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In situmeasurements of the free energy difference between the open and closed states of ion channels are
challenging due to hysteresis effects and inactivation. Exploiting recent developments in statistical physics,
we present a general formalism to extract the free energy difference ΔF between the closed and open states
of mechanosensitive ion channels from nonequilibrium work distributions associated with the opening
and closing of the channels (gating) in response to ramp stimulation protocols recorded in native patches.
We show that the work distributions obtained from the gating of MscS channels in E. colimembrane satisfy
the strong symmetry relation predicted by the Crooks fluctuation theorem. Our approach enables the
determination of ΔF using patch-clamp experiments, which are often inherently restricted to the
nonequilibrium regime.
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Introduction.—Living cells in their native environments
must cope with osmotic pressures arising from concen-
tration gradients of osmolytes across the cytoplasmic
membrane that separates the interior and exterior of the
cell. When the cell’s external medium undergoes abrupt
dilution, the sudden rise in osmotic pressure draws water
into the cell, which may lead to lethal membrane rupture
(lysis). Mechanosensitive ion channels are biomolecular
safety valves that the cell deploys in response to such
osmotic shocks (see [1], Fig. S1). These channels typically
exist in a closed state, but when the tension of the
cytoplasmic membrane increases due to the influx of water,
they open and the resulting outflow of osmolytes dissipates
the excessive osmotic gradient. The channels reclose when
tension returns back to normal.
In bacteria, the bulk release of osmolytes is primarily

mediated by two families of channels: the mechanosensi-
tive channels of small conductance (MscS, 1 nS) and of
large conductance (3 nS). The latter open at large, near lytic
tension, serving as a mechanism of last resort against
extreme osmotic down shocks by forming wide, nonselec-
tive openings in the membrane [2,10,11]. The MscS
channels, by contrast, open at lower tension and exhibit
great diversity in structure and functionality [12,13].
To develop a quantitative physical understanding of

mechanosensitive channels, it is crucial to obtain accurate
measurements of their relevant properties. The free energy
difference ΔF between the open and closed states of a
channel is an essential, path-independent thermodynamic

quantity characterizing the transition between these two
states. A common method of determining ΔF uses patch-
clamp techniques to measure ion conductivity across the
membrane as its tension is increased linearly in time until
all the channels are open. These traces of conductivity vs
tension reveal the probability of finding the channel in its
open or closed state, and ΔF is extracted by fitting this
probability to a two-stateBoltzmanndistribution [2,3,11,14].
This method assumes that the ion channels remain in
equilibrium during the tension ramping process. However,
when a triangular ramp protocol is applied—increasing and
then decreasing the tension at the same rate—one observes
clear hysteresis, a hallmark of nonequilibrium behavior [15].
This hysteresis may explain the disparate estimates of ΔF
reported in the literature, ranging from 5 kBT to 28 kBT
[4,16,17]. Evidently, the nonequilibrium character of exper-
imental patch-clamp traces requires further analysis in order
to extract accurate values of ΔF.
Here, we investigate the thermodynamics of ion channel

gating at the single-trajectory level and present an alternative
approach of obtaining the free energy difference between
the open and closed state of MscS, using recent develop-
ments in nonequilibrium statistical physics. In 1997,
Jarzynski related the free energy difference between two
equilibrium states of a system ðA; BÞ to the nonequilibrium
distribution of thework (W) performed on the system during
a thermodynamic process connecting A to B [18]

he−βWiA→B ¼ e−βΔF: ð1Þ
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Angular brackets denote an average taken over an ensemble
of realizations of the same switching protocol starting from
an equilibrium state (A) in contact with a heat reservoir at
temperature T, and β ¼ 1=kBT where kB is the Boltzmann
constant. In 1999, Crooks proved that the work distributions
associated with the thermodynamic process of switching the
system fromA toB andwith the corresponding time-reversed
process from B to A satisfy the symmetry relation [19]

PA→BðWÞ
PB→Að−WÞ ¼ eβðW−ΔFÞ: ð2Þ

These fluctuation theorems are robust with regard to how the
microscopic dynamics are modeled [20–26] and have been
experimentally verified invarious systems [27–35]. Here,we
show that nonequilibrium patch-clamp experiments can
provide reliable estimates of the free energy difference
between the open and closed states of ion channels.
We note that, except for the single-molecule “pulling

experiments” performed through the application of linear
force [20,27,29], in essentially all other systems, fluc-
tuation theorems were used, not as a tool to extract
quantities of interest, but rather to provide experimental
verification of the theory. Our setup implements an entirely
different experimental scenario where repeated application
of tension to a membrane of live bacteria produces current
traces that are interpretable using the fluctuation theorems,
allowing us to determineΔF and to characterize dissipation
during the functional cycle of a native mechanosensitive
channel in situ. Here, we propose the first experimental
design and analysis that provides a measure of how far from
equilibrium the MscS channel performs its cycle under a
relatively slow (∼1s) but commonly used stimulation
regime. This analysis provides a reference point allowing
us to project the amount of dissipated energy in “real-life”
situations when a small bacterial cell swells in rainwater
within ∼10 ms, and to assess how well mechanosensitive
channels are optimized by a billion-year evolution to act as
“emergency” release valves [36]. The problem of response
speed and dissipation also directly pertains to voltage-gated
channels where the movement of the voltage sensor domain
always shows hysteresis [37]. Allosteric transitions in
ligand-gated channels have been traditionally treated using
thermodynamic cycles implying complete equilibria at
every step [38], yet, in stark contrast, the measurements
are usually performed in highly transient regimes (due to
channel inactivation) raising the question of the validity of
these equilibrium estimations. Here, we report the first
adaptation of the conventional patch-clamp technique with
fluctuation analysis that sheds light on nonequilibrium
values of work, heat, and entropy production.
Experimental and theoretical setup.—The patch clamp

technique developed by Neher and Sakmann in the late
1970s and early 1980s [39–41] enables researchers to
characterize the conductive properties of individual ion
channels by clamping a piece of a membrane as a gigaohm

seal in a polished glass micropipette [Fig. 1(a)]. The high
resistance of the seal provides an electrical isolation of the
patch from the rest of the membrane. However, conducting
pathways can be generated by activation of mechanosen-
sitive ion channels in response to applied tension. This
activation can be monitored with picoamp precision.
Observations of discrete currents passing through individ-
ual channels made the patch-clamp technique essentially
the very first single-molecule technique.
In our experiments, the system of interest is the collec-

tion of mechanosensitive ion channels embedded in the
E. coli’s inner membrane. The micropipette with the
clamped membrane is immersed into a solution at room
temperature, which serves as a thermal reservoir. The work
parameter (defined below) is the membrane tension, γ, and
the conjugate variable to the work parameter is the lateral
protein area expansion, ΔA [Fig. 1(b)]. The application of
suction changes the pressure between the two sides of
the membrane and, hence, varies its tension, which allows
us to perform work on the system and lower the free energy

FIG. 1. (a) A micron-size glass pipette holds a cup-shaped patch
separating the inside of the pipette from the bath. Suction stretches
the curved patch membrane according to the law of Laplace,
generating tension that activates the channels. The two electrodes
measure the current reflecting the opening and closing transitions
of individual channels. (b) A blowup of a fragment of the patch
membrane showing two channels, in the closed and open states.
The open channel has a larger cross-sectional area in the plane of
the membrane. As membrane tension increases, the free energy of
the open state decreases, making that state energetically more
favorable. (c) A sample trace of current vs time with tension
stimulus shown below. The membrane tension was increased
linearly at a rate r ¼ 3 kBT=nm2 s−1 until all the channels in the
membrane opened, manifested as the saturation of the current.
After 1 s of equilibration at 3 kBT=nm2, the tension was decreased
back to 0 kBT=nm2 at the same rate r. The ascending and
descending legs of the trace show the opening and closing of
11 MscS channels. (d) Five representative traces from the same
patch are plotted as functions of tension in order to emphasize that
the single channel events are stochastic and the system displays
hysteresis as demonstrated by the averaged traces (black curves).
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difference between the open and closed states. Thus, in the
presence of external tension on the membrane, states with
larger area become favorable [2,42].
A typical experimental protocol starts with a membrane

without any tension in which all ion channels are in the
closed state and the conductance is negligible. Then, a
linear increase in the membrane tension to a value of about
3 kBT=nm2 in 1 s is applied. This tension is kept constant
for another second to let the system relax to equilibrium.
Then, the tension is decreased back to 0 kBT=nm2 at the
same rate. Figure 1(c) displays a characteristic “staircase”
response of the current to these tension protocols: each step
of current increase (decrease) represents a single channel
opening (closing) event. In Fig. 1(c), 11 mechanosensitive
channels are open in the final equilibrium state. Note that
the longer the membrane is exposed to high tension values
such as 3 kBT=nm2, the greater the chance that it ruptures.
A 1 s holding period is a safe time scale both to reach
equilibrium (assuming a relaxation time of a few millisec-
onds at 3 kBT=nm2, see also [1]) and to obtain a few
realizations before the seal is lost. Figure 1(d) shows five
representative current traces of the same protocol applied
on the same membrane. Even though the same protocol is
employed, the channel gating fluctuates, i.e., the traces
and work values differ from one realization to the next. As
indicated by the average currents [black curves, Fig. 1(d)],
the system displays clear hysteresis, hence, we cannot
expect the distribution of open and closed states to follow
the Boltzmann distribution, and we will resort to non-
equilibrium fluctuation theorems to determine ΔF.
We model MscS as a two-state system (open-closed),

and introduce a state variable, σ, which is 0 for a closed
channel and 1 for an open one. Let ϵclosed and ϵopen denote
the energies of the closed and open states. In the presence of
tension γ, the energy of the system can be written as [43,44]

Hðσ; γÞ ¼ H0ðσÞ − γAðσÞ; ð3Þ
whereH0ðσÞ ¼ ð1 − σÞϵclosed þ σϵopen represents the energy
of the system due to the state of the ion channel alone, and the
additional term γAðσÞ ¼ γσΔA represents the energy differ-
ence between open and closed channels in the presence of
tension, where ΔA is the area difference between the closed
and open states of the channel. Equation (3) omits a term
fðγÞ, representing the tension-dependence of the membrane
energy, which contributes an additive offset fðγτÞ − fðγ0Þ to
both the free energy difference and the work, defined below
(see the Supplemental Material [1] for full details).
For one realization of an experimental protocol of

duration τ, the work performed on the system is given by

W ≡
Z

τ

0

_γ
∂H
∂γ dt ¼ −ΔA

Z
τ

0

_γσdt: ð4Þ

(See [45,46] for a detailed discussion of this and alternative
definitions of work.) It is convenient to rewrite Eq. (4) as a

sum, since the experimental acquisition yields digitized
data in discrete time steps reflecting the sampling frequency

W ¼ −ΔA
XM−1

k¼0

ðγkþ1 − γkÞσkþ1: ð5Þ

Here, the γk’s and σk’s are the values of the work parameter
and the state of the system at the discrete time steps.
A typical realization for a cyclic protocol for an individual

channel is depicted in Fig. 2 where the red curve represents
the opening event and the blue curve is the closing event.
In this case, for the ramp increase in the tension, Eq. (5) states
that thework performed in order to open the channel,WC→O,
is equal to −ΔA ×W0 where W0 is the area under the red
curve and the work performed during the closure,WO→C, is

FIG. 2. The opening (red) and closing (blue) of a single channel
in response to linear increase and decrease of the membrane
tension with the same rate. By Eq. (5), the work performed during
the opening is WC→O ¼ −ΔA ×W0 where W0 is the area under
the red curve and the work performed during the closing is
WO→C ¼ ΔA × ðWO þ XÞ where ðWO þ XÞ is the area under the
blue curve. The total dissipation for this cyclic process isWdiss ¼
WC→O þWO→C ¼ ΔA × X > 0 which holds on average for
small systems. The diagonal black line is the tension protocol
and the dashed lines represent the areas under the corresponding
curves.

FIG. 3. Histograms of work distributions from 440 opening
(C → O) and 449 closing (O → C) events. The protocol was
performed time symmetrically at a rate r ¼ 3 kBT=nm2 n−1, and
work values were calculated using Eq. (5). The work distributions
cross at −15.3 kBT.
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equal toΔA × ðX þW0ÞwhereX þW0 is the area under the
blue curve and X is the area bounded by the two curves (see
Fig. 2). The total dissipation during this thermodynamic
cycle is positive, i.e., Wdiss ¼ WC→O þWO→C ¼ ΔA×
X > 0. In other words, the typical work performed to open
the channel is greater than that performed as the channel
closes. However, in occasional realizations the thermal noise
might act on the channel “constructively” and the channel
might open at lower work values than the free energy
difference, W < ΔF, transiently violating the second law
of thermodynamics.
Results.—An edge detection programwas used to identify

single channel events in all the traces (see [1], Fig. S2).
Thework distributionsPC→OðWÞ andPO→Cð−WÞ, obtained
from over 800 individual opening and closing events in two
independent experiments, are depicted in Fig. 3 with work
valuesbinned into 13 equal intervals.As describedbelowand
tabulated in Table I, we used these distributions to obtain
various estimates ofΔF based on Eqs. (1) and (2) as well as
linear response theory.
By Eq. (2), the work distributions should cross at

W ¼ ΔF, hence, we obtained an estimate of ΔF× ¼
−15.3 kBT by finding the intersection of the measured
work distributions. While convenient, this method is not
optimal as it only uses local behavior of the work
distributions around the crossing point. A better estimate,
ΔFC ¼ −14.7 kBT, was obtained by fitting the plot of
log½PC→OðWÞ=PO→Cð−WÞ� to a straight line and locating
where it intercepts the work axis (see [1], Fig. S3A) [5,48].
Yet another estimate,ΔFOD ¼ −14.7 kBT, was constructed
using the overlapping distributions (OD) method [5,48]
(see [1], Fig. S4). All three of the above-mentioned
methods use histograms of work values and, therefore,
depend on the bin size. By contrast, Bennett’s acceptance
ratio (BAR) method [5,49,50] yields an estimate ΔFBAR ¼
−15.0 kBT that is independent of bin size (see [1], Fig. S3B).
We also estimated ΔF by applying Eq. (1) to both the

closed → open transition and to the open → closed
transition, obtaining −14.9 kBT and −14.1 kBT, respec-
tively, yielding an average prediction ΔFJ ¼ −14.5 kBT
based on Eq. (1). Finally, linear response (LR) theory
provides an estimate ΔF ¼ hWi − βσ2W=2 based on the
mean and the variance of a work distribution [51]; applying
this formula to both the opening and closing processes and
then taking the average, we obtained ΔFLR ¼ −14.2 kBT.

Note that the estimates in Table I refer to the free energy
difference between states associated with the initial and
final values of the work parameter, ΔF≡ FðγτÞ − Fðγ0Þ.
This quantity differs from the free energy difference
between the closed and open states of the channel in the
absence of any tension, ΔF0. The latter should be inde-
pendent of the protocol and can be recovered from the
former by adding the corresponding boundary term

ΔF0 ¼ ΔF þ γσΔAjτ0 ¼ −15þ 3 × 12 ¼ 21kBT: ð6Þ
Here, we chose Bennett’s estimate as our best guess forΔF.
The final value of the tension is γτ ¼ 3 kBT=nm2 and ΔA
was taken to be 12 nm2 based on the molecular dynamic
simulation of crystallographic structures of the open and
closed states of the channel [52] which is consistent with
previous experimental studies (see [1] for error analysis)
[3,4,6]. Using different techniques, ΔF0 was determined to
be 22� 1 kBT [6].
Discussion.—We extracted the free energy difference

between the closed and open states of a mechanosensitive
ion channel in E. coli’s membrane from nonequilibrium
work distributions obtained with the patch clamp setup
where the work parameter is the membrane tension, γ, and
the conjugate variable is the protein’s lateral area expan-
sion, ΔA. We used the electrical current through the
membrane to infer the state of the channel, and Eq. (5)
to obtain work values. Our estimators are in good agree-
ment with one another and recover the free energy within
kBT of its best estimate obtained from an independent
experiment (see also [1], Fig. S5). We consider Bennett’s
acceptance ratio method as our most reliable estimate since
it uses both the C → O and O → C work distributions,
does not rely on binned histograms, and minimizes the
variance of the estimate [5].
It is also worth mentioning that, even though the work

parameter (the external tension) changes as a function of
time according to a predefined protocol, in principle, it
should not respond to the state of the system, namely, it
should not fluctuate and should be identical in each
realization of the protocol. This criterion can only be
satisfied exactly in simulation or theory. This problem is
not unique to our setup and appears, as well, in single
molecule pulling experiments [53–55]. Care must be taken
to ensure that the work parameter is properly chosen such
that the fluctuations are negligible. In the Supplemental

TABLE I. Summary of Results. hWidiss ¼ hWiC→O þ hWiO→C is the average dissipation during the cyclic process (C → O → C).
The various estimates of ΔF discussed in the text are listed below, together with uncertainties calculated using the bootstrap method
[47]. The uncertainty ofΔF0 is different fromΔF due to the boundary term and is obtained in [1] by error propagation. All quantities are
given in units of kBT.

hWiC→O σC→O hWiO→C σO→C hWidiss ΔF× ΔFC ΔFOD ΔFBAR ΔFJ ΔFLR

−13.0 1.82 17.2 2.60 4.2� 0.2 −15.3� 0.6 −14.7� 0.2 −14.7� 0.2 −15.0� 0.5 −14.5� 0.3 −14.2� 0.2
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Material [1], Fig. S6, we compared the work distributions
and free energy difference obtained from two separate
membranes having different number of MscS channels.
Good reproducibility was observed among different mem-
branes under the same protocol. Moreover, we tried a
different protocol where the membrane tension was
increased to 3.6 kBT=nm2 in 250 milliseconds giving a
different ΔF. As a control experiment, regardless of the
final value of the work parameter or the rate, ΔF0 should
always be retrieved from Eq. (6) since the boundary term
compensates for the difference in ΔF (see [1], Fig. S7 and
Table 2). Note that this process is more dissipative than the
typical one-second experimental protocol—nearly 8kBT of
work dissipated into the environment per cycle with a
shorter and stronger tension ramp [1].
It is an experimental advantage to have as many channels

as possible, since each single channel event yields an
independent work value for every realization of the
experimental protocol. Yet, many channels come with
two complications inherent in all patch clamp experiments.
(i) To use the proposed method, single channel events must
be resolved. This becomes increasingly difficult when there
are many channels in the same patch. Therefore, we
expressed MscS in a tightly regulated pBAD
(ThermoFisher) expression system which provided us a
tight control of the protein expression level. (ii) If a channel
changes its state more than once, the path it follows,
fσk; 0 ≤ k ≤ Mg, cannot be determined precisely for the
rest of the protocol, since the single channel events are
indistinguishable in the patch clamp setup. If such events,
although not very common, happen in the beginning or at
the end of the protocol, the error introduced will not
be significant as shown in the Supplemental Material
[1], Fig. S8. Despite this unavoidable complication, the
patch clamp technique is still quite advantageous and offers
fast convergence as sufficient statistics for the work
distributions can be collected efficiently.
In conclusion, the presented measurements on the

bacterial channel MscS allowed us to establish a reliable
protocol to extract the free energy of the closed-to-open
transitions and quantify the dissipation. The work paves the
road toward studies of dissipation in other channels.
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