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Voltage-dependent K™ channel gating and voltage
sensor toxin sensitivity depend on the mechanical
state of the lipid membrane
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Voltage-dependent K* (Kv) channels underlie action potentials
through gating conformational changes that are driven by membrane
voltage. In this study of the paddle chimera Kv channel, we demon-
strate that the rate of channel opening, the voltage dependence of
the open probability, and the maximum achievable open probability
depend on the lipid membrane environment. The activity of the
voltage sensor toxin VsTx1, which interferes with voltage-dependent
gating by partitioning into the membrane and binding to the channel,
also depends on the membrane. Membrane environmental factors
that influence channel function are divisible into two general cate-
gories: lipid compositional and mechanical state. The mechanical state
can have a surprisingly large effect on the function of a voltage-
dependent K* channel, including its pharmacological interaction with
voltage sensor toxins. The dependence of VSTx1 activity on the
mechanical state of the membrane leads us to hypothesize that
voltage sensor toxins exert their effect by perturbing the interaction
forces that exist between the channel and the membrane.

Kv channel | VSTx1 | mechanosensitivity

everal comprehensive studies on the lipid composition of cell

membranes have revealed a surprising degree of complexity
(1-4). Most membranes are highly heterogeneous and the
distribution of lipid and other molecules varies enormously from
one membrane type to another. Given this complexity, one
cannot help but wonder to what extent the membrane environ-
ment determines the function of a membrane protein.

It is well established that the function of certain membrane
proteins does depend on the particular lipid composition of a cell
membrane. In some cases, protein activity can only be observed in
the presence of specific lipid molecules (5-7). In other cases, the
membrane can have more subtle effects on the activity of a protein,
as if certain kinds of lipids (not necessarily “signaling lipids”) exert
a regulatory effect on the membrane protein’s function (8-10).

This study focuses on the membrane dependence of a protein
known as a voltage-dependent K* (Kv) channel. Gating (the
process of opening and closing) in Kv channels is governed by
voltage across the membrane, which means that Kv channels are
voltage-dependent switches for turning on ionic currents (11).
Kv channels serve many different functions in different cells, but
most notably they underlie action potentials in electrically
excitable cells, for example in neurons and muscle.

We begin by characterizing the function of the same Kv
channel in two different membranes and then address through
experiment the origin of distinct behavior imposed by the
membrane. We find that the membrane environment exerts
profound effects on voltage-dependent gating and on the inter-
action of the channel with a voltage-sensor toxin from spider
venom, which is known to partition into the membrane, bind
onto the channel, and alter its function (12, 13). Beyond the
effects of lipid composition of the membrane, we discover that
the membrane’s “mechanical state” exerts a prominent effect on
both voltage-dependent gating and toxin interaction.
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Membrane Influences Channel Gating and Pharmacology. Fig. 1 shows
several basic properties of two apparently different Kv channels.
Upon membrane depolarization the channels in Fig. 14 open
(activate) very rapidly and then begin to undergo gradual closure
while the membrane is still at the depolarized voltage (inactivation).
Upon hyperpolarization the channels return to their closed con-
formation (deactivate). The activation phase upon depolarization is
so rapid that the capacitive current associated with charging the
membrane to its new voltage obscures the K* current upstroke. In
contrast to the fast activating channels, the Kv channels in Fig. 1B
activate much more slowly and no inactivation is evident during the
duration of the depolarized step. Other properties further distin-
guish the fast- (Fig. 1.4) and slow- (Fig. 1B) activating channels. The
midpoint voltage of the voltage-activation curve (voltage corre-
sponding to half maximal activation) is =58 mV and 7 mV for fast-
and slow-activating channels, respectively (Fig. 1C). The fast-
activating channels are also sensitive to the tarantula venom toxin
VSTx1 (Fig. 1D) whereas the slow-activating channels are insensi-
tive (Fig. 1E).

The distinct behavior of two apparently different Kv channels
described in Fig. 1 actually represent the very same channels
functioning in different membranes. The Kv channel is called
“paddle chimera,” a Kv1.2 channel with a voltage sensor paddle
from Kv2.1 (14, 15). The properties of rapid activation, inactivation,
a negative midpoint voltage and sensitivity to VSTx1 are observed
when the channels are reconstituted into planar bilayers consisting
of the lipids 1-palmitoyl-2-oleoyl-glycero-3-phosphoethanolamine
(POPE) and 1-palmitoyl-2-oleoyl-glycero-3-phospho-1-glycerol
(POPG) in a 3:1 ratio. The properties of slow activation, absence of
inactivation, a midpoint voltage shifted by ~60 mV, and insensi-
tivity to VSTx1 are observed when the channels are expressed in the
membranes of Xenopus oocytes.

Channels studied in planar bilayers first have to be synthesized in
yeast cells and then purified in detergent, reconstituted into lipid
vesicles and fused with the planar bilayer (15). Channels studied in
oocyte membranes are synthesized by the oocytes after injection of
RNA. To compare channels with similar histories we fused yeast-
synthesized channels directly into oocyte membranes by injecting
vesicles into the oocyte (Fig. 1F) (16). This maneuver enables a
direct comparison of compositionally identical channels fused into
cell membranes and planar bilayers. With respect to activation,
inactivation, midpoint voltage and VSTxI sensitivity currents mea-
sured in oocytes after RNA injection and after vesicle injection
were indistinguishable (Fig. 1 G-I). Therefore, the distinct channel
properties observed in oocyte membranes and planar bilayers must
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Fig. 1. The membrane regulates gating. (A) Paddle chimera in POPE:POPG
vesicles was fused into POPE:POPG bilayers. Voltage pulses: holding potential
(h.p.) =100 mV to 70 mV, AV = 10 mV. (B) Oocytes expressing paddle chimera
from mRNA in a 2-electrode voltage clamp (TEVC). Voltage pulses: h.p. —100
mV to 70 mV, AV = 10 mV. (C) Boltzmann functions (solid lines) fit data
(mean = SEM, n = 13) from A (filled circles) with Vo5 (mV) and Z: —57.8 = 0.4,
3.4+ 0.14and data (mean = SEM, n = 5) from B (filled squares): 6.5 = 0.5, 1.6 =
0.05. (D) Paddle chimera in POPE:POPG bilayers, before (black) and after (red)
addition of 500 nM VSTx1. Pulse from h.p. —100 mV to 70 mV. (E) Paddle
chimera in oocytes in TEVC, before (black) and after (red) addition of 1 uM
VSTx1. Pulse from h.p. =100 mV to 70 mV. (F) Diagram depicting the injection
of reconstituted paddle chimera protein (red stars) into Xenopus oocytes. (G)
Paddle Chimaera vesicle injected oocytes in TEVC. Voltage pulses: h.p. —100
mV to 70 mV, AV = 10 mV. (H) Boltzmann functions (solid lines) fit data
(mean * SEM, n = 5) from B (filled circles) with with V5 (mV) and Z: 6.5 + 0.5,
1.6 = 0.05and data (mean + SEM, n = 7) from G (filled squares): 0.7 = 1.2, 1.7 =
0.14. (/) Paddle chimera vesicle injected oocytes in TEVC, before (black) and
after (red) addition of 1 uM VSTx1. Pulse from h.p. =100 mV to 70 mV.

be due to environmental differences, either in the membrane or in
the oocyte cytoplasm.

Effect of Membrane Lipid Composition. To evaluate the effect of lipid

composition on function we produced planar bilayers from a lipid
mixture that attempts to mimic the oocyte membrane (17). In the
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Fig. 2. The effect of lipid composition. Paddle chimera in POPE:POPG vesicles
was fused into bilayers of POPE:POPG (A) or 1,2-dieicosenoyl-sn-glycero-3-
phosphocholine:brain sphingomyelin:cholesterol (2:1:1) (B). CTX was used for
capacitance transient subtraction in A and B. (C) Oocytes expressing paddle
chimera from mRNA in a 2-electrode voltage clamp (TEVC). Voltage pulses (A-C):
h.p. =100 mV to 70 mV, AV = 10 mV. (D) Boltzmann functions (solid lines) fit data
(mean =+ SEM, n = 13) from A (filled circles) with Vo 5 (mV) and Z: —=57.8 + 0.4, 3.4 =
0.14, data (mean = SEM, n = 3) from B (open circles): —37.1 = 1.9, 1.7 = 0.16 and
data (mean = SEM, n = 5) from C (filled squares): 6.5 + 0.5, 1.6 = 0.05.

oocyte-like bilayers the Kv channels are more similar to channels in
oocytes in that they do not inactivate (Fig. 2 A-C) and their
voltage-activation curve is shifted to somewhat more positive
voltages (Fig. 2D). However, the midpoint of activation is still not
near that observed in oocytes. Of course we are not able to produce
a genuine oocyte membrane mimic in the bilayer system for a
number of reasons; oocyte membranes may have different lipid
components in their inner and outer leaflets (i.e., they are asym-
metric), many minor components of the oocyte membrane are still
unknown, and our planar bilayers contain decane (18). It might
seem reasonable to think that if we could accurately replicate the
composition of an oocyte membrane then we would observe
oocyte-like Kv function in the bilayer system. However, the exper-
iments described below show that physical properties of the mem-
brane other than lipid composition, which we categorize as the
mechanical state, are also important to Kv channel function.

Effect of Membrane Mechanical State. Fig. 3 compares Kv channels
in planar bilayers of POPE and POPG to Kv channels in oocyte
membranes using whole cell recording and isolated membrane
patches with different configurations. The Kv channels in isolated
membrane patches (Fig. 3 B-E) exhibit properties that are inter-
mediate between planar bilayers (Fig. 34) and oocytes recorded in
the whole cell mode (Fig. 3F). Moreover there is a graded response
depending on the patch configuration. On-cell patches in the
absence of negative pipette pressure and outside-out patches ini-
tially cause channels to be more oocyte-like in their behavior,
whereas on-cell patches after application of negative pipette pres-
sure, but not dependent on sustained maintenance of the pressure,
and inside-out patches cause channels to exhibit more bilayer-like
behavior. The response can be quantified using the midpoint
voltage (Fig. 3G). In addition to the midpoint shift, there is a
noticeable change in the slope of the activation curves: More
negative midpoint voltages are associated with steeper activation
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Fig. 3. The effect of membrane configuration. (A-F) Paddle chimera in
various membrane configurations as denoted by the accompanying label. All
voltage pulses h.p. —100 mV to 70 mV, AV = 10 mV. (G) Boltzmann functions
(solid lines) fit data (mean + SEM, n = 4-13, except in B and C) from A (red)
with Vo5 (mV) and Z: —=57.8 = 0.4, 3.4 + 0.14; B (dark green): —38.6 = 1,2.7 =
0.27; C (dark blue): —24.4 + 0.7, 2.9 = 0.2; D (light green): —44.8 = 0.8, 2.6 =
0.19; E (light blue): —21.5 = 1, 2.4 = 0.21; and F (black): 6.5 = 0.5, 1.6 = 0.05.

curves. The recordings in Fig. 3 B—F were made shortly after the
formation of a gigaseal. Over a variable time channels in all patch
configurations inevitably convert to gating properties similar to the
inside-out patch, which is rather similar to the gating behavior
observed in planar bilayers.

Closer Inspection of the Gating Conversion. Fig. 4 A—C shows that Kv
channels in an outside-out patch can be converted rapidly from
oocyte-like behavior to bilayer-like behavior by applying positive
pressure inside the pipette. This effect is irreversible, meaning that
once the positive pressure inside the pipette is returned to zero the
gating behavior does not convert back. Therefore, the phenomenon
we are describing here is distinct from reversible gating changes
induced by pressure application to stretch-activated channels and
voltage-dependent channels in membrane patches (9, 19, 20).
Nevertheless, the conversion somehow seems most consistent with
some change in the mechanical state of the membrane because it
occurs essentially instantaneously upon application of pressure and
because it occurs in on-cell patches in which communication with
the cytoplasm is maintained.

Voltage-activation curves corresponding to three different stages
during the conversion are shown (Fig. 4D). As pressure is applied
the curves change in three respects: The midpoint voltage shifts to
a more negative value, the slope increases, and the maximum
amplitude increases. The midpoint voltage shift and slope increase
are similar to differences in the curves shown in Fig. 3G. In Fig. 3G,
data for each curve were obtained from a different patch, rendering
a comparison of the amplitudes uninformative. For this reason the
data in Fig. 3G have been normalized to unity. In Fig. 4D the data
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Fig. 4. The effect of membrane forces. Paddle chimera in the same outside-
out patch with 0 mmHg (A, black), 5 mmHg (B, blue) and 15 mmHg (C, red)
applied. Voltage pulses in A-C: h.p. =100 mV to 70 mV, AV = 10 mV. (D) The
solid curves are fit globally to the data from (A-C) with Eq. 4 (see Modeling of
Gating Conversion) using the relationships K1(V) = K1 X exp(z1 X V) and | =
(x X Po): Lo mmHg) = 1.96 £ 0.135, L5 mmHg) = 6.1 = 0.596, L(15 mmHg) = 79.5 =
14.4, K1 = 2.5 £ 0.19, z; = 1.15 £ 0.05, x = 11378 = 123. (E) Average traces
(50-60 sweeps each) of paddle chimera in the same outside-out patch for
pulses from h.p. —100 mV to 50 mV. Applied pressure is 0 mmHg (black) and
15 mmHg (red). (F) Nonstationary Fluctuation analysis for patch data after 0
mmHg (black) and 15 mmHg (red) applied pressure. The solid curve is fit to the
data with the relationship o2 = i X (I) — ()%/N (see Closer Inspection of the
Gating Conversion), with i = 0.812 = 0.002 pA and N = 1,245 * 8 channels for
0 mmHg (black) and i = 0.802 = 0.003 pA and N = 1399 * 9 channels for 15
mmHg (red).

were recorded from a single patch, thus the systematic increase in
current amplitude is informative. The increased maximum ampli-
tude could come about by any 1 or a combination of 3 possible
occurrences: The single channel current (i) could increase, the
number of channels in the patch (N) could increase, or the open
probability (P,) could increase. By analyzing the relationship be-
tween mean current (/) and variance o2 for channels in a membrane
patch before and after conversion from oocyte-like behavior to
bilayer-like behavior it is possible to determine the origin of the
current increase through the expressions (21)

() =NPi [1]
T 2
o? = il) - % [2]

This analysis shows that N and i remain approximately constant (the
curves are nearly the same) while maximum P, increases (data
points extend to higher values of (I)) (Fig. 4 E and F). In the example
shown, maximum P, increased from 0.79 to 1.0. Analysis of multiple
patches shows that maximum P, increases from a range 0.6 to 0.8
initially to >0.9 when channels convert from oocyte-like to bilayer-
like gating behavior in a patch. In summary, three changes in the
voltage-activation curve occur when the channels convert: The
midpoint voltage shifts negative, opening becomes a steeper func-
tion of membrane voltage, and a higher maximum P, is achieved.

Schmidt and MacKinnon
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These gating effects are not unique to the paddle chimera channel.
The Shaker Kv channel, for example, undergoes a similar conver-
sion following patch excision from the oocyte surface [supporting
information (SI) Fig. S1].

Modeling the Gating Conversion. Kinetic and equilibrium studies of
Kv channel gating show that upon membrane depolarization a
channel undergoes multiple transitions during its sojourn from
a closed state to the open state (22, 23). Most of the voltage
dependence occurs in the early kinetic transitions, before pore
opening, and then eventually the pore opens in a concerted
manner. Atomic structures of Kv channels are entirely consistent
with this kinetic description (14, 24, 25). The structures reveal 4
voltage sensors disposed as nearly independent domains sur-
rounding the pore, suggesting that conformational changes can
occur within each voltage sensor independently. Four S4-S5
linker helices, which attach the voltage sensors to the pore, are
positioned as if to constrict the pore when the voltage sensors are
in their closed “hyperpolarized conformation.” Presumably
when the 4 voltage sensors achieve their “depolarized confor-
mation” the S4-S5 linker helices move, enabling the pore to
undergo a concerted (all 4 subunits simultaneously) transition
from the closed to opened conformation.
A simple state diagram captures this description (26):

K\(V) K, (V) K,,(V) L
(Co ¢ C, C)'=0 [3]

Here, m transitions must occur within each of 4 independent
voltage sensors before the pore can open. Voltage-dependent
equilibrium constants K;j(}) characterize conformational tran-
sitions within the voltage sensors, the equilibrium constant L
characterizes the conformational transition of the pore from
closed to open. The open probability is given by (26):

4

L| IT k(v
PO: m n - 4 m 4 [4]
1+ > [Tk | +L| ] k(v
n=1i=1 i=1

Using the simplest realization of this model, in which the
voltage-dependent conformational changes within each subunit
are grouped into a single voltage-dependent transition (m = 1)
and L is voltage-independent, we can account for the 3 curves in
Fig. 4D by adjusting a single parameter L. Recall that these
curves differ in three quantitative aspects: midpoint voltage,
steepness, and maximum P,. All three aspects are satisfied
simultaneously through adjustment of L, but not K;(}’). The same
model with L as the sole adjusted parameter also accounts for
the Shaker Kv channel data (Fig. S1, solid curves). Thus, it would
appear that “conversion” represents a condition under which the
pore-opening transition is more highly favored.

Membrane Dependence of Voltage Sensor Toxin Activity. The most
puzzling initial observation in this study concerns the depen-
dence of VSTx1 sensitivity on the membrane: Channels are
sensitive to this toxin in planar bilayers but insensitive in oocytes
(Fig. 1 D and E). VSTx1 and other voltage sensor toxins partition
into the membrane to modify Kv channel gating (12, 27).
Moreover, the type of lipid in the membrane is known to
influence the partition coefficient and therefore one might
expect lipid compositional differences to be at the root of the
differential VSTx1 sensitivity in the two different membrane
systems (12, 28). Against expectation, experiments show that
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Fig.5. Membrane mechanics and voltage sensor toxins. All voltage pulses from
h.p. =100 mV to 70 mV, AV = 10 mV. (A and B) Paddle chimera in an outside-out
patch, before (A) and after (B) addition of 500 nM VSTx1. (C) Boltzmann functions
(solid lines) fit data (mean = SEM, n = 5-13, except data from B) from A (filled
circles) with Vo5 (mV) and Z: —57.8 =+ 0.4, 3.4 + 0.14, data from B (open circles)
with Vo5 (mV) and Z: —9.1 = 2, 0.9 = 0.07 and data from Fig. 1B (filled squares)
with Vo5 (mV) and Z: 6.5 = 0.5, 1.6 = 0.05. (D) Paddle chimera in POPE:POPG
bilayers. VSTx1 was added to the indicated concentration. (E) VSTx1 affinity
titration with Paddle chimera (black circles) and Kv1.2 channels (red squares) in
POPE:POPG bilayers. Fraction of residual current //lmax (mean = SEM, n = 3) att =
70 ms after depolarization is graphed as a function of log(VSTx1 concentration).
The solid line represents a fit to the titration data with Mimax = (1 + [VSTx11/Kg) ™"
with Ky = 54 = 8.8 nM. (Fand G) Kv1.2 in POPE:POPG bilayers, before (F) and after
(G) addition of 500 nM VSTx1.

VSTx1 sensitivity is in fact dependent upon the mechanical state
of the membrane (Fig. 5). When applied to channels in an
outside-out patch from oocytes VSTx1 causes a slowing of
activation (Fig. 54 and B) similar to the effect observed in planar
bilayers (Fig. 1D). The kinetic changes are also associated with
a shift in the midpoint voltage to more positive values (Fig. 5C).

Insensitivity of the paddle chimera channel to VSTx1 applied
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to whole oocytes cannot be attributed to an inability of the toxin
to reach the oocyte surface: VSTx1 does not affect paddle
chimera channels recorded in whole cell mode in devitellinized
oocytes (data not shown) and the pore-blocking toxin CTX,
which is similar in size to VSTx1, inhibits the paddle chimera
channel in whole oocytes and in planar lipid bilayers with similar
affinities (Fig. S2). Furthermore, Swartz and colleagues have
shown that in whole oocytes VSTx1 inhibits a chimera Kv2.1
channel containing the KvAP voltage sensor paddle (29). There-
fore, VSTx1 must be able to reach the oocyte surface.

The apparent affinity of VSTx1 for paddle chimera in excised
membrane patches and in planar bilayers is high, as it exerts its
effect in the 10 to 50 nM range (Fig. 5 D and E). Molecular
specificity is also an essential component of the VSTx1-paddle
chimera interaction: VSTx1 does not affect Kvl.2 in planar
bilayers (Fig. 5 F and G). Paddle chimera and Kv1.2 differ only
in the amino acid composition of the voltage sensor paddle,
which has been shown to form the binding site for voltage sensor
toxins (30, 31).

Apparent high affinity and molecular specificity distinguish in
a fundamental manner the VSTx1-paddle chimera interaction
from the previously reported GsMTx4-stretch-activated channel
interaction (32). GsMTx4 modifies stretch-activated channel
gating with low affinity (500 nM range) and in the absence of
traditional molecular specificity, as the D-enantiomeric form of
the toxin was reported to be as effective as the L-enantiomer
(32). Amphipathic, membrane active molecules such as capsaicin
have been shown to alter gating of voltage-dependent Na* (Nav)
channels. These agents exert their effects in the 10 uM range and
can be mimicked by detergents (33). In contrast to low-affinity
amphipathic agents acting on Nav channel gating and GsMTx4
acting on stretch-activated channels, VSTX1 functions at low
concentration, exhibits molecular specificity mediated by the
protein surface of the voltage sensor paddle, and yet it is sensitive
to the mechanical state of the membrane.

Discussion

The functional characteristics of Kv channels can depend on both
the lipid composition and the mechanical state of the membrane.
When comparing the paddle chimera channel in whole Xenopus
oocytes and in planar bilayers formed from POPE and POPG we
conclude that lipid compositional differences account for mod-
est changes in function, somewhat similar in magnitude to the
effects of lipid head group modifying lipases on various Kv
channels expressed in Xenopus oocytes (10). The conversion of
gating and pharmacological properties as a consequence of patch
formation on glass electrodes shows that the influence of the
membrane’s mechanical state on function are large.

In all patch configurations, even on-cell in which continuity of
the patch’s internal face is maintained with the cytoplasm, the
gating properties eventually convert to bilayer-like. Although it
is possible that the conversion results from an alteration of
signaling factors operating on the cytoplasmic face of the
channel, we think that this explanation is unlikely for the
following reason: the effect can be made to occur essentially
instantaneously by application of a pressure difference across the
patch. In Fig. 4 A-D the pressure-induced conversion is dem-
onstrated for the case of an excised outside-out patch in which
communication with the cytoplasm, by virtue of outside-out seal
formation, was terminated before any pressure application. By
applying pressure, and thus force to the patch, a fundamental
change in the channel’s behavior is elicited, which we attribute
to some mechanical property of the patch.

The pressure-induced changes described here are distinct
from published accounts of reversible pressure-induced changes
in channel gating. Here, the change is inevitable even in the
absence of pressure; pressure application merely speeds the
process. Here, the change is irreversible upon removal of pres-
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sure, which would seem to imply an irreversible change in the
membrane or channels. Other irreversible effects on channel
gating have been reported. For example the rate of Na* channel
inactivation is changed irreversibly upon transient application of
pressure (34, 35). One possible explanation for irreversible
gating changes could be that cytoskeleton attachments to the
membrane are disrupted. If this were the case, it would be
interesting because it would mean that the cytoskeleton is able
to influence the membrane in such a way as to have profound
effects on the function of a channel.

Lipid membranes in planar bilayers and glass electrodes are
mechanically different from intact cell membranes in other
respects independent of cytoskeleton. Past studies indicate that
planar bilayers and membrane patches on glass pipettes are both
under tension even in the absence of a pressure gradient. Work
by Haydon and colleagues (36, 37) estimated the tension of
phosphatidylcholine bilayers with decane to be in the range of
3-5 mN/m. Webb and colleagues measured the line adhesion
tension on membrane patches in glass pipettes and showed that
its value is variable, ranging from 0.5 to 4 mN/m, depending on
the specific patch (38). They attribute the source of this tension
to adhesion forces between the lipid membrane and glass. The
source of membrane tension in both these systems probably
originates in the boundary. In a planar bilayer the boundary is
formed by the torus of lipid and solvent and perhaps the solid
support surrounding the bilayer. In a patch pipette the boundary
is formed by lipid adhering to the glass at the patch perimeter.
By contrast, large membrane vesicles unrestrained by boundaries
can have very low tensions (< 10~2mN/m) (39, 40). Likewise, the
tension of cell membranes under normal physiological condi-
tions is near zero (41, 42). Cell membranes typically have “excess
membrane” in the form of folds and invaginations. This is
particularly true of stage VI Xenopus oocyte membranes, in
which electrical capacitance measurements show that the actual
membrane area is approximately ten times greater than the area
calculated on the basis of the oocyte radius (data not shown).

If the Kv channels are sensitive to the differences in tension
intrinsic to planar bilayers and membrane patches then tension
in the membrane could account for the gating differences we
observe. The conversion from oocyte-like to bilayer-like behav-
ior might reflect the development of adhesive forces between the
lipid and glass, which would be irreversible. Through fitting of
Eq. 4 to the data in Fig. 4 we show that conversion corresponds
to—or at least can be accounted for by—a shift in the pore-
opening equilibrium toward the open conformation. Crystal
structures of closed and opened K* channels show that that upon
opening the pore expands its cross-sectional area in the mem-
brane’s inner leaflet. Thus, in a higher tension membrane the
open conformation will be favored. Further experiments involv-
ing direct measurement of membrane tension will be necessary
to test this tension hypothesis.

How can we explain voltage sensor toxin sensitivity being a
function of the mechanical state of the membrane? At present we
have insufficient data to understand this very surprising observa-
tion. However, we are intrigued by an obvious feature of the data:
VSTx1-inhibited channels in planar bilayers and patches on glass
electrodes actually appear similar in behavior to channels recorded
from whole oocytes (Fig. 1 4, B, and D). VSTx1 inhibited channels
in planar bilayers, for example, exhibit slow activation, little inac-
tivation, and the midpoint voltage is shifted toward positive voltages
(Figs. 1D and 5D). These features are all qualitatively similar to
paddle chimera channels in whole oocytes. On the basis of these
observations we put forth the following hypothesis, which is to be
tested with future experiments. The hypothesis is this: Voltage
sensor toxins modify gating by altering the forces acting between the
channel and the membrane. Consequently, the effect that the toxin
will have on a channel will depend on the channel-membrane
forces, which will be a function of the lipid composition and the
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mechanical state. In essence our hypothesis posits that the voltage
sensor toxin VSTx1 is not a conventional “allosteric regulator” that
stabilizes a particular state of the channel through a protein—protein
interaction, but rather it alters channel function by perturbing
interactions between the channel and membrane.

Voltage sensor toxins were first thought to be allosteric modifiers
that bind to voltage sensors through protein—protein interactions
that determine their molecular specificity (30, 31). That original
view was then modified to include the concept that voltage sensor
toxins partition into the membrane to gain access to their binding
site on the voltage sensor paddle and increase their local concen-
tration near the channel (12, 27). The findings presented here
suggest that the reason for membrane partitioning may be more
than site access and local toxin concentration. We suspect that the
fundamental mechanism of VSTx1 action is connected to its ability
to modify membrane forces experienced by the ion channel, and to
modify membrane forces VSTx1 must partition into the membrane.

Methods

Protein Preparation and Reconstitution. Paddle chimera protein (« and B1
subunits) was expressed, purified and reconstituted as described in ref. 15.

Electrophysiology. Whole oocyte recordings. mRNA encoding the paddle chi-
mera protein a subunit was prepared by T7 polymerase transcription and
injected into Xenopus laevis oocytes. Reconstituted paddle chimera protein in
POPE:POPG 3:1 (m/m) vesicles was dialyzed against 100 mM KCI, 10 mM
Hepes-KOH pH 7.4 for 2 h and injected into Xenopus laevis oocytes. K"
currents were recorded under 2-electrode voltage clamp (OC725C; Warner
Instrument) 1-2 days after mRNA injection or 12-24 h after vesicle injection.
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Electrodes were drawn from borosilicate glass capillaries (VWR) and filled with
3 M KCl. Oocyte bath solution contained: 98 mM KCl, 0.3 mM CaCl, 1 mM
MgCl,, and 5 mM Hepes-KOH (pH 7.4). Analog data from the amplifier were
filtered (1kHz) using the built-in 4-pole Bessel filter, digitized at 10kHz (Digi-
data 1440A; Molecular Devices) and stored on a computer hard-disk.

Patch clamp recordings. K* currents were recorded in on-cell, inside-out and
outside-patches from oocytes 5-6 days after mRNA injection. Electrodes were
drawn from borosilicate patch glass (VWR) and polished (MF-83, Narishige) to a
resistance of 0.8—1.2 MQ). For all patch configurations the extracellular solution
contained (mM): 100 KCl, 2 MgCl,, 5 Hepes-KOH pH 7.4 and the intracellular
solution contained (mM): 100 KCl, 1 EGTA, 5 Hepes-KOH pH 7.4. The analog
signals were filtered (1kHz) using the built-in 4-pole Bessel filter of an Axopatch
200B patch clamp amplifier (Molecular Devices) in patch-mode, digitized at 10
kHz (Digidata 1440A, Molecular Devices) and stored on a computer hard-disk,
except for the nonstationary fluctuation analysis experiments, for which the
analog signals were filtered at 5kHZ and digitized at 20kHz. Patch pressure was
generated using water-filled U-shaped tubing connected to atmospheric pres-
sure and applied via the patch pipette sideport. The pressure was monitored
using an in-line manometer (Sper Scientific).

Planar lipid bilayer recordings. Bilayer experiments followed the procedures in
refs. 15 and 18. Bilayers were formed over a 300-um hole in a polystyrene
partition that separated two aqueous chambers. After vesicles with channels
were fused into the bilayer, voltage-clamp measurements in whole-cell mode
were made.
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