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In a previous letter to the editor, Sachs and Lecar (1991)
described a model for gating of mechanosensitive ion chan-
nels. This treatment draws on our “gating-spring” model for
gating, which involves an elastic element that conveys force
to the channel (Corey and Hudspeth, 1983; Howard and
Hudspeth, 1988) and extends it to deal with the elasticity of
the channel protein itself. The gating-spring model predicts
that the difference in energy between the open and closed
states of the channel depends linearly on applied force,
whereas quadratic terms arise if the open and closed states
of the channel do not have the same elasticity. Their letter
provides a valuable reconciliation of divergent theories
(Corey and Hudspeth, 1983; Howard and Hudspeth, 1988;
Guhary and Sachs, 1984; Morris, 1990), but it stops short of
estimating the relative importance of the linear and quadratic
terms. In this letter, we show that the theoretical assumptions
made by Sachs and Lecar imply that the quadratic term is
small and probably negligible. An even more general model
has recently been published by Lecar and Morris (1993), in
which large quadratic terms are at least theoretically pos-
sible. Here we point out published experimental evidence
that indicates that the quadratic term is small. We conclude
that the simple gating-spring model remains an adequate
description of the gating of mechanically sensitive ion
channels.

To reiterate the two theories, we refer to Figs. 1 and 2 (cf.
also Fig. 1 of Sachs and Lecar). In a simple two-state theory,
we suppose that there is a closed state and an open state
(Fig. 1 A). If a constant force f is applied along the reaction
coordinate (Fig. 2), then the energy U of the channel in a state
i is equal to the integral of the force, from an arbitrary zero
to the position x; of that state on the reaction coordinate

ui=ug+f'—fdx (1)
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where U? is the energy of the state in the absence of an
applied force. This is represented graphically by summing a
straight line with slope f to the energy diagram. The energy
difference between states is then

AU=U, - U, = —fb + AU° 3)

where b (= x, — x.) is the movement in the direction of the
force in going from closed to open,; it is the swing of the gate.
We can assume, without loss of generality, that the open and
closed states have the same energy in the absence of an ap-
plied force (AU° = 0). As usual, the probability of being open
is a Boltzmann distribution between the two states, so that

1
P, = {3 Ghumt *)

where kgT is equal to 4.1 X 102! joule at room temperature.
Thus, for instance, if the gate moves by b = 4 nm in going
from closed to open, as estimated for hair cell transduction
channels (Howard and Hudspeth, 1988) then a force of 1 pN
causes an energy difference of 4 X 10721 J, or about 1 kgT.
In the most sensitive range, 1 kgT would change open prob-
ability by about 24%.

Sachs and Lecar (1991) have extended this treatment to
allow each state to be elastic (Fig. 1 B), so that each state is
described by a parabolic energy well (Fig. 2) instead of a
fixed point. The principal change is that an applied force can
now move the average position of the channel within a state,
introducing an elastic energy term. Although Sachs and
Lecar have used the Hamiltonian of a harmonic oscillator in
an energy well to calculate the energies of the states, their
assumption of normal temperature (kg7 >> hv) means that
the problem can be treated classically; the solution is the
same as if they simply took the energy minimum of each state
as the energy of that state. In Fig. 2, it can be seen that adding
a constant force term shifts the profile of the well slightly,
so that the energy minimum in each state moves along the
reaction coordinate. Under an applied force, the position of
the minimum moves by a distance

Ax;= fk; )

where k; is the spring constant of the state. A stiffer state is
represented by a steeper well, as on the right in Fig. 2, and
the minimum will move less under an applied force. The
minimum energy of a state is then calculated as

xi+Ax xi +Ax;
U= f — fdx + f kx dx (6)
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FIGURE 1 Models for gating of an ion channel by mechanical force. (4)
The gating model of Corey and Hudspeth (1983) and Howard and Hudspeth
(1988). The channel is assumed to have two conformations, closed (/eft) and
open (right), which are in thermal equilibrium. Because the gate swings
through a distance b upon opening, an external force (f) changes the energy
difference between open and closed states and can bias the channel to spend
more time in its open state. In hair cells the force is thought to be applied
via an elastic element, the gating spring, which may correspond to the “tip
links” connecting adjacent stereocilia (Assad et al. 1991). For simplicity, the
gating spring is omitted. (B) The Sachs and Lecar model (Sachs and Lecar,
1991; Lecar and Morris, 1993). It is postulated that there are two indepen-
dent differences between the closed and open states: in addition to the
change in position of the gate, b, the channel has a different elasticity in the
two states. Within a state, the gate has some freedom to move, determined
by the elasticity. Although the channel elasticity is denoted as a spring in
the hinge for illustration, the closed-open transition could be physically
associated with the melting of a rigid coiled-coil to produce a more flexible
molten globule. The application of a very large force to the channel would
favor the more flexible state, whether open or closed and regardless of the
direction of force.
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where the first term represents the energy at the position of
the minimum with an applied force, and the second term
represents the elastic energy in the channel protein. Then

U, = —fi; = fAx; + zkiAx? (7

which can be rewritten as

Ui=_fxi_fi'

®)

The energy difference between states is then

21 1
Sleel o

(4

AU=U,-U,= —fb

which is comparable to Sachs and Lecar’s Eq. 4. It can be
seen that a quadratic term in force arises if the states are not
of equal stiffness.
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FIGURE 2 (A)Energy profile of a mechanically gated channel, under the
influence of a force applied to the gate. The channel is assumed to have two
states, closed and open, with different compliances and a single energy
barrier to transitions between states. (B) An imposed force adds a linear
energy term to the profile, which changes the energy difference between
closed and open states. As drawn, the variables are k. = 14.3 mN/m, &, =
717 mN/m, U, = 22 kpT, and b = 4 nm. The profiles are shown for forces
of —5, 0, and +5 pN.

We now show that the assumption made by Sachs and
Lecar regarding the height of the barrier or transition state
implies that the quadratic term in Eq. 9 is negligible com-
pared with the linear term. The relative importance of the
quadratic term obviously depends on the elasticity of the
states; a very compliant state (small k;) will allow the mini-
mum to move a large fraction of the gating distance b and
will give a larger quadratic term. A rough estimate is ob-
tained if we take Sachs and Lecar’s assumption of parabolic
wells, i.e., that the compliance is constant up to the transition
state as in Fig. 2. Then the requirement for a reasonable
transition state height U, puts a lower limit on k;. Because

2U,,
k= et (10)
For instance, a transition state height of 22 kg7, which gives
open times of about a millisecond (assuming a frequency
factor of kgT/h in the rate equation; Corey and Hudspeth,
1983), requires that k; > 11 mN/m if b = 4 nm. At the ex-
treme, where the open state is not at all compliant and the
closed state has the maximum compliance as above, Eq. 9
becomes

1
U,= > kb’  wesee

2b2
AU = —fb +ZU . (11)
ts

If the first term fb = S kgT (a nearly saturating energy dif-
ference) and if Us = 22 kg7, then the quadratic term is about
5% of the total. For smaller forces the quadratic term is even
smaller. This is illustrated graphically in Fig. 2, where the
compliance of the closed state is assumed to be 50 times
greater than that of the open state. The three energy profiles
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represent energy differences AU of —35, 0, and +5 kgT. Even
in this extreme example, movement of the energy minimum
is not remarkable. Fig. 3 then shows the probability of being
open as a function of force. The solid line shows the pre-
dictions of our gating-spring theory, without compliant
states, whereas the dashed line incorporates the quadratic
term. Note that the quadratic term has a very small effect on
the open-probability curve; it would be nearly undetectable
in experimental measurements of open probability against
force or displacement.

Lecar and Morris (1993) generalized the Sachs and Lecar
model to remove the transition state assumption. In this new,
more complex model, a large or even dominating quadratic
term is formally possible, though the gating mechanism is
obscure. The best way to test this model is to compare it with
data. It happens that, at least for hair-cell transduction chan-
nel gating, three independent lines of evidence show that the
quadratic term for these channels is small. First, if the closed
state is more compliant, increasing the force would open
channels, to a point, but with further increase of force the
energy minimum of the closed state would actually move
past the minimum of the open state, and channels would close
again (Egs. 4 and 9). Such behavior has not been observed
for any mechanically sensitive channel. Also, the open
probability would never reach 100%. In fact, Holton and
Hudspeth (1986) showed that large negative displacements
left less than 1% of the channels open, whereas large positive
displacements opened at least 99% of the channels. We can
calculate that the quadratic term must be less than 28% of the
total, at least for reasonable forces (fb < 5kgT). Second,
Howard and Hudspeth (1988) directly measured the stiffness
of the hair bundle when almost all the channels were closed
and also when almost all the channels were open. The stiff-
nesses differed by less than 10%. Moreover, this difference
was less than 20% of the stiffness change associated with the
gating of the transduction channels. For all stimuli up to

(PN)

FIGURE 3 Open probability as a function of imposed force, for the
simple gating-spring model (; ) and for the compliant state model
(— —). Variables are as in Fig, 2.
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saturation (fb = 5kgT) this implies that the quadratic term
is less than 13% of the total even under the assumption that
all the bundle’s compliance resides in the channels them-
selves. Finally, Howard and Hudspeth (1988) showed that
the position of minimum stiffness of a hair bundle is nearly
equal to the position of maximum sensitivity (measured as
the slope of Pyen(x)). The difference of these two positions
corresponds to a difference in open probability of less than
0.1, which in turn implies that the quadratic term is less than
25% of the linear term (for fb < 5kgT).

Recently, Markin et al. (1993) and Jaramillo et al. (1993)
have found that the stiffness of the saccular hair bundle at
large positive displacements is less than that at large negative
displacements, by as much as 35%. Russell et al. (1992) have
also described an increased stiffness at negative displace-
ments that does not correspond to a channel-opening tran-
sition. Markin et al. have interpreted their data by postulating
the existence of a second, “latched” closed state with a
smaller compliance than either the unlatched closed state or
the open state. But in their model, the gating transition be-
tween the unlatched closed state and the open state is still
driven by the gating displacement (b = x, — x.) rather than
a difference in compliance. That is, the linear term is more
important for the opening transition. A different interpreta-
tion is that there are two open states with different gating
displacements and that the positive displacements used were
not large enough to pull the channels completely into the
second open state. A third interpretation is that the lower
stiffness in the positive direction is an artifact that is the result
of poor coupling between the probe and the bundle. In no
case is there strong reason to think that differences in channel
compliance play a major role in gating.

Thus for hair cells, the quadratic models of Sachs and
Lecar (1991) and Lecar and Morris (1993) are unnecessary.
The quadratic term is certainly less than 25% of the linear
term, even for forces that would open or close essentially all
(> 99%) of the channels. For smaller forces, the quadratic
term is much smaller. For mechanically gated channels in
general the quadratic term is negligible even for large dif-
ferences in compliance of the open and closed states. Hence,
what is crucial for gating is the swing of the gate (b) rather
than the difference in state compliance. A compliance dif-
ference will have only small effects on the estimates of the
swing of the channel’s gate (Howard and Hudspeth, 1988).
Finally, this analysis holds as well for voltage-gated chan-
nels, where the force results from the electric field acting on
a charged portion of the channel protein.

We would like to thank Fred Sachs and Harold Lecar for a number of
stimulating discussions.

This work is supported by NIDCD DC00304 and the Howard Hughes Medi-
cal Institute (DPC), and by NJAMSD AR40593, the Alfred P. Sloan Foun-
dation, and the Pew Charitable Trust (JH).

REFERENCES

Corey, D. P., and A. J. Hudspeth. 1983. Kinetics of the receptor current in
bullfrog saccular hair cells. J. Neurosci. 3:962-976.



Corey and Howard

Guhary, F., and F. Sachs. 1984. Stretch-activated single ion channel currents
in tissue-cultured embryonic chick skeletal muscle. J. Physiol. (Lond.).
352:685-701.

Holton, T., and A. J. Hudspeth. 1986. The transduction channel of hair cells
from the bull-frog characterized by noise analysis. J. Physiol. (Lond.).
375:195-227.

Howard, J., and A. J. Hudspeth. 1988. Compliance of the hair bundle as-
sociated with gating of the mechanoelectrical transduction channels in the
bullfrog’s saccular hair cell. Neuron. 1:189-199.

Jaramillo, F., V. S. Markin, V. S,, and A. J. Hudspeth. 1993. Auditory
illusions and the single hair cell. Nature (Lond.). 364:527-529.

Lecar, H., and C. E. Morris. 1993. Biophysics of mechanotransduction.

Channel Gating with Compliant States 1257

In Mechanoreception by the Vascular Wall. G. M. Rubanyi, editor.
Futura Publishing Co., Mount Kisco, NY. 1-11.

Markin, V. S., F. Jaramillo, and A. J. Hudspeth. 1993. The three-state model
for transduction-channel gating in hair cells. Biophys. J. 64:A93

Morris, C. E. 1990. Mechanosensitive ion channels. J. Membr. Biol. 113:
93-107.

Russell, L. J., M. Kossl, and G. P. Richardson. 1992. Nonlinear mechanical
responses of mouse cochlear hair bundles. Proc R. Soc. Lond. B Biol.
250:217-227

Sachs F., and H. Lecar. 1991. Stochastic models for mechanical transduc-
tion. Biophys. J. 59:1143-1145.



