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The patch clamp-liposome technique was used to examine the
stretch sensitivity of a model membrane ion channel, gramicidin A,
in membrane patches of different bilayer thickness. We found that
small changes in phospholipid acyl chain length (i.e., PC-20 to
PC-18) can switch gramicidin A from a stretch-activated to a
stretch-inactivated channel. The demonstration that subnano-
meter changes in bilayer thickness can reverse the response po-
larity of a model channel has implications for other signaling
proteins that may experience local changes in bilayer thickness as
a consequence of dynamic targeting to lipid microdomains, elec-
trocompression, or chemical modification of the bilayer.

G ated membrane ion channels are designed to act as molec-
ular transducers of electrical, chemical, or mechanical
signals. They share the basic feature of being embedded in a lipid
bilayer that is often assumed to behave as a passive substrate with
the transducer’s properties mainly dictated by membrane protein
structure. However, recent studies indicate that certain mem-
brane proteins can undergo dynamic targeting to lipid microdo-
mains within the cell membrane and in doing so may change their
signaling properties (1-6). Although, new interactions with
other proteins within the microdomains may contribute to any
changes, differences in the physical properties of the lipid
domain (e.g., bilayer thickness and local curvature) may also play
a role (7).

For organisms to survive and grow they need to transduce a
variety of mechanical forces generated by osmotic pressure
gradients, fluid shear, gravity, touch, substrate vibrations, and
cytoskeleton reorganization. Putative mechanotransducers in-
volving mechanosensitive membrane trafficking, ATP release,
membrane receptors, and signaling pathways have been identi-
fied that may contribute to the integrated mechanosensitive
response of living cells (8-11). Another class of molecular
mechanotransducer, studied intensely over the last 20 years, is
the mechanically gated (MG) membrane ion channel that has
been broadly classified as stretch-activated or stretch-inactivated
depending on whether membrane stretch opens or closes the
channel (10, 11). In specific cell types, stretch activation (SA) and
stretch inactivation (SI) channels have been shown to coexist
within small membrane patches (12), and most recently it has
been reported that a Shaker K* channel can display either SA or
SI depending on membrane potential (13). Although the volt-
age-gated Shaker channel may normally be expressed in cells that
are protected from changes in bilayer tension (14, 15), the dual
behavior seen in a single membrane ion channel is intriguing and
represents a challenge for any model of mechanical gating.

Two general classes of models might account for the ability of
a membrane channel to reverse its response to membrane
stretch. In one model, the channel protein in switching between
several conformational states undergoes changes in its mem-
brane occupied area and/or external hydrophobic length. Mem-
brane stretch by tending to both expand the area and reduce the
thickness of the volumetrically incompressible bilayer (16) will
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shift the equilibrium distribution toward channel states of larger
area (17) and shorter hydrophobic length (18). Other forms of
stimulation (e.g., depolarization) by also shifting the state dis-
tribution may thereby alter the response to stretch (11). Support
for this type of model requires information on the conformation
of the channel states, which at this time is limited to the closed
state of one type of bacterial MG channel (19, 20).

In another model, differences in stretch sensitivity arise
because specific channel proteins (including a Shaker-like K*
channel) are dynamically targeted to lipid microdomains en-
riched in sphinogolipids and cholesterol (1-6). One feature of
sphingolipids is that their acyl chains range between 20 and 26
carbon atoms, which is generally longer than the C-16 to C-22 of
natural phospholipids (1). Thus, a channel protein in shifting
between microdomains could experience different types of
hydrophobic mismatch with its surrounding bilayer (i.e., positive,
negative, or neutral) so that stretch-induced bilayer thinning by
either decreasing or increasing the mismatch could produce SA
or SI, respectively. To test this model in biological membranes is
difficult because of the many classes of phospholipids that differ
in the size and charge of their head group and the length and
saturation of their acyl chains. Therefore, we have examined the
stretch sensitivity of gramicidin A (gA) channels incorporated in
liposomes composed of pure phospholipids that differ only in
their acyl chain length. gA is a simple hydrophobic peptide that
forms cation channels in lipid bilayers by the transmembrane
association of one monomer from each monolayer (21, 22) and
has proven to be a popular model for studying the effects of
protein inclusions on lipid acyl chain order and dynamics (23).
Although experiments carried out over the last 30 years indicate
that gA channel gating varies with bilayer thickness and tension
(18, 24-28), most studies have focused on changes in open
channel properties (i.e., open channel lifetime and conductance)
rather than the number of channels. Furthermore, the effect of
bilayer thickness on tension sensitivity has not been determined.
Here we use the patch clamp-liposome recording technique (29,
30) that allows tension to be reversibly increased in bilayer
patches of specified acyl chain length.

Materials and Methods

Valine-gA was a gift of Roger Koeppe II, Univ. of Arkansas.
Liposomes were formed from each of the phosphatidylcholines
(PCs), dipalmitoleoyl (PC-16), dioleoyl (PC-18), dieicosenoyl
(PC-20), dierucoyl (PC-22), 1,2-diacyl-sn-glycero-3-phospho-
cholines (unsaturated series) (Avanti Polar Lipids), or from
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asolectin (soybean lecithin; Sigma P-3644) according to a mod-
ified procedure (29, 30). The asolectin phospholipids contained
the carbon chains C16:0, C18:0, C18:2, and C18:3 of which the
18:2 comprised 60%. Choline, ethanolamine, and inositol were
the main phospholipid head groups. In brief, after rinsing a glass
tube (50 ml) with chloroform, 2 mg of the appropriate PC was
dissolved in chloroform that was then evaporated and dried by
a N; jet (for ~15 min). The thin layer of lipid on the bottom of
the glass tube was then resuspended in dehydration/rehydration
(D/R) buffer (200 mM KCI/5 mM Hepes/KOH, pH 7.2) to
achieve a final concentration of 10 mg/ml. The lipid solution was
vortexed (=1 min) to give a cloudy liquid that was sonicated for
~5 min to give a clear liquid. Two microliters of gA in ethanol
(10 wg/ml) was added to the lipid (i.e., 10 ng gA/1 mg lipid) in
a centrifuge tube and placed on a platform rocker for 1 h at 23°C
and then spun for 30 min at 90,000 rpm (TL-100 Ultracentrifuge
Beckman) at 4°C. The pellet was then resuspended in 40 ul of
D/R buffer, and 20-ul aliquots were then spotted onto an
ethanol-cleaned slide and dehydrated for 6 h in a vacuum
dessicator at 4°C. The spots were then rehydrated with 20 ul D/R
buffer and left overnight. For patch clamping, 2 ul of the
liposomes was placed in a chamber (~1-ml volume) containing
the recording solution (200 ml KCI, 40 mM MgCl,, 10 mM
Hepes/KOH, pH 7.0). Within 15 min of plating clear blisters
were seen to form under phase-contrast optics. Blister formation
and patch stability depended on the PC type. Our main com-
parison was made between gA activity in PC-20 and PC-18
patches because success rate in forming tight seals and stable
patches was high in both cases (>80% of attempts). However,
only limited recordings were made from PC-22 patches because
of the scarcity of suitable blebs for initial sealing or from PC-16
patches because patches often ruptured during or soon after seal
formation. Patch stability, especially in response to suction, also
decreased with increasing gA/lipid ratio and patch polarization
(i.e., =100 mV) possibly because of gA-induced bilayer thinning
and electrocompression, respectively. For this reason, we com-
pared gA activities at the same low gA/lipid weight ratio (107)
and at the same patch potential of 60 mV. Patches isolated from
control liposomes (i.e., with no gA) showed no channel activity.

Single gA channel currents were recorded by using borosili-
cate (Sigma) patch pipettes that had a bubble number of ~4
when measured in absolute ethanol (31), which corresponds to
a resistance of ~8 M() with recording solution in the pipette and
bath. A tight seal formed on pipette tip contact with the liposome
or after the brief application of suction. After seal formation the
pipette tip was briefly passed through the solution-air interface
to rupture the outer face of the closed vesicle (32). The patch
current signal was amplified and filtered (100-200 Hz) with an
Axopatch 1D (Axon Instruments, Foster City, CA) and digitized
at 5 kHz with a computer using PCLAMP6 acquisition software. To
stretch the membrane patch, a syringe arrangement was used to
apply suction to the pipette holder, which was monitored with a
piezoelectric pressure transducer (Omega Engineering, Stam-
ford, CT). The suctions steps had rise times of ~0.5 s, which were
adequate to follow the relatively slow activation and deactivation
of gA channels. We did not measure patch curvature changes
during suction pulses, which would be required to directly
convert pressure into a tension by using Laplace’s law. However,
Sukaharev et al. (33) have shown that with pressures greater than
~60 mmHg changes in patch curvature saturate, as the mem-
brane becomes inextensible. At this point membrane tension
changes proportionally with pressure. The tension required to
half maximally activate the Escherichia coli MscL is ~12 dyn/cm
(33), which corresponds to a suction of ~80 mmHg with our
pipettes (11). Accordingly, a suction pulse of 160 mmHg may
transiently increase tension to 24 dyn/cm. Note sustained suc-
tions of this magnitude invariably caused patch rupture.
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Results

Fig. 1 shows current traces from three patches isolated from
PC-20 liposomes. In the absence of stimulation, the large
majority of PC-20 patches (28 of 33 patches) showed no pre-
stretch channel activity whereas the other patches displayed a
low frequency of openings (<1 s™!, see Fig. 1B). The single gA
channel currents had an amplitude of ~1 pA (at 60 mV) and an
average duration of ~1 s. In Fig. 14, the initial suction step of
200 mmHg (note 1 mmHg = 133 Pa) transiently activated 6-8
channels (i.e., in <5 s). A second smaller suction step (150
mmHg) activated two channels. In Fig. 1B application of a
suction step (100 mmHg) caused a slow, progressive activation
of up to five channels before patch rupture. Fig. 1C illustrates the
activation and deactivation of gA channel activity to a staircase
increase in suction. Similar reversible SA of gA channels was
seen in 30 of 33 patches. In general, minimal suction pulses of
80-100 mmHg were required to activate any gA channel cur-
rents, and current responses did not saturate with larger suction
pulses (i.e., ~200 mmHg) that often caused patch rupture.
Qualitatively similar gA channel behavior was seen in patches
from PC-22 liposomes (i.e., zero prestretch activity and SA with
suctions pulses =100 mmHg) (three of three patches, data not
presented).

Fig. 2 shows current recordings from two patches isolated
from PC-18 liposomes recorded under the same conditions as in
Fig. 1. The gA channels had similar amplitude (=1 pA) as in
PC-20 patches with the major difference being the high level of
prestretch (spontaneous) gA channel activity. This finding was
despite a lower gA/lipid mol ratio in PC-18 (4.2 X 1079,
molecular weight 786) than in PC-20 (4.5 X 107, molecular
weight 842). The similar number of gA channels (i.e., up to ~8)
that form in unstretched PC-18 (Fig. 2B) and stretched PC-20
patches (Fig. 14) indicates there was no major difference in the
number of monomers available for channel formation. Fig. 2
indicates staircase increases in suction produced no evidence of
SA. However, after reaching a suction of ~100 mmHg, channels
were closed until the suction was removed. Fig. 3 shows that
suction steps of ~100 mmHg can close gA channels in 1-2 s.
Similar SI of gA channel activity was seen in 12 of 14 PC-18
patches. We also saw reversible SI of prestretch gA activity in
patches isolated from azolectin (soybean lecithin) liposomes
(i.e., in which PC-18 is the major phopholipid) (eight of 10
patches) and in patches isolated from PC-16 liposomes (three of
three patches) (data not presented).

Discussion

Our main finding is that the response of a model MG channel can
be reversed from SA to SI by small changes in lipid acyl chain
length (i.e., PC-20 to PC-18). This result indicates that mech-
anosensitivity is not dictated solely by the channel structure but
is a dynamic property that can vary with the physical properties
of the lipid bilayer. Whether this is a feature shared by other
channels will depend on the underlying mechanism. One mech-
anism that may explain our findings derives from the proposal of
Haydon and colleagues based on planar bilayer studies (refs. 24
and 28; see also refs. 34 and 35). They suggested that if the
hydrocarbon region of the bilayer is thicker than the hydrophobic
length of the gA dimer (i.e., negative hydrophobic mismatch)
there will be a local thinning of the bilayer associated with
channel formation. On the other hand, if the length of the gA
dimer is greater than the hydrocarbon thickness (i.e., positive
mismatch) then the bilayer will be locally distorted to hide the
exposed hydrophobic region of the gA molecule. Both bilayer
distortions will result in an unfavorable energy increase because
the lowest energy state will be when the bilayer thickness equals
the dimer length. This model may account for our observation
of higher prestretch gA channel activity in PC-18 compared with
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Fig. 1.

SA of gA channels measured in three different inside-out patches isolated from PC-20 liposomes. The suction pulse waveform for each panel is shown

in the bottom trace. (A) In this patch there was no channel activity 100 s before suction stimulation. Application of a 5-s suction step of 200 mmHg activated ~8
gA channels currents (=1.1 pA) of which six deactivated after removal of the suction. Application of a 160-mmHg step reactivated three channels. (B) A different
patch that displayed a spontaneous channel activity of ~0.3 s~ for the 100 s before stimulation with an average channel duration of ~0.8 s (28 events).
Stimulation with a suction step of 95 mmHg activated five channels. (C) In the third patch no channel activity was recorded in the 30 s before stimulation. A stair
case increase in suction up to 125 mmHg activated four channel currents that deactivated within 10 s of removing the suction. In A and B the patch potential
was 60 mV and in C it was 80 mV. In all cases the patch currents were recorded in symmetrical 200 mM KCl, 40 mM MgCl,, 10 mM Hepes/KOH, pH 7.0.

PC-20 patches (i.e., assuming the gA channel matches the PC-18
bilayer). It would also explain why ~10 times less gA is required
in PC-18 compared with PC-20 bilayers to achieve the same
channel activity (36). Furthermore, if membrane stretch acts to
thin as well as expand the bilayer (i.e., AA/Ay = —Ah/hy, where
AA and Ah represent changes in area and thickness, respectively,
and Ay and hy are the original values, see refs. 11, 16, and 18),
then stretching a relatively thick bilayer (PC-20) may reduce
negative mismatch, thereby favoring the dimer (i.e., SA),
whereas stretching a thinner bilayer (PC-18) may increase pos-
itive mismatch, thereby favoring the monomer (i.e., SI).
Several lines of evidence support the above model. First, x-ray
diffraction studies of gA crystals indicate the ion bound channel
has a maximum length of 26 A (37). This finding compares with
thickness estimates for the different bilayers of 26 A (PC-16),27
A (PC-18), 30 A (PC-20), and 33 A (PC-22) (38, 39). Note these
estimates, based on x-ray and neutron diffraction data, may
overestimate the thickness of the fully hydrated bilayers (39).
Second, Elliot et al. (28) reported that gA channel lifetime
tended to increase in bilayers of decreasing thickness (=29 A to
22 A) but in bilayers thinner than 22 A, lifetime tended to
decrease. In this study, bilayer thickness was calculated from
electrical capacitance measurements but it was not determined
how well this method correlates with estimates based on dif-
fraction measurements. Thus, it remains possible that the non-
monotonic change in channel lifetime and reversal in stretch
sensitivity occur at the same bilayer thickness. Elliot et al. (28)
also reported that gA channel duration increased at higher

4310 | www.pnas.org/cgi/doi/10.1073/pnas.072632899

bilayer tensions. However, in planar bilayers it is not possible to
directly manipulate bilayer tension. Instead, the bilayers mea-
sured with higher tensions were relatively thicker (see figure 2 in
ref. 28). As a consequence, tension and thickness effects on gA
channels could not be separated. In a more recent study, Goulian
et al. (18) used the aspiration technique (16) to alter tension
isotropically in liposomes while monitoring GA activity in the
aspirated membrane. They reported that gA channel opening
rate and channel duration decreased as the tension in PC-18
liposomes relaxed from a pre-elevated level. There are several
explanations that may account for the discrepancy with our
finding that stretching PC-18 patches decreased the number of
open gA channels. First, Goulian et al. recorded gA channels in
acidic solution (pH 2.6) whereas we recorded at normal pH. Our
patch studies indicate gA channel activity changes dramatically
with pH. In particular, the prestretch gA channel activity evident
at pH 7.0 in PC-18 patches is abolished at pH 2.6 and even strong
suction pulses (i.e., =150 mmHg) fail to activate gA channels
(unpublished results). Second, the protocol of Goulian et al.
involved measuring channel activity as the liposome tension was
reduced from 4 dyn/cm to zero. However, our patch recordings
indicate that higher patch tensions (i.e., =10 dyn/cm) are
required to cause SI of gA channels (i.e., based on a minimal
pressure of ~80 mmHg for SI, see Materials and Methods). The
higher tensions would be consistent with the requirement that
the PC-18 bilayer undergo near maximum thinning (e.g., ~5%)
to reduce gA dimer formation.

Martinac and Hamill
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Slof gA channelsin patchesisolated from PC-18 liposomes. (A) The top trace indicates the patch potential that was stepped to 60 mV after seal formation.

The middle trace shows the staircase increased in pressure (with steps to 45, 75, and 95 mmHg) that caused a deactivation of channels that was maintained for
the duration of the 95-mmHg step. On removal of the suction, activity showed full recovery and reapplication of suction near the end of the current trace again

closed the channels. (B) Similar protocol to A.

Other evidence consistent with the basic mechanism comes
from studies of mini-gA channels synthesized with 11 instead of
15 aa so that their hydrophobic length was reduced by ~5 A (40).
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Fig. 3. gA channel turn-off in response to suction steps applied to an

inside-out patch isolated from PC-18 liposomes. The top trace in each panel is
the pressure trace. Before the suction step channel activity fluctuated be-
tween 2-3 open channels that in A and C closed within 0.5 s of the 100-mmHg
suction step. In B there was a single channel reopened during the 75-mmHg
suction step.
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It was found that mini-gA channels form readily (i.e., sponta-
neously) in PC-14 and PC-16 bilayers but not in PC-18 bilayers.
Presumably, the mini-gA channel suffers a similar degree of
negative mismatch with PC-18 as the full-length gA channel
suffers with PC-22. In this case, one would predict that mini-gA
channels in PC-18 patches should be SA rather than SI. Finally,
Watnick e al. (41), using ’H-NMR measurements, demonstrated
that gA causes the largest increase in chain order in the PC-14
bilayer, somewhat less in PC-16, and has no affect on chain order
in PC-18 bilayers. Again this finding is consistent with the idea
that the full-sized gA dimer is well matched with the hydrocar-
bon interior of the PC-18 bilayer.

A further consideration concerns the expected bilayer thin-
ning caused by increased tension and how this compares with the
bilayer thickness at which gA open channel probability (P,)
should be maximal. It is usually assumed that the maximum
dilatation/thinning tolerated by a bilayer is =5%, as determined
by dividing the rupture tension (10-20 dyn/cm) by the area
expansion modulus (200-500 dyn/cm) (ref, 42, see also ref. 43).
In this case, stretching a PC-20 bilayer (30 A) may thin it by ~1.5
A, which compares with 4 A required to achieve neutral mis-
match with gA (26 A) and presumably maximum P,,. However,
this discrepancy is consistent with our inability to achieve
saturated responses (maximum P,) with suction pulses of 150
mmHg (see Fig. 14) that we estimate would increase tension to
~20 dyn/cm. A sustained suction at this level invariably resulted
in patch rupture, indicating patches can tolerate higher transient
tensions. This finding is also consistent with the idea that patch
rupture is a stochastic event that requires a finite time to occur.
A related consideration concerns the observation that full-sized
gA channels form readily not only in PC-16 but also in PC-14
bilayers (40). Furthermore, CD measurements indicate gA
dimers form in bilayers with acyl chain lengths as short as 10 (44).
These results would appear inconsistent with the idea that
thinning the PC-18 bilayer by only ~1.5 A inactivates the gA
channel. A possible explanation is that in very thin bilayers (i.e.,
<PC-16) the gA dimer is able to tilt in relation to the plane of
the membrane and thereby relieve positive mismatch (23, 24). In
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this case, one might expect that membrane stretch would be less
effective in causing SI in these thinner bilayers.

Although gA forms a channel that in many respects behaves
like no other known channel, increasing evidence indicates that
sensitivity to hydrophobic surface matching may be a general
feature of MG channels. For example, hydrophobic matching has
been evoked to explain the modulation by amphipaths and
lysophopholipids of a variety of membrane ion channels (ref. 45
and references therein), including prokaryotic (46, 47) and
eukaryotic MG channels (ref. 48 and references therein). These
agents were originally proposed to act on gA channel activity by
changing the energetic cost of bilayer deformation caused by
hydrophobic mismatch (45). In the case of MscL, the currently
favored model of mechanical gating assumes the closed-open
gating transition involves a significant increase in membrane
occupied area (=600 A?) so that bilayer tension can do signif-
icant work on the channel (33). However, recent modeling
studies also indicate a reduction in the open channel length (49,
50). Furthermore, less tension is required to activate MscL in
thinner compared with thicker bilayers, consistent with the open
channel having a shorter hydrophobic length (B.M., unpublished
work). A similar dependence of stretch sensitivity on bilayer
thickness has been reported for MG channels in the archaeon
Thermoplasma volcanium (47). In terms of the energetics of
bilayer deformation (51), the hydrophobic mismatch model may
also provide a physically more plausible basis for the tension
sensitivity of channels in animal cells (e.g., refs. 13 and 52).
Although it seems unlikely that these ion-selective channels with
much smaller pore diameters than MscL derive their tension
sensitivity from similar or even larger changes in membrane
occupied area (i.e., =600 A?), only relatively small changes in
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hydrophobic mismatch (<1 A) are required to generate tension
sensitivity (51).

In the case of the Shaker K* channel that also reverses its
stretch sensitivity (13), several possible explanations may apply.
However, one relates to the observation that Shaker-like chan-
nels (Kv2.1) undergo selective targeting to lipid rafts (6). Fur-
thermore, depletion of cellular cholesterol not only alters the
Kv2.1-associated raft buoyancy but also shifts the Kv2.1 inacti-
vation curve by ~40 mV without affecting peak current density
or channel activation (6). In this case, if hydrophobic surface
matching contributes to lipid raft recruitment (23), then the
channel in changing conformation (i.e., caused by depolariza-
tion) may partition into a new lipid microdomain and as a
consequence change its signaling properties, including stretch
sensitivity.

The demonstration here of a bilayer-controlled switch in
signaling by a mechanotransducer channel emphasizes that the
bilayer is much more than a neutral solvent. Instead, it may
actively modulate the specificity and fidelity of signaling by
membrane proteins. This feature, in combination with protein-
related factors (e.g., oligomerization state and cytoskeleton
association) that determine not only protein recruitment into
lipid microdomains but also the dynamic organization of the
bilayer itself (53), indicates a dynamic reciprocity in lipid—protein
interactions that is presumably necessary for the higher-order
spatial and temporal control of signaling, presently unique to
complex living cells.
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