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ABSTRACT Mechanical single-molecule techniques offer exciting possibilities to investigate protein folding and stability in
native environments at submolecular resolution. By applying a free-energy reconstruction procedure developed by Hummer
and Szabo, which is based on a statistical theorem introduced by Jarzynski, we determined the unfolding free energy of the
membrane proteins bacteriorhodopsin (BR), halorhodopsin, and the sodium-proton antiporter NhaA. The calculated energies
ranged from 290.5 kcal/mol for BR to 485.5 kcal/mol for NhaA. For the remarkably stable BR, the equilibrium unfolding free
energy was independent of pulling rate and temperature ranging between 18 and 42�C. Our experiments also revealed
heterogeneous energetic properties in individual transmembrane helices. In halorhodopsin, the stabilization of a short helical
segment yielded a characteristic signature in the energy profile. In NhaA, a pronounced peak was observed at a functionally
important site in the protein. Since a large variety of single- and multispan membrane proteins can be tackled in mechanical
unfolding experiments, our approach provides a basis for systematically elucidating energetic properties of membrane proteins
with the resolution of individual secondary-structure elements.

INTRODUCTION

Biological membranes are essential to all organisms as they

provide permeability barriers and specialized environments

for a multitude of crucial processes. Transmembrane proteins

fulfill many of these functions, as they act, for example, as

sensors, receptors, and channels. In line with their important

roles, membrane proteins comprise ;20–30% of all cellular

proteins (1). Detailed knowledge of their three-dimensional

structures and folding is, however, still lacking: Less than

1% of the structures deposited within the Protein Data Bank

are membrane proteins, and mechanistic information of the

folding in the anisotropic environment of the lipid bilayer is

only available for a few of these (2,3).

Considerable effort has been devoted to investigating the

unfolding of membrane proteins in thermal and chemical

denaturation experiments (4–7). Despite their suitability for

studying globular proteins, these methods are often unable to

fully denature membrane proteins. In contrast to the natively

folded state of the protein, the unfolded state is structurally

not defined. Thus, substantial amounts of secondary struc-

tures of a denatured protein remain folded or partly folded,

and the free energy of the natively folded protein is most

often inaccessible (4,7). From thermodynamic predictions

and experiments, it was postulated that the transfer of hy-

drophobic amino acid (aa) residues to the core regions of

the membrane is linked to a free-energy gain of;1 kcal/mol

(8,9). However, from the few macroscopic studies of mem-

brane protein unfolding, complete measurements of their

insertion and folding energies are not available.

Single-molecule force spectroscopy has been widely used

to probe the mechanical properties of individual molecules

by exerting mechanical forces that induce conformational

changes in proteins, nucleic acids, and polysaccharides

(10–12). In mechanical unfolding experiments of membrane

proteins (13–17), an external pulling force applied through

the cantilever of an atomic force microscope (AFM) plays

the role of the chemical/thermal denaturant. The high sen-

sitivity of this method allows the interactions that stabilize

secondary structures such as transmembrane a-helices and

small helical segments to be detected (15,16,18). In contrast

to ensemble approaches, which inherently probe the average

behavior of large numbers of molecules, single-molecule

experiments detect coexisting unfolding pathways and nonac-

cumulative folding intermediates that are populated in multi-

dimensional energy landscapes and folding funnels (19–22).

However, due to the finite force loading rate, mechanical

unfolding studies are typically nonequilibrium experiments,

supposing that only irreversible work can be calculated from

force-extension traces (12).

In 1997, Jarzynski derived an identity relating the irre-

versible work of multiple measurements to equilibrium-free-

energy differences (Jarzynski’s identity (23)). The remarkable

theoretical result opens the possibility to obtain equilibrium

thermodynamic parameters from processes carried out arbi-

trarily far from equilibrium, provided that multiple measure-

ments at a sufficiently high signal/noise ratio are available. In
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2001, Hummer and Szabo (24) adapted Jarzynski’s identity

for the analysis of single-molecule pulling experiments, and

in 2002 Liphardt et al. (25) tested Jarzynski’s equality by

comparing the work performed in the reversible and irre-

versible mechanical unfolding of a single RNA molecule.

Here we applied Jarzynski’s identity as adopted recently

by Hummer and Szabo (26) to characterize the stability of

three membrane proteins (bacteriorhodopsin (BR), halorho-

dopsin (HR), and the Na1/ H1 antiporter NhaA) by calcu-

lating the unfolding free energies (i.e., the energy difference

between the folded and unfolded state) of their transmem-

brane helices from single-molecule force measurements. The

reversibility of BR and NhaA protein unfolding was shown

in two recent studies (27,28). Because of the high structural

and functional similarities of HR and BR (16), it might be

assumed that HR shows reversible unfolding pathways as

well. BR and HR are two highly similar heptaspan light-

driven ion pumps from the archaebacteria Halobacter
salinarum, and NhaA is a dodecaspan ion antiporter from

Escherichia coli. The topologies and tertiary structures of

BR (29), HR (30), and NhaA (31) are shown in Fig. 1.

METHODS

Unfolding data

For BR unfolding at different pulling rates (see Fig. 3), 60 deflection traces at

654 nm/s, 60 at 1310 nm/s, and 59 at 2620 nm/s, recorded at 18�C, were
analyzed. Temperature dependence (see Fig. 4) was investigated using

additional 45 deflection traces at 87 nm/s, 49 at 654 nm/s, 57 at 1310 nm/s,

18 at 2620 nm/s, and 63 at 5230 nm/s, recorded at 25�C; and 57 deflection

traces at 300 nm/s, 64 at 654 nm/s, and 61 at 1310 nm/s, recorded at 42�C
(data taken from Janovjak et al. (32)). We analyzed 41 deflection traces

recorded at 90 nm/s for HR (data taken from Cisneros et al. (16)) and 56

deflection traces recorded at 120 nm/s for NhaA (data taken from Kedrov

et al. (15)). The part of the deflection trace after extracting the last helix was

used to determine and correct the slope of the baseline and the deflection

offset (33). The alignment of the curves was done by fitting a straight line to

cantilever deflections (z(t) � q(t)) . 1 nm in the contact region (negative

piezomovement, Fig. 2 a), and then shifting the so-determined point of con-

tact to zero piezomovement for each curve (e.g., (34)). This ensures a defined

initial condition for all traces, as required by the Jarzynski analysis (23).

Energy calculations and error estimations

The integral in Eq. 2 was evaluated using a standard trapezoidal numerical

integration algorithm. Error bars (Fig. 3 b, HR and NhaA) were calculated

FIGURE 1 Topologies and three dimensional structures of (a and b) the halophilic heptaspan membrane proteins BR (PDB-code 1C3W) and HR (PDB-code

1E12), and (c and d) the dodecaspan sodium-proton antiporter NhaA (PDB-code 1ZCD) from Escherichia coli. The helices are labeled A–G in the case of BR

and HR and I–XII in the case of NhaA.
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using a nonparametric bootstrap analysis. This method allows sampling

distributions and standard errors to be calculated without making any assump-

tions about the underlying distributions. In this analysis, the sampling dis-

tribution (i.e., the mean and the standard deviation) of the value of interest

was approximated using replicate data sets of the same size as the original

data set (35).

The dissipated energy values were calculated from the difference of

irreversible works (for each trajectory) and the equilibrium free energy

obtained using the weighted histogram estimator for 654-nm/s, 1310-nm/s,

and 2620-nm/s pulling rate. Probability densities were then calculated using

a kernel estimator (36).

The error of a single-cantilever spring constant determination is typi-

cally610% (37) and increases for n cantilevers to6
ffiffiffi
n

p
310%, which agrees

with the observed error bars in Fig. 3 (up to two cantilevers used per dataset).

To prove that the mean free energies at different temperatures (Fig. 4) were

statistically not distinguishable, an ANOVA test was performed to check

FIGURE 2 Reconstruction of the free-energy profile of BR unfolding. (a)

Ensemble plot of 60 single unfolding curves (deflection z(t) � q(t) versus

piezomovement z(t)) recorded at a pulling rate of 654 nm/s. The unfolding

steps of helices E and D (at 27 nm extension), C and B (at 42 nm extension),

and A (at 62 nm extension) are clearly observed. Because of unspecific inter-

actions between the AFM stylus and the membrane surface, the unfolding of

helices G and F is scattered at extensions ,18 nm. For energy calculations,

the first peak (helices G and F, gray regions) is omitted. (b) Free-energy pro-

file for the unfolding of helices E and D, C and B, and A computed from a

using DGWH (solid line), DGMF (circles), and the corresponding mean force

(dots). Arrows indicate the transition points. (c) Color-coded convergence of

DGWHðN ¼ 60Þ � DGWHðNÞ along the molecular extension coordinate as a

function of the number of pulling cycles for the data from a.

FIGURE 3 Pulling-rate dependence of the free-energy profile of BRunfold-

ing. (a) Free-energy profiles of BR at three different pulling rates, acquired at

18�C. (b) Free-energy difference DGWH as a function of the pulling rate, ex-

amined at 70 nm extension. Error bars were obtained via Bootstrap analysis

(cf. Methods). (c) Probability densities of the dissipated work for 654 nm/s

(solid line), 1310 nm/s (dashed line), and 2620 nm/s (dot-dashed line).
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that all samples were drawn from the same population (P-value 0.36). All

calculations were performed using MATLAB Version 7.1 (MathWorks,

Natick, MA).

RESULTS

Application of Jarzynski’s identity to the forced
unfolding of BR

Jarzynski derived a relation between the free-energy differ-

ence of two states at different times and appropriately

weighted averages of the work required to shuttle between

these states measured for many repetitions of a nonequilib-

rium process (23). An extension of this relation was devel-

oped by Hummer and Szabo to calculate free-energy profiles

along mechanical reaction coordinates obtained from single-

molecule pulling experiments (24,26). Following methods

used in their work, we applied the weighted histogram method

and the momentum-based approach (26). The weighted

histogram method results in the equation

exp½�bDGWHðqÞ� ¼
+

t

Æd½q� qðtÞ�expð�bWtÞæ
Æexpð�bWtÞæ

+
t

expð�bVðq; tÞÞ
Æexpð�bWtÞæ

; (1)

where b�1 ¼ kBT (T is the temperature, kB is the Boltzmann

constant), q is the pulling coordinate (molecular extension),

DGWHðqÞ is the free-energy profile along q, and the sums are

over the histograms collected at different times t. Wt is the

accumulated work calculated by

Wt ¼
Z
C

Fdq1V½qðtÞ; t� � V½qð0Þ; 0�: (2)

Here, F ¼ k(z(t) � q(t)) denotes the restoring force, where k
is the cantilever spring constant, z(t) ¼ vt is the product of

pulling rate v and time, V qðtÞ; t½ � is the harmonic biasing

potential of the cantilever, and the integral over q is along

the position versus time contour connecting q(0) and q(t). If
the cantilever is relatively stiff, most trajectories will be

clustered near z(t), the position of the piezo actuator (25). In

this case one can approximate the weighted distribution of

molecular extensions by a Gaussian with mean

�qt ¼
ÆqðtÞe�bWtæ
Æe�bWtæ

; (3)

and corresponding variance s2
t ¼ q2t � �q2t : Using this ap-

proximation (momentum-based approach), the first deriva-

tive of the potential of mean force (i.e., the mean force) can

be calculated according to

G9MFð�qtÞ ¼ �Ft ¼ ÆFðtÞe�bWtæ
Æe�bWtæ

: (4)

GMFðqÞ is then calculated by the cumulative integral of Eq. 4.

Formalism was applied to unfolding traces of individual

BR molecules from native purple membrane patches of H.
salinarum (data taken from (32)). Fig. 2 a shows an en-

semble plot of 60 curves obtained from unfolding single BR

molecules at a pulling rate of 654 nm/s (32) and 18�C. In
previous studies, the four groups of peaks were assigned to

the unfolding of helices G and F (at extensions ,18 nm), E

and D (at ;27 nm extension), C and B (at ;42 nm exten-

sion), and helix A (at;62 nm extension) (13,14). From such

unfolding spectra, the energy difference between the folded

state in the membrane and an unfolded state outside the

membrane can be determined.

Since the first group of peaks (unfolding of helices G and

F) is scattered due to interactions occurring between the AFM

stylus and the protein membrane (Fig. 2 a, gray regions)
(18,38), we omitted these data points in the calculations and

set tðz ¼ 18nmÞ ¼ 0: Assuming that a quasiequilibrium was

established at this point, Eqs. 1–4 can be applied to deter-

mine the free energy profile along the molecular extension

coordinate. Fig. 2 b shows the Jarzynski reconstruction of

the Gibbs free energy profile using the weighted histogram

method, DGWHðqÞ (solid line), the estimator based on the

mean force, GMFðqÞ (circles), and the underlying mean force

(dots). Three pronounced energy steps of 84.1 6 3.6 kcal/

mol (helices E and D), 63.0 6 5.1 kcal/mol (helices C and

B), and 101.6 6 5.3 kcal/mol (helix A) were found for the

unfolding and extraction of the corresponding helices (mean

6 SD obtained via Bootstrap analysis, cf. Methods). In total,

an energy of 248.4 6 3.9 kcal/mol is required to extract and

unfold a single BR molecule at a pulling rate of 654 nm/s.

It should be noted that possible energetic contributions of

helices G and F could not be included in this estimation

(cf. Discussion). The mean-force-based estimator performs

comparably to the weighted histogram method, with the

exception of cusplike features in the free-energy reconstruc-

tion (Fig. 2 b, arrows) since the Gaussian approximation

performs poorly in these regions (26).

FIGURE 4 Temperature dependence of the free-energy profile of BRunfold-

ing. The average free-energy difference between folded and unfolded states

is plotted as a function of temperature (18�C, 25�C, and 42�C; examined at

an extension of 70 nm) and the corresponding mean (solid line). Error bars

were obtained by averaging over different pulling rates at each temperature.
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Although Jarzynski’s equality applies in theory to systems

driven arbitrarily far from equilibrium, a sufficiently large

number of unfolding experiments Nmust be available, either

obtained from the same molecule (time average) (25), or

from an ensemble of molecules (ensemble average). To show

that DGWH approaches the equilibrium free-energy differ-

ence, Fig. 2 c depicts the convergence (color code) of the

difference DGWHðN ¼ 60Þ � DGWHðNÞ along the molecular

extension as the number of curves included in the calculation

is increased from 1 to 60. In general, the more work is dissi-

pated, the more curves are required for proper convergence

(25). In the region where most work is dissipated (20–30 nm

extension) the convergence is slow, in contrast to regions

where convergence is essentially reached after N � 8. How-

ever, the overall free energy does not change significantly for

N . 40 (Fig. 2 c), indicating proper convergence.

The unfolding free energy of BR is
pulling-rate-independent

In the next step, free-energy profiles DGWHðqÞ were com-

puted from force traces recorded on BR at three different

pulling rates ranging from 654 nm/s to 2620 nm/s (Fig. 3 a).
In Fig. 3 b, the free energy required for extracting helices E

and D, C and B, and A, is plotted against the pulling rate. It

can be seen that the calculated free-energy values do not

depend on the pulling rate; deviations are primarily given by

the accuracy of the cantilever-spring-constant determination

(cf. Methods). An average free energy DGWH of 254.1 6
13.3 kcal/mol (mean 6 SD) was obtained for the extraction

and unfolding of BR (neglecting helices G and F). Fig. 3 c
shows the probability density for the energy dissipated

during the extraction and unfolding of helices E and D.

The unfolding free energy of BR is
temperature-independent

In addition to the pulling-rate dependence, the influence of

temperature on the unfolding free energy of BR was inves-

tigated (Fig. 4). Unfolding traces recorded at three different

temperatures (18�C, 25�C, and 42�C) and different pulling

rates were used (cf. Methods), and DGWH values were com-

puted and averaged over the pulling rates at each temper-

ature. Within experimental error, the unfolding free energies

remained unchanged in this temperature range, as assessed

using an ANOVA test (cf. Methods).

Unfolding free energies of HR and NhaA

The same procedure was applied to unfolding deflection data

of the light-driven chloride pump HR from H. salinarum
(Fig. 5 a) and the sodium-proton antiporter NhaA from E.
coli (Fig. 5 c). Fig. 5 b shows the mean force (dashed line)
and the corresponding energy profile GMFðqÞ of HR (solid
line), with energy steps corresponding to the unfolding of

helices E and D (55.1 6 2.3 kcal/mol), C and B (40.1 6 3.3

kcal/mol), and A (67.1 6 2.7 kcal/mol). In total, a free

energy of 162.3 6 2.7 kcal/mol was obtained for HR

(neglecting helices G and F), which lies within the range

determined for BR. However, in contrast to BR (Fig. 2 b,
mean force, dots), a two-step unfolding of helices E and D at

an extension of 30 nm was observed.

The mean force (Fig. 2 b, dashed line) and the free-energy
profile GMFðqÞ of NhaA is shown in Fig. 5 d. From the un-

folding force pattern, five energy steps corresponding to the

unfolding of helices X and IX, VIII and VII, VI and V, IV and

III, and II and I (28) with DGMFvalues of 69.9 6 11.2 kcal/

mol, 88.0 6 25.9 kcal/mol, 49.2 6 27.9 kcal/mol, 91.2 6
15.9 kcal/mol, and 112.0 6 6.9 kcal/mol, respectively, were

obtained. Neglecting the scattered unfolding peak (helices

XII and XI), a total energy of 410.4 6 5.1 kcal/mol was

found for the unfolding of NhaA.

DISCUSSION

Mechanical single-molecule experiments are seen as a

promising way to study the stability and folding mechanism

of individual globular (39–41) and membrane proteins

(14,27,28). Here, we applied a formalism developed by

Jarzynski (23) using an extension of Hummer and Szabo

(24,26) to derive the free energy of transmembrane protein

unfolding. We used two different estimators, the first based

on the weighted histogram method, DGWH; and the second

on mean force, DGMF: Both performed with comparable

accuracy, even though the distributions of q are not always

Gaussian (also see below). In the end of the pulling interval,

DGMF exceeded DGWH by ,2%, which can be explained by

the expected bias of the former estimator (26).

We showed that the free energy for unfolding BR is

independent of pulling rate in the range between 654 and

2620 nm/s and temperature range between 18 and 42�C. This
result demonstrates that DGWH and DGMF values indeed re-

flect equilibrium properties. BR is an interesting model system

to study temperature effects, since neither significant changes

in protein structure nor a change in heat capacity were de-

tected for native BRmembranes within physiological temper-

ature ranges (6,7,32,42). Thus, a temperature-independent

unfolding free energy is not surprising and may serve as an

additional validation of the method presented here.

The probability densities of the dissipated work during the

unfolding of helices E and D of BR were calculated and

compared for different pulling velocities. The expectation

values increased from ÆWdissæ654nm=s ¼ 28.7 kcal/mol, over

ÆWdissæ1310nm=s ¼ 34.6 kcal/mol, to ÆWdissæ2620nm=s ¼ 48.3

kcal/mol, reflecting that additional work is dissipated as a

result of friction when the molecule is unfolded more

rapidly. The free energy required to unfold this helical pair

(E and D) was 83.3 6 8.4 kcal/mol (mean 6 SD). In 2001,

Hummer and Szabo (24) applied their formalism to linear

approximations of force-distance curves of these helices
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recorded in a different experiment (13). Their value of 64

kcal/mol compares well with our result, and the difference

can be attributed to the simplification of the shape of the

force-distance curves as well as experimental uncertainties.

When averaged over all different pulling rates and temper-

atures, 226.86 38.2 kcal/mol (mean6 SD) were required to

unfold BR (neglecting helices G and F). This value

corresponds to a free energy of ;1.32 kcal/mol per amino

acid residue (171 aa). Because unspecific interactions

between AFM tip and membrane surface overlapped with

the unfolding data at extensions below 18 nm, the energetic

contribution of the first helical pair (G and F) could not be

reliably calculated. Therefore, an estimation of the total free

energy of an entire BR molecule can be given using the

number of amino acids of the first helical pair (48 aa) and the

average free energy per residue, resulting in 63.7 kcal/mol.

In this way, an estimate of 290.5 6 48.9 kcal/mol was

obtained for the entire BR molecule.

Despite the obvious differences in the measurement

principles, our results compare well to biochemical ensemble

experiments where the denaturation of BR is accompanied

by an enthalpy of 100–179 kcal/mol, depending on the

method of measurement (8). Typical contributions to the

denaturation energy include hydrophobicity and hydrogen-

bond interactions. Using the position-independent amino

acid hydrophobicity scale introduced by White and Wimley

(8), we estimated the cumulative transfer energy of all

residues of each helix of BR into the membrane core and

interface resulting in values between�15.7 and 3.9 kcal/mol

(Supplementary Material). Assuming 5 kcal/mol for the

stability of a single hydrogen bond within the membrane (8)

and 40 hydrogen bonds per helix, a contribution of ;200

kcal/mol per helix was estimated. Our experimental values

(;30 kcal/mol per helix) lie between these two extremes and

clearly, other contributions (e.g., intrahelical hydrogen-

bonding and interhelix contacts) need to be considered in a

more detailed analysis.

The mean force of BR shows three main unfolding events

located at 25, 38, and 58 nm (Fig. 2 b). In comparison to the

nonequilibrium unfolding traces, no shoulder peaks between

the main peaks are observed. This finding is in good agree-

ment with a recent study (18) where a smaller occurrence of

FIGURE 5 Free-energy profile of halorhodopsin (HR) and NhaA unfolding. (a) Ensemble plot of 41 single unfolding deflection curves of HR recorded at a

pulling rate of 90 nm/s (for calculations, traces were cut at extensions ,18 nm, gray region). (b) Free-energy profile of HR unfolding (solid line) and the

corresponding mean force (dashed line). The unfolding of helices E and D occurs in two steps (arrows), with a corresponding energy step of 24.4 kcal/mol. (c)
Ensemble plot of 56 single unfolding deflection curves of NhaA recorded at a pulling rate of 120 nm/s (for calculations, traces were cut at extensions,25 nm,

gray region). (d) Free-energy profile of NhaA (solid line) and the corresponding mean force (dashed line). Five energy steps relating to the five helical pairs can

be clearly observed (helices X and IX, VIII and VII, VI and V, IV and III, and II and I)
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the shoulder peaks was observed upon reducing the pulling

rate, i.e., working closer to equilibrium. We also noticed that

the work distribution of helices E and D appears multimodal

(Fig. 3 c). In one of these cases (v ¼ 2620 nm/s), all un-

folding traces were recorded in a single experiment, suggest-

ing that the observed subpopulations may not be attributed to

instrumental uncertainties. In this context, we would like to

point out that these helices play a crucial role in intermono-

meric interactions in the purple membrane trimers. Thus, one

could speculate that the subpopulations may represent the

unfolding of BR monomers in trimers where one or two

monomers are already unfolded. A similar multimodal distri-

bution of relative unfolding forces of helices E and D was re-

cently observed using a different data analysis approach (43).

As shown in Fig. 5 b, the total unfolding free energy for

HR was in the same range as for BR. The obtained value to

extract and unfold HR (neglecting helices G and F) was

162.3 6 2.7 kcal/mol, corresponding to 0.92 kcal/mol per

amino acid (176 aa). By estimating the energy of the first

helical pair (helices G and F; 47 aa), a total free energy of

205.7 6 3.3 kcal/mol can be obtained for the entire HR

unfolding. However, the unfolding of helices E and D of HR

occurs in two well-separated steps (Fig. 5 b, arrows), in
contrast to that of BR. Cisneros et al. (16) recently addressed

this point and showed that the structure of HR resembles that

of BR, but with one difference: HR exhibits an additional

pi-bulk interaction that splits helix E into two structurally

distinct segments. The splitting of the force peak of helix E

was observed in the unfolding curves (Fig. 5 a) with high

probability (80%) (16). Accordingly, we can attribute the

splitting of the mean force of helices E and D of HR (Fig.

5 b, arrows) to the stepwise unfolding of the helix and an

energy step of ;24 kcal/mol. This example highlights that

the combination of single-molecule manipulation and the

Jarzynski equality is capable of detecting the stability of indi-

vidual helices in terms of a unique signature in the energy

profile.

Finally, we derived the unfolding free energy of the

sodium-proton antiporter NhaA (Fig. 5 d). The energy

required to unfold the five helical pairs was 410.46 5.1 kcal/

mol, corresponding to ;1.25 kcal/mol per amino acid (328

aa). By estimating the first helical pair (helices XII and XI,

60 aa), a total free energy of 485.0 6 6.0 kcal/mol was

obtained for NhaA unfolding, which lies significantly above

the free energies revealed for BR and HR. It is interesting to

note that NhaA shows a markedly different mean force

profile (Fig. 5 d) compared to the nonequilibrium force traces

(Fig. 5 c). In the nonequilibrium case, a series of more or less

regularly spaced force peaks with comparable intensities are

observed (15), whereas the mean-force curve emphasizes a

central region of the spectrum centered around an intensive

peak located at ;65 nm. Recent ensemble (44) and single-

molecule (34,45) activation and inhibition experiments reported

that this location can be correlated to the functionally im-

portant residues in helix V.

CONCLUSIONS

Mechanical single-molecule experiments are powerful tools

to probe the stability and (near-equilibrium) refolding of

single- and multispan membrane proteins (46–49). Here, for

the first time that we know of, we determined the free energy

differences associated with the mechanical unfolding of three

multispan membrane proteins. The free-energy differences

revealed from our approach reflect the overall stability of the

proteins, including the extraction and unfolding of membrane

helices with contributions from hydrophobic interactions,

hydrogen bonds, and helix-helix contacts. Future develop-

ments will yield approaches that may separate the individual

contributions of different types of molecular interactions that

guide the (un-)folding, (de-)stabilization, and functional state

of membrane proteins.

SUPPLEMENTARY MATERIAL

An online supplement to this article can be found by visiting

BJ Online at http://www.biophysj.org.
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