19 (£0.090) s
(Table 1)].

ATP-induced pyrene-actin fluorescence transients were ac-
quired as a function of ADP concentration to determine the
affinity of ADP (K5) for actin-bound myolc*'? proteins. Time
courses were fit to two-exponential functions, with the slow
component reporting ADP release (k') and the rate of the fast
phase reporting ATP binding (K;'k,>’). The affinity of the
actomyolc'? for ADP was determined by monitoring the change
in the amplitude of the slow phase as a function of ADP
concentration (Figure 5). Hyperbolic fits to the data yield similar
affinities for myolc®? [Ks = 1.8 (£0.54) uM] and R156W-
myolc*™ @ [Ky = 1.6 (£0.27) uM (Table 1)].

In Vitro Motility Assays. We determined the motile activity
of myolc¥? and R156W-myolc®™@ at 37 °C using the in vitro
motility assay (23, 31). The myolc proteins contain a C-terminal
biotin that allows site-specific attachment of the myosin to the
motility surface (see Experimental Procedures). Incubation of
250 nM myolc in streptavidin-coated chambers resulted in actin
gliding rates of myolc®™® that are the same as that of R156W-
myolc*™? (Figure 6). This finding is consistent with the two
proteins having similar rates of ADP release (Figure 5), as this
step is expected to limit the rate of unloaded sliding at high ATP
concentrations of several different myosin isoforms (e.g., refs 8
and 32—-34).

Actin gliding velocity increased ~1.5-fold at lower myolc*'@
concentrations, which is likely due to a reduced drag on actin at
lower surface densities. However, R156W-myolc’'? did not
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FIGURE 6: Velocity of actin filament gliding measured by the in vitro
motility assay. Actin gliding rates were measured at five different
surface densities of (@) myolc®'? and (M) R156W-myolc*'?at 37°C.
Myosin concentrations indicate the quantity of protein incubated in
the flow chamber before washing (see Experimental Procedures).
Gliding rates were determined over a 5 min time period as a function
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immobile but rather exhibited nondirectional diffusion. Points are
the averages of 10 filaments, and error bars are standard deviations.
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FIGURE 7: Frictional loading assays. Actin filament sliding velocity
was measured as a function of o-actinin concentration for both
(®) myolc*'Q and (W) R156W-myolc? at 37 °C. Two-parameter
exponential decays were fit to the data for visualization. Points are the
average sliding velocity of 15—35 filaments averaged over five frames,
and the error bars are standard errors of the mean.

exhibit increased motility rates at lower surface densities. Inter-
estingly, when the concentration of R156W-myolc*? in the
motility chambers was decreased, we found that shorter actin
filaments did not undergo directed motility but rather appeared
to be detached from the coverslip. This inability of R156W-
myolc*'? to power motility of short actin filaments is likely due
to a decrease in the motor’s duty ratio (see below).

We tested the ability of myolc to propel actin filaments in
the presence of a load by performing frictional loading as-
says (35, 36). a-Actinin transiently binds to sliding actin filaments,
providing a frictional load that opposes the driving force of the
bed of myosin. The reduction in actin sliding velocity with load is
due to both the drag force of the o-actinin and the load-
dependent kinetics of the myosin. The rate of actin gliding was
measured in the presence of a range of a-actinin surface densities
(Figure 7). The motility rates of myolc*'? decreased by 2-fold
with the addition of 60 nM a-actinin, while R156W-myolc*'@
required approximately 100 nM a-actinin to cause the same
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decrease in velocity. Thus, although sensitive to resisting loads,
the sliding velocity of R156W-myolc*'® appears to be substan-
tially less force-sensitive than that of the wild-type protein.

DISCUSSION

ATP-Induced Dissociation of Actomyolc™™@ and ATP
Hydrolysis. The R156W mutation increases the rate of ATP-
induced dissociation of myolc*'? from actin (k') ~1.5-fold. This
elevated rate is not expected to affect the population of the actin-
bound states, because it is substantially faster than the rates that
limit the entry and exit from the force-bearing states (below).
Consistent with this notion, the unloaded motility of R156W
mutant myosin is unchanged compared to that of the wild type.

It has been proposed that the time course of ATP-induced
changes in the intrinsic tryptophan fluorescence of myolc reports
the rate of ATP hydrolysis (30), as shown for other myosins (e.g.,
refs 37 and 38). We found the rates of the fluorescence transients
from the wild-type and mutant proteins to be fast and not
significantly different (Table 1). Thus, it appears that the
R156W mutation does not alter ATP hydrolysis kinetics, in
contrast to other switch 1 mutations (//—13). Itis also interesting
to note that, in the absence of actin, conformational changes that
have been reported to occur near switch 1 (39) do not affect the
fluorescence emission of W156 in the mutant protein.

Steady-State ATP Hydrolysis and Phosphate Release.
The R156W point mutation inhibits the actin-activated ATPase
activity of myolc*'? ~4-fold. This inhibition most likely occurs at
the phosphate release step [k4 (Scheme 1)] for the following
reasons. (a) The other key steps on the ATPase pathway (ky’, k5,
ks, and ks') are substantially faster than the rate that limits the
steady-state ATPase activity (Table 1). (b) Single-turnover
experiments (Figure 2) show that the rate of isomerization into
a strongly bound state (a transition associated with phosphate
release) is the same as the rate that limits the steady-state ATPase
activity. (c) Phosphate release has been shown to be the rate-
limiting step for other myosin I isoforms (24, 25, 28, 40). (d) The
lack of an effect of the mutation on the velocity of actin gliding
indicates that the inhibited step occurs while myosin is in a weak
binding state (33).

We were not able to determine the rate constant for phosphate
release (k4') directly, so it is possible that the R156W mutation
weakens actin affinity, which would lead to a decreased V,.
Switch 1 is not at the actin-binding interface (41), so the mutation
is unlikely to affect actin binding via a direct disruption of the
actin-binding site. However, the conformational state of switch 1
impacts actin affinity via modulation of the conformation of
myosin’s actin-binding cleft (74, 42). Therefore, this mutation
may affect affinity by modulating the ability of the actin-binding
cleft to close, which ultimately affects phosphate release. Never-
theless, the functional consequence of the R156W mutation is a
decreased myosin duty ratio, which results in decreased force
from groups of myosins (below).

ADP Release, in Vitro Motility, and Duty Ratio. The
R156W mutation only slightly affects the rate of release of ADP
(k.5') from actomyolc (Table 1). Because ADP release limits the
rate of detachment from the strong binding states, it is not
surprising that the maximal actin gliding velocities are only
slightly affected by the R156W mutation. This is true despite
the fact that the steady-state ATPase activity of the mutant is
inhibited 4-fold. This result is a strong indication that the steady-
state ATPase rate is inhibited at a kinetic step that occurs
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when myosin is detached from (or weakly bound to) actin
filaments (33).

The duty ratio is the fraction of the ATPase cycle during which
myosin is bound to actin in the strong binding (force-bearing)
states. We can calculate the duty ratios of the wild-type and
mutant myosins by assuming that the steady-state ATPase assay
reports the rate that limits entry into the strong binding states
(Kok4'), and ADP release (ks') limits exit from these states:

[Alva

[Alva +k s S

duty ratio =

where v, is the actin-dependent ATPase rate and [A] is the actin
concentration (Figure 5) (43). At the maximal experimental actin
concentration (175 uM), the duty ratio of R156W-myolc*'? is
~2.4-fold lower than that of the wild-type protein. This finding is
consistent with the in vitro motility assays that show that lower
surface densities of the mutant protein are less likely to propel
short actin filaments (Figure 6); i.e., short actin filaments have
fewer myosin binding sites, further reducing the probability of
actomyosin interactions necessary for movement.

The frictional loading assays (Figure 7) indicate that load-
induced inhibition of actin gliding is less pronounced in the
mutant myosin. The ADP release step (ks') has been shown to
be the most load-dependent step for other myosin isoforms
(8, 44—46), so it is likely that the load dependence of this step
is affected by the R156W mutation. It is interesting to note that
the R156W mutation increases the equilibrium constant (K,,) that
defines the transition between the nucleotide-sensitive (AM') and
nucleotide-insensitive (AM) states (Figure 3 and Table 1). It has
been proposed that myosins that undergo the AM-to-AM’
transition are highly force-sensitive (29) and that this transition
may be similar to the force-sensitive transition (AM.ADP to
AM’) during ATP cycling. Thus, an increase in the stabilization
in K, (i.e., a stabilization of the nucleotide-accessible AM’ state)
may be an indication of decreased tension sensitivity. Single-
molecule measurements are required to address this speculation
directly (8, 44).

Comparison with Previous Studies. A kinetic analysis
comparing wild-type and R156W myolc was recently published
by Adamek et al. (47) using myosin constructs in which the native
light chain binding domain was replaced with a single a-helix
domain from myol0. The ATPase rate constants obtained by
Adamek et al. were substantially slower than those measured in
this study, and they did not provide information about the effect
of R156W on the myolc duty ratio. Furthermore, the maximal
steady-state ATPase rate measured with the construct containing
the single o-helix domain (0.66 s~") is more than 10-fold slower
than the maximal rate measured here (>7s~'). It is possible that
the proteins used by Adamek et al. had altered kinetics because of
the absence of an intact regulatory domain (20). In a separate
study by Adamek et al., utilizing myolc with a single 1Q motif,
the maximal steady-state ATPase rate measured for the wild-
type myosin (1.8 s~') was only 25% of the rate measured here
(>75 ") (30). The reason for this discrepancy is unclear.

Physiological Impact of the RIS6W Mutation. Despite
the normal sliding velocity of R156W-myolc*'? at low loads and
high myosin densities, we propose that ensemble force generation
by mutant myosins is impaired. The amount of force generated
by a group of myosins is proportional to the number of motors
that are strongly bound to actin. Because R156W-myolc*Qhasa
decreased duty ratio, an ensemble of mutant motors will generate
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less force than wild-type motors. We also propose that the rate at
which R156W-myolc®'? detaches from actin is less sensitive to
resisting forces (Figure 7), resulting in an impaired ability to alter
the duty ratio in response to tension (8). If myolc is in fact the
“adaptation motor”, this altered tension sensing may result in
improper gating of mechanosensitive channels. Future mechan-
ical experiments will better address the effect of force on
ensembles and single myolc molecules.

A missense mutation associated with human deafness (E385D)
has been identified in the switch II region of the myosin I family
member myola (48). Like the R156W mutation in myolc, this
mutation has a decreased actin-activated ATPase rate (49).
However, this protein is unable to propel actin in gliding filament
assays. Interestingly, this switch II mutation also results in the
improper localization of the protein. Given the importance of the
motor domain in myosin I localization (50, 51), it will be
important to determine if the R156W mutation in myolc also
has an effect on the subcellular localization of this molecular
motor.
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