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We have used an optical tweezers-based apparatus to perform single molecule mechanical experiments using

the unconventional myosins, Myo1b and Myo1c. The single-headed nature and slow ATPase kinetics of

these myosins make them ideal for detailed studies of the molecular mechanism of force generation by acto-

myosin. Myo1c exhibits several features that have not been seen using fast skeletal muscle myosin II. (i) The

working stroke occurs in two, distinct phases, producing an initial 3 nm and then a further 1.5 nm of move-

ment. (ii) Two types of binding interaction were observed: short-lived ATP-independent binding events that

produced no movement and longer-lived, ATP-dependent events that produced a full working stroke. The

stiffness of both types of interaction was similar. (iii) In a new type of experiment, using feedback to apply

controlled displacements to a single acto-myosin cross-bridge, we found abrupt changes in force during

attachment of the acto-Myo1b cross-bridge, a result that is consistent with the classical ‘T2’ behaviour of sin-

gle muscle fibres. Given that these myosins might exhibit the classical T2 behaviour, we propose a newmodel

to explain the slow phase of sensory adaptation of the hair cells of the inner ear.
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1. INTRODUCTION
The vertebrate sensory organs of hearing and balance work

by converting minute mechanical forces produced by

sound waves and mechanical vibrations into nerve

impulses. The sensory hair cells of the cochlea and vestibu-

lar system have highly ordered bundles of stereocilia that

project from the cell surface into the fluid-filled chambers

of the inner ear. Small deflections of the bundle tip cause

shearing between adjacent stereocilia that is sensed by a

stiff proteinaceous tip-link filament (Siemens et al. 2004;

Sollner et al. 2004) that pulls on a mechanically gated ion

channel (see figure 1a). The physiological amount of

displacement is a few nanometres and the forces are a few

piconewtons. Hair cells are exquisitely sensitive to rapidly

changing signals, but exhibit sensory adaptation, i.e. their

output rapidly accommodates to steady-state signals.

Sensory adaptation is a general phenomenon: you respond

immediately to a mosquito landing on your neck and yet

are unaware that you are wearing clothes.

Sensory physiologists have performed extensive studies

using intact, single hair cells isolated from turtle, frog and

mouse cochlear and vestibular systems. These studies have

shown that direct mechanical gating of ion channels at the

tips of the stereocilia leads to depolarization of the hair cell
membrane and in turn to neuronal output (Corey &

Hudspeth 1983; Glowatzki & Fuchs 2002). Tension in the

tip-link filaments causes channels to open or close and the

resulting motions of the ion channel gate contribute com-

pliance in the stereocilia bundle (Howard & Hudspeth

1988). Analysis of rapid step changes in bundle position

reveals a non-linear force–extension diagram with an

inflection (i.e. dip in stiffness) at around the same set pos-

ition that gives the steepest change in channel open prob-

ability. The inflection in the force–extension diagram

resembles the so-called ‘T2’ curve measured for single mus-

cle fibres (Huxley & Simmons 1971). However, unlike the

tension changes observed with muscle fibres (which occur

on a millisecond timescale), the relaxation process due to

channel opening or closing occurs on a microsecond

timescale that is too fast to measure (Howard & Hudspeth

1988). In addition to tension changes due to channel open-

ing there is the process of sensory adaptation during which

channel re-closure occurs. This takes place on a much

slower time-scale (ms) and coincides with a measurable

relaxation in force. Adaptation is thought to be due to repo-

sitioning of the ion channels by an acto-myosin motor sys-

tem (Holt & Corey 2000). At rest, the ion channels have an

open probability of p� 0.1 and upon stimulation (termed a

‘negative deflection’ of the hair bundle) this increases to

p � 1. This leads to slipping adaptation that acts to restore

the open probability to p � 0.1. However, the adaptation

process also occurs in response to positive bundle

deflections known as climbing adaptation. We know that
#2004The Royal Society
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actin filaments are oriented with their barbed (or ‘plus’)

ends towards the bundle tip and myosin I is probably a

‘plus end’ directed motor, so climbing adaptation can be

explained by forward cross-bridge cycling whereas slipping

adaptation requires myosin to move backwards or to slip

along actin.

The adaptation process in turtle vestibular hair cells

requires two characteristic time constants in order to fit the

relaxation in transduction current (Wu et al. 1999). It was

suggested that the fast phase (0.3–5 ms) is caused by Ca2+

binding at a site 20–50 nm from the site of Ca2+ entry at

the ion channel whilst the slow phase (10–100 ms) corre-

sponds to an adaptation process perhaps involving an

acto-myosin based motor (Holt & Corey 2000). Myo1c

(Gillespie et al. 2001) is implicated in this sensory adap-

tation process (Howard & Hudspeth 1987) and its role has

been confirmed convincingly by a recent series of
Phil. Trans. R. Soc. B (2004)
experiments (Garcia et al. 1998; Gillespie et al. 1993; Holt

et al. 2002). In the study of Holt et al. (2002) tyrosine-61 of

Myo1c was mutated to glycine making it susceptible to

inhibition by N6-modified ADP analogues. The mutant

Myo1c was expressed in transgenic mice. Addition of the

ADP analogue to isolated hair cells from the mutant mice

blocked adaptation to positive deflection. The speed and

specificity of inhibition confirm that Myo1c has an integral

role in adaptation. However, one should note that there is

also good evidence for the involvement of another uncon-

ventional myosin, Myo7a, in the adaptation process (Weil

et al. 1995; Kros et al. 2002) so the situation may, in fact, be

more complex. For a more detailed review of the role of

Myo1c in the inner ear, see Gillespie (2004). There is also

evidence that Myo1c is involved in the translocation of

GLUT4 glucose transporters in adipocytes (Bose et al.

2002) and maintenance of tension in neuronal cells (Die-

fenbach et al. 2002). Like Myo1c, the class I myosin,

Myo1b, is ubiquitously expressed. Studies indicate that

Myo1b is associated with several subcellular compartments

(Ruppert et al. 1993; Balish et al. 1999) and might be

involved inmembrane trafficking (Cordonnier et al. 2001).

In the present study, we have used both Myo1b and

Myo1c purified from rat liver (Coluccio & Conaty 1993),

as this source gives sufficient quantities of purified protein

required for our experiments. The ATPase activity of these

myosins is slow (Coluccio & Geeves 1999; Batters et al.

2004) allowing us to investigate aspects of the acto-myosin

interaction that are otherwise difficult to study using con-

ventional, skeletal muscle myosin II.

The mechanical properties of acto-Myo1c interactions

vary over a wide range of timescales. ADP also affects these

mechanical properties over a similar timescale. In an earlier

study, we found that ADP has a profound effect on the

conformation of the acto-Myo1c complex and also its bio-

chemical kinetics (Batters et al. 2004). We also examined

the effect of Ca2+ on the interaction of actin with Myo1c

because Ca2+ has profound effects on the adaptation pro-

cess (Wu et al. 1999) and on the mechanical properties of

stereocilia (Marquis & Hudspeth 1997). From solution

biochemical studies it is clear that the ATPase, in vitro

motility (Batters et al. 2004) and lipid binding (Tang et al.

2002) of Myo1c are also strongly dependent upon Ca2+.

The effects of calcium are not dealt with in the current

paper.
2. THEOPTICAL TWEEZERS TECHNIQUE
The mechanical properties of single acto-myosin I (Myo1c

and Myo1b) interactions were measured with an optical

tweezer-based mechanical transducer using the three-bead

geometry originally devised by Finer et al. (1994; figure 1b).

Proteins (Myo1c, Myo1b and rhodamine–phalloidin label-

led actin) were purified as described previously (Pardee &

Spudich 1982; Kron & Spudich 1986; Coluccio & Conaty

1993). Myo1c and Myo1b were diluted to 4 mg ml�1 in a

buffered salt solution (AB– containing 25mM KCl, 25mM
imidazole, 4mM MgCl2, 1mM EGTA, pH 7.4, 22 �C)

(Kron & Spudich 1986) and allowed to bind to a micro-

scope coverslip. The surface was then blocked by flushing

with 100 ml of AB–/BSA (5 mg ml�1). After blocking, the

solution was replaced with AB+/CP (AB– supplemented

with 2mM creatine phosphate, 20mM dithiothreitol (DTT),
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Figure 1. Hair cell structure and optical tweezers single
molecule technique. (a) Each hair cell bundle consists of
approximately 50 individual stereocilia each of which is ca
200 nm in diameter and ca 10 mm long (Jacobs &Hudspeth
1990). The stereocilia consist of a core bundle of actin
filaments and a surrounding plasmamembrane that is
contiguous with the rest of the hair cell membrane. The
connecting filament or ‘tip link’, which is probably very stiff,
was recently shown to be cadherin 23 (Siemens et al. 2004;
Sollner et al. 2004).Most of the compliance in the system
comes from bending about the base of the stereocilia and
movements of the ion channels themselves (inset). (b) Cartoon
showing the three-bead geometry used for optical trapping
experiments. The actin filament binds to the NEM-treated
beads held in the optical tweezers. This is brought into the
vicinity of a surface-boundmyosin and binding events are
monitored using the four-quadrant detectors.
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various [ATP], 1mg ml�1 creatine phosphokinase,

0.5mg ml�1 BSA, 3mg ml�1 glucose, 0.1mg ml�1 glucose

oxidase, 0.02mg ml�1 catalase; Kishino & Yanagida

(1988)). This solution also contained rhodamine–

phalloidin-labelled actin filaments (see above) and 1.1 mm
polystyrene beads (Sigma), which were pre-coated with

NEM-modified myosin (Veigel et al. 1998). Experiments

were performed at 23 �C. Laser optical tweezers were used

to capture a single actin filament held between two NEM-

myosin coated polystyrene beads. The filament was held in

mid-solution, in the vicinity of a third, myosin-coated, sur-

face-attached bead. Interactions between the suspended

actin filament and surface bound myosin molecules were

measured at optical tweezer stiffnesses (jtrap) between 0.02

and 0.04 pN nm�1. The motions of both optically trapped

beads were monitored by bright-field microscopy. The

defocused image of the two optically trapped beads pro-

duced dark spots on a white background. These images

were cast onto two, four-quadrant photodetectors that gave

a signal proportional to the centre of gravity of the bead

image position (Molloy et al. 1995). Data were collected (at

2 kHz sampling frequency) while a 100 nm amplitude sine-

wave (100 Hz) oscillation was applied to one of the laser

traps. System stiffness was monitored from changes in pick-

up of the sine-wave motion by the other bead and this was

used as a sensitive monitor of system stiffness. This allowed

short-lived acto-myosin binding events to be identified

above the background thermal vibration. In order to probe

the ‘T2’ behaviour (e.g. movement of an actin-attached

cross-bridge) we employed a position feedback loop. This

allowed us to move the bead pair in a controlled manner

through a triangular waveform displacement of 25 nm

peak-to-peak amplitude and a frequency of 1 Hz. The

servo-control signal used to drive the laser positions was

recorded simultaneously with the bead positions so that we

could later plot force–extension diagrams during the cross-

bridge attached and unattached intervals of the records.

We performed a variety of mechanical experiments in

order to explore the following phenomena:

(i) size and timing of the working stroke;

(ii) strain dependence of bound lifetimes;

(iii) Huxley–Simmons T2 transients.

We first measured the time-course of acto-myosin cross-

bridge interactions looking specifically for short-lived,

weak-binding, interactions between actin and Myo1c. We

also monitored the time-course of the production of

movement during individual binding events to see if move-

ment was produced in different phases. We then measured

the strain dependence of the Myo1c cross-bridge lifetimes.

Finally, we measured the force–extension response of

single acto-Myo1b cross-bridges to explore their T2 behav-

iour (Huxley & Simmons 1971). In this new type of experi-

ment we used Myo1b because its working stroke is

significantly larger and it is much easier to work with than

Myo1c.

(a) Time-course of acto-Myo1cmechanical

interactions

Interactions between a single, surface attached, Myo1c

molecule and a single actin filament that was held using

the optical tweezer arrangement were monitored (figure 1b).

Intermittent changes in the noise of the records correspond
Phil. Trans. R. Soc. B (2004)
to individual binding events (see figure 2a,b). The events

started and ended abruptly and the duration of bound peri-

ods was stochastic and depended in a first order manner on

the concentration of ATP in the bathing solution. Individ-

ual events were selected from the rather noisy records by

analysis of the discrete Fourier transform of the data at the

optical tweezer oscillation frequency (see figure 2 legend).

Both the duration and amplitude of each individual binding

event were measured from the original (untransformed)

position data and further analysis was performed on that

isolated data.

(b) Analysis of the acto-Myo1c bound lifetimes

Data were collected from several actin filaments and

pooled to give a total set of over 800 individual binding

events. The characteristic lifetime of the acto-Myo1c binding

events (e.g. governed by the off-rate) was determined from a

plot of the cumulative lifetime distribution (figure 2c).

Casual inspection of the raw datasets revealed an excessive

number of short-lived events (figure 2a, black arrows).

These short-lived events had a similar stiffness to the longer-

lived events (figure 2, grey arrows). Cumulative lifetime dis-

tribution plots were distinctly biphasic exhibiting a fast phase

(representing ca 80% of the total counts) and a slow phase

making up the remainder (figure 2c).

A double exponential decay was fitted to the data giving

two rate constants and corresponding amplitudes. The

experiment was performed at four ATP concentrations and

the rate constants derived from the lifetime analysis were

plotted as a function of ATP concentration (figure 2d).

The fast phase (short-lived events) is independent of ATP

and is ca 10 s�1. The slow phase is ATP-dependent

showing approximately Michaelis–Menten behaviour with

a second order rate constant for ATP binding of

0.05 mM�1 s�1, km of 18 mM and Vmax of 1.7 s�1. At this

point we note that our earlier published work on Myo1c

(Batters et al. 2004) showed that if binding events were

ranked on the basis of their bound lifetimes then the local

average movement produced depended in a characteristic

fashion upon the lifetime. Short-lived events produced

virtually no movement; longer-lived events produced a

movement of ca 4.2 nm.

(i) Summary

We find that there is a significant population (80% of the

total observations) of mechanically-stiff, short-lived binding

events, whose lifetime is independent of ATP concen-

tration and which produce no net movement when bound

to actin.
(c) The size of theMyo1cworking-stroke

The working-stroke produced by Myo1c was deter-

mined from a histogram of binding event displacement

amplitudes (figure 3). The data show a large dispersion due

to the background thermal vibration and superimposed

sinusoidal perturbation. This is moderately well fitted by a

Gaussian distribution with standard deviation of

12 nm ¼ (kBT=j)0:5, where kBT is the thermal energy of

4 pN nm, j is the tweezer stiffness of 0.03 pN nm�1. The

histogram of binding events was shifted from the

mean rest position by 3:4^0:42 nm (s.e.m). We define

this movement as the myosin working stroke. A small

correction (+10%) was made to the raw data to account for
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series compliance. This was measured from the ratio of

bound and detached stiffnesses (Veigel et al. 1998).

To test whether Myo1c produces its working stroke in

two separate phases, as seen with other myosin I types

(Myo1b and brush border myosin I; (Veigel et al. 1999), an

ensemble analysis was performed. Briefly, individual events

were synchronized to the start and end of each interaction

based on the change in system stiffness (see x 2a) and aver-

aged to give an ensemble response (Veigel et al. 1999). We

found that Myo1c exhibits a two-phase working stroke

(data not shown). The amplitude of the first phase is

3.1 nm; and the second phase produces an additional

working stroke of 1.1 nm, giving an overall displacement of

4.2 nm, s.d. 1.4 nm (n¼ 85). This finding was recently

published elsewhere (Batters et al. 2004). Note that the

total working stroke as measured by Batters et al. (2004)

was larger than the 3.4 nm derived from the histogram

method (see x 2c), which relies on simple averaging of each

entire event (i.e. the two phases are combined and there-

fore the overall mean is lower than the peak displacement).
(d) The effect of strain on the acto-Myo1c attached

lifetime

We analysed the single molecule binding events to inves-

tigate whether the acto-Myo1c bound lifetime depends
Phil. Trans. R. Soc. B (2004)
upon load. To do this we exploited the fact that each bind-

ing event occurred at a random starting position relative to

the centre of the optical tweezer and hence each experi-

enced a random load. The average load, F, experienced

during a given binding event is the product of the displace-

ment of the beads from the tweezer centre, d, and the twee-

zer stiffness, j (i.e. F ¼ jd; see figure 4). Binding durations
and forces were ranked on the basis of the average force

experienced during each event. Then, a 40-point running

mean average was applied to both lifetime and force data.

This gave a table of data consisting of average lifetimes and

corresponding average forces. The reciprocal lifetime

(i.e. the apparent unbinding rate constant) was then plot-

ted as a function of force. We found that relatively small

forces (from�1 to +1 pN) have quite a strong effect on the

cross-bridge unbinding rate. When a cross-bridge is

pushed in the direction of its working stroke (negative load)

its detachment rate is faster than when it is pulled against

the direction of its working stroke (positive load).
3. APPLICATIONOFCONTROLLED
DISPLACEMENTS TOTHEACTO-MYO1B

CROSS-BRIDGE
We designed a single molecule experiment in order to

investigate the classical Huxley–Simmons (Huxley &
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Figure 2. Analysis of single molecule mechanical recordings obtained fromMyo1c. (a) A sample data trace showing acto-myosin
binding events. The black arrows highlight the superfluity of short-lived events. The light arrows highlight the longer-lived
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Simmons 1971) T2 behaviour of acto-Myo1b cross-

bridges. Using a digital feedback loop (Molloy 1998) we

controlled the position of the optically trapped beads and

moved them with a triangular wave displacement of ampli-

tude 25 nm peak-to-peak. The beads were moved at a fre-

quency of 1 Hz. Our earlier studies (Veigel et al. 1999)

indicated that these parameters would be of the correct size

for us to observe tension fluctuations as the acto-Myo1b

cross-bridge moved between structurally distinct bound

conformations. The idea of the experiment and modelled

response is shown in figure 5a,b. We expect to see sudden

(vertical) transitions between parallel force–extension

diagrams that correspond to movements between stable

molecular conformations. The vertical separation of the

force–extension diagrams is given by the product of

cross-bridge stiffness jxb and distance between conforma-

tions, h. The horizontal separation of the lines is simply the

distance, h.

If the rate constants governing the transition between

states depend on load then one conformation should

dominate at low (or negative) force and the other at high

force. At intermediate loads one expects fluctuation

between conformations to occur. This would be the region

of inflexion of the T2 curve measured for muscle fibres

(Huxley & Simmons 1971). The T2 behaviour of a single

molecule will be different to an ensemble. Rather than a

smooth inflexion in the force-extension diagram, occurring

in the region of load where cross-bridges switch between

states, we expect sudden vertical transitions (sudden chan-

ges in force) as the single cross-bridge rocks back or forth.

In our experiments, we applied a triangular wave

oscillation to the beads holding the actin filament and then

allowed Myo1b to interact with the actin. Because the bead

position was under feedback control this signal followed the

controlling triangular waveform faithfully (see figure 5c(ii)).

However, the feedback signal sent to the acousto-optic

modulators used to drive the tweezer position showed large
Phil. Trans. R. Soc. B (2004)
and noisy excursions during the myosin attached intervals

(figure 5c(ii)). From these records we calculated the force

applied to the attached cross-bridge knowing the displace-

ment of the bead from the tweezer centre and the tweezer

stiffness. We then plotted the force applied against the

measured bead position (figure 6). The resultant

force–extension diagrams are non-linear. We believe the

non-linearity arises from known non-linear series com-

pliance in the system (Dupuis et al. 1997; Veigel et al.

1998). The records also showed regions in which the force–

extension diagram was fairly smooth, interrupted by sud-

den stepwise changes in force (figure 6b, arrows) to a new,

smooth force–extension plot (see figure 6b). In the current

series of experiments we did not correct for series com-

pliance. However, series compliance would not affect our

estimate of the transition distance, h, derived from the

force–extension diagrams.

We measured a total of 96 transitions (three examples

are marked by arrows in figure 6b) from four actin

filaments. The average estimate of the movement, h, asso-

ciated with these transitions was 8:16^0:13 nm (s.e.m.).
(a) The nature of theMyo1cworking stroke

We found that Myo1c, like Myo1b (Veigel et al. 1999),

produces its working stroke in at least two distinct phases.

The first movement, of ca 3 nm, occurs within the

time-resolution of our optical tweezers-based measure-

ment and the second movement, of ca 1.5 nm, occurs after

a delay of several milliseconds. We suggest that the first

phase of the working stroke is produced as phosphate is

released and that the second phase occurs as ADP is

released fromtheacto-myosinboundcomplex (see figure7).
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The two-phase nature of the working stroke might act as

a strain-sensitive mechanism that traps the cross-bridge in

a bound, force-producing conformation (Cremo & Geeves

1998). If this idea is correct then only after the movement

associated with ADP release occurs can the cross-bridge

move forward to the rigor state, bind ATP and then detach

from actin completing its catalytic cycle. This would mean

that most acto-Myo1c molecules would populate in this

force producing state and the system would therefore

maintain tension very economically. Strong evidence for an

ADP-induced, conformational change comes from the

cryo-electron microscopy (Batters et al. 2004).

(b) Myo1b rocks between different bound

conformations

We found that when Myo1b was subjected to a varying

load the force–extension diagrams exhibited sudden,

stepwise changes in force. We believe that these sudden

changes in force result from actin-attached Myo1b

molecules undergoing a conformational change that

produces ca 0.3 pN of load (under the conditions of our

experiments) corresponding to a movement of 8.16 nm.

This movement is similar to the measured powerstroke for

Myo1b (Veigel et al. 1999). We expect that Myo1c would
Phil. Trans. R. Soc. B (2004)
show similar behaviour but that the movement produced

would be less.
(c) Weak binding states

Myosin binding to actin is thought to be composed of

three types of interactions: (i) an ionic interaction involving

a flexible loop; (ii) a stereospecific interaction involving

hydrophobic residues; and (iii) a strengthening of this by

the recruitment of additional loops from the upper 50 kDa

domain (Rayment et al. 1993). Several investigators have

shown the existence of a ‘weak binding’ state in the acto-

myosin cross-bridge cycle (see figure 7). During

acto-S1 ATPase 10% of binding events result in ATP

rather than ADP and Pi release (Sleep & Hutton 1978),

suggesting a back detachment route, where no net

hydrolysis of ATP takes place. The stiffness of single rabbit

psoas fibres measured by application of rapid length

changes was found to depend greatly upon the velocity of

the length change. Very rapid filament sliding reveals a

significant population of weakly bound myosin cross-

bridges (Brenner et al. 1986). Finally, a single molecule

mechanical study, using ATP analogues, where the hydro-

lytic step is rate limiting (Steffen et al. 2003) again revealed
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an apparent zero-length working stroke due to binding and

release of the weakly interacting, myosin products state.

Previous optical trapping studies, using both unconven-

tional myosins and conventional rabbit skeletal myosin II,

have failed to observe ‘weak binding’ states during the nor-

mal Mg�ATPase cycle. This is probably because the actin-

attached and detached weak-binding states are in rapid

equilibrium (e.g. the AM�ATP state dissociates to

A+M�ATP very rapidly at ca 5000 s�1; Trentham (1977)).

The rates of association and dissociation are outside the

time-resolution of the optical tweezer transducer appar-

atus; however, we show here and earlier (Batters et al.

2004) that the slow kinetics of Myo1c have enabled the

weak-binding states to be observed directly at the single

molecule level. Furthermore, unlike the weak-binding

states of skeletal muscle fibres, we believe that those of
Phil. Trans. R. Soc. B (2004)
Myo1c may have an important physiological role in the

long-range ‘slipping’ adaptation process. The intermittent

on/off binding interactions would produce a viscous

interaction between the cluster of Myo1c molecules closely

associated with the receptor ion channel.

(d) Hair cell sensorymechanism

(i) Gating compliance explains early events in sensory

physiology

When stereocilia on hair cells are displaced laterally by

a small amount (e.g. 100 nm), the bundles undergo a

bending motion which produces shear between adjacent

stereocilia. Tip-link filaments, which connect adjacent

stereocilia, convert the shearing motion into a movement in

plane with the plasma membrane of the taller stereocilium.

The ratio of the tangential movement measured in
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physiological experiments and the sliding motion in the

plane of the membrane is ca 20 : 1 so a 100 nm displace-

ment measured at the tip would produce a movement of ca

5 nm (Jacobs &Hudspeth 1990).

The tip-link filament is thought to form a stiff (Siemens

et al. 2004; Sollner et al. 2004) connection with a mechan-

ically-gated ion channel. The tip link serves two functions:

it changes the geometry of the movements being sensed by

the channel into the plane of the plasma membrane, and it

converts the relatively large displacements but small forces

associated with sound waves or head movements into small

displacements and large forces. If we think about the

energy involved in mechano-transduction: the work

required to open an ion channel must be somewhat greater

than thermal energy, kBT (4 pN nm�1), but probably less

than 5 kBT (20 pN nm�1), which is the limit of sensitivity.

Since the movement required to open an ion channel is the

order of a nanometre (perhaps 2 nm) the force required to

open it must be ca 20=2 ¼ 10 pN. It was found that stiff-

ness of the stereocilia bundle is lower when deflected to a

region at which channel opening occurs because work must

be done to open the ion channel (Howard & Hudspeth

1988). This phenomenon, termed ‘gating compliance’, is a

feature of the mechanism by which mechanical gating of

the channel occurs. Because channel opening occurs within

a few microseconds, the mechanical relaxation is too fast to

resolve experimentally. Instead, the open probability

remains at equilibrium with the mechanical load during the

time-course of the stereocilia deflection. However, in all

other respects the mechanical phenomenon is similar to

the properties of single activated muscle fibres when sub-

jected to a rapid mechanical perturbation. In fact, the

mathematical analysis of Huxley & Simmons (1971) for

such experiments, using suitable parameters, gives

extremely good fits to the physiological data measured for

hair cells.

We noticed that the adaptation process shows similar

mechanical non-linearities to both the original gating

events and also to muscle fibres. This leads to a new pro-

posal: the adaptation process might be due to rearrange-

ment of actin-boundMyo1c molecules and the slow return

of the receptor potential arises not from many acto-Myo1c

cycles (e.g. similar to steady-state muscle shortening) but

instead is caused by movement produced while Myo1c is

still bound to actin. Non-linearities in both the amplitude

and rate of adaptation seen in published data seem correct

for this class of model. If adaptation were due to a Myo1c

conformational change then the process would be fast and

complete for small deflections but slow and incomplete for

large deflections of the stereocilia.
(ii) Acto-myosin cross-bridge mechanism explains the slow

adaptation process

It is widely accepted that the non-linear mechanical and

electrical properties of the hair cell, measured in response

to small mechanical perturbations, results from the

opening and closing of the ion channels (see x 1). What is

more contentious is the mechanism responsible for the

sensory adaptation process. Following a rapid bundle

displacement, the hair cell receptor potential (which is a

good measure of average tension in the tip-link filaments)

gradually adapts towards the resting level. Channel closure
Phil. Trans. R. Soc. B (2004)
presumably arises as tension in the tip-link connection is

gradually relieved. The adaptation process is highly non-

linear and cannot be explained by a simple, linear, mechan-

ical system. For simplicity, in the models we develop below

we have ignored the effects of the known gating compliance

(discussed above) that would be in series with all of these

models.
(iii) Model A: a composite linear solid

Our model consists of a spring with stiffness, j1, in series

witha springof stiffnessj2anddashpot (withviscousdrag, c)
combined in parallel (see figure 8a). When subjected to

a step change in displacement, x0, the force, F, at

time, t, is given by:

F(t) ¼ j2x0
j1 þ j2

j1 þ j2e

(j1 þ j2)t
c

#2
4 : (3:1)

The initial tension, T1, and the final tension plateau,

T2, reached are linear functions of step size and the

rate constant for tension recovery is independent of the

displacement amplitude (figure 8a(iii) inset). This sort

of model does not account for the adaptation process.
(iv) Model B: a composite non-linear solid

Our model consists of a nonlinear elastic element, for

example, a biological polymer with WLC behaviour, in

parallel with a dashpot both in series with a linear spring

(figure 8b). Force in the WLC element is a non-linear

function of its extension, x, and depends upon the polymer

persistence length, LP, contour length, L0, and thermal

energy, kBT. A good approximation of this behaviour is

given by Bustamante et al. (1994).

F ¼ kBT

LP

1

(1� x=L0)
2
� 1

4
þ x

L0

#
:

"
(3:2)

As the time dependence of this system is not simple, we

determined the dynamic response of our composite

non-linear solid using numerical methods. The response to

a step change in length is linear in terms of T1 but the final

tension plateau, T2, is highly non-linear and the rate con-

stant is also non-linear. The tension recovery is virtually

complete for small length changes but is incomplete for

larger length changes. This is because the stiffness of the

WLC element is low for small extensions but high for large

extensions. This property is consistent with the amplitudes

of receptor potential adaptation. However, non-linearity in

the rate constant for tension recovery is of the opposite

sense to that observed in hair cell adaptation. Force recov-

ery is more rapid for large extensions than for small exten-

sions. This is because higher system stiffness at large

extension means that relaxation of the dashpot element is

more rapid.

When subjected to a step change in displacement the

initial tension, T1, is a linear function of step amplitude;

however, tension recovery, T2, is now highly non-linear

(figure 8b). Small displacements show almost full tension

recovery whereas large displacements show incomplete

recovery. This matches the amplitude behaviour of the

sensory adaptation process well. However, the rate con-

stant for tension (and therefore receptor potential)
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recovery becomes faster for larger displacements, the

opposite of what is found. So again this simple model is

insufficient to explain the physiological data.
(v) Model C: a rocking cross-bridge model

In our model, a single acto-Myo1c cross-bridge (or small

cluster of bridges) is linked in series with a linear spring.

In our analysis of the response of this system we have fol-

lowed the treatment of Huxley & Simmons (1971). How-

ever, we do not assume that in the isometric state the

population of the two states, n1 and n2, is equal. In fact, we

assume a bias towards the angled state (state 1; see figure

8c). Tension recovery following a stretch occurs via those

steeply angled cross-bridges (in state 1) rocking to a more

upright position (state 2). In fact, the opposite bias might

exist in muscle fibres since we know that the T2 behaviour

is much better characterized for muscle releases than for

muscle stretches (the opposite for hair cell physiology).
Phil. Trans. R. Soc. B (2004)
The equilibrium constant, Keq, relating to the popu-

lation of the two states (n1 and n2), under no applied load is

given by:

Keq ¼ n1

n1 þ n2
: (3:3)

Following the treatment of Huxley and Simmons, the

forward, k+, and backward, k�, rates between the two

states is given by:

kþ ¼ k�

�
1þKeqe

�
jhx
kBT

�
: (3:4)

Here, j is the spring constant and h is the increase in length

when the system shifts from state 1 to state 2. (In this

section please note the similarity of the symbols for rate

constants (k+, k�), equilibrium constant (Keq), spring con-

stant (j) and Boltzmann’s constant (kB).)
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Subsequently, the initial tension, T1, and final tension,

T2, following an extension of amplitude, x, are:

T1 ¼ jx, (3:5)

T2 ¼ j
Keqh

4e

jhx
kBT þ 2Keq

þ xþ xeq

0
B@

1
CA: (3:6)

In our case, the extension of the link midway between the

two states xeq is assumed to be equal to half the distance

between the two states, xeq ¼ �h=2, i.e. T2 is roughly

zero for a displacement of h/2. This means that most

cross-bridges are initially in state 1. In addition, theKeq can

be defined as:

Keq ¼ e

jh2

2kBT

� �
: (3:7)

Following a length step of amplitude, x0, the relaxation in

force is given by:

F(t) ¼ T1 � (T1 � T2)

� 1� exp �k� 1þKeqe

jhx0
kBT

0
B@

1
CAt

2
64

3
75

0
B@

1
CA: (3:8)

We find that, for the small signal case (ca 100 nm move-

ment of the bundle tip), we do not need to invoke the idea

that Myo1c slips along actin. Instead, tension recovery

might occur via reversal of the myosin working stroke.

Climbing adaptation could occur via the same mechanism.

Larger displacements might require a greater degree of

tension recovery. So, long-range adaptation may involve

equilibration of the weak binding states of Myo1c during

slipping adaptation and involve Myo1c taking several steps

along the actin filament during climbing adaptation.

In our model, most of the attached bridges at equilib-

rium are in a near rigor state, ready to reverse their working

stroke in response to ion-channel movement. From our

optical trapping study, which showed a significant number

of weak binding interactions, we believe there would be a

significant pool of cross-bridges in weakly bound states.

The total tension in the system is sufficient to hold the ion

channels in a just closed position (open probability ¼ 0:1).
Our model reproduces the correct behaviour in terms of

the non-linearities in T2 response and rate constant for

force recovery. So the Huxley–Simmons theory, which

assumes a load-dependent free energy barrier between two

conformational states, can account for the small-signal

behaviour observed for sensory adaptation of the hair cell

receptor potential.

In summary, we find experimental evidence for a signifi-

cant pool of weakly bound, Myo1c cross-bridges and a

two-phase working stroke, giving ca 4 nm of movement.

Using Myo1b we found that attached cross-bridges are

able to move between different bound conformations

in response to applied load. We expect that Myo1c will

show the same properties. Movement produced by

actin-attached Myo1c molecules at physiological calcium

ion concentrations is probably sufficient to explain sensory

adaptation. Furthermore, we believe that the adaptation

process will depend critically upon the number of contri-

buting myosins, their working stroke and their stiffness.
Phil. Trans. R. Soc. B (2004)
Small differences in these parameters might explain the

variable frequency of spontaneous mechanical oscillations

(acoustic emissions) and proposed signal amplification by

hair cells. Frequency tuning might be achieved by altering

the number or effective stiffness of the myosins.
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AOD: acousto-optic deflector
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NEM: N-ethyl maleimide
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