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Membrane Stiffness and Channel Function
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Receied September 19, 1995; Reed Manuscript Rece¢d January 16, 1996

ABSTRACT: Alterations in the stiffness of lipid bilayers are likely to constitute a general mechanism for
modulation of membrane protein function. Gramicidin channels can be used as molecular force transducers
to measure such changes in bilayer stiffness. As an application, we show that N-type calcium channel
inactivation is shifted reversibly toward negative potentials by synthetic detergents that decrease bilayer
stiffness. Cholesterol, which increases bilayer stiffness, shifts channel inactivation toward positive
potentials. The voltage activation of the calcium channels is unaffected by the changes in stiffness.
Changes in bilayer stiffness can be predicted from the molecular shapes of membrane-active compounds,
which suggests a basis for the pharmacological effects of such compounds.

Changes in membrane lipid composition alter the bilayer
mechanical properties (Evans & Needham, 1987) and the
function of integral membrane proteins. Specifically, the
function of integral membrane proteins varies with lipid
bilayer thickness (Caffrey & Feigenson, 1981; Johannsson
et al., 1981; Criado et al., 1984; Baldwin & Hubbell, 1985b;
Brown, 1994) and monolayer equilibrium curvature (Navarro
et al., 1984; Jensen & Schutzbach, 1984; Hui & Sen, 1989;
Brown, 1994; McCallum & Epand, 1995). Such control of
protein function can arise from hydrophobic coupling
between bilayer and imbedded proteins, because conforma-
tional changes in the proteins’ membrane-spanning domains
(Unwin & Ennis, 1984; Unwin et al., 1988; Salamon et al.,
1994) will deform the surrounding bilayer (Mouritsen &
Bloom, 1984; Gruner, 1991; Andersen et al., 1992; Brown,
1994; Lundbaek & Andersen, 1994). Changes in the bilayer
deformation energyA(Ggef)l alter the free energy difference
between different protein conformations (Figu®,which
in turn will alter function.

To a first approximation (Mouritsen & Bloom, 1984;
Huang, 1986; Durkin et al., 1993)\G}; can be expressed
using a linear spring model, in which caAe‘sgef will be a
guadratic function of the membrane deformatia) the sum
of the deformation depths of the two monolayarsgndus,,
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Figure I): O:\\’;: Q,\\’\
AGh = Au® 1 A 0«3
def — A:u ( ) () yj: .
()
whereA is a bilayer stiffness coefficient whose magnitude @, Qf“/;
is determined by the bilayer compressibility and bending FIGURE 1:
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1 Abbreviations: AGgef, bilayer deformation energw), depth of
bilayer deformation;A, bilayer stiffness coefficient; TX100, Triton
X-100; SOG, p-octyl glucoside; gA, gramicidin A; IMR32 cells, a
human neuroblastoma cell line; DOPC, dioleoylphosphatidylcholin
7, average duration of gA channels; TTX, tetrodotoxin; CMC, critical
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(@ Protein conformational changes involving the
hydrophobic exterior of a membrane protein will alter the structure
of the surrounding bilayer. The bilayer deformation can be described
by the linear extent of the deformation in the two monolayess (
andu,). The free energy differencAG?), between the conforma-
tional states of the protein, is the sum of the intrinsic free energy
change in the proteirﬁ(Gg,m) and the bilayer deformation energy
(AGS.). (b) Bilayer-forming lipids have a cylindrical shape (left),
cone-shaped molecules promote micelles with a convex surface
(middle), and cholesterol has an inverted cone shape and can
e promote H phase structures with a concave surface (right).

micellar concentration; sd, standard deviation; sem, standard error of M0duli as well as the spontaneous monolayer curvature

the meann, number of independent observations.

(Huang, 1986; Gruner, 1989; Hui & Sen, 1989; Dan et al.,
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Ficure 2. Gramicidin channel formation involves a convex deformation of the monolayers [after Andersen et al. (1995)].

1994). The quantitative relationship between changes in MATERIALS AND METHODS
these parameters and the magnitude Aofis complex,

however, as changes in either modulus as well as theWere measured in unbuffered 1.0 M NaCl (5L °C) using
spontaneous m_onolayer curvature affe_ct the magnitude ofthe bilayer punch (Andersen, 1983). gA was a gift from
bOtE the bepdmg and the Fompressmn components OfR. E. Koeppe Il (University of Arkansas)30G and TX100
AGge (C. Nielsen, M. Goulian, and O. S. Andersen, ere added to the electrolyte solution, and cholesterol was
unpublished results). Given this complexity, itis helpful to  present in the bilayer-forming solution (DOPC:cholesterol
take a heuristic approach. = 1:2). Membrane potentiak 200 mV; the current signal

The spontaneous monolayer curvature is determined bywas filtered at 56-100 Hz, digitized at 6 times the filter
the average shape of the molecules in the monolayer (Figurefrequency, and sampled by computer (Andersen, 1983,
1b) (Cullis & deKruijff, 1979; Mitchell & Ninham, 1981).  Sawyer et al., 1989). For each experimental condition,
Molecules with a cylindrical shape form planar monolayers Was estimated by fitting single exponential distributidd&)/
(no curvature, Figuretd, left). Molecules with a cone shape, N(0) = exp(~t/7), whereN(t) is the number of channels with
such as Triton X-100 (TX100) angtoctyl glucoside OG), a duration I(_)_nger than timg to thg duration distributions.
are micelle-forming and promote convex monolayer curva-  1h€ Specific membrane capacitan€,) was measured
tures (Figure b, middle). Molecules with an inverted cone  USing & sawtooth potermal across planar bilayers with an area
shape, such as cholesterol, promotg phases (Seddon, of. ~1.5 mnt. 'The b|Iayer area was measured using a
1990) and concave monolayer curvatures (Figizeight). microscope with a calibrated reticule. The membrane
TX100 andpOG, on the one hand, and cholesterol, on the thicknessd, was calculated fronCn:
other, therefore would be expected to have opposite effects d=celC

. . €/Chy (2)

on bilayer stiffness.

In order to examine the relation between molecular shape,wheree, denotes the permittivity of free space ands the
bilayer stiffness, and the function of integral membrane relative dielectric constant, which is assumed to be 2.1
proteins, we investigated the effects of TX1@DG, and (similar to the value for bulk hydrocarbons).
cholesterol on the function of N-type voltage-dependent Cell Culture and Whole-Cell Voltage-Clamp Experiments
calcium channels. The function of voltage-dependent cal- IMR32 cells (American Type Culture Collection) were grown
cium channels is modified by a variety of amphipathic on cover slips in MEM with Earle’s salt (Gibco) containing
compounds [e.g. Janis et al. (1987) and Hille (1992)]. The 10% heat-inactivated fetal bovine serum and &§fmL
pharmacological specificity is often modest, and alterations gentamicin (37°C, ambient atmosphere with 5% GO
in channel function could reflect altered bilaygrotein Differentiation was initiated by 2.aM 5-bromo-2-deoxy-
interactions due to altered bilayer stiffness. We tested this uridine.
hypothesis by measuring the effect of TX1DG, and The cholesterol content of cell membranes was enriched
cholesterol on the stiffness of dioleoylphosphatidylcholine using a modified version of the method of Bolotina et al.

(DOPC)h-decane hilayerin zitro and on the function of ~ (1989). Cholesterol (20 mg) dissolved in 1 mL of tetrahy-
N-type calcium channels in IMR32 cells. drofuran was added to 100 mL of a vigorously stirred,

A phosphate buffered, saline solution (Dulbecco) containing

hThe elffects or} bl|6|lye:c stlffnte SS v(\;ere measAurer? usmlg 92 10% heat-inactivated fetal bovine serum. A control medium
channels as molecuiar force fransaucers. - ga channeis car, . prepared by dissolving 1 mL of tetrahydrofuran (in the
be used to estimate changes in stiffness because they ar

) o &bsence of cholesterol) in a similar solution. Cholesterol-
dimers, formed by the transmembrane association of agnriched and control media were lyophilized and stored at 5
monomer from each monolayer [O'Connell et al., 1990; see o prior 1o use, these media were redissolved in water to
Andersen and Koeppe (1992) for a review of gramicidin g fina| cholesterol concentration of 0.5 mM (in the cholesterol-
channel structure and function]. This monomeimer  ¢ontaining solution). The cells were incubated for-2a
transition constitutes a well-defined “conformational” change h pefore use.

(Figure 2). The length of the channel's hydrophobic exterior Patch-clamp studies were conducted-2Q days after
(~2.17 nm; Elliott et al., 1983) is less than the hydrophobic differentiation. The channels were primarily N-type calcium
thickness of a DOP@/decane bilayer+5 nm; Benz &  channels (Carbone et al., 1990), as confirmed by the finding
Janko, 1976; see also Table 1). gA channel formation that 5uM w-conotoxin (MVIIA) inhibited 85-95% of the
therefore produces a defined bilayer deformation with a current elicited at a test potential L0 mV from a holding
convex monolayer curvature. Alterations in the average potential of—80 mV (results not shown). The (extracellular)
channel durationt) directly reflect changes in the bilayer bath solution was 80 mM TEACI, 30 mM Bag£ll mM
stiffness (for this bilayer deformation). MgClz, 10 mM HEPES, 10 mM glucose, and Q&1 TTX

Planar Lipid Bilayer ExperimentsSingle channel currents
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Control To relate changes in to changes in membrane stiffness,
| [ H ﬂ H H ﬂ as summarized by, we note that the overall free energy
3pA for channel formationAG°) is the sum of contributions due

to the channel molecule itseIAGgm,) and to the membrane

2s
10 UM TX100 :
: deformation AGY.;, eq 1):
3 pA | 0

AG’ = AG) o+ AG) = AGp o+ oy’ (3)

— prot
2s

25 mM oG The transition state for channel dissociation occurs when
3pA| w— the two monomers move a distant@part. The activation
— energy for channel dissociationG*) is comprised of two
2s Cholesterol terms: the intrinsic activation energ)AG:m,) and the
5 Al ‘I M “ “ | \ J“ ) difference in bilayer deformation energy for a deformation
P ‘ et of u and ofu — 0,
2 AG* = AGz:)rot + AGzef (4)

FicUrRe 3: Single channel current traces, to show the effepi@G,
TX100, and cholesterol on gA channels in DOR@écane bilayers. .
The average single channel durations are summarized in Table 1.01, Using eq 3,

+ +

(pH 7.3). The (intracellular) electrode solution was 100 mM AG™ = AGq + Al(u — 6)* — u”] =

CsCl, 40 mM HEPES, 2.5 mM Mggl10 mM EGTA, 2.9 AGY — AQu — 8)d (5)
mM CaCbh, 1 mM NaATP, and 0.3 mM NgGTP (pH 7.2). bro

The temperature was 225°C. The extracellular solutions  The average duration of gA channels varies with the general
were changed using a fast superfusion system (Konnerth eiphase preference and molecular shape of the membrane-
al., 1987). Measurements were done using31MQ forming molecules with no evidence for chemical specificity
electrodes. Voltage pulse generation and data acquisition(Neher & Eibl, 1977; Sawyer et al., 1989; Lundbaek &
were controlled using pClamp (Axon Instruments, Foster Andersen, 1994; Maer et al., 1995); specific interactions
City, CA). Pipette and membrane capacitances were com-petween gA and membrane-forming, or membrane-modify-
pensated for electronically. The series resistance errors wergng, molecules have not been described. Changesiie.

<5 mV. The current signal usually was filtered at 1 kHz iy AG#, therefore most likely reflect changesAG,, only:
and digitized at 2 kHz. Leak current corrections were done

using a—120 mV pulse following all test pulses. The leak AAG* = AAGE .= AGT™d _ AGTCNr —
. . . def def def

current-voltage relations were determined in the presence mods_cntr

of 100 uM Cd?*. The leak current varies as a nonlinear RTIn(z™™7"7) (6)
function of membrane potential, but the nonlinearity was not
affected by the presence of 2.5 mBOG, 10uM TX100,

or cholesterol enrichment (results not shown). The leak

currents aHlQ m\(, the test potential used to measure the will tend to pull the dimer apart; a decreaseA'lﬁsgef will
steady-state inactivation curves, therefore were estimated. AGH d
using the ratio of the measured leak currents-40 and at increaseAGy,; and).

. + .
—120 mV (measured in the presence of 100 Cd?"). Changes iPAGg result from changes i, «, or both.
Using eqs 5 and 6

where the superscripts cntr and mod denote control and
modifier, respectivelyR is the gas constant, andis the
temperature in Kelvin (the membrane deformation energy

RESULTS AND DISCUSSION

AAG* — Acntr(zucntr _ 6)6 _ Amod(zumod _ 6)6 (7)
Bilayer Experiments gA channels were used to measure

the effects of TX10080G, and cholesterol on the stiffness and

of dioleoylphosphatidylcholine (DOPQ@)ecane bilayers. t " +

Figure 3 shows the effects of TX1080G, and cholesterol ~ pmod _ A(2u™™ — 0) — AAGT/0 _

on gA channels in DOPC bilayerspOG and TX100 2u™—

increasedr; cholesterol decreases These results are in 2,7 — 5 RTIn( 7eNtygmod)
accord with earlier findings that micelle-forming compounds A . + 5 (8)
decrease bilayer stiffness (Sawyer et al., 1989; Andersen et 2u™ =0 (2u™"—0)0

al, 1992, 1995; Lundbaek & Andersen, 1994), wheregs H - qp, for phospholipid bilayers has been estimated previously

graigépzrf)?r?é'gggg rgfgf”ggé%‘;rease the stifiness (Pope eﬁ: be~120 kJ/(moinm?) (Durkin et al., 1993) o~50RT (a

similar estimate has been deduced from changesds a
BOG and TX100 had no effect on the specific capacitance g

of DOPCh-decane bilayers (Table 1); that is, these com- — __~ . .

ds do not affect membrane thickness (cf. eq 2) This separation corresponds to the two monomers being moved
pour_1_ . : q_ * apart (rotated) to the point where the dimer is stabilized by four rather
Addition of cholesterol to the membrane-forming solution than six hydrogen bonds (as is normally the case). Removing only a
increased the specific capacitance, indicating that the mem-single hydrogen bond at the join between dissimilar monomers reduces
brane thickness was decreased (Table 1). The cholesterol? 300 times (Durkin et al., 1993). Because of the alternating gA
. . . . sequence (Sarges & Witkop, 1965a), gA dimers can be joined only by
induced changes in membrane capacitance agree with thos@y, even number of hydrogen bonds. The transition state therefore is
described earlier (Hanai et al., 1965a). likely to be where the dimer is stabilized by four hydrogen bonds.
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Table 1: Effects of Membrane Modifiers on Membrane Mechanics

membrane modifier 7 (ms) Cm (nF/mn?) d (nm) AGY; (kd/imol) A (kJ/(moknn?)
none 4504 82 3.74+0.10 4.98+ 0.13 - 12C¢
10uM TX100 11204+ 203 3.75+ 0.1 497+ 0.17 2.3+ 0.7 117.4+ 0.8
2.5mMpOG 2920+ 480 3.85+ 0.08 4.84+ 0.10 4.6+ 0.6 114.44+ 0.¢¢
cholesterol 82t 12 4.76+ 0.16 3.92+ 0.13 —4.24+0.6 205+ 7

aMean+ sd ( = 5), sd forr given with two significant figures only; uncertaintiesdnAGzef, andA were estimated using Monte Carlo methods
(Alper & Gelb, 1990)." Measured at 3@M TX100. ¢ From Durkin et al. (1993)¢ Calculated settingi™d = d°.

Control 2.5mM BOG Post BOG 12_ * 2.5 mM BOG
™ N -~ 104 T3%e00050 ] qf%
l/’ s, x ] o/é/éﬁéﬁ; ,
. £ 06 R ‘
100 pA | iy ,\5:/?
o 0'2 7 >e —o— Prepulse -120 mV
ms 2 -
0.0 —e— Prepulse -40 mV
Control 10 uM TX100  Post TX100 : J T 1

T T
0 100 200 300 400 500

’Vﬁ” r V’“ 12 10 uM TX100
* 1.0+ 0059592 oo
100 pA | 7 Vo600 0000

E T geset
50 ms * Prepulse -120 mV _a 064 . ./
o . | 8-
Prepulse -40 mV 0.4 —o— Prepulse -120 mV
FiIGURE 4: Effects offOG and TX100 on N-type calcium currents. 02 —e— Prepulse -40 mV
Current traces before, during, and after applicatioff©fG (top) 0.0 T T T T —
and TX100 (bottom). Inward currents are downward. 0 100 200 300 400 500
) . Time/s
function of membrane thickness, N. Mobashery and O. S. -~ 15—~
Andersen, unpublished observations). To deternifies, _68 m .
we take u to be equal to the difference between the 120 mV 1
equilibrium bilayer thickness (Table 1) and the length of the DI
channel’s hydrophobic exterior, 2.17 nm (Elliott et al., 1983) 5s

and set) = 0.16 nm? The resulting values are summarized FiGURE 5: Time course of peak current inhibition and recovery
in Table 1. Addition of8OG or TX100 increaseAGzef by after a 1 min superfusion with 2.5 mpOG (top) or 1uM TX100

_ . - : . (bottom). The period of superfusion is indicated by the horizontal
2—4 kJ/mol with no significant effect op, which will be bars. Each point denotes mearsem (1 > 3). The voltage protocol

assumed to be unchange;* therefore decreases by-2 is shown below. Peak currents were measured at depolarizations
kJ/(moknm?). Addition of cholesterol decreaseG),; by to +10 mV for 100 ms every 15 s. Each test pulse was preceded
4 kJ/mol, and decreasgsy ~1 nm, which means thagmed by a 5 s conditioning pulse to, alternatingly, eithe40 or —120
increases by-80 kJ/(motnn¥). One should note, however, mv.

that, while AGy; is a directly accessible parameter, the
changes inA depend on the somewhat arbitrary choice for
the value ofo (cf. eq 8).

alternatingly was either-40 or—120 mV. In the presence

of OG or TX100, the peak currents after a prepulse 4

. mV decreased by 60 or 55%, respectively. The peak currents
Whole-Cell Voltage-Clamp Experiment3he effects of after a prepulse te-120 mV decreased by only 30 or 15%.

TX100, fOG, and cholesterol on N-type calcium channels ager removal of JOG or TX100, the peak currents after

were examined using whole-cell patch clamp (Hamill et al., (e —40 mv prepulse increased to 100 or 80% of control.
1981) with B&" as the charge carrierOG and TX100  The peak currents after thel20 mV prepulse increased to
reversibly inhibit current flow, and the inhibition varies asa 100 or 90% (with prepulses to140 mV, the cells rapidly
function of the prepulse potential (Figures 4 and 5). became unstable, but there was no current inhibition during
Figure 4 shows the reversible changes in membrane curreniexposure to 1M TX100 for 1 min). These results show
transients that occur in response to a 1 min application of that the reversible current inhibition varies as a function of
either 2.5 mMBOG (the top panels) or 16M TX100 (the prepulse potential, which argues that B@G- or TX100-
bottom panels). Each panel shows the current transients thainduced inhibition of the calcium current is due to a shift in
were elicited by depolarization of the cell 4610 mV, after  the distribution between conducting and inactivated channel
a prepulse to either-120 mV, which tends to inhibit states in favor of inactivated state(s).
inactivation, or—40 mV, which tends to promote inactiva- A possible concern with these experiments is that deter-
tion. The peak inward currents are larger after the20 gents, at concentrations near their CMC, may cause non-
mV prepulse, which reflects the difference in channel specific membrane damage and cell lysis (Weltzien, 1979).
availability at the two holding potentials. TheOG- or It is therefore important to note that the effects3@G and
TX100-induced current reduction is much larger after the TX100 on calcium channel function cannot be related to such
—40 mV prepulse, which suggests that the inhibitory effect nonspecific membrane damage (or breakdown of the barrier
of these compounds is related to channel inactivation. properties)_ F|rstﬁOG and TX100 were used at concentra-
This suggestion is amplified in Figure 5, which shows the tions that are 1625-fold below their CMC, which should
average results obtained in experiments where the prepulseminimize such deleterious effects. Second, consistent with
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b a b
104 g 1.0 0 0
DQB _ o << 1
0.8 4 e 0.8 S
% 0.6 \¢ 0.6 " -400 -300
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_%044 Control \. 0.4 Control . — |—e—Control —e— Control |
024 ° ~2 02| ® ~ome 800 | -o—25mMpoc & 500 |7 10HM X100
0.0 o 25mM BOG 0.0 v 10 HM TX100 * - T m - 2.5mM BOG, scaled B w-- 10 uM TX100, scaled
: T T T T T T 1 N T T T T T 1 T T T T T T T 1 T T T T T T 1
120 -80 -40 0 120 -80 -40 0 80 -40 0 40 80 -40 0 40
c d Test potential / mV
1.0 - 1.0 0.C
0.8 0.8 A
x < ]
§ 0.6~ 0.6 ; e
—“ 04 0.4 § 200
024 e Control 0.2 e Control 1 2 _° |—e— Control
¢ Cholesterol ’ o Control 2 —o— Cholesterol
0.0 T T T T T T 1 0.0 T T T T T 1 -400 + - - Cholesterol, scaled
120 -80 -40 0 120 -80 -40 0 ——T—TT
) . 80 -40 0 40
Prepulse potential / mV Prepulse potential / mV Test potential / mV.
0mv Ficure 7: Effects of fJOG (@), TX100 (b), and cholesterold) on
L
60 mV % the peak currentvoltage relation. The stippled curves denote scaled
-120 mvV

peak current voltage relations in the presenc8®@6, TX100, and

FIGURE 6: Effect of SOG (@), TX100 (), and cholesterold) on cholesterol. Each point represents the mgesem (n= 3). Current
calcium channel inactivation. The channel availability was deter- Measurements in the presencgdfG and TX100 were done after
mined from the normalized peak current ¢et0 mV) following 5 2—4 min of superfusion. Measurements with cholesterol-enriched
s conditioning pulses to varying holding potentialg) [n timed cells were done after 2624 h of incubation in either control or
controls, the inactivation is unchanged (for each experiment, the cholesterol-enriched media.

second measurement was dor@ min after the initial control

experiment; the second set of control experiments in pdmedre single population of N-type calcium channels, as shown by
done after superfusion of the cells with the control extracellular the fact that 5uM MVIIA w-conotoxin, which is specific
solution). The inset shows the voltage protocol. for N-type calcium channels, inhibited 885% of the

. . currents (see Materials and Methods). In addition, there is
the use of relatively lowSOG or TX100 concentrations, no significant difference between the time course of current

neither compound increaseq the _(non-calcium channel) inactivation after a 5 s prepulse €120 or to—40 mV [when
background conductance, which indicates that there was NOfitted with single exponential distributions, the time constants

membrane damage. Third, the changes in channel functionWere 26+ 10 ms (meant sd) and 34+ 11 ms, respectively
were reversible and varied as a function of prepulse potentialn = 7], indicating that we examine the cu’rrent througr; a
(Figures 4 and 5), which shows that the effect$0IG and homogeneous population of ion channels. Most importantly,

TX100 are specific, in the sense that the effect qf eit_her neither the 50% decrease in peak current after a 5 s prepulse
compound can be altered by alteration of the physiological to —40 mV in the presence of TX100 #OG nor the 60%

state of the channels. increase induced by cholesterol (Figure 6), can be due to
The voltage dependence of the effectss@iG, TX100, low-voltage-activated channels.

and cholesterol on calcium channel steady-state inactivation  The results in Figures-57 show that the effects gfOG,
was examined further. The results are shown in Figure 6. Tx100, and cholesterol are specific, in the sense that
pOG (2.5 mM) (Figure 6) and TX100 (1QuM) (Figure &) ~  jnactivation is altered with no effect on the voltage activation.
produced a 20 mV hyperpolarizing shift of the inactivation The effects offOG, TX100, and cholesterol correlate with
curve. The measurements in the presencefO5 and  their molecular shapes and effects on bilayer stiffness (Table
TX100 were done~7 min after the control measurements. 1) Tx100 andBOG, in particular, have quite different
Repeated control measurements, after a similar waiting chemical structures, which makes it highly unlikely that
period, did not change the inactivation curve (Figut}.6  integral membrane proteins possess specific receptors for
The effect of cholesterol could be examined only after these molecules. Moreover, if they did bind, they would
chronic exposure. In cells that had been exposed to ainteract differently with their binding sites and therefore be
cholesterol-enriched medium for 2@4 h, the midpoint of  expected to have different effects on membrane proteins. The
the inactivation curve was shifted20 mV in thedepolar- specific and reversible modulation of channel function by
izing direction, relative to cells exposed to cholesterol-free TX100 andSOG therefore suggests that bilayer stiffness
media for the same period (Figure)6 could be a general determinant of membrane protein function.
In contrast to the shift in the steady state inactivation A more quantitative correlation between the effects of these
curves, the channel voltage activation is not affected®, compounds in planar bilayers and in biological membranes
TX100, or cholesterol because the normalized peak cufrent is not warranted, because of the different lipid compositions
voltage relations, measured in the presence and absence aff these membranes [cf. Sakmann and Boheim (1979)].
amphipaths, are almost superimposable (Figarec]. As Traditionally, modulation of membrane protein function
illustrated by the currentvoltage relations in Figure 7, there by amphipathic compounds has been ascribed to changes in
may be a minor, variable current contribution from low- bilayer “fluidity”. But the causal relation between bilayer
voltage-activated calcium channels. For voltages betweenfluidity and protein function is unclear (Lee, 1991), as also
—40 and—20 mV, for example, the control currentoltage demonstrated by the present results. Detergents would be
relation in Figure @ differs from those in Figure Kc. expected to increase the fluidity of planar lipid bilayers
Nevertheless, the dominant current component is due to a(Lasch et al., 1990), which would increase the rate of
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molecular motion and thereforgecreasethe average gA

Lundbaek et al.

Dan, N., Berman, A., Pincus, P., & Safran, S. A. (1994pPhys.

channel duration, as the monomers would tend to move apart_ ! 4, 1713-1725.

more readily. Cholesterol would be expected to decrease

fluidity [cf. Yeagle (1985)], which by a similar argument
should increase channel duration. Maneuvers that alter
bilayer stiffness will alter bilayer fluidity as well, but changes
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Sinauer Associates, Inc., Sunderland, Massachusetts.

changes in bilayer deformation energy, which to a first Huang, H. W. (1986Biophys. J. 501061-1070.
approximation can be understood by considering the mo- Hui, S-W., & Sen, A. (1989Proc. Natl. Acad. Sci. U.S.A. 86

lecular shape of the membrane-active compounds. It is in
this respect important to note that the proposal that the

5825-5829.
Janis, R. A., Silver, P. J., & Triggle, D. J. (198&}v. Drug Res.
16, 309-591.

membrane deformation energy is an important determinant yonsen 3. W.. & Schutzbach. J. S. (19Bi#ychemistry 231115

of membrane protein function is a natural extension of the

1119.

notion that the spontaneous curvature or bending rigidity is Johannsson, A., Smith, G. A., & Metcalfe, J. C. (19&idpchim.

important (Gruner, 1991; Keller et al., 1993). The relation-

Biophys. Acta 641416-421.

ship between molecular shape, bilayer deformation energy,eller, S. L., Bezrukov, S. M., Gruner, S. M., Tate, M. W.,

and protein function provides a framework for understanding

the control of protein function by the host bilayer.
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