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ABSTRACT: Previously, it was shown that the tetrameric potassium channel KcsA when present in a lipid
bilayer can be dissociated by trifluoroethanol [van den Brink-van der Laan, E., et al. @@@hemistry

43, 4240-4250]. Here, we demonstrate that this is a general property of small alcohols. We found that
small alcohols dissociate the KcsA tetramer, at a concentration that depends on their membrane affinity.
Importantly, the efficiency of the alcohol-induced tetramer dissociation was found to correlate with the
efficiency of both alcohol-induced bilayer leakage and acyl chain disordering. Our data suggest that the
ability of small alcohols to induce KcsA tetramer dissociation and to function as anesthetics depends on
their effect on the membrane lateral pressure.

Many membrane proteins function as oligomeric com- region due to acyl chain repulsion$4( 15). The resulting
plexes. The formation of these complexes is essential for lateral pressure profile is sensitive to changes in the lipid
their function. An example is the tetrameric membrane composition {6) and the presence of small solutesr)(
protein KcsA fromStreptomycesdidans in which the four Changes in the lateral pressure have been suggested to
subunits together function as a potassium channel. KcsA ismodulate protein functionld), e.g., for the bacterial trans-
often used as model protein for ion channels and oligomeric locase secYEG1) and the ion channel-forming peptide
membrane proteins1(8), since the protein is well-  alamethicin {9, 20). For this peptide, it was also calculated
characterized in biochemical and electrophysiological experi- that changes in the lateral pressure profile affect the size
ments @—11) and the structure of the protein is knowi2( distribution of the peptide oligomers, in qualitative agreement
13). The four subunits of KcsA are arranged symmetrically with experimental result20).
around the central pore. Each subunit consists of an N- Recently, the unexpected observation that 2,2,2-trifluoro-
terminal helix lying at the membrane interface, two trans- ethanol (TFE) can induce dissociation of the KcsA tetramer
membrane helices separated by a pore region, and a largevas made Z1-23). We showed that this was caused not
C-terminal cytoplasmic domain. only by direct interactions between TFE and KcsA but also

The tetrameric structure of KcsA is highly stable in a wide predominantly by an indirect effect via changes in the
range of detergents, even in SDB). This high stability is stabilizing general interactions between KcsA and the
caused not only by interactions between protein subunits butsurrounding lipidsZ3). A model was proposed in which TFE
also by interactions between the protein and the surroundinginserts in the headgroup region of the lipid bilayer, resulting
lipid bilayer. For example, it has been shown that the in an increased lateral pressure in the headgroup region,
efficiency of formation of the the KcsA tetramer during compensated by a lower lateral pressure in the acyl chain
assembly depends on the membrane lipid composiépn (  region. The latter results in destabilization of the KcsA
Also, the thermostability of KcsA is dependent on the nature tetramer 23).
of the lipid environment§). In this paper, we investigated if the observed effects are

Both specific and general lipitprotein interactions can  specific for TFE, or if they are a general effect of small
play a role in the stabilization of membrane protein oligo- alcohols, related to their membrane affinity. Experiments
mers. A unifying principle for general proteitipid inter- were carried out to determine the effect of small alcohols
actions is the membrane lateral pressure. This lateral pressurgn KcsA tetramer stability and on the lipid bilayer structure.
varies with the depth within the bilayei4, 15). A large  The obtained data imply that small alcohols destabilize KcsA
negative lateral pressure is localized at the interface between
the headgroups and acyl chain region, due to the interfacial 1 Abbreviations: BuOH, 1-butanol; CF, carboxyfluorescein; DDM,

tension. This is compensated by a positive lateral pressurendodecyl-o-maltoside; DOPC, 1,2-dioleogr-glycero-3-phospho-
in the headgroup region due to repulsions between thecht?lilmcaj;Avqhquadrgpolar splitting; EtOH,tt)athr?noﬂ-l[Al]Er)]OPC, DOrI:’C
iti i inabeled with two deuterium atoms on both acyl chains at the C11

headgroups and a positive lateral pressure in the acyl cham'positi on; HFIP, 1,1,1,3,3,3-hexafluoro-2-propanol; Hexagonal phase:
IP, 2-propanol; l, liquid crystalline phase; LUVs, large unilamellar
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via changes in the membrane lateral pressure and suggest A —
that also at lower concentrations, at which these alcohols [ o74
can act as anesthetics, they interact with membrane proteins L - — 66

via changes in the lateral pressure profile.

EXPERIMENTAL PROCEDURES 31

Methanol ¢99.9%) and 1-butanol~99.8%) were from M — i e 215
Sigma-Aldrich. Ethanol¥99.9%) was obtained from Baker.
1-Propanol ¢99%), 2-propanol ¥99.7%), and 2,2,2-tri- alcohol: | MeOH EtOH | ProOH
fluoroethanol ¢ 99%) were purchased from Merck. 1,1,1,3,3,3- " M:[ 99 19788 137 40 53
Hexafluoro-2-propanol%99.5%) was obtained from Acros. 120-
All experiments were performed essentially as described B ] 3 MeCH
previously 3), except that other alcohols were used instead 1004 o EOH
of TFE. Briefly, KcsA was purified and reconstituted in E ] $ ::wH
DOPC vesicles at a protein (monomer):lipid molar ratio of E 80 © TFE
1:1000 and at a protein concentration #0.1 mg/mL. ] 4 WP
Alcohol-induced dissociation of the KcsA tetramer was 601
studied by SDSPAGE after incubation fo 1 h and E 40:
subsequent acetone precipitation to remove alcohol and 2 |
lipids. The extent of membrane leakage was measured by % 20
fluorescence, using carboxyfluorescein (CF)-loaded vesicles ] I
(10 mM phospholipids). Twenty microliters of the vesicle 0 a3 1 .
suspension was mixed with the desired volume of alcohol 0 5 10 15 20 25
and subsequently diluted into 1 mL of buffer, after which [alcohol], M
the fluorescence was measured immediafelyNMR spectra Ficure 1: Alcohol-induced dissociation of the KcsA tetramer.
were recorded at 76.8 MHz for samples containingniol KcsA, reconstituted in DOPC at a protein (monomer):lipid molar

of DOPC, labeled with two deuterium atoms on both acyl ratio of 1:1000, was incubated with various concentrations of the

. o . different alcohols fo 1 h at room temperature. Samples were
chains at the C11 position. Samples were hydrated with 1ooanalyzed by SDSPAGE after acetone precipitation. Coomassie-

uL of deuterium-depleted buffer in the absence or presencestained gels were quantified by densitometry. (A) SIPRAGE of
of 0.2 M alcohol. Samples containing 0.6 M alcohol were KcsA, incubated with methanol (MeOH), ethanol (EtOH), or
prepared by addition of alcohol to the samples containing Propanol (ProOH) at different concentrations. Monomeric (M),

tetrameric (T), and aggregated (A) KcsA are denoted, and a protein
0.2 M alcohol, followed by two freezethaw cycles. size marker (in kilodaltons) is shown at the right. (B) Relative

amount of KcsA tetramer (relative to the sample without any
RESULTS alcohol, analyzed on the same SBISAGE gel), incubated with

. . L different alcohols at various concentrations, as determined by-SDS
Alcohol-Induced Tetramer DissociatioRissociation of PAGE. The standard deviation is given, based on at least three

the potassium channel KcsA into the monomeric form different experiments. Data points were fit by a sigmoidal fit.
induced by TFE can be followed by SBRAGE 3.

Therefore, this method was used to compare the effect of

TFE with that of other alcohols that can partition into lipid 104
bilayers. As an example, Figure 1A shows an SIPAGE ]
gel of KcsA, reconstituted in DOPC and incubated with
methanol (MeOH), ethanol (EtOH), or propanol (ProOH) at
two different concentrations. It can be seen in this figure
that all three alcohols induce tetramer dissociation, resulting
mainly in monomeric KcsA, although also some KcsA
aggregates are formed, which run high in the gel. As can
also be seen in Figure 1A, the concentration of the alcohols
required to induce KcsA tetramer dissociation is different 01

for the three alcohols and the efficiency increases going from 40 05 @0 05 19 15 20

MeOH to EtOH and ProOH. Similar experiments were log P,

performed with these and other alcohols over a large Fgure 2: Correlation between the alcohol concentration needed
concentration range. The quantified results are shown in for KcsA tetramer dissociation and the octanalater partitioning
Figure 1B. Butanol (BuOH), which could be tested only at coefficient (logP,). Octanot-water partitioning coefficients were
concentrations below the solubility limit of 0.8 M, is not obtained from ref42. The data were fit exponentially (note the
included in this figure, since we observed no effect of this logarithmicy-axis) with a correlation coefficient of 0.99.

alcohol in that concentration range. All other tested alcohols

are fully miscible with water and induced KcsA tetramer inducing KcsA tetramer dissociation correlates with their
dissociation, but at very different concentrations, ranging octanot-water partitioning coefficients, as is shown in Figure
from 200 mM for 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) 2, and hence with their ability to partition into the lipid
to produce 50% KcsA tetramer dissociation to 18 M for bilayer 24). This correlation suggests that the alcohols induce
MeOH. Interestingly, the efficiency of the alcohols in dissociation of the KcsA tetramer indirectly via their effect

[alcohal] needed o dissociate
50% of KesA tetramer, M
1
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A for the case of HFIP, is below the concentration needed to

100- induce KcsA tetramer dissociation or bilayer leakage. Figure
4A shows that the presence of this low concentration of the
80+ o MeOH alcohols already significantly decreases the quadrupolar

° %0"' splitting. The order of efficiency of the different alcohols in

w_ | . . . .

g v ProOH oweringAvyg is similar to what was found for KcsA tetramer
2 2 TFE dissociation and carboxyfluorescein leakage. HFIP was not
g 40- > HBUF,OF.” included in this figure, because the presence of 0.2 M HFIP

already disrupted the bilayer organization (data not shown).
However, at a concentration of 0.02 M, we found that the
bilayer structure was still intact, ansbq was decreased from
6.2 to 4.7 kHz (data not shown), which is comparable to the
effect measured for 0.2 M TFE. Increasing the concentration
of the other alcohols to 0.6 M resulted in a further decrease
in the quadrupolar splitting, as indicated in Figure 4B. Also,
at this higher alcohol concentration, the order of efficiency
of the different alcohols is similar to what was found before
for KcsA tetramer dissociation and carboxyfluorescein leak-
age (see above), demonstrating that dissociation of the KcsA
tetramer is related to a decrease in the extent of acyl chain

0.01

[alcohol] needed to unfokd
50% of KcsA tetramer, M

packing.
DISCUSSION
In this study, we have investigated the effect of various
M ma T T R alcohols on the stability of the KcsA tetramer and on the
falcohol] needed o obtain 50% CFieakage, M surrounding DOPC bilayer. Previously, it was found that TFE

FiIGURE 3: Carboxyfluorescein leakage of DOPC vesicles, induced an induce dissociation of the KcsA tetramer via changes in
by alcohol. (A) Various concentrations of the different alcohols the membrane lateral pressugS). Here, we show that also
were added to carboxyfluorescein-loaded vesicles. The extent ofother alcohols can induce KcsA tetramer dissociation and

leakage was determined immed_iat_ely after dilution with buffer in that this occurs via a similar mechanism, depending on their
the cuvette. The standard deviation is based on at least threemembrane affinity.

different measurements. Data points were fitted by a sigmoidal fit. . - .
Note the logarithmic-axis. (B) Correlation between KcsA tetramer 1€ octanotwater partitioning coefficient is a hydropho-
stability and the carboxyfluorescein leakage. The concentration of bicity measure which indicates the membrane affinity of such
alcohol needed to dissociate 50% of the KcsA tetramer (derived molecules 24). The observed correlation between the ability
from Figure 1) is plotted against the concentration of alcohol needed of the alcohols to induce KcsA tetramer dissociation and their
to induce 50% CF leakage (derived from Figure 2). octanot-water partitioning coefficients indicates that these
on the lipids, similar to what we proposed previously for alpohols insert into the Iip_id bilayer, and ?nter_at;t indirect!y
the interactic;n between KcsA and TFE3 with the KcsA tetramer via the surroundmg lipids. This is
T o supported by the observed correlation between the alcohol-
Effect of Alcohols on Lipid Bilayer OrganizatioiNext, induced KcsA tetramer dissociation and bilayer leakage.
we investigated the effect of small alcohols on the barrier Previously, we have shown by NMR that when TFE inserts
properties of the lipid bilayer. Therefore, carboxyfluorescein jnto the lipid bilayer, this molecule localizes preferentially
leakage experiments were performed. Figure 3A shows thatin, the lipid headgroup region of the membra@8)( A similar
all alcohols induce bilayer leakage. Although the concentra- |gcalization was also described for ethan®b,(26). It is
tions needed to induce bilayer leakage are lower than thosejjkely that the other alcohols that we investigated here also
eff|C|ency betWeen the alCOhOIS IS the same. The aICOhOI effects Of these aICOhOIS on the acy| Chain packing Support
concentration needed for tetramer dissociation increases withsch |ocalization.
the alcohol concentration required for bilayer leakage in a Changes in the acyl chain order, as indicated by2the
0.96, as shown in Figure 3B. This supports our suggestion |ateral pressure in the acyl chain regi@7), The membrane
that the alcohols interact indirectly with KcsA via the |ateral pressure depends on the interactions between mem-
surrounding lipids. brane constituents and varies with the depth within the bilayer
To obtain a better understanding of the effect of the (14, 28). The lateral pressure is positive in the headgroup
alcohols on the lipid bilayer, we studied their effect on the and acyl chain region due to repulsions between lipid
acyl chain ordering. For thi8H NMR was used for samples headgroups and acyl chains, respectively, which are com-
containing DOPC, deuterated at the 11 position of the oleoyl pensated by a negative lateral pressure at the interface
chains. The quadrupolar splitting\tq), measured as the between the lipid headgroups and acyl chains due to surface
distance between the two peaks in the spectra, is directlytension. As a result of the partitioning of the alcohols in the
related to the acyl chain order, with decreasing chain order lipid headgroup region, we suggest that a redistribution of
resulting in smaller values ohv,. 2H NMR spectra were  lateral pressures takes place from the interior of the bilayer
recorded for samples containing 0.2 M alcohol, which, except toward the aqueous interfacial regions.
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Ficure 4. 2H NMR data of PH4JDOPC in the presence of the different alcohols at 0.2 and 0.BHWMR spectra were recorded for 2

umol of [2H;]DOPC in 100uL of buffer containing the different alcohols at 0.2 or 0.6 M. Spectra were recorded at room temperature. (A)
°H NMR spectra of samples containing 0.2 M alcohol. (B) Quadrupolar splittingid 8fMR spectra of {H;JDOPC in the presence of the
different alcohols at 0.2 or 0.6 M. The left-most bar represents the quadrupolar splitting measured for a control sample without alcohol.
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Ficure 6: Model for the structure of the KcsA tetramer (A) and
the KcsA monomer after the alcohol-induced tetramer dissociation
(B). See the text for further comments.
low lateral pressure )}j the KcsA tetramer and finally induces tetramer dissociation,

FiGURE 5. Model of the interaction between the alcohols and the @S indicated in the model for ProOH. )

KcsA tetramer via the membrane lateral pressure. For simplicity, ~Changes in the membrane lateral pressure will affect only
a KcsA monomer is represented as a cylinder. The coloring of the membrane proteins whose function depends on a transition
cylinders indicates the positive lateral pressure acting on the KcsA petween conformational states that is accompanied by a

tetramer, with dark coloring representing a high positive lateral } ; _ :
pressure and light coloring representing a low positive lateral depth-dependent change in the cross-sectional a:a9).

pressure. For simplicity, the negative lateral pressure at the interfacem O €xample, it has been suggested that an increased acyl
between the headgroups and acyl chains is not indicated in thechain lateral pressure will stimulate a transition from a
model. The effect of the addition €f7 M MeOH, EtOH, or ProOH cylindrically shaped membrane protein structure to an

on the lateral pressure and the KcsA tetramer dissociation is hourglass-shaped membrane protein structur: 9
indicated. As a result of the different octaneVater partitioning g P P 4 @9).

coefficients of MeOH, EtOH, and ProOH, the number of alcohol T.heref'org, small a]cohols can only induce KcsA tetramer
molecules that partition into the membrane is different for these dissociation via their effect on the membrane lateral pressure,
alcohols, resulting in a different effect on the lateral pressure. This if this dissociation is accompanied by a change in the shape
model is an extension of what we have shown previously for the of the KcsA protein molecules. The crystal structure of KcsA
effect of TFE on the KcsA tetramer in a lipid bilaye2d). shows that the transmembrane domain of the KcsA tetramer
has an inverted conical (also called inverted teepee) shape
Figure 5 shows a semiquantitative model that describes(12), as shown schematically in Figure 6A. However, the
the mechanism via which small alcohols destabilize an N-terminal domain of the protein is an amphipathic helix
oligomeric membrane protein such as KcsA. The membranethat seems to be inserted in the membrane interfagg (
affinity is increased upon going from MeOH to ProOH, As a result, the narrowest part of the protein is probably
resulting in a larger number of alcohol molecules that located in the lower part of the transmembrane domain, just
partition into the lipid bilayer. As a result of this partitioning, below the center of the lipid bilayer. The structure of the
the lateral pressure profile in the membrane is changed. TheKcsA monomer is unknown, but it was shown recently that
lower lateral pressure in the acyl chain region destabilizes the pore region of monomeric KcsA is exposed outside the
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Ficure 7: Correlation between the alcohol-induced KcsA tetramer dissociation, the carboxyfluorescein leakage, and the anesthetic potency
of the different alcohols. The concentration of alcohol needed to dissociate 50% of the KcsA tetramer (A) and the concentration of alcohol
needed to induce 50% CF-leakage (B) are plotted against the anesthetic potency, which is generally expresseda$ahM&TH,

EtOH, ProOH, and BuOH) or the minimum alveolar concentration (MAC, for TBB). (The best linear fit is shown. Data for IP and HFIP

were not included in this figure, since the anesthetic potencies of this compounds were not available.

membrane during the topological membrane insert®)n ( oligomeric ion channels, but probably via more subtle
We suggest that also during the disassembly of the KcsA changes in the protein structure, which could change their
tetramer, induced by the small alcohols, the pore domain of gating mechanisn3(l—33). On one hand, it is possible that
the monomeric KcsA becomes exposed, as shown schematisuch protein structure changes are caused by direct interac-
cally in Figure 6B. Furthermore, we suggest that after tions between anesthetics and hydrophobic sites of membrane
dissociation of the KcsA tetramer induced by the alcohols, proteins. Such a direct mechanism has been predicted, for
the N-terminal domain of the protein is not inserted into the example, because of exceptions to the Mey@verton
lipid bilayer anymore, because of the partitioning of the correlation 87). On the other hand, it has been calculated
alcohol in the lipid bilayer and the direct interactions of the by Cantor 88, 39) that general anesthetics shift the distribu-
alcohol molecules with the protein (see Figure 6B). The tion of lateral pressure within the lipid bilayer, thereby
structure of the transmembrane helices in the monomer isinducing conformational changes in membrane proteins. Such
not known, but most likely, the overall shape is more an indirect mechanism via the lateral pressure profile could
cylindrical than the KcsA subunit in the tetramer, due to the also explain many of the anomalies of the Mey@verton
flipped-out pore region and N-terminal domain. On this basis, correlation 88—41). Cantor observed a qualitatively good
we suggest that alcohol-induced dissociation of KcsA is agreement between the calculated change in the lateral
accompanied by a transition from a (deformed) hourglass- pressure profile and the anesthetic poterg; 89). In the
shaped structure to a more cylindrically shaped structure. study presented here, we observed a correlation between the
Such a transition would be stimulated by a decrease in thealcohol-induced KcsA tetramer dissociation, the bilayer
acyl chain lateral pressure, caused by the membrane partileakage, and the anesthetic potency of the alcohols. Together,
tioning of alcohols, which is consistent with our results. these studies suggest that at both low and high concentrations
Most of the tested alcohols are general anesthetics. Generathe alcohols interact with membrane proteins via changes in
anesthetics have been shown to affect the function of manythe membrane lateral pressure.
membrane proteins, mainly receptors and ion chani3éls (
31), including potassium channelB1—33). Meyer 34) and
Overton @5) suggested for anesthetics an indirect interaction
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