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ABSTRACT
2,3-Butanedione monoxime (BDM) is widely believed to act as
a chemical phosphatase. We therefore examined the effects of
BDM on the cystic fibrosis transmembrane regulator (CFTR)
Cl� channel, which is regulated by phosphorylation in a com-
plex manner. In guinea pig ventricular myocytes, forskolin-
activated whole-cell CFTR currents responded biphasically to
external 20 mM BDM: a rapid �2-fold current activation was
followed by a slower (� �20 s) inhibition (to �20% of control).
The inhibitory response was abolished by intracellular dialysis
with the phosphatase inhibitor microcystin, suggesting involve-
ment of endogenous phosphatases. The BDM-induced activa-
tion was studied further in Xenopus laevis oocytes expressing
human epithelial CFTR. The concentration for half-maximal
BDM activation (K0.5) was state-dependent, �2 mM for highly
and �20 mM for partially phosphorylated channels, suggesting
a modulated receptor mechanism. Because BDM modulates

many different membrane proteins with similar K0.5 values, we
tested whether BDM could alter protein function by altering
lipid bilayer properties rather than by direct BDM-protein inter-
actions. Using gramicidin channels of different lengths (differ-
ent channel-bilayer hydrophobic mismatch) as reporters of bi-
layer stiffness, we found that BDM increases channel
appearance rates and lifetimes (reduces bilayer stiffness). At 20
mM BDM, the appearance rates increase �4-fold (for the
longer, 15 residues/monomer, channels) to �10-fold (for the
shorter, 13 residues/monomer channels); the lifetimes increase
�50% independently of channel length. BDM thus reduces the
energetic cost of bilayer deformation, an effect that may un-
derlie the effects of BDM on CFTR and other membrane pro-
teins; the state-dependent changes in K0.5 are consistent with
such a bilayer-mediated mechanism.

The oxime 2,3-butanedione monoxime (BDM) is a myosin
ATPase inhibitor (Higuchi and Takemori, 1989) widely used

as a research tool in cell biology (Titus, 2003). BDM is an
inhibitor of muscle contraction (Baker et al., 2004), which
may have clinical use in heart transplantation (Warnecke et
al., 2002), but the cellular targets of BDM remain elusive
(Titus, 2003). BDM has been used as a brain-barrier per-
meant reactivator of organophosphorus-inhibited acetylcho-
linesterase, and it has been proposed to act as a “chemical
phosphatase” removing phosphate groups by nucleophilic at-
tack (Holmstedt, 1959). Consistent with such an effect, BDM
promotes dephosphorylation in ventricular myocytes (Wig-
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gins et al., 1980), and some reports indicate that its effects on
several channels, in different cell types, are antagonized by
phosphorylation (Sellin and McArdle, 1994). But BDM af-
fects many ion channels and transporters without changing
their phosphorylation (Lopatin and Nichols, 1993; Watanabe
et al., 2001), suggesting “direct” BDM-protein interaction.

The cystic fibrosis transmembrane regulator (CFTR) is a
Cl� channel whose activation requires phosphorylation by
cAMP-dependent protein kinase (PKA); its activity is regu-
lated by phosphorylation at several serine residues in its
regulatory domain (for review, see Gadsby and Nairn, 1999).
We tested the actions of BDM on CFTR currents (ICFTR),
expecting a current reduction due to putative phosphatase
activity of BDM. We were surprised to find that BDM in-
duced complex responses, including both activation and in-
hibition of ICFTR, depending on the condition of drug admin-
istration. These opposite effects of BDM reflect different
mechanisms; only the inhibitory effect is likely to result from
channel dephosphorylation.

The BDM-induced enhancement of ICFTR shows similari-
ties to the effects of genistein (Weinreich et al., 1997) and
capsaicin (Ai et al., 2004). Like BDM, these drugs alter the
function of many membrane proteins (Table 1), possibly re-
flecting their ability to alter lipid bilayer properties rather
than direct binding to their apparent target proteins (Hwang
et al., 2003; Lundbæk et al., 2005).

Lipid bilayers are elastic bodies (Evans and Hochmuth,
1978), and membrane proteins undergo conformational
changes that involve the protein/bilayer boundary (Lee,
2003). The hydrophobic coupling between membrane pro-
teins and the lipid bilayer therefore means that protein con-
formational changes that perturb the local bilayer packing
(Fig. 1) will incur an energetic cost (Mouritsen and Bloom,
1984)—and protein function should, in principle, be regu-

lated by changes in bilayer material properties (Sackmann,
1984; Gruner, 1991), e.g., the changes in monolayer intrinsic
curvature (e.g., Gruner, 1985) and elastic moduli (Evans et
al., 1995; Ly and Longo, 2004) caused by the adsorption of
amphiphiles. Such pharmacologically induced changes in bi-
layer properties indeed can alter membrane protein function
(Lundbæk et al., 2004, 2005). Could the widespread effects of
BDM on membrane protein function result from similar
changes in bilayer properties?

To address this question, we used gramicidin (gA) channels
as molecular force transducers (Andersen et al., 1999) to
monitor whether BDM induces changes in bilayer properties.
Gramicidin channels are formed by trans-bilayer association
of two monomers (Scheme 1).

When the hydrophobic thickness of the bilayer, d0 (the
average distance between the carbonyl carbons in the two
leaflets; Fig. 1), is larger than the hydrophobic length of the
channel, l (length of the protein region containing highly
hydrophobic residues; Fig. 1), the bilayer thickness will ad-
just locally to match the channel length (see Fig. 1). This
bilayer deformation incurs an energetic cost, �Gdef

0 , which
varies with d0; c0, which denotes the lipid intrinsic curvature,
the propensity of membrane lipids to form curved (or nonbi-
layer) structures; and bilayer elastic moduli (Huang, 1986;
Nielsen and Andersen, 2000; Lundbæk et al., 2005):

�Gdef
0 � HB � �d0 � l �2 � HX � �d0 � l � � c0 � HC � c0

2 , (1)

TABLE 1
Examples of membrane proteins affected by BDM
Thirteen different membrane proteins whose function is affected by BDM. The columns indicate the type of effect observed (effect), its dependence on phosphorylation
(phosphorylation), the �BDM� producing half maximal effect (K0.5), and whether similar effects have been reported for genistein and capsaicin.

Membrane Protein Effect Phosphorylation K0.5 Genisteina Capsaicin

mM

L-Type Ca2� channels Inhibition Some influence �6b Yesc Yesd

N-Type Ca2� channels Inhibition Some influence �15e Yesf Yesd

V-Dependent Na� channels Inhibition Independent �20g Yesh Yesi

V-Dependent K� channels Inhibition Independent 11–30j Yesk Yesl

V-Sensor hair cells Shift V1/2 Independent �5m N.R. N.R.
GAP junction Inhibition Some influence �10n N.R. N.R.
Ryanodine receptors Activ./inhib. Independent �2.5o Yesp Yesq

K�-ATP channels Inhibition Independent �11r Yess N.R.
Na�/Ca2� exchanger Inhibition Independent �2t Yesu N.R.
Complex I Inhibition Independent �5v Yesw Yesx

Glycine receptor Inhibition Some influence �15y Yesz N.R.
CFTR Activation Independent 2–20aa Yesbb Yescc

Inhibition Dependent 	20aa

Gramicidin channels Activity increaseaa Independent Yesdd Yesi

N.R., not reported to the best of our knowledge.
a Some effects of genisteinmay have been interpreted as related to tyrosine phosphorylation.
b Chapman, (1993). l Park et al., (2003). v Scaduto et al., (2000).
c Ji et al., (2004). m Frolenkov et al., (2001). w Salvi et al., (2002).
d Hagenacker et al., (2005). n Verrecchia and Herve, (1997). x Dedov et al., (2001).
e Allen et al., (1998). o Tripathy et al., (1999). y Ye and McArdle, (1996).
f Morikawa et al., (1998). p Liew et al, (2004). z Zhu et al., (2003).
g Sada et al., (1995). q Eun et al., (2001). aa Present study.
h Belevych et al., (2002). r Smith et al., (1994). bb Weinreich et al., (1997).
i Lundbæk et al., (2005). s Ogata et al., (1997). cc Ai et al., (2004).
j Lopatin and Nichols, (1993). t Watanabe et al., (2001). dd Hwang et al., (2003).
k Washizuka et al., (1997) u Wang et al., (1997).

Scheme 1. M denotes the nonconducting monomers, D denotes the con-
ducting dimers, and k1 and k�1 denote the rate constants for channel
formation and dissociation, respectively.
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where the coefficients HB, HX, and HC are functions of the
bilayer elastic moduli, the bilayer thickness and the protein
radius. �Gdef

0 contributes to the overall free energy of gram-
icidin channel formation: �Gtot

0 (
�Gprot
0 � �Gdef

0 ), where
�Gprot

0 denotes the free energy change of the dimerization per
se, excluding the interactions with the bilayer). Because
�Gdef

0 varies as a function of the hydrophobic mismatch (d0 �
l), the bilayer will respond to the deformation by imposing a
disjoining force on the channels. Changes in this disjoining
force will be observable as changes in the channel appear-
ance rate and lifetime. From an operational standpoint, we
describe changes in bilayer properties that, at a constant
bilayer thickness, alter the disjoining force as changes in
bilayer stiffness (Lundbæk et al., 2005). A decrease in stiff-
ness will decrease the disjoining force and increase gramici-
din channel appearance rate and lifetime and vice versa.

Indeed, gramicidin channels formation rate, and their life-
time, increase at concentrations where BDM affects the ac-
tivity of CFTR and many other BDM-sensitive membrane
proteins. More detailed analysis shows that promiscuous
phosphorylation-independent actions of BDM may reflect its
modification of the bilayer deformation energy rather than
BDM-protein interaction.

Materials and Methods
CFTR Experiments

Ventricular Myocytes. The procedures for isolation and storage
of Guinea pig ventricular myocytes were described previously
(Hwang et al., 1993). All patch-clamp experiments were done using

an AxoPatch 200B, a Digidata 1200 A/D board, and pClamp (6 or 8)
software (all from Molecular Devices, Sunnyvale, CA). The results
were stored on a personal computer and also continuously acquired
on VCR tapes using a Neurocorder 384 (Neurodata Instruments Co.,
Delaware Water Gap, PA).

Whole-Cell Recordings. Whole-cell recordings were done at
�36°C, using wide-tipped (0.8–1.5 M�) borosilicate glass
(PG52151-4; WPI, Sarasota, FL) pipettes with an intrapipette per-
fusion device inserted as described previously (Hwang et al., 1993).
The pipette solution for intracellular dialysis contained 85 mM as-
partic acid, 5 mM pyruvic acid, 10 mM EGTA, 20 mM tetraethylam-
monium-Cl, 2 mM MgCl2, 5 mM Tris2-creatine phosphate, 10 mM
MgATP, 0.1 mM Tris2.5-GTP, 10 mM HEPES, 5.5 mM glucose (buff-
ered to pH 7.4 with CsOH). Myocytes were held at 0 mV and contin-
uously superperfused with a solution containing 145 mM NaCl, 1.5
mM MgCl2, 1 mM BaCl2, 0.5 mM CdCl2, 5 mM HEPES, 5.5 mM
glucose (pH 7.4 with NaOH). The time constant for exchange of the
extracellular solution was �4 s, depending on the position of the
myocyte in the perfusion chamber.

Excised Inside-Out Recordings. Excised inside-out recordings
were done at 22–23°C with wide-tipped (14–18-�m-diameter) borosili-
cate glass (N51A; Drummond Scientific, Broomall, PA) pipettes, coated
with Sylgard to reduce noise and with a mineral oil/parafilm mixture to
help gigaohm seal formation. Pipette resistance was 0.3 to 0.45 M�
when filled with an extracellular solution containing 145 mM N-meth-
yl-D-glucamine (NMG)-Cl, 5 mM CsCl, 2 mM BaCl2, 2.3 mM MgCl2, 0.5
mM CdCl2, and 10 mM TES, pH 7.4. Patches were formed on mem-
brane blebs (induced by exposing the myocytes to a hypotonic solution
composed of 67 mM KCl, 1.5 mM MgCl2, 10 mM glucose, 10 mM
HEPES, and 2.5 mM EGTA, pH 7.0). The patches were held at 0 mV,
excised, and transferred to a homemade flow chamber where the intra-
cellular face of the membrane was superfused continuously with a
solution containing 140 mM NMG-aspartate, 20 mM tetraethylammo-
nium-OH, 2 mM MgCl2, 10 mM EGTA, and 10 mM TES, pH 7.4.
Current was acquired at 1 kHz and filtered at 100 Hz.

Xenopus laevis Oocytes. Oocytes were isolated enzymatically as
described previously (Chan et al., 2000), injected with 0.05 ng of RNA
encoding for human wild type epithelial CFTR, and kept for 20 to 36 h
at 18°C until recording. Currents were recorded at room temperature,
in a solution containing 82.5 mM NaCl, 2 mM KCl, 1 mM MgCl2, and 5
mM HEPES, pH 7.4, using a voltage-clamp amplifier (OC-725A oocyte
clamp; Warner Instruments, Hamden, CT). Signals were filtered at 1
kHz with an eight-pole Butterworth filter (Frequency Devices, Haver-
hill, MA) and acquired at 2 kHz using a Digidata 1200 A/D board and
pClamp 6 software. A Minidigi 1A and Axoscope 9 (Molecular Devices)
were used for continuous data acquisition at 10 Hz). When filled with 3
M KCl, the resistance of the current microelectrode was 0.5 to 1 M� and
that of the voltage electrode was 1 to 2 M�.

Drugs. BDM was dissolved directly in the bath solutions. Forskolin
and cantharidin (Sigma-Aldrich, St. Louis, MO) were added from 200
mM stock solutions in DMSO. Microcystin (Calbiochem, San Diego, CA)
was diluted in the pipette solution from a 10 mM solution in DMSO.
The catalytic subunit of PKA and its peptide inhibitor PKI (generous
gifts from Dr. Angus Nairn, The Rockefeller University, New York, NY)
were added to the bath or injected into oocytes, respectively, from
aqueous stocks containing 1 mg/ml for PKA (molecular mass, 40 kDa)
and 44 mg/ml for PKI (molecular mass, 2.2 kDa). MgATP was added
from a 200 mM stock in water (pH 7.4 with NMG).

Data Analysis. pClamp 9 and Origin 7 (OriginLab Corp.,
Northampton, MA) were used for analysis of current voltage rela-
tionships and exponential decay of the whole-cell currents. For the
single-channel recordings, currents from excised patches containing
two to four channels were baseline subtracted, idealized, and their
open probability (Po) was calculated with programs kindly provided
by Lazlo Csanády (Csanády, 2000). The high Po of cardiac CFTR
(Gadsby and Nairn, 1999; also see Fig. 4) allowed counting the
number of channels in the patch to estimate Po. CFTR data are
presented as average � S.E.M.

Fig. 1. Schematic representation of an ion channel protein in the lipid
bilayer as it changes its conformation from closed (top) to open (bottom).
Channel opening makes the l shorter than the d0, inducing compression
and bending of the lipid bilayer around the channel. (The actual confor-
mational changes may involve other types of perturbation of the lipid
packing around the channel.) The energetic cost of membrane deforma-
tion (see text) depends on the hydrophobic mismatch (d0 � l). A similar
deformation occurs when a gramicidin channel forms (Lundbæk and
Andersen, 2994; Lundbæk et al., 2004, 2005).
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Gramicidin Experiments

The gramicidin analog [Ala1]gA [AgA(15)], its enantiomer
[d-Ala1]gA� [AgA�(15)], and the sequence-shortened analog des-
(Val1-Gly2)-gA� [gA�(13)] were generous gifts from Dr. Roger E.
Koeppe II (University of Arkansas, Fayetteville, AR). They were
synthesized and purified as described previously (Greathouse et al.,
1999) and used as 1 to 10 nM solutions in ethanol.

Planar bilayers were formed from n-decane solutions (20 mg/ml)
of dioleoylphosphatidylcholine (DOPC) from Avanti Polar Lipids
(Alabaster, AL) across a hole (�1.6 mm in diameter) in a Teflon
partition separating two aqueous solutions of 1.0 M NaCl (buff-
ered to pH 7 with 10 mM HEPES). To minimize the loss of the
hydrophobic BDM from the aqueous solution, the total volume of
the lipid/decane solution used was less than 2 �l (or 1/1000 the
volume of the aqueous solution). The applied potential was 200
mV. The gramicidins were added from ethanolic stock solutions to
the electrolyte solution on both sides of the bilayer; the BDM was
added from DMSO stock solutions, again to both sides of the
membrane. The final ethanol and DMSO concentrations were less
than 0.5% (or 90 mM) and 0.4% (or 60 mM), respectively; concen-
trations that have no effect on gramicidin channel function (Saw-
yer et al., 1990). Single-channel experiments were done at 25 �
1°C using the bilayer punch method with pipette tip diameters
�30 �m (Andersen, 1983) and a Dagan 3900 patch clamp ampli-
fier (Dagan, Minneapolis, MN). The current signal was filtered at
5000 Hz (Frequency Devices), digitized and digitally filtered to
500 Hz for analysis.

Single-channel current transitions were detected using a cur-
rent-transition detection algorithm (Andersen, 1983) imple-
mented in Visual Basic. To facilitate the determination of appear-
ance rates and lifetimes of the different channel types, we first
constructed single-channel current transition amplitude histo-
grams based on the magnitude of the difference in current levels
before and after a current transition (Andersen, 1983), such that
the transitions associated with each channel type occur as a single
peak in the histograms. The lifetime histograms then were con-
structed as described previously (Andersen, 1983; Sawyer et al.,
1989). The lifetime histograms were transformed into survivor
distributions, and the average channel lifetimes (� 
 1/k�1) were
determined by fitting a single exponential distribution: N(t) 

N(0) exp{�t/�}, where N(t) denotes the number of channels with a
lifetime longer than time t, to each survivor distribution.

To quantify the effect of BDM on the channel appearance rate,
f (
 k1� [M]2), we determined the channel appearance rates using the
bilayer punch method based on the average appearance rates from
two (5- to 10-min) recordings obtained before and 10 to 20 min after
BDM addition. Only bilayers that did not break during BDM addi-
tion were used for this analysis.

Relative changes in the time-averaged channel “concentrations”
were determined as the ratio the product of the channel appearance
rate and lifetime, measured before and after the addition of BDM
(Scheme 1; see Andersen et al., 2007, for derivation):

�D�BDM

�D�cntrl
�

fBDM � �BDM

fcntrl � �cntrl
�

k1,BDM � �M�BDM
2 /k�1,BDM

k1,cntrl � �M�cntrl
2 /k�1,cntrl

�
KD,BDM

KD,cntrl
, (2)

where the subscripts BDM and Cntrl denote the rate constants
(see Scheme 1) and appearance rates and lifetimes in the presence
and absence of BDM, and the third equality holds in the limit [M]


 [D], such that [M]BDM � [M]Cntrl. Changes in the free energy of
gramicidin channel formation, ��Gtot

0 , which should be equal to
the BDM-induced change in �Gdef

0 , then was evaluated as follows:

��Gtot
0 � � ��Gdef

0 � � �RT � ln�KD,BDM

KD,cntrl
�� �RT � ln�fBDM � �BDM

fcntrl � �cntrl
�, (3)

where R is the gas constant and T is temperature in Kelvin. Again,
only bilayers that did not break during BDM addition were used for
this analysis.

The final results for a given experimental condition are based on
the mean � S.D. based on at least three independent measurements.

Results
BDM Modulation of CFTR Channels in Guinea Pig

Ventricular Myocytes. BDM elicited two types of re-
sponses in whole-cell CFTR Cl� currents (ICFTR), depending
on how the drug was applied (Fig. 2).

Figure 2A shows the current recorded from a ventricular
myocyte at 0 mV, where the first of two successive applica-
tions of forskolin (an adenylyl cyclase agonist) activated a
large ICFTR (outward current at 0 mV), which deactivated
following removal of forskolin. Addition of 20 mM BDM to
resting CFTR channels had no effect on the whole-cell cur-
rent, but the response to forskolin was diminished by 76 �
6% (ICFTR

BDM /ICFTR
Cntrl , where the superscripts denote the forskolin-

induced currents in the presence and absence of BDM; n 
 4)
when added in the presence of BDM. Moreover, a distinct,
biphasic response was observed when BDM was added in the
presence of forskolin after ICFTR was activated (second BDM
application in Fig. 2B). The early phase was a rapid current
increase [2.0 � 0.3-fold increase in (peak ICFTR

BDM )/(steady-state
ICFTR
Cntrl ); n 
 6], apparently rate-limited by solution exchange.

The late phase was a slower (� 
 20 � 6 s; n 
 5) current
inhibition [by 81 � 5%; (steady-state ICFTR

BDM )/(peak ICFTR
BDM )].

Note that when added simultaneously with forskolin (first
BDM application; Fig. 2B), the current enhancement by
BDM was minimal, because the dominating effect was the
inhibition that began while CFTR had not yet been activated

Fig. 2. Dual effect of BDM on ICFTR in cardiac myocytes. A, continuous
whole-cell current recording at 36°C from a ventricular myocyte held at 0
mV and exposed to 2 �M forskolin (FSK) and/or 20 mM BDM (indicated
by horizontal bars). Vertical current deflections correspond to application
of 80-ms-long voltage steps to different voltages. B, whole-cell recording
from a myocyte exposed to 2 �M forskolin with or without simultaneous
application of 20 mM BDM. The gray line denotes a single exponential fit
to the decay phase of ICFTR after a second application of BDM (� 
 13.3 s,
maximal ICFTR 
 250 pA, and steady-state ICFTR 
 39 pA).
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(as in Fig. 2A). Thus, to observe the biphasic response, it was
necessary to apply BDM with relatively fast solution ex-
change, after CFTR had been activated. The inhibitory effect
of BDM (applied before or in the presence of forskolin) was
observed in 10 of 11 myocytes.

The slow inhibitory phase is consistent with the reported
enhancement by BDM of dephosphorylation in the heart
(Wiggins et al., 1980), which may reflect activation of endog-
enous phosphatases rather than direct BDM-catalyzed de-
phosphorylation (Zimmermann et al., 1996). To test whether
the BDM-induced reduction of ICFTR might be due to activa-
tion of endogenous protein phosphatases, we examined
whether microcystin-LR, a potent inhibitor of protein phos-
phatase (PP)1 and PP2A (Yoshizawa et al., 1990) modified
the inhibitory phase (Fig. 3).

After two brief exposures to forskolin, addition of BDM
during a third CFTR activation caused the biphasic response
described above, with a rapid increase followed by a slower
decrease in current. (Because of incomplete inhibition at 20
mM, withdrawal of BDM induced a rapid reduction in cur-
rent, due to the loss of current stimulation, followed by a slow
recovery from inhibition, illustrating the complexity of the
CFTR response to BDM.) The slow inhibitory phase was
strongly attenuated during a second application of BDM �10
min after intracellular perfusion of 10 �M microcystin (the
larger forskolin-induced ICFTR, which deactivated only par-
tially, is due to microcystin effects before the BDM applica-
tion). In all seven experiments in which BDM was applied
after intracellular perfusion with microcystin, we observed
only the rapid ICFTR enhancement, with minimal inhibitory
effect. We conclude that distinct mechanisms underlie the
two effects of BDM and that only its inhibitory effect reflects
promotion of channel deactivation through stimulation of
endogenous phosphatase activity.

Consistent with inhibition involving cytoplasmic constitu-
ents, application of BDM to giant inside-out patches caused
only an increase in the Po of single CFTR channels (Fig. 4).
The top trace in Fig. 4A shows a recording from a patch in

which joint application of PKA and ATP activated two CFTR
channels with the characteristic high Po of cardiac CFTR
channels (Gadsby and Nairn, 1999); addition of 20 mM BDM
therefore caused only a small further increase in Po (Fig. 4B).
The maneuver was repeated in the middle trace, with iden-
tical results. Withdrawal of PKA in the presence of ATP (Fig.
4A, bottom) caused the usual reduction in Po, which is attrib-
uted to partial dephosphorylation of CFTR channels (Hwang
et al., 1994); exposing such partially dephosphorylated chan-
nels to BDM caused an �3-fold increase in Po (Fig. 4B).

BDM Activation of Epithelial CFTR Channels. BDM
affects many other ion channels and transporters in the
membrane of ventricular myocytes (Table 1). We therefore
also examined the effects of BDM on human epithelial CFTR
channels expressed in X. laevis oocytes using two-microelec-
trode voltage clamp (Figs. 5 and 6). We first examined the
concentration dependence of the action of BDM under condi-
tions in which the channels were either weakly or strongly
phosphorylated (Fig. 5).

CFTR channels expressed in X. laevis oocytes show a low
level of basal activity, corresponding to a measurable level of
phosphorylation, even without PKA stimulation (Csanády et
al., 2005). As shown in Fig. 5A, stepwise increasing [BDM] at

Fig. 3. Different mechanisms underlie current enhancement and current
inhibition by BDM. Whole-cell recording from a myocyte held at 0 mV,
which was exposed several times to 2 �M forskolin and/or 20 mM BDM
(indicated by bars), before and after intracellular perfusion with 10 �M
microcystin. The gray line denotes a single exponential fit to the current
decay induced by BDM (� 
 44 s, maximal ICFTR 
 520 pA, steady-state
ICFTR 
 210 pA). Because the VCR tape ended before the end of the
experiment, a scanned image from the chart record (dotted box) illus-
trates reversibility of BDM action after microcystin perfusion.

Fig. 4. Activation of single cardiac CFTR channels. A, two CFTR chan-
nels in a giant inside-out patch excised from a ventricular myocyte
activated by cytoplasmic (bath) exposure to 2 mM MgATP and 200 nM
PKA. Top and middle trace, 20 mM BDM applied in the presence of PKA
and ATP increased the Po of the channel from 0.85 to 0.95. Bottom trace,
after the reduction in Po on PKA removal in 2 mM MgATP, 20 mM BDM
increased Po from 0.2 to 0.7. T 
 22°C. B, average � S.E.M. Po from three
different patches (with two to four channels each) in which BDM action
was tested in 2 mM MgATP before and after withdrawal of PKA.
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a holding potential of �30 mV progressively increased the
inward current (inward because �30 mV is negative to the
Cl� equilibrium potential in oocytes), an effect that reversed
with BDM withdrawal. After current deactivation, forskolin
was applied along with cantharidin, a membrane-permeant
inhibitor of PP1 and PP2A (Honkanen, 1993), which led to a
larger ICFTR activation than was observed with forskolin
alone. Increasing [BDM] under this strongly phosphorylating
condition also caused ICFTR activation; the fractional in-
crease in current (1.5 � 0.1-fold; n 
 5) was less than that
obtained with basal CFTR phosphorylation (18 � 4 fold; n 

5) and was evident at lower [BDM]. The membrane conduc-
tance was estimated from steady-state current-voltage
curves (Fig. 5B) and is plotted against [BDM] in Fig. 5C. The
extent of the BDM-induced increase in conductance was
larger for basally phosphorylated channels (consistent with
the results in Fig. 4) and the [BDM] for half-maximal effect
(K0.5) was �10-fold higher (K0.5 
 18 � 2 mM; n 
 4) than
that observed in the presence of cantharidin and forskolin
(K0.5 
 2 � 0.3 mM; n 
 5). BDM did not increase the
conductance of uninjected oocytes (Allen et al., 1998; Supple-
mental Fig. 1).

The CFTR activating effect of BDM resembles that of
genistein (Weinreich et al., 1997) and capsaicin (Ai et al.,
2004), which do not enhance the activity of fully dephospho-
rylated CFTR channels. As already suggested in Fig. 2A,
phosphorylation seems to be required also for the BDM-
induced enhancement of CFTR channel; this was further
tested in oocytes by applying BDM before and after inhibition
of PKA with PKI (Fig. 6).

In the maintained presence of forskolin, a brief exposure to
BDM elicited a rapid and reversible increase in inward cur-
rent (Fig. 6A), the CFTR conductance remained higher than
the initial level despite evidence of the inhibitory effect de-
scribed in the experiments with ventricular myocytes. Injec-
tion of PKI (arrow) slowly reduced ICFTR (because the slow
dephosphorylation of the channels could not be counteracted
by the inhibited PKA), and a second application of BDM (�15

min after PKI injection) no longer increased the conductance.
Figure 6B summarizes results from oocytes where 10 or 30
mM BDM was applied before and after PKI injection. Control
experiments in which BDM was applied after injection with
water instead of PKI always showed the usual ICFTR activa-
tion (data not shown).

Enhancement of CFTR activity is not the only action
shared by BDM capsaicin and genistein (Table 1). Like cap-
saicin and genistein, BDM alters the function of many dif-
ferent membrane proteins in a manner that does not seem to
involve changes in protein phosphorylation. These observations
raise the question whether the amphipathic BDM might alter
membrane protein function by some common, bilayer-depen-
dent mechanism, as it has been proposed for genistein and
capsaicin (Hwang et al., 2003; Lundbæk et al., 2005). To explore
this question, we used gA channels as molecular force trans-
ducers (Andersen et al., 1999) and studied the effect of BDM on
the appearance and dissociation rates of gramicidin channels of
different lengths and helix sense.

BDM Modulation of Gramicidin Channel Function.
BDM increases activity of gramicidin channels (the time-
averaged number of conducting channels) in DOPC/n-decane
bilayers (Fig. 7), which primarily results from an increase in
the channel appearance rate (see below). In these experi-
ments, we incorporated AgA(15) and gA�(13), two gramicidin
analogs with different l, but different helix sense, in the same
membrane. Because the two analogs form channels that have
opposite helix sense they do not form heterodimers, and
because the homodimers have different current transition
amplitudes (as shown in Figs. 7 and 8), it is possible to
analyze traces from membranes containing these two types of
channels simultaneously (Lundbæk et al., 2005). Thus, the
influence of the hydrophobic mismatch (d0 � l) on the effects
of BDM can be monitored in the same membrane under
identical conditions. As seen in the current transition ampli-
tude histograms (Fig. 8) and lifetime distributions (Fig. 9), in
both the absence and presence of BDM, we observed two
different channel types, corresponding to the homodimeric

Fig. 5. Concentration dependence of the effect of BDM
on human epithelial CFTR expressed in X. laevis oo-
cytes. A, response to progressive increments of [BDM]
(holding potential �30 mV, CFTR activation increases
the inward current) under two different conditions; af-
ter channel deactivation subsequent to the first appli-
cation of forskolin (limited phosphorylation) and after
stimulating phosphorylation with 40 �M forskolin
(FSK) and 150 �M cantharidin (CANT). B, current volt-
age curves obtained from the current near the end of
50-ms-long rectangular voltage pulses; the letters indi-
cate the corresponding times in A. The lines denote
linear fits to the data between �70 and �40 mV. C,
membrane conductance of the oocyte in A (from fits as
in B) as a function of [BDM] when applied alone (solid
squares) or with forskolin plus cantharidin (open cir-
cles). The curves are single-site binding isotherms fit-
ted to the data, g0 � �gmax� [BDM]/(K0.5 � [BDM]), with
parameters g0 
 2.7 �S, �gmax 
 84 �S, and K0.5 
 16
mM for BDM alone (solid) and g0 
 40 �S, �gmax 
 30
�S, and K0.5 
 3 mM for BDM in the presence of
forskolin and cantharidin (dashed).
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AgA(15) and gA�(13) channels. BDM had little effect on
single-channel current transition amplitudes (Fig. 8), but it
caused a significant increase in the channel lifetimes (Fig. 9).
In addition to its effect on gramicidin channel activity, BDM

also caused subtle bilayer instability, as evident in the base-
lines in the presence of 10 and 20 mM BDM, and an increase
in the background current through the bilayer (in the ab-
sence of gramicidin). No channel activity was observed in the
absence of gramicidin, however, and we did not examine this
issue further.

To examine whether the increase in gramicidin channel
lifetime could result from specific BDM/bilayer-gramicidin
channel interactions, we determined the effects on channels
formed by the AgA(15) enantiomer AgA�(15). Enantiomeric
pairs of gramicidins form channels of different helix sense
(Koeppe et al., 1992), and specific channel-drug-bilayer in-
teractions would be expected to cause different effects on the
two channels types. BDM caused similar concentration-de-
pendent increases in AgA�(15) channel lifetimes, as it did in

Fig. 6. BDM does not activate fully dephosphorylated channels. A, 2 days
after injection with cRNA encoding for human epithelial CFTR, an oocyte
held at �30 mV was exposed to 40 �M forskolin and then to 20 mM BDM
before and after injection of 50 nl of 20 mM PKI to inhibit PKA. B,
summary of mean � S.E.M. effect of 10 or 30 mM BDM, expressed as
conductance ratios, from experiments similar to those in A.

Fig. 7. BDM increases gramicidin channel activity. Current traces re-
corded in the absence and presence of 10 or 20 mM BDM. Two different
gramicidins, AgA(15) and gA�(13), were present on both sides of the
bilayer. The AgA(15)/AgA(15) and gA�(13)/gA�(13) homodimeric chan-
nels can be distinguished by virtue of their different current transition
amplitudes, as indicated by the two horizontal lines (also see Fig. 8). No
heterodimeric channels formed because the two gramicidin analogs have
opposite chirality. The nominal concentration of gA�(13), �20 pM, was
10-fold larger than that of AgA(15), �2 pM. 1.0 M NaCl, pH 7.0; 25°C; 200
mV; 500 Hz.

Fig. 8. BDM has little effect on the gramicidin current transition ampli-
tudes. Current transition amplitude histograms obtained in the absence
and presence of 10 or 20 mM BDM. The histograms are assembled from
the current transition amplitudes, the absolute value of the difference in
current level just before and just after a current transition (Andersen,
1983), and only the transition amplitudes are plotted. The histogram thus
differs from a current level (or all-points) histogram. In each histogram,
there is two peaks, one peak around 2.1 pA and one peak around 3.3 pA
corresponding to the gA�(13) and the AgA(15) homodimeric channels,
respectively. In the absence of BDM, there are 904 transitions in the
histogram: 318 (or 35%) in the gA�(13) channel peak at 2.06 � 0.15 pA;
and 491 (or 54%) in the AgA(15) channel peak at 3.21 � 0.14 pA. In the
presence of 10 mM BDM, there are 1149 transitions in the histogram: 563
(or 49%) in the gA�(13) channel peak at 2.12 � 0.15 pA and 478 (or 42%)
in the AgA(15) channel peak at 3.32 � 0.17 pA. In the presence of 20 mM
BDM, there are 1250 transitions in the histogram: 643 (or 51%) in the
gA�(13) channel peak at 2.17 � 0.13 pA and 477 (or 38%) in the AgA(15)
channel peak at 3.42 � 0.13 pA. In each histogram, we can account for
�90% of the current transitions. The current transition amplitudes in-
crease �6% at 20 mM BDM, and there is gradual shift in the distribution
between the shorter gA�(13) and the longer AgA(15) channels (also see
Figs. 11 and 12). 1.0 M NaCl, pH 7.0; 25°C; 200 mV; 500 Hz.
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the AgA(15) and gA�(13) channels (Fig. 10). The effect of
BDM does not seem to depend on specific BDM-gramicidin-
lipid interactions. Nor is the effect of BDM on channel life-
time enhanced in the case of the gA�(13) channels, which
have the bigger hydrophobic mismatch.

When a bilayer-spanning gramicidin dimer forms, the two

bilayer leaflets will locally compress and bend (Huang, 1986;
Sawyer et al., 1989; Lundbæk and Andersen, 1994); in reac-
tion, the bilayer pulls on the dimer with a disjoining force,
Fdis (
 ���Gdef

0 /�(d0 � l), and the channel lifetime will vary
as a function of Fdis (i.e., of �Gdef

0 ). As gramicidin channels
dissociate, they reach the transition state for dissociation
when the two subunits have moved a distance � (�1.6 Å)
apart (Durkin et al., 1993). The �Gdef

0 -dependent contribu-
tion to the transition energy barrier may be calculated by
subtracting �Gdef

0 for the dimer (with hydrophobic mismatch
d0 � l) from �Gdef

0 for the transition state (with hydrophobic
mismatch d0 � l � �); see Scheme 1 and eq. 1:

��GD3M
‡ � HB � �d0 � l � ��2 � HX � �d0 � l � �� � c0 � HC � c0

2

�HB � �d0 � l �2 � HX � �d0 � l � � c0 � HC � c0
2

� HB � �2 � �d0 � l � � �� � � � HX � � � c0 (4)

Thus, changes in the energetics of channel formation, �Gdef
0 ,

and the kinetics of channel dissociation, ��GD3M
‡ , induced

by a drug could result from changes in d0, c0, and the elastic
moduli, as reflected in HB and HX, where HB and HX (nega-
tive) vary more or less in parallel, as can be deduced from eqs.
17 and 28 in Nielsen and Andersen (2000).

To examine whether the BDM-induced increases in gram-
icidin channel lifetimes are associated with a decrease in d0,
we estimated the changes in bilayer hydrophobic thickness
from capacitance measurements on DOPC/n-decane bilayers
(Lundbæk and Andersen, 1994). In the absence or presence of
20 mM BDM, the bilayer specific capacitance was 3.76 � 0.08
nF/cm2 (n 
 4) and 3.69 � 0.08 nF/cm2 (n 
 7), respectively.
The invariant capacitance is consistent with the lack of effect
of BDM on the linear capacitance of whole-cell ventricular
myocytes (Ferreira et al., 1997). We conclude that BDM does
not change hydrophobic thickness.

The increase in gramicidin channel lifetime therefore is
due to decreased bilayer stiffness (decreased magnitude of
HB and HX) or a more positive c0. To distinguish between
these possibilities, we compared the relative lifetime changes
for channels formed by AgA(15), AgA�(15), and gA�(13). The
longer AgA(15) and AgA�(15) channels have the longer life-
time, reflecting their smaller hydrophobic mismatch, com-
pared with the shorter gA�(13) as well as the different amino
acid sequences at the subunit interface in the different chan-
nels, which also contribute toward determining the single-
channel lifetime (Mattice et al., 1995). In contrast to results
obtained in previous studies with other modifiers of bilayer
elastic properties (Lundbæk and Andersen, 1994; Lundbæk
et al., 2005), the relative changes in gA�(13) channel life-
times were comparable with (if anything less than) the
changes observed with AgA(15) and AgA�(15) channels (Fig.
10). These results suggest that the changes in gramicidin
channel activity (bilayer stiffness) do not result from changes
in bilayer elasticity but rather from changes in c0.

In contrast to the comparable lifetime changes, the BDM-
induced increases in the appearance rates for the shorter
gA�(13) channels were larger than the increase in the ap-
pearance rates for the longer AgA(15) channels (Fig. 11).

The larger effect on the gA�(13) channels, compared with
the AgA(15) channels, again can be understood by examining
the contributions to the transition energy barrier for channel
formation [subtracting �Gdef

0 for the monomer (with a hydro-

Fig. 9. BDM increases gramicidin channel lifetimes. Lifetime distribu-
tions, plotted as survivor plots, for gA�(13) channels (top) and AgA(15)
channels (bottom). The shorter gA�(13) channels have lifetimes that are
10-fold less than those of the longer AgA(15) channels. Each histogram is
fit by single exponential distributions (dashed lines). The average life-
times from the curve fits are 13.4 � 0.1, 17.0 � 0.1, and 19.5 � 0.1 ms for
the gA�(13) channels and 152.6 � 0.6, 198.3 � 1.0, and 260.0 � 1.4 ms for
the AgA(15) channels. 1.0 M NaCl, pH 7.0; 25°C; 200 mV; 500 Hz.

Fig. 10. Effect of BDM on lifetimes of channels of different length and
chirality. To compare the results for different channel types, AgA(15) (‹),
AgA�(15) (Š), and gA�(13) (f), the results for each channel were normal-
ized relative to the lifetime in the absence of BDM (�ctrl) and plotted as
mean � S.D. (n � 3). The control lifetimes, in the absence of BDM were
14.1 � 1.4 ms for the gA�(13) channels, 162 � 24 ms for the AgA(15)
channels, and 149 � 14 ms for the AgA�(15) channels. 1.0 M NaCl, pH
7.0; 25°C; 200 mV; 500 Hz.

2022 Artigas et al.

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


phobic mismatch of 0) from �Gdef
0 for the transition state]

(Scheme 1 and eq. 1):

��GM3D
‡ � HB � �d0 � l � ��2 � HX � �d0 � l � �� � c0

� HC � c0
2 � HC � c0

2

� HB � �d0 � l � ��2 � HX � �d0 � l � �� � c0 (5)

Comparing eqs. 4 and 5, the curvature-dependent contribu-
tion to the kinetics of channel dissociation (the Hx � � � c0 term
in ��GD3M

‡ ; eq. 4) does not depend on the channel-bilayer
hydrophobic mismatch per se. In contrast, the curvature-
dependent contribution to the kinetics of channel formation
[the Hx � (2 � (d0 � l) � �) � c0 term in ��GD3M

‡ ] will vary with
channel-bilayer hydrophobic mismatch, d0 � l, which ac-
counts for the larger relative changes in appearance rates for
the gA�(13) channels compared with the AgA(15). Moreover,
the relative changes in the appearance rates will be larger
than the changes in the lifetimes whenever d0 � l � � 
 �
(Lundbæk et al. 2005).

As would be expected from the results in Figs. 10 and 11,

the time-averaged increase in channel concentrations was
larger in the case of gA�(13) channels, compared with
AgA(15) channels (Fig. 12).

Given the relative changes in the time-averaged channel
concentrations, we can estimate the changes in the free en-
ergy of channel formation, ��Gtot

0 (eq. 3). The results are
shown in Fig. 12 (the right-hand ordinate). We conclude that
BDM alters the free energy of gramicidin channel formation,
and that the changes in ��Gtot

0 � ��Gdef
0 most likely result

from changes in intrinsic lipid curvature, as might have been
expected for the adsorption of small, compact amphipathic
molecules that are likely to reside at the bilayer/solution
interface. Although we cannot exclude that BDM alters other
bilayer properties, such as “fluidity”, our results provide no
support for such changes, and changes in “fluidity” would not
cause the ��G0 changes we observe (i.e., changes in fluidity
would affect the appearance rate and the dissociation rate
(1/�) in the same direction).

Discussion
In this study, we extend the number of integral membrane

proteins whose functions are modified by BDM at comparable
[BDM] concentrations (Table 1). Although some BDM effects
may be related to the phosphorylation status of the target
protein (Chapman, 1993; Xiao and McArdle, 1995), others
seem to be phosphorylation-independent (Lopatin and Ni-
chols, 1993; Watanabe et al., 2001), and, as shown here, some
proteins can be modified by a combination of phosphoryla-
tion-dependent and -independent mechanisms.

The phosphorylation-independent effects are likely to re-
sult because BDM is a general modifier of bilayer material
properties (thickness, intrinsic curvature, and elastic prop-
erties), as evident by its effects on gramicidin channels at the
same [BDM] used to manipulate integral membrane protein
function. Although the conformational transitions underly-
ing the gating of CFTR and gramicidin channels are differ-
ent, the BDM-induced changes in gramicidin channel func-
tion provide an explanation for the seemingly nonspecific
modification of membrane protein function by BDM.

Effects on CFTR Channel Function. BDM alters CFTR
function by two apparently independent and opposite mech-
anisms: a fast, phosphorylation-independent activation; and

Fig. 11. Effect of BDM on the gramicidin channel appearance rates. Top,
normalized appearance rates for AgA(15) (‹) and gA�(13) (f) channels.
The data are plotted as the geometric mean � S.D. (n � 3) of the ratio of
the channel appearance rates measured just before (fctrl) and 10 to 20 min
after the addition of either 10 or 20 mM BDM. Bottom, relative changes
in the appearance rate of gA�(13) channels [versus AgA(15) channels].
The data are based on the relative changes in gA�(13) channel and
AgA(15) channel appearance rates in the individual experiments and are
plotted as mean � S.D. (n � 3). 1.0 M NaCl, pH 7.0; 25°C; 200 mV; 500
Hz.

Fig. 12. Effect of BDM on the time-averaged channel concentrations and
free energy of gramicidin channel dimerization. Left ordinate, relative
changes in the time-averaged channel concentrations (f � �)/fCntrl � �Cntrl)
for the AgA(15) (‹) and gA�(13) (f) channels. Right ordinate, changes in
free energy (note the sign convention). 1.0 M NaCl, pH 7.0; 25°C; 200 mV;
500 Hz.
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a slower, seemingly dephosphorylation-dependent inhibition
(through deactivation). Observations on L-type Ca2� chan-
nels illustrate the difficulty of deciding whether the actions
of BDM are phosphorylation-mediated: Chapman (1993)
showed that channel inhibition by BDM was antagonized by
isoprenaline stimulation, as if it involved dephosphorylation
of PKA-dependent sites. Allen et al. (1998) reported similar
BDM-induced inhibition of recombinant channels lacking all
PKA consensus sites. Thus, mechanistically different pro-
cesses may alter channel function in the same direction,
impeding a clear separation of their individual contributions.
In our case, it was the oppositely directed dephosphorylation-
dependent and dephosphorylation-independent effects of
BDM on CFTR channels that allowed us to distinguish be-
tween these mechanisms. Complex phosphorylation-inde-
pendent effects of BDM on ryanodine receptors (RyRs), where
BDM at low [Ca2�] activates both cardiac and skeletal mus-
cle RyRs but at high [Ca2�]) inhibits skeletal muscle RyR
activity have been reported (Tripathy et al., 1999).

Dephosphorylation-Mediated Inhibition of CFTR.
Cardiac whole-cell CFTR currents were inhibited by BDM,
whether or not BDM was applied before or after adenylate
cyclase activation by forskolin. BDM (20 mM) caused an 80%
inhibition, meaning that the KI for this effect is �5 mM,
similar to other membrane proteins (Table 1). Microcystin, a
potent inhibitor of PP1 and PP2A, largely abolished inhibi-
tion of ICFTR by BDM, suggesting that BDM activates endog-
enous phosphatases; see also Zimmermann et al. (1996), who
showed that cantharidin antagonized BDM-induced phos-
phatase activity in mammalian heart.

BDM did not inhibit CFTR channels in excised patches, a
surprising result in light of reports of direct PP2A-CFTR
interactions in Calu-3 cells (Thellin et al., 2005). Assuming
similar interactions in cardiomyocytes, the lack of BDM ef-
fect may indicate that the BDM-induced ICFTR inhibition
caused by PP1/PP2A activation is lost in inside-out excised
patches. But these recordings were done at room tempera-
ture, whereas the whole-cell recordings were done at 36 to
37°C, and it is possible that phosphatase activation by BDM
is accentuated at higher temperatures (Stapleton et al.,
1998). The lack of clear inhibitory effect in oocytes similarly
may be related to the lower temperatures used in these
experiments.

Phosphorylation-Independent Stimulation of CFTR
Current. The transient �2-fold increase in the whole-cell
cardiomyocyte ICFTR (Figs. 2 and 3) agrees with the BDM-
induced enhancement of channel activity in inside-out
patches (Fig. 4), where Po increases �1.2-fold for highly
phosphorylated, and �3-fold for moderately phosphorylated
channels. Similarly to the CFTR stimulation by genistein
and capsaicin (Ai et al., 2004), stimulation of CFTR by BDM
requires at least partially phosphorylated channels. That
said, the BDM-dependent raise in Po does not reflect an
increase in phosphorylation, because it occurs in the absence
of PKA.

The changes in channel function induced by the structur-
ally dissimilar BDM, capsaicin, and genistein (Supplemental
Figure 2) go far beyond CFTR (Table 1). These compounds
induce analogous responses on many unrelated membrane
proteins, including voltage-dependent ion channels, Na�/
Ca2� exchanger, mitochondrial complex I, and gramicidin
channels. These pleomorphic effects might arise because

these different compounds bind directly to their different
targets, but the parsimonious interpretation is that BDM,
capsaicin, and genistein exert their effects by a common
mechanism involving the lipid bilayer.

BDM Alters Bilayer Material Properties. As previ-
ously shown for genistein (Hwang et al., 2003) and capsaicin
(Lundbæk et al., 2005), BDM shifts the equilibrium distribu-
tion between nonconducting monomers and conducting
dimers in favor of the dimers, mainly by increasing channel
appearance rate (k1) (Fig. 11), with a smaller increase in
lifetime (decrease in k�1) (Fig. 10). Because alteration of the
energetics of gramicidin channel formation by BDM depends
on the channel-bilayer hydrophobic mismatch (Fig. 12), we
conclude that it reflects alteration by BDM of the bilayer
deformation energy.

In contrast to results with lysophospholipids (Lundbæk
and Andersen, 1994), genistein (Hwang et al., 2003), and
capsaicin (Lundbæk et al., 2005), however, the relative
changes in lifetime induced by BDM do not depend on the
hydrophobic mismatch (Fig. 10), contrary to what would be
expected if BDM altered the elastic moduli (because the
HB-dependent term in eq. 4 depends on the hydrophobic
mismatch). This result suggests that the BDM-induced
changes in the height of the activation energy barrier for
channel dissociation primarily result from changes in c0 (We
do not, however, have independent measurements of how
BDM alters c0.)

Is the BDM Stimulation of CFTR a Pure Bilayer Ef-
fect? Previous data (Hwang et al., 2003; Ai et al., 2004;
Lundbæk et al., 2005) show that some amphipathic mole-
cules alter CFTR function at the concentrations where they
affect bilayer material properties, as monitored using gram-
icidin channels. Moreover, BDM seems to be a promiscuous
modifier of membrane protein function at the concentrations
used in the present experiments (Table 1). Together, these
results suggest that the effect of BDM on CFTR function
indeed is a bilayer-mediated effect, but we cannot exclude
that the BDM-induced changes in CFTR function also could
result from some specific interactions with CFTR, similar to
those proposed for capsaicin and genistein (Ai et al., 2004).
Indeed, one would expect that amphipathic compounds could
alter membrane protein function by a combination of specific
interactions with the target protein and bilayer-mediated
interactions. The relative importance of these effects will
depend on amphiphile structure and the protein confor-
mational changes. Studies with other modifiers of bilayer
material properties will be needed to determine whether
all inducers of positive curvature c0 enhance ICFTR and to
elucidate the relative importance of changes in curvature and
bilayer elastic moduli. It is remarkable that polyunsaturated
fatty acids (inducers of negative curvature) inhibit epithelial
Cl� currents (Hwang et al., 1990).

In this context, it is important that, although the absolute
changes in intrinsic curvature (or elastic moduli) induced by
BDM would be expected to vary with the bilayer composition,
the direction of the changes should be invariant as the overall
bilayer properties should be a weighted average of the prop-
erties of the individual lipid components (Rand and Parseg-
ian, 1997). (The relevant radii of curvature are on the order
of 1 to 10 nm, such that the overall bilayer can be approxi-
mated as a flat sheet (meaning that the BDM-induced cur-
vature changes do not depend on the experimental system,
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whole-cell versus patch recording).) Finally, similar changes
in c0 have been proposed to alter the equilibrium distribution
and activity of other membrane proteins, including protein
kinase C (Slater et al., 1994). Although it remains to be seen
whether BDM activation of endogenous phosphatases in ven-
tricular myocytes is mediated by its apparent modification of
intrinsic curvature, c0 may be an even more general regula-
tor of protein phosphorylation. Regardless of these uncertain-
ties, however, a bilayer-mediated mechanism not only can
account for potentiation of CFTR by BDM, genistein, and
capsaicin, it also can account for these compounds ability
to alter the function of numerous, structurally unrelated
proteins.

Modulated Receptor and Bilayer-Mediated Effects.
Amphiphiles that decrease lipid bilayers stiffness promote
inactivation of voltage-dependent cation channels (Lundbæk
et al., 2004, 2005), with little effect on channel activation,
leading to the suggestion that inactivated channel states may
have a higher channel/bilayer hydrophobic mismatch than
other channel states (Lundbæk et al., 2004). Likewise, BDM
promotes voltage-dependent inactivation of cardiac potas-
sium (Xiao and McArdle, 1995) and calcium channels (Fer-
reira et al., 1997). BDM, like genistein and capsaicin, en-
hances ICFTR and induces a large potentiation of partially
phosphorylated channels with relatively minor effects on
highly phosphorylated channels (Ai et al., 2004). These com-
pounds thus modify the equilibrium between preexisting low
and high Po states, which normally involves phosphorylation-
dephosphorylation reactions. Because our experiments were
done in presence of saturating [ATP], and ATP-dependent
gating seems unaffected by genistein (K0.5ATP of �80 �M;
Weinreich et al., 1997), these changes in Po are unlikely to
reflect changes in ATP binding at the nucleotide binding
domains. Thus, by analogy with what was suggested for
voltage-dependent sodium channels, CFTR states that dis-
play a higher Po (under given experimental conditions) may
have a larger hydrophobic mismatch at the protein-bilayer
interface. If the conformational change that activates the
channels involves an increase in hydrophobic mismatch, with
states having the maximal Po having maximal mismatch, our
observations can be explained by the modification of bilayer
material properties in the absence of direct ligand-protein
interaction.

For a given CFTR gating state, the distribution between
closed and open channels can be approximated as follows:

P0 �
1

1 � exp���Gtot
C3O/RT�

, (6)

where �Gtot
C3O, by analogy with the situation for gramicidin

channels, can be written as the sum of contributions arising
from the protein per se, �Gprot

C3O, and from the difference in
the bilayer deformation in the closed and open channels,
��Gdef

C3O 
 �Gdef
O � �Gdef

C . Channel states with higher Po will
have a more negative ��Gtot

C3O than states with lower Po, but
it is the sum of �Gprot

C3O (negative) and ��Gdef
C3O (positive,

because it opposes channel activation) that determines Po,
and the relative effect of a given change in ��Gdef

C3O will be
greater at lower Po values, as is observed. Within this
scenario, the shift in the [BDM] needed for half-maximal
effect arises because displacing the equilibrium from a low
Po state (with a small hydrophobic mismatch) to a high Po

state (with a large hydrophobic mismatch), requires a
larger reduction in ��Gdef

C3O, which requires a higher
[BDM]. That is, modification of lipid bilayer properties,
which requires no direct protein-ligand interactions, can
explain the shifts in apparent affinities often attributed to
direct protein-ligand interactions in the modulated recep-
tor hypothesis (Hille, 2001).

Assuming that inactivated states have the highest, active
states some intermediate, and resting states the lowest hy-
drophobic mismatch, the same argument can explain the
dual, Ca2�-dependent modulation of skeletal muscle RyRs by
BDM (Tripathy et al., 1999).

Conclusions
We show that BDM alters the function of yet another

membrane protein at low millimolar concentrations and pro-
vides a mechanism to account for its complex, yet seemingly
nonspecific effects. By altering the lipid bilayer and activat-
ing endogenous phosphatases, BDM would be expected to
alter the function of many membrane (as well as cytoplasmic)
proteins at the concentration range at which it inhibits mus-
cle myosin ATPase (concentration for half-maximal inhibi-
tion �1 mM; Herrmann et al., 1992), which tends to invali-
date its use as specific research tool. That said, the inhibitory
effects of BDM on myosin ATPase and membrane proteins
such as the Na�/Ca2� exchanger and calcium channels might
well underlie the beneficial effects of BDM in organ preser-
vation for transplantation (Warnecke et al., 2002).
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