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ABSTRACT We have measured the effect of tension on dimerization kinetics of the channel-forming peptide gramicidin A.
By aspirating large unilamellar vesicles into a micropipette electrode, we are able to simultaneously monitor membrane
tension and electrical activity. We find that the dimer formation rate increases by a factor of 5 as tension ranges from 0 to 4
dyn/cm. The dimer lifetime also increases with tension. This behavior is well described by a phenomenological model of
membrane elasticity in which tension modulates the mismatch in thickness between the gramicidin dimer and membrane.

INTRODUCTION

The local lipid environment plays an important role in
determining membrane-protein structure and function (De-
vaux and Seigneuret, 1985; Bienvenu¨e and Marie, 1994).
However, the relative roles of nonspecific membrane-pro-
tein interactions, mediated by bilayer elasticity, versus spe-
cific interactions, which depend on the detailed chemistry of
the lipids and proteins, have not been elucidated. A variety
of theories of nonspecific interactions have been proposed,
but there has been relatively little in the way of quantitative
measurements to test and refine these models (for reviews
see Sackmann, 1983; Abney and Owicki, 1985; Gennis,
1989; Mouritsen and Bloom, 1993; Goulian, 1996).

In this paper we describe the effect of membrane tension
on the kinetics of gramicidin A, a channel-forming peptide
that can serve as a local probe of bilayer elasticity (Elliott et
al., 1983; Sawyer et al., 1989; O’Connell et al., 1990; for
reviews see Andersen et al., 1996; Koeppe and Andersen,
1996). Gramicidin A is a 15-amino acid hydrophobic pep-
tide that forms cation-selective channels by the transmem-
brane association of two nonconducting monomers (Bam-
berg and La¨uger, 1973; Veatch et al., 1975; O’Connell et al.,
1990; Cifu et al., 1992) (Fig. 1). Single-channel recording
therefore provides a convenient means of monitoring the
state of the peptide (i.e., dimer versus monomers). The
kinetics of dimer formation and dissociation depends on the
interaction between the dimer and membrane. Varying
membrane tension modulates the strength of this interaction.

It is often difficult to interpret experiments that probe
membrane elasticity at the small length scales relevant to
protein structure and function because of the presence of

multiple components in the bilayer. Biological membranes
are composed of hundreds of different lipids and proteins,
and model membrane systems suitable for electrophysiolog-
ical studies of function often contain varying amounts of
hydrocarbons such as decane or squalene, and occasionally
charged lipids or cholesterol, to improve membrane stability
and adhesive properties. In these systems one needs to
consider the local membrane composition, which couples to
membrane elasticity. This is an interesting question, which
is likely to be important in vivo. However, without concom-
itant measurements of the local composition, it becomes
difficult to interpret the data quantitatively.

We avoid this problem of multiple membrane compo-
nents by combining pipette aspiration (Kwok and Evans,
1981) and single-channel recording techniques to control
membrane tension, while measuring channel kinetics in
bilayer vesicles composed of only a single lipid, dioleoyl-
phosphatidylcholine (DOPC). We find that the dimer for-
mation rate exhibits a remarkably strong tension depen-
dence, increasing by a factor of 5 as tension ranges from;0
to 4 dyn/cm. The dimer lifetime also increases with tension,
but to a lesser extent. We argue that for gramicidin the
essential effect of tension is to thin the membrane. Our
results are well described by a phenomenological model of
bilayer elasticity (Huang, 1986), in which tension changes
the thickness mismatch between gramicidin and the bilayer.

MATERIALS AND METHODS

Vesicle preparation

The preparation of vesicles followed a modification of the procedures
described by Reeves and Dowben (1969) and Needham and Evans (1988).
Purified [Val1]gramicidin A (VgA) and [Gly1]gramicidin A (GgA) were a
gift from R. E. Koeppe, II. DOPC dissolved in ethanol (100 mg/ml)
(Avanti Polar Lipids, Birmingham, AL) was mixed with a solution of
gramicidin dissolved in ethanol (total volume 20–50ml), deposited on a
clean roughened teflon square (;1 cm 3 1 cm) in a glass vial, and dried
overnight under house vacuum at room temperature. Molar ratios of
gramicidin to DOPC were in the range 0.3–1.03 1027 and 0.6–1.23
1026 for VgA and GgA, respectively. The vial containing the dried
gramicidin-DOPC deposit was loosely capped and placed in a closed
plastic box with an excess of water to provide a water-saturated atmosphere
and incubated at 47°C for 1 h. A solution consisting of 0.5 M sucrose,
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acidified to pH 2.6 with HCl (1 ml), was then gently added, the cap was
tightened, and the sample was further incubated at 47°C for 8 h in thebox.
A dense dispersion of vesicles was harvested from the cloudy fraction
floating near the surface of the sucrose solution (;100 ml).

With time, DOPC will be hydrolyzed at the low pH (pH 1) at which our
measurements were made (see below). We examined the extent of this
problem by incubating DOPC suspensions with either 0.1 or 1 M HCl for
both 1 and 3 h atroom temperature (25–30°C) and examining the reaction
mixture by thin-layer chromatography on silica plates (Whatman LK6D;
Whatman, Clifton, NJ), using a mobile phase consisting of chloroform:
methanol:water (65:45:4 v/v). The detection limit was 10% hydrolysis,
determined with serial dilutions of lysophosphatidylcholine. There was no
detectable hydrolysis after 3 h of incubation in either 0.1 or 1 M HCl. (The
lipids were completely hydrolyzed after 60 h of incubation at room tem-
perature in either 0.1 or 1 M HCl.)

Pipette aspiration and electrical recording

Pipette aspiration and video microscopy were performed on a modified
version of the apparatus described by Elbaum et al. (1996) and Fygenson
et al. (1997) (Fig. 2A). The sample cell consisted of an o-ring (1/8 inch3
7/8 inch) sealed to a 0.17-mm coverslip with paraffin. The cell was
mounted on a motorized stage on a Zeiss Axiovert 35 inverted microscope
(Carl Zeiss, Thornwood, NY), which was equipped with differential inter-
ference contrast optics. The temperature of the microscope objective (Zeiss
633, 1.4 NA, Plan Apochromat), which was in thermal contact with the
sample cell via immersion oil, was maintained at 236 0.5°C. For illumi-
nation, a Zeiss 0.63 NA long-working-distance condenser was coupled to
a 75-W xenon lamp (Opti Quip, Highland Mills, NY) via an optical fiber
scrambler (Technical Video, Woods Hole, MA); critical illumination was
used. A UV filter was placed in front of the xenon lamp to avoid photo-
damage to gramicidin. Video images were obtained with a Hamamatsu
Newvicon video camera (Hamamatsu Corporation, Bridgewater, NJ) and
recorded in S-VHS format.

The sample cell was filled with 400ml of a solution consisting of 300
mM glucose and HCl (pH 1) and left open to the air. Evaporation had a
negligible effect on membrane tension during the course of measurements
on a single vesicle (&1 h) because the change in vesicle radius was less
than 5% (see Eq. 1). A strip of 25-mm-thick tantalum foil (Goodfellow,
Berwyn, PA) was placed in the cell to provide a support for bending the
pipette into the focal plane of the microscope (Fig. 2A). Approximately 0.5
ml of the vesicle solution (see above) was deposited in the cell.

The vesicles sediment because the sucrose solution in their interior is
more dense than the glucose bath solution. In addition, the difference in
index of refraction between the two solutions improves the optical contrast
of the vesicles. The diameters of vesicles used in the experiment were in
the range of 20–50mm. Once a vesicle was aspirated, the stage was moved

away from the field of vesicles so that the pipette tip was near the tantalum
strip, and the pipette was lowered onto the strip until its tip was in the focal
plane of the microscope.

Micropipettes were pulled from borosilicate capillaries (1-mm outer
diameter, 0.75-mm inner diameter) (World Precision Instruments, Sara-
sota, FL) with a programmable puller (Sutter Instrument Company, No-
vato, CA) and cut and fire polished on a homemade forge. The typical tip
diameter of micropipettes was 2mm. (Micropipettes were measured after
the experiments by visualizing in immersion oil.) Micropipettes were filled
with the glucose/HCl solution, inserted in a holder containing a pressure
port and AgCl electrode (World Precision Instruments), and attached to the
headstage of an Axopatch 1A patch-clamp amplifier (Axon Instruments,
Foster City, CA). HCl, which provided a source of ions for current flow,
was chosen because of the relatively high conductivity of gramicidin
channels to protons compared with other cations.

The aspiration pressure was controlled with a 60-cm3 syringe and
monitored with an MKS 223B capacitance manometer (MKS Instruments,
Andover, MA). Typical pressures were in the range of 0–0.1 Pa. Mem-
brane tensions was computed from the formula (Kwok and Evans, 1981)

s 5
PRp

2~1 2 Rp/Rv!
(1)

whereP is the applied suction pressure,Rp is the inner radius of the pipette,
andRv is the radius of the portion of the vesicle outside of the pipette (Fig.
2 B). Video images were analyzed with the program NIH (National
Institutes of Health, Bethesda, MD).

The sample cell contained an AgCl-coated silver wire (;4 cm), which
was attached to the Axopatch headstage. Current recordings were made at
holding potentials (Vh) of either 25 or 100 mV. The signal was low-pass
filtered at 20, 100, or 200 Hz (23-dB cutoff frequency). There was an
electrical leak due to the aqueous layer between the vesicle and pipette
wall, which corresponded to resistances in the range 50–130 MV for
vesicle intrusions of 10–50mm (Fig. 3). Leak subtraction was used to keep
the amplified output voltage signal within the range610 V. The pressure,
total current, and leak-subtracted current were all recorded on a Mac IIfx
(Apple Computer, Cupertino, CA) equipped with a NIDAQ NB-MIO-
16XH-18 analog-to-digital converter (National Instruments, Austin, TX)
and running LabView (National Instruments); the sampling rate was 100
Hz (aliasing was not a problem, even at the higher filter frequencies).

Data analysis

To determine the gramicidin dimer lifetime, we used vesicles with a
relatively low gramicidin/lipid ratio (GgA/lipid5 6 3 1027), so that the
formation of individual dimers (single-channel events) could be easily
resolved. Current records were visualized using our own software, and
single-channel events were identified manually. Events that were ambig-
uous, either because there was more than one conducting channel, or
because the single-channel current transitions could not be clearly resolved,
were discarded.

The survival probability,P(t), is the probability that a gramicidin dimer
that forms at timet 5 0 has not dissociated after timet. (The lifetime
probability density function is equal to2dP/dt.) To calculateP(t), all
recorded dimerization events in a single vesicle at fixed tension were taken
to open att 5 0. P(t) was then computed fromP(t) 5 N(t)/N(0), whereN(t)
is the number of dimers that remain after timet, and N(0) is the initial
number of dimers. Nonlinear fits toP(t) were performed with Kaleidagraph
(Synergy Software, Reading, PA).

To determine the dimer formation rate as a function of tension, we made
measurements at different tensions in the same vesicle. GgA/lipid was in
the range of 0.6–1.23 1026. The vesicles were first aspirated at a high
pressure, and the current was recorded (usually for;100 s). The pressure
was then lowered in increments, with recordings at each pressure level.
Attempts to move in increments from low to high pressure were unsuc-
cessful because of vesicle breakdown, adhesion to the glass, or blebbing.

FIGURE 1 Sketch of the gramicidin monomer and dimer states in a lipid
bilayer. The dimer forms a conducting channel. Because the thickness of
the dimer is less than the thickness of the bilayer, the dimer compresses the
membrane.
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To ensure that the results would not be biased by changes in the vesicle
intrusion lengthL (Fig. 2B), only results for which there was no more than
10% variation in the total current were analyzed. Formation rates were
determined with our own software. Briefly, the time derivative of the
current was calculated by locally fitting the current versus time to a line
with a three- or nine-point fit (depending on the filter cutoff frequency).
Points where the slope exceeded a threshold (which also depended on the
filter cutoff) were counted as dimer formation events.

RESULTS

The combined pipette aspiration and single-channel record-
ing technique described in this paper entails recording cur-
rent flow through a micropipette containing an aspirated
vesicle, as in Fig. 2B. This leads to two important differ-

ences from conventional single-channel recording tech-
niques, in which a single bilayer patch makes a high-
resistance seal across a micropipette or hole in a teflon
partition. First, for an aspirated vesicle, there is current flow
between the glass and the vesicle intrusion. This leak resis-
tance is in parallel with the membrane inside the pipette
(inner membrane). Second, current continuity requires that
current flowing through the inner membrane must also pass
through the membrane outside the pipette (outer mem-
brane), i.e., there is a resistance in series with the inner
membrane. Below, we first characterize the leak resistance
and give an example of single-channel recordings that are in
parallel with the leak. We then show that the resistance of
the outer membrane can be neglected.

FIGURE 2 (A) The apparatus used
for combined voltage clamp and pi-
pette aspiration. See the text and El-
baum et al. (1996) and Fygenson et al.
(1997) for details. (B) An aspirated
vesicle in a typical field of view;Rp 5
1.8mm, Rv 5 10 mm, andL 5 20 mm.
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Vesicles aspirated at a fixed pressure usually drifted into
the pipette continuously, but slowly, until they either
blebbed or burst. In association with this drift, there was an
increase in the leak resistance. Fig. 3 shows a plot of the
pipette resistance as a function of intrusion lengthL for an
aspirated vesicle. We attribute the electrical leak to current
flow along the pipette within the aqueous layer between the
membrane and the glass (Evans and Rawicz, 1990). Con-
sistent with this interpretation, the pipette resistance is an
approximately linear function ofL, with a slope of;2
MV/mm. Taking the resistivity of 0.1 M HCl to be 30V cm
(Robinson and Stokes, 1968), this corresponds to an aque-
ous layer of thickness 25 nm.

For our measurements, this parallel leak resistance is
unavoidable because for the membrane tension to be given
by Eq. 1 (which is the reason for using pipette aspiration),
there cannot be complete adhesion between the membrane
and the glass. Even for intrusions as large asL 5 50mm, the
pipette resistance was much smaller than the;10-GV re-
sistance of a gramicidin channel (Fig. 3). Nevertheless, for
L . ;10 mm, the leak was sufficiently quiet that single
channels were easily resolved.

Fig. 4 A shows an example of channel recordings in
parallel with the leak current. There is a pronounced mod-
ulation in the open-channel current. At least part of this
modulation is due to diffusion of the gramicidin dimer
within the membrane along the length of the pipette. Be-
cause the leak current creates a potential gradient running
down the pipette, the open-channel current varies as the
channel diffuses in this gradient. The variation in channel
current makes lifetime measurements difficult, particularly
for a long-lived channel such as VgA (lifetime' 10 s),
because conducting channels can diffuse into and out of the
pipette. We therefore used the glycine-substituted variant

[gly1]gramicidin A (GgA), which has a shorter lifetime
(, ;1 s) (Durkin et al., 1990; Mattice et al., 1995) for
kinetic measurements.

Channels in the outer membrane do not interfere with our
measurements because the outer membrane resistance is
much less than the 10-GV resistance of a single channel. To
show this, we take advantage of the fact that occasionally
gigaseals formed with the outer membrane still intact, i.e.,
the leak resistance jumped to over 100 GV, presumably
because of the membrane inside the pipette adhering to the
glass. With gigaseals, we obtained single-channel record-
ings as in Fig. 4B. Despite the improvement in signal-to-
noise, records with gigaseals were not used for analysis
because the tension of the membrane could not be deter-
mined (Eq. 1 no longer applies). Gigaseals, however, allow
us to address the issue of membrane resistance.

As is evident from the current recordings in Fig. 4B,
there was, on average, less than one channel open in the
vesicle membrane. Let us assume that the lipid bilayer has
negligible conductivity. In this case, the formation of a
gramicidin dimer inside the pipette would result in current
transitions as in Fig. 4B only if there were already a dimer
present in the outer membrane. If a third channel then
opened, in either the inner or outer membrane, the corre-
sponding current transition would be a factor of one-third
smaller than the first transition. However, the current tran-
sitions do not show this variation in height (Fig. 4B).
Furthermore, if there were no dimer present in the outer
membrane, the formation of a dimer in the inner membrane
would result in a current jump that would decay to zero with
a time constantRC ' 100 ms, whereR ' 10 GV is the
channel resistance andC ' 10 pF is the capacitance of the
outer membrane for a 10-mm-radius vesicle. We do not see
such current jumps, however. We therefore neglect the

FIGURE 3 Pipette leak resistance versus intrusion
lengthL. The linear fit has slope 2 MV/mm.
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resistance of the outer membrane and take the potential of
the vesicle interior to be equal to the potential of the
solution in the sample cell.

We have obtained a lower bound on the proton conduc-
tance of solvent-free DOPC bilayers from the results of one
measurement in which a vesicle ruptured and part of the
residual membrane formed a 20-GV seal several hundred
microns up the pipette, where the pipette radius was 1.7mm
(data not shown). This implies a specific membrane con-
ductance of#0.5 mS/cm2, which gives a resistance of
$200 MV for a 1000-mm2 outer membrane. (Only a lower
bound can be obtained, because we do not know the mag-
nitude of the seal resistance.)

Lifetime

An example of the survival probabilityP(t) for GgA dimers
in a single vesicle at fixed tension is shown in Fig. 5A. The
results are well fit by a sum of two exponentials:

P~t! 5 @b exp~2t/t1! 1 ~1 2 b!exp~2t/t2!# (2)

with characteristic timest1 andt2 differing by an order of
magnitude andb ' 1/2, indicating approximately equal
numbers of long-lived and short-lived events. The prolifer-
ation of short-lived events, which gave rise to the second
time scale, did not appear in similar records for the longer
lived VgA (lifetime ' 10 s) (results not shown). This

FIGURE 4 (A) Current recordings of VgA chan-
nels in the presence of a nonzero leak current. We
attribute the modulation of the open-channel current
to lateral diffusion of the channel in the potential
gradient running down the length of the pipette. A
current fluctuation of 0.1 pA corresponds to a dis-
placement of 1mm along the pipette.Vhold 5 25 mV.
(B) Example of single-channel recordings of VgA in
the presence of a gigaseal, which forms when mem-
brane sticks to the pipette along the entire circum-
ference. The inset is an expanded view of events in
which two channels were open simultaneously.
Vhold 5 100 mV.
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suggests that the short time scale is a characteristic of GgA
and not due to experimental artifacts, such as membrane
flicker against the glass. Subsequent single-channel record-
ings of GgA in solvent-depleted DOPC-hexadecane bilay-
ers, using a modified tip-dip method (Hanke et al., 1983;
Sawyer et al., 1990), also showed two time scales in 0.1 M
HCl, but not in CsCl or NaCl (C. Nielsen and O. S.
Andersen, unpublished results). We do not understand the
basis for this difference, but note that the presence of two
time scales appears to be a general property of GgA in thin
bilayers in 0.1 M HCl.

The results for the two lifetimes as a function of tension
are shown in Fig. 5B. t2 exhibits a trend toward increasing
lifetime with tension. The trend int1 is less clear. A number
of factors contribute to the scatter in our results. First, it is
more difficult to extract the lifetime of individual dimers at
higher tension because the channel formation rate also in-

creases with tension (see below). Second, the vesicles do
not survive as long at high tension, making it difficult to
obtain a large number of events. Typical numbers of events
used to determine lifetimes ranged from 517 to 30, with a
median of 56.

Formation rate

The dimer formation rate, the number of dimers that form
per unit of time, depends on the number of gramicidin
monomers and therefore is sensitive to the membrane area
inside the pipette as well as fluctuations in gramicidin
concentration from vesicle to vesicle. We therefore mea-
sured formation rates (for GgA) at different tensions in the
same vesicle, where we only kept points for which the
intrusion lengthL (as measured by the leak current) did not

FIGURE 5 (A) Survival probability P(t)
of GgA from measurements in a single ves-
icle at fixed tension (0.58 dyn/cm), 58
events. The dashed curve is a two-exponen-
tial fit (Eq. 2) with t1 5 38 ms,t2 5 430 ms,
b 5 0.61. (B) Lifetimes t1 and t2, derived
from two-exponential fits, versus membrane
tensions. The three different symbols cor-
respond to measurements in three different
vesicles.
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vary by more than 10%. A large range of tensions could be
probed by incrementally lowering the tension, which
worked against the tendency of intrusions to drift further
into the pipette. An example of data from such a measure-
ment is shown in Fig. 6A, which plots the number of dimers
formed per second,f, as a function of tensions. The curve
is a quadratic fit to the data: lnf 5 C0 1 C1s 1 C2s2. Based
on 12 such plots (12 different vesicles), the average values
for C1 and C2 are C# 1 5 0.9 cm/dyn andC# 2 5 20.12
cm2/dyn2 (for GgA). The coefficientC0 is the logarithm of
the formation rate at zero tension and is therefore sensitive
to the density of gramicidin molecules. Plots ofC1 versus

C0 andC2 versusC0 show no obvious correlations (results
not shown). This suggests that the observed saturation in the
formation rate at high tension is not a result of depleting the
population of gramicidin monomers. Fig. 6B shows a
combined plot of all 12 measurements in which each data
set has been shifted so as to obtain the best quadratic fit for
the combined sets (shown in thesolid curve). The coeffi-
cients of the quadratic fit areC1 5 0.7 cm/dyn andC2 5
20.09 cm2/dyn2. For the average over individual fits and
from the combined quadratic fit of the aggregate data, we
find that the formation rate increases by roughly a factor of
5 as tension ranges from 0 to 4 dyn/cm.

FIGURE 6 (A) Plot of the logarithm of the for-
mation ratef of GgA versus tensions for a single
vesicle. The curve is a quadratic fit: log(f ) 5 20.8
1 0.9(cm/dyn)s 2 0.1(cm2/dyn2)s2. (B) Combined
plot of 12 different measurements of formation rate
versus tension (represented by different symbols).
Each curve has been shifted by a constant to obtain
the best quadratic fit for the combined data (shown
in the solid curve). The solid curve is given by ln
f 5 0.7(cm/dyn)s 2 0.08(cm2/dyn2)s2.
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DISCUSSION

For tension to affect channel formation there must be an
associated change in membrane area. For example, alam-
ethicin, a different channel-forming peptide, creates pores
of varying size, with larger pores favored at higher tensions
(Opsahl and Webb, 1994). For gramicidin, on the other
hand, the area occupied by the peptide is approximately the
same for monomers and dimers. Instead, the tension depen-
dence stems from the thickness mismatch between dimer
and membrane. An increase in tension increases the area per
lipid and therefore decreases the membrane thickness. This,
in turn, changes the elastic stress on the gramicidin dimer.

The hydrophobic thickness of a DOPC bilayer is 276 1
Å (Lewis and Engelman, 1983). Although the correspond-
ing hydrophobic thickness of a gramicidin dimer has not
been determined, it is generally believed to be less than the
full 26-Å dimer length (Urry, 1972) and has been estimated
to be on the order of;22 Å (Elliott et al., 1983). For a
tensions, the work performed in forming the dimer, as a
result of tension acting directly on gramicidin, will be
approximatelyspro(d 2 l)sin u (Elliott et al., 1983), where
ro 5 10 Å andl 5 22 Å are the gramicidin dimer radius and
thickness,d is the membrane thickness, andu is the angle

depicted in Fig. 7A. Becauseu ,, 1, even a tension of 4
dyn/cm will result in mechanical work that is much less than
the thermal energykBT. In addition, for this work to result
in an increase in dimer formation rate and lifetime, the angle
u would have to be negative. It is therefore unlikely that the
direct action of tension on gramicidin significantly perturbs
the dimerization kinetics.

Tension, however, also acts by thinning the membrane.
Because the bilayer is effectively “incompressible” with
respect to volume changes (Evans and Hochmuth, 1978;
Evans and Needham, 1987), an applied tensions results in
a change in bilayer thicknessDd:

Dd

do
5 2

s

Ka
(3)

wheredo is the bilayer thickness at zero tension andKa is
the area expansion modulus. For example, for typical values
Ka 5 100–200 dyn/cm, a change in tension of 4 dyn/cm
thins the bilayer by 4–2%. The lipid acyl chains adjacent to
gramicidin dimers are therefore compressed, and the rela-
tive free energy between dimer and monomers, as well as
the activation barrier for dimer dissociation, will have com-
ponents that depend on the membrane-gramicidin hydro-
phobic mismatch (Huang, 1986; Lundbæk and Andersen,
1994).

The kinetics of dimerization are described by

d1d

dt
5 k11m

2 2 k21d
(4)

1 5 1m 1 21d

where1 is the total gramicidin concentration and1m and
1d are the monomer and dimer concentrations, respectively.
The rate constants are expected to take the usual form for an
activated process:

k1 5 n1exp@2~DGo 1 DG#!/kBT# (5)

k2 5 n2exp@2DG#/kBT# (6)

whereDG° is the free-energy difference between dimer and
monomer andDG# is the activation energy for dimer dis-
sociation (Fig. 7B). In principle, the microscopic constants
n6 could depend on membrane tension; we expect such an
effect to be small, however, and take them to be constant.
The average dimer lifetime is equal to 1/k2, and the forma-
tion rate is given byf 5 k11m

2 . Assuming that1m is
approximately constant (i.e.,1m .. 1d),

ln~ f ! 5 constant2
DGo

kBT
2

DG#

kBT
(7)

DG° and DG# both have components that depend on the
elastic deformation of the membrane. LetE(x) be the elastic
energy of a membrane containing a gramicidin dimer of
hydrophobic thicknessx. Because the attractive potential
giving rise to the gramicidin dimer is due to hydrogen
bonds, the peak of the activation barrier for dimer dissoci-

FIGURE 7 (A) The membrane has an unperturbed thicknessd. u(r) is the
deviation in membrane thickness fromd, ro andl are the gramicidin dimer
radius and thickness, andu is the contact angle between the membrane and
dimer. (B) DG° is the free energy difference between dimer and monomers,
andDG# is the activation barrier for dimer dissociation. At the peak of the
activation barrier, the monomers are separated by a distanced, which is
roughly the range of the hydrogen bonds holding the dimer together. At the
dilute concentrations of gramicidin used in our experiments, the dimer has
a higher free energy compared with the monomers.
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ation corresponds to a small separation,d, between mono-
mers (d , ;1 Å; Fig. 7B), which could, for example, result
from a rotation of the monomers relative to each other. We
therefore take

DG# 5 E~l 2 d! 2 E~l! 1 DGo
# (8)

DGo 5 E~l! 1 DGo
o (9)

whereDGo
# andDGo° denote terms that do not depend on

the membrane elasticity (and therefore are independent of
tension). From Eq. 8 it is apparent that the small size ofd
implies that membrane tension will have a much weaker
effect on channel lifetime than on formation rate, which is
consistent with our observations (see also Lundbæk et al.,
1997).

The modest increase in gramicidin dimer lifetime with
tension that we observe is quite different from the strong
decrease in lifetime with tension reported by Elliott et al.
(1983). In their experiments, however, membranes at dif-
ferent tensions had different thicknesses (different lipid
compositions) and may have also contained different con-
centrations of solvent. It therefore is likely, in light of our
results, that factors other than tension, such as changes in
membrane thickness and local composition, were responsi-
ble for the large variation in lifetimes they measured.

To calculateE(l ), we turn to a phenomenological model
of bilayer deformation (Huang, 1986; Helfrich and Jakobs-
son, 1990; Dan et al, 1993, 1994; Ring, 1996; Nielsen et al.,
manuscript in preparation). Ifu(r) denotes the perturbation
of the bilayer thickness as a function of lateral positionr
(Fig. 7), then the elastic energy for this perturbation is taken
to be

E 5
1

2Ed2rFKc

4
~¹2u!2 1 a~¹u!2 1

Ka

do
2 u2G (10)

The constantsKc, Ka correspond to curvature and expansion
moduli, and a to membrane tension. It is important to
realize that these constants are microscopic quantities—they
may not correspond exactly to macroscopic values mea-
sured experimentally. Nevertheless, it is reasonable to ex-
pect at least a rough correspondence. From scaling (as well
as explicit calculation)a can be neglected, provideda ,,
=KcKa/do

2, which will be the case for reasonable values of
a. For simplicity, we therefore takea 5 0. We assume that
the gramicidin dimer (located at the origin) imposes the
boundary conditions

uur5ro 5 d 2 l
u

r
Ur5ro 5 s uur5` 5 0 (11)

wheres 5 22 tan u, andd 5 do 2 dos/Ka is the hydro-
phobic thickness of the unperturbed (but tense) membrane.

Minimizing Eq. 10 with respect tou(r) gives

E~l! 5 KcFs2f0~ro/l! 1 f1~ro/l!s
~d 2 l!

ro
1 f2~ro/l!

~d 2 l!2

ro
2 G

l ; Sdo
2Kc

Ka
D1/4

(12)

with f0, f1, f2 dimensionless functions, which can be ex-
pressed in terms of Bessel functions (Nielsen et al., manu-
script in preparation). The quadratic dependence ofE on s
follows directly from the linear relation betweend and s
and the fact that Eq. 12 is quadratic ind 2 l.

From Eqs. 9–12, we find that the logarithm of the for-
mation rate will depend quadratically on tension: ln(f ) 5
C0 1 C1s 1 C2s2. With reasonable values of the parame-
ters, we find good agreement with the fitted values from
experiment. For example, withl 5 22 Å, do 5 27 Å, ro 5
10 Å, Ka 5 120 dyn/cm,Kc 5 5.6 3 10212 erg,d 5 1 Å,
and s 5 20.3, we find thatC1 5 0.7 cm/dyn andC2 5
20.09 cm2/dyn2, which are the values we obtained from the
combined quadratic fit (see above).

CONCLUSION

By combining the single-channel recording and pipette as-
piration techniques, we have measured gramicidin A dimer-
ization kinetics as a function of tension in a single-compo-
nent membrane. Both the gramicidin dimer lifetime and
formation rate increase with tension, the latter increasing by
a factor of 5 as tension ranges from 0 to 4 dyn/cm. This
behavior can be understood by using a phenomenological
model of membrane elasticity, in which tension thins the
membrane and thereby changes the membrane-dimer mis-
match in hydrophobic thickness. We find good agreement
with the data for reasonable parameter values. Our results
demonstrate in a simple system how membrane deformation
can modulate protein function. By applying the techniques
described here to the study of other membrane proteins
under tension, it should be possible to further probe this
elusive but important aspect of membrane biophysics.
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