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Stability of KcsA Tetramer Depends on Membrane Lateral Pre§sure
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ABSTRACT. The potassium channel KcsA forms an extremely stable tetramer. Despite this high stability,
it has been shown that the membrane-mimicking solvent 2,2,2-trifluoroethanol (TFE) can induce tetramer
dissociation [Valiyaveetil, F. I., et al. (200Bjiochemistry 41107717, and Demmers, J. A. A., et al.
(2003)FEBS Lett541, 69—77]. Here we have studied the effect of TFE on the structure and oligomeric
state of the KcsA tetramer, reconstituted in different lipid systems. It was found that TFE changes the
secondary and tertiary structure of KcsA and that it can dissociate the KcsA tetramer in all systems used.
The tetramer is stabilized by a lipid bilayer as compared to detergent micelles. The extent of stabilization
was found to depend on the nature of the lipids: a strong stabilizing effect of the nonbilayer lipid
phosphatidylethanolamine (PE) was observed, but no effect of the charged phoshosphatidylglycerol (PG)
as compared to phosphatidylcholine (PC) was found. To understand how lipids stabilize KcsA against
TFE-induced tetramer dissociation, we also studied the effect of TFE on the bilayer organization in the
various lipid systems, usinfP and’?H NMR. The observed lipid dependency was similar as was found

for tetramer stabilization: PE increased the bilayer stability as compared to PC, while PG behaved similar
to PC. Furthermore, it was found that TFE has a large effect on the acyl chain ordering. The results
indicate that TFE inserts primarily in the membrane interface. We suggest that the lipid bilayer stabilizes
the KcsA tetramer by the lateral pressure in the acyl chain region and that this stabilizing effect increases

when a nonbilayer lipid like PE is present.

Many membrane proteins are active as stable oligomers.

The assembly of these oligomeric proteins is poorly under-
stood. The protein subunits interact via proteprotein
interactions, for which some oligomerization motifs have
been identified 1—3). Besides proteirtprotein interactions,
protein—lipid interactions can play an important role in
oligomerization. Membrane protein complexes can interact
with a specific type of lipid at a particular position, as was

in the stabilization of the oligomeric protein compled).(
Also nonspecific interactions can be important for the
stability and function of membrane protein complexes,
depending on more general properties of lipids, such as the
charge of the lipid headgroug) the extent of hydrophobic
mismatch 9), or the presence of nonbilayer lipidsQ{ 11).

The potassium channel KcsA is an oligomeric membrane
protein from $reptomyces lidans which is a popular model

suggested for instance by the presence of lipids in the crystalprotein to study ion channel functioriZ—15) and more

structure of a number of membrane proteids-7). An
example is the light harvesting complex of photosystem II,
which contains phosphatidylglycerol (PG}4). For this
protein, it was shown that delipidation results in dissociation
of the trimeric complex, suggesting an important role of PG
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1 Abbreviations: CD, circular dichroism; CF, carboxyfluorescein;
CSA, chemical shift anisotropy; DDM:-dodecylf-p-maltoside; DEPE,
1,2-dielaidoyl-snglycero-3-phosphoethanolamine; DOPC, 1,2-dioleoyl-
snglycero-3-phosphocholine; DOPE, 1,2-diolesytglycero-3-phos-
phoethanolamine; DOPG, 1,2-diolessr-glycero-3-phosphoglycerol;
Avq, quadrupolar splittingk. coli, Escherichia coli?H,-DOPC, DOPC,
labeled with two deuterium atoms on both acyl chains at the C
position; ESI-MS, electrospray ionization mass spectrometry, H
inverted hexagonal phaseg,liquid crystalline lamellar phase; LUVs,

large unilamellar vesicles prepared by extrusion techniques; mdeg,

millidegrees; NMR, nuclear magnetic resonance; NRMSD, normalized

root-mean-square deviation; PC, phosphatidylcholine; PE, phosphati-

dylethanolamine; PG, phosphatidylglycerol; SEFAGE, sodium
dodecylsulphatepolyacrylamide gel electrophoresis; TFE, 2,2,2-
trifluoroethanol;#, mean residue ellipticity.

recently membrane protein assembli/6{21). For this
tetrameric protein, both specific and general protdipid
interactions seem to be important. Each subunit contains two
transmembrane segments, connected by the pore region, a
large C-terminal cytoplasmic domain and an N-terminal
domain at the membrane interfa@2,(23). It has been shown
that the nonbilayer lipid phosphatidylethanolamine (PE) and
the charged lipid PG are important for efficient membrane
association and tetramerization of KcsA, while the assembly
of KcsA was much less supported by the zwitterionic bilayer
lipid phosphatidylcholine (PCYQ). PG could be copurified
with KcsA and was suggested to be present in the crystal
structure of KcsA 24). Also by mass spectrometry a
protein—lipid complex of KcsA with PG and, to a lesser
extent, with PE was observedX). These interactions may
be either specific or they may be more general, for example,
based on electrostatic interactions in the case of PG or on
the propensity to form nonbilayer structures in the case of
PE.

The KcsA tetramer is extremely stable, even in a detergent
such as SDS26). However, an unexpected observation was
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made that in the presence of 2,2,2-trifluoroethanol (TFE) only  Large unilamellar vesicles (LUVS) were prepared by
monomeric KcsA can be measured by electrospray ionizationextrusion (Hope 1985): dry lipid films were hydrated in 50
mass spectrometry (ESI-MS) and SPBAGE (4, 25), mM Tris-HCI, pH 7.5, 200 mM NaCl, 15 mM KClI, frozen
suggesting that TFE induces dissociation of the KcsA and thawed 5 times, and extruded 5 times using 200-nm
tetramer. These observations were surprising since TFE ismembrane filters (Anatop 10, Whatman, UK). KcsA was
often used as a membrane mimicking solvent and is known reconstituted in different lipid mixtures as described previ-
for its ability to stabilize protein secondary structure (espe- ously (19), with a protein concentration af0.1 mg/mL and
cially a-helices) 27). Although the KcsA tetramer seemed a protein-lipid ratio of 1:1000.

to dissociate in the presence of TFE, specific protdijpid TFE-Induced Dissociation of the KcsA Tetranieifteen-
interactions could still be measured by ESI-MS, preferentially microliter samples of KcsA, in DDM or reconstituted in
with PG and PEZ5). vesicles, in a typical concentration #0.1 mg/mL protein,

We hypothesize that besides protejrotein interactions  were incubated with a variable concentration of TFE for 1 h
protein—lipid interactions also are involved in the stabiliza- at room temperature. Subsequently, an acetone precipitation
tion of the KcsA tetramer, and that especially these latter was performed to remove TFE and phospholipids. For this,
interactions are weakened by TFE, resulting in tetramer 1 mL of cold acetone-20 °C) was added to each sample
dissociation. To gain insight into this possibility, we per- and the samples were incubated-&t0 °C for at least 2 h.
formed a study on the effect of TFE on the KcsA tetramer After centrifugation (5 min, eppendorf centrifuge, 14 000
in a lipid environment. First, the effect of TFE on the rpm) the pellets were dried by incubation for 15 min at 37
structure of KcsA in lipid micelles was studied, using SBS ~ °C and subsequently resuspended in SIPBGE sample
PAGE, cicular dichroism, and protease treatment. Subse-buffer. After SDS-PAGE and Coomassie brilliant blue
quently, the effect of the lipid environment on the KcsA staining, the gels were scanned by a densitometer (Bio-Rad
tetramer dissociation was determined, varying from lipid Laboratories) and quantified with the program Quantity One.
micelles to bilayers containing nonbilayer lipids. To under-  TFE-induced dissociation of the KcsA tetramer Hs-
stand how lipids can mediate the effect of TFE, the cherichia colimembranes was studied with vesicles that were
interaction of TFE with pure lipid systems was studied by prepared by sonication after lysozyme treatment of KcsA
carboxyfluorescein-leakage arfd® NMR and?H NMR overexpressinge. coli cells, as is normally done for the
measurements. purification of KcsA (19, 26).

Our results indicate that lipids stabilize the KcsA tetramer  Circular Dichroism. Purified KcsA was dialyzed over-
against TFE-induced tetramer dissociation, in a way that night against 1 mM DDM, 50 mM Tris-HCI, pH 7.5, 15
depends on the effective overall shape of the lipids. The mM KCI at 4 °C to remove interfering substances such as
stabilizing effect increases going from a detergent molecule imidazole. Before a measurement, KcsA was incubated
with an inverted conical shape, to a more cylindrical PC or during 1 h with a variable concentration of TFE at room
PG and finally to the conically shaped nonbilayer lipid PE. temperature. Measurements were carried out on a Jasco
We suggest that PE increases the membrane lateral pressur&810 spectropolarimeter, using a 1-mm path length cell,
in the acyl chain region due to its conical shape, and that it 0.2-nm interval, 0.5 s response time and a scan speed of 10
thereby stabilizes the KcsA tetramer. TFE can lower this nm/min. As a blank, the CD spectrum of the dialysis buffer
lateral pressure and in that way contribute to tetramer (with TFE) was measured. Spectra were corrected for the
dissociation. volume increase due to the presence of TFE. The CD spectra

in millidegrees (mdeg) were converted to mean residue
MATERIALS AND METHODS ellipticity ([6], deg cm? dmol? residuel) by [0] =

Materials.Ni>*-NTA agarose was obtained from Qiagen. (mdeg*0.1*MRW)/P*C), in which MRW is the mean
Bio-Beads SM-2 Adsorbent was from Bio-Rad Laborotories. residue weight (protein mean weight/number of residues),
n-Dodecyl3-p-maltoside (DDM) was purchased from Pis the path length (cm), ardis the protein concentration
Anatrace Inc. 1,2-Dielaidoydnglycero-3-phosphoethanol- (mg/mL). The CD spectra were analyzed with the analysis
amine (DEPE), 1,2-dioleoydnrglycero-3-phosphocholine  programs CONTINLL 81, 32) and CDSSTR 3, 34) on
(DOPC), and 1,2-dioleoy$nglycero-3-phophoglycerol  the website DICHROWEB3)), using the reference protein
(DOPG) were purchased from Avanti Polar Lipids Inc. 1,2- sets 4 and 7, with the assumption that the protein concentra-
Dioleoyl-snglycero-3-phosphoethanolamine (DOPE) was tion was not changed during dialysis (prior to the TFE
obtained from Lipoid GMBH (Ludwigshafen, Germany). incubation to remove imidazole) and incubation with TFE.
TFE was obtained from Merck. Deuterium depleted water ~ Carboxyfluorescein (CF) Leakage Experimentsirge
was from Cambridge Isotope laboratories (Cambridge, MA). unilamellar vesicles (10 mM phospholipids) were prepared
DOPC labeled with two deuterium atoms on both acyl chains as described above in buffer containing 50 mM CF, 25 mM
at the G; position fH,-DOPC) was synthesized as described Tris-HCI, pH 7.5, 100 mM NaCl, 7.5 mM KCI. Subse-
previously @8, 29). qguently, the CF outside the vesicles was removed by a

KcsA Purification and ReconstitutiorKcsA with an Sephadex G-25 spin column, prepared in 50 mM Tris-HCI,
N-terminal His-tag was expressed and purified as describedpH 7.5, 200 mM NacCl, 15 mM KCI (buffer A).
previously (9) and stored at 4C in a buffer containing 20 For the leakage experiments, a continuously stirreck10
mM Hepes, pH 7.5, 100 mM NaCl, 5 mM KCI, 300 mM 4 mm cuvette was filled with 1 mL of buffer A and placed
imidazole and 1 mM DDM, typically in a concentration of in an SLM-Aminco SPF-500 C fluorometer. The excitation
+1 mg/mL. C-terminally truncated KcsAM125-160) was wavelength was set at 491 nm and the emission wavelength
obtained by chymotrypsin treatment (2a@/mL, 60 min, was at 517 nm, both with a bandwidth of 2.5 nm. A variable
room temperature) of wild-type Kcs/A30). amount of TFE was added to 24 of the CF vesicles in an
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Ficure 1: TFE-induced dissociation of the KcsA tetramer in 1 mM DDM as shown on-SBSGE. (A) SDS-PAGE of KcsA before and

after acetone precipitation (no TFE added). Monomeric (M) and tetrameric (T) KcsA are indicated and a protein size marker (in kDa) is
shown on the right. (B) SDSPAGE of KcsA, incubated with 20 vol % TFE for 0, 5, 15, 30, or 60 min (with subsequent acetone precipitation

prior to SDS-PAGE). Monomeric (M) and tetrameric (T) and aggregated (A) KcsA are indicated and a protein size marker (in kDa) is
shown on the right. (C) Quantification of the SBBAGE gel shown in panel B, as determined by densitometry. The % of tetramer,
relative to the total amount of KcsA in each lane, was calculated. (D) Effect of the TFE concentration of the KcsA tetramer dissociation

in 1 mM DDM. KcsA in 1 mM DDM was incubated with various concentrations of TFE fch atroom temperature. Samples were
analyzed by SDSPAGE after acetone precipitation and visualized by Coomassie staining. The % of tetramer, relative to the total amount

of KcsA in each lane, was calculated based on densitometry. The standard deviation is based on at least three different experiments. The
data points were fit with a sigmoidal curve fit.

eppendorf tube. After vortexing, 25 vol % of this sample (5 were recorded at 76.8 MHz, using a high power 8-mm probe
uL for a sample without TFE) was added to the cuvette, and a quadrupolar echo sequeng®) (vith a 6us 9C° pulse
and the fluorescence was measured immediately. Theand a recycling delay of 100 ms. Typically, 30 000 scans
percentage of CF leakage was calculated after subtractingwere acquired for samples containingol of 2H,-DOPC.
the fluorescence without TFE, relative to a sample in which A line broadening of up to 100 Hz was used.
full leakage was induced by the addition of 1% Triton X-100
(WIV). RESULTS

NMR MeasurementdNMR samples were prepared by TFE-induced Tetramer Dissociation of KcsA in Detergent.
solvent evaporation of phospholipid solutions in chloroform. The potassium channel KcsA forms an extremely stable
The residual solvent was removed under high vacuum for tetramer, even in SDS26). Therefore, it is possible to
at least 12 h. Subsequently, the lipids were hydrated with analyze the dissociation of the tetramer by SIPRAGE.
buffer (50 mM Tris-HCI, pH 7.5, 200 mM NaCl, 15 mM  Figure 1A, lane 1, shows a typical SBBAGE gel for
KCI), containing a variable amount of TFE. Féii NMR purified KcsA, with a tetramer-band running at a molecular
samples, the buffer was prepared with deuterium-depletedmass of 67 kDa and a minor monomer band around 18 kDa.
water. The samples foftP NMR consisted of 3@mol of Since direct SDSPAGE analysis was not possible for
lipid, in a total volume of 1 mL. The samples f&i NMR samples containing TFE (no protein bands were visible after
consisted of umol of lipid, in a total volume of 10Q.L. staining, especially for samples containing more than 30 vol
The samples were stored at’@ before measuring. NMR % TFE), we decided to perform an acetone precipitation after
spectra were recorded on an Avance 500 WB spectrometeithe incubation. This resulted in a slightly increased amount
(Bruker, Germany).3P NMR spectra were recorded at of monomer (compare lane 1 and 2 of Figure 1A for KcsA
202.48 MHz using a high resolution 10-mm broad band without and with acetone precipitation). First, the effect of
probe with broad band gated proton decoupling. The TFE on KcsA in detergent micelles was studied. Figure 1B
recycling delay was 1.5 s and thé4 pulse width was 7s. shows a typical result for KcsA in 1 mM DDM, incubated
Typically, 2000 scans were recorded. An exponential mul- with 20 vol % TFE for different time periods. The quanti-
tiplication with a line-broadening factor of 100 Hz was used fication of this SDS-PAGE gel is shown in Figure 1C. These
before performing the Fourier transformation. Temperature data show that TFE induces a time-dependent dissociation
scans were recorded in steps df@ Samples were allowed of the KcsA tetramer. Although this mainly results in
to equilibrate for 10 min after each temperature increase. At monomeric KcsA, some protein aggregrates also are formed
the end of the measurements, samples were cooled to thei(see for example Figure 1B, top of the gel in lanes 4 and 5).
initial temperature and reanalyzed to check the reversibility The tetramer dissociation seems to be a slow process with a
of the temperature effects on the sampgle.NMR spectra half-life of £15 min. For all other experiments with KcsA
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Ficure 2: Circular dichroism spectra of KcsA in 1 mM DDM after
incubation with various concentrations of TFE. CD spectra were
recorded afte 1 h incubation of KcsA with TFE at room

temperature. Prior to this incubation, the protein was dialyzed
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Ficure 3: Protease resistance of KcsA in the presence of various
concentrations of TFE. KcsA in buffer containing 1 mM DDM was
incubated with various concentrations of TFE and 0.25 mg/mL
chymotrypsin fo 1 h atroom temperature. Samples were analyzed
by SDS-PAGE (after acetone precipitation) and visualized by
Coomassie staining. Monomeric (M), tetrameric (T), chymotrypsin
cleaved tetrameric (FC) KcsA, and chymotrypsin (Chym) are
indicated and a protein size marker (in kDa) is shown on the right.

was increased to 15 vol %, a large change in the CD

°C to remove interfering substances such as imidazole. Spectra werespectrum was observed, indicating a dramatic loss of

corrected for the blank and for the volume increase due to TFE.

Table 1: Secondary Structure Content of KcsA in 1 mM DDM,
Incubated with Different Concentrations of TFE

vol %

TFE a-helix p-strands turns  unordered NRMSD
0 51+3 11+1 15+1 23+ 3 0.047+ 0.031
75 46+1 1542 15+1 24+2  0.038+0.025

15 21+ 7 26+£4 23+4 30+ 3 0.088+ 0.071

aStructure analysis was performed for the averaged CD spectra,

o-helical structure, while the content ¢i-strands and
unordered structure was increased. Further increasing the
TFE concentration to 30 vol % did not result in any large
changes in the CD spectrum. Although we were not able to
obtain good analysis results for this spectrum, we suggest
that the secondary structure content was similar as for 15
vol % TFE. These data show that in KcsA TFE induces a
large change in secondary structure, frarrhelices to
p-strands and unordered structures. The change in secondary

corrected for the blanc and for volume increase due to TFE. The shown S_trUCture (betwee_n 7.5 and 15 vol % TFE) seems t_o_ occur
data are the average and standard deviation of the results of two differentsimultaneously with the tetramer-to-monomer transition of

analysis methods, CONTINLL and CDSSTR, each performed with two
different reference protein sets, using DICHROWBB)( The NRMSD
is the normalized root-mean-square deviation.

an incubation time of 60 min was used. Figure 1D shows
that for this incubation time, 12 vol % TFE is necessary to
dissociate 50% of the initial amount of KcsA tetramers, while
around 20 vol % TFE is sufficient for complete dissociation
of the protein oligomer. Removal of TFE by dialysis (in the
presence of lipid vesicles) did not result in tetramer formation
(data not shown), indicating that this dissociation process is

irreversible. This is in apparent contrast to previous observa-

tions that TFE-dissociated KcsA can be refolded albeit with
a low efficiency @4). However, these latter studies were done
under different conditions and in the presence of SDS after
removal of TFE 24). Therefore, this seems to be an
independent refolding process that is not directly related to
the TFE-induced tetramer dissocation.

Next, the effect of TFE on the secondary and tertiary
structure of KcsA was investigated. To obtain information

about the secondary structure, circular dichroism spectros-
copy was used. The resulting spectra are shown in Figure 2,

KcsA (around 12 vol % TFE).

To obtain additional information on the structure of KcsA
during the TFE-induced unfolding, a protease treatment was
used. When a protein is correctly folded, a protease can only
cleave at exposed cleavage sites. However, when a protein
loses its tertiary structure, more cleavage sites will be
exposed, resulting in more different protein fragments visible
on SDS-PAGE. We used the protease chymotrypsin, which
is also active in the presence of TFE (at least till 30 vol %).
The results are shown in Figure 3. Without TFE, chymo-
trypsin only cleaves off the C-terminal domain of the
tetrameric KcsA 80), resulting in a shifted tetramer-band
(T—C) as is shown in Figure 3, lane 2. The absence of the
monomer-band and the appearance of two fragmentslaf
and 15 kDa indicates that these fragments result from
chymotrypsin cleavage of the monomer. The relatively large
size of these fragments suggests that monomeric KcsA still
contains contains some tertiary structure, since only a limited
number of cleavage sites is exposed. When the TFE
concentration is increased, this results in a decrease in the
amount of tetramer, as was also shown in Figure 1D. For
all conditions, only one shifted tetramer band is visible after

with the estimated secondary structure content given in Tablechymotrypsin treatment, of which the intensity is similar to

1. Without TFE, the protein contained a high content of
a-helical structure, in good agreement with earlier published
CD spectra of KcsAZ6) and with the structure of the protein
(22, 23). Incubation with 7.5 vol % TFE resulted only in a
small change in the CD spectrum, corresponding to a small
decrease in ther-helical content and an increase in the
content ofg-strands. However, when the TFE concentration

that of the tetramer band of the samples without chymo-
trypsin, indicating that there is no loss of tertiary structure

before the tetramer dissociation. In contrast, the fragment
pattern of monomeric KcsA changes when the TFE concen-
tration is increased, with more different bands of increasing
intensity, especially when going to 30 vol % TFE. This

indicates that after the tetramer dissociation, the monomer
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Ficure 4: Effect of the C-terminal domain of KcsA on the TFE-
induced tetramer dissociation. WT KcsA and C-terminally truncated
KcsA (A125-160, obtained by chymotrypsin treatment of WT
KcsA) were reconstituted in DOPC and incubated with various
concentrations of TFE durinl h atroom temperature. Samples
were analyzed by SDSPAGE after acetone precipitation. Coo-
massie-stained gels were quantified by densitometry. The % o

tetramer, relative to the total amount of protein in each lane, was
calculated, based on at least three different experiments. The dat

points were fit with a sigmoidal curve fit.

still contains some tertiary structure, which is mainly lost at
30 vol % TFE.

TFE-Induced Dissociation of the KcsA Tetramer in a Lipid
Bilayer. Subsequently, we studied the effect of the lipid
environment on the TFE-induced dissociation of the KcsA
tetramer. As a first indication, it was determined which part
of KcsA is important for the tetramer stability: the trans-
membrane domain, which is in contact with lipids, or the
large C-terminal cytoplasmic domain. Therefore, wild-type
KcsA was compared with KcsA from which the C-terminal
domain was removed by chymotrypsin treatment. For this

variant, it was shown before that it has a reduced thermo-

stability (19, 30). However, removal of the C-terminal
domain had no effect on the stability of KcsA during TFE-

induced tetramer dissociation (tested after reconstitution in

DOPC, as shown in Figure 4), suggesting that TFE mainly
acts on the transmembrane domain of KcsA.

Next, we investigated the role of proteifipid interactions
in the TFE-induced tetramer dissociation of KcsA, by
comparing the KcsA tetramer dissociation in different lipid
environments. As shown in Figure 5, reconstitution of KcsA
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Ficure 5: Effect of lipids on the TFE-induced dissociation of the
KcsA tetramer. KcsA in 1 mM DDM, or reconstituted in DOPC,
DOPC/DOPG (7:3), or DOPE/DOPG (7:3) was incubated with
various concentrations of TFE dugnl h atroom temperature.
Samples were analyzed by SBBAGE after acetone precipitation.
Coomassie-stained gels were quantified by densitometry. The %
of tetramer, relative to the total amount of protein in each lane,

¢ was calculated, based on at least three different experiments (results

for DDM are the same as in Figure 1D). The data points were fit

é/vith a sigmoidal curve fit.
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FiGUrRe 6: TFE-induced dissociation of the KcsA tetramerBn
coli membranes. KcsA was overexpresse#.igoliand membrane
vesicles were isolated as described in Materials and Methods.
Membrane vesicles were incubated with TFE dgrinh atroom
temperature. Samples were analyzed by SBPAGE (after acetone
precipitation) and visualized by Coomassie staining. Monomeric
(M) and tetrameric (T) KcsA are indicated and a protein size marker
(in kDa) is shown on the right.

massie-stained SDSAGE gel, as is shown in Figure 6.
Without TFE, KcsA is mainly tetrameric. With increasing
concentrations of TFE, the tetramer band disappears and the
monomer band is becoming more intense. The concentration
of TFE that is needed for KcsA tetramer dissociatierB(

in a bilayer of PC resulted in a large increase in the tetrameryo| %) is comparable to what was observed for KcsA

stability: the dissociating TFE concentration is increased
from 12 vol % for KcsA in DDM to 25 vol % for KcsA in

reconstituted in pure lipid bilayers.
Interaction of TFE with the Lipid BilayeBecause of the

a PC bilayer. No significant difference between PC and PC/ opserved lipid dependency of the KcsA tetramer dissociation,

PG was observed, indicating no special role of PG in the we next studied the interaction of TFE with pure lipid
TFE-induced tetramer dissociation. In contrast, the nonbilayer systems, using different biophysical techniques.

lipid PE has a large effect on the KcsA tetramer dissocia-
tion: more than 4645 vol % TFE is needed to dissociate

half of the KcsA tetramers in PE/PG (7:3), while this is 25

vol % TFE for PC/PG (7:3) and pure PC.

To determine how KcsA is stabilized in a biological

First, the effect of TFE on the bilayer integrity was studied.
Therefore, carboxyfluorescein (CF) leakage experiments were
performed for lipid bilayers of PC, PC/PG (7:3), and PE/
PG (7:3). Figure 7 shows that a PC bilayer becomes leaky
around 10 vol % TFE. For a PC/PG (7:3) bilayer, only a

membrane instead of a pure lipid bilayer, membrane vesiclesslightly higher amount of TFE is needed, but a PE/PG (7:3)

of KcsA overexpressinge. coli cells were incubated with

different concentrations of TFE. Because of the overexpres-

sion, the KcsA bands are well visible on a normal Coo-

bilayer is clearly much more stable in the presence of TFE:
around 20 vol % TFE is needed to cause 50% leakage. These
results show that the lipid dependency of leakage is similar
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PE increases the stability of the lipid bilayer compared to
§ PC, while PG has almost no effect.

Next, we determined the effect of TFE on thg lhilayer-
to-hexagonal (k) phase transition of DEPES, 39), to get
an indication about the localization of TFE in the lipid
bilayer. If TFE would primarily be located between the acyl
chains, the hexagonal phase would be promoted by the
resulting increase in chain volume, while the opposite result
can be expected when TFE is located in the lipid bilayer
interface region. AP NMR temperature scan was used to
PCIPG (7:3) determine the effect of 10 vol % TFE on this phase behavior
PE/PG (7:3) of DEPE, as is shown in Figure 9. Figure 9A shows the result
r T A pa pA for DEPE without TFE, which undergoes a-to-H, phase

transition at 54°C, in good agreement with literaturdg).

0,
Y°M’TFE , This phase transition was reversible (data not shown). In the
Ficure 7: Carboxyfluorescein leakage of membrane vesicles

N I, . .
induced by TFE. TFE was added to carboxyfluorescein-loaded presence .Of 10 vol % TFE, a transition t(.) an isotropic
vesicles (10 mM phospholipids, without KcsA). The leakage was SPECtrum is observed between 40 anc@8This spectrum

determined immediately after dilution with buffer in the cuvette probably originates from a cubic phase, since the signal
(see Materials and Methods). The standard deviation is based onstayed isotropic after cooling to the initial temperature (data
at least three different measurements. The data points were fit with no¢ shown) and the sample was a transparent viscous
a sigmoidal curve fit. solution. Lipids that form a cubic phase have a more
cylindrical effective shape due to a larger headgroup
compared to lipids in the hexagonal phasgt))( Since
) ) occupancy of space in the interface is equivalent to increasin
CF leakage is mgch Iqwgrthan the concentration that Causeine hpeadg]/rouppsize of the lipids ourqresults suggests thaq[
KcsA tetramer dissociation. TFE localizes mainly in the headgroup region of the lipid

Subsequently;'P NMR measurements were performed for pjlayer, resulting in the observed preference for the cubic
Elhospholl_plds in buffer with different concentrations of TFE. instead of the il phase.

P NMR is a convenient method to determine the aggregate  next, we investigated how this interaction affects the lipid
structure formed by the phospholipids. The results for PC/ acyl chains. Therefore, the effect of TFE on the acyl chain

PG (7:3) and PE/P? (7:3) are shown in Figure 8. For PC/ 4 der was measured Byt NMR with DOPC, deuterated at
PG without TFE thé'P-spectrum is typical of phospholipids e 11-position of the oleoyl-chains. The quadrupolar splitting

in the liquid crystalline (L) bilayer phaseJ7). The two Ay measured as the distance between the two peaks in
peaks in the spectrum arise from the two different phospho- e 214 NMR spectrum, is a measure of the chain order, with
lipids PC and PG, in which PG has the smallest chemical j,¢reasing chain order resulting in larger valuesAof,.

shift anisotropy (CSA). Also at 10 and 20 vol % TFE such g re 10 shows that already 10 vol % TFE has a dramatic
bilayer spectrum was observed, although now the peaks ofefact on the quadrupolar spiitting, which is decreased from
the two different phospholipids could not be distinguished g g 2 kHz. With 20 vol % TFE the spectrum is isotropic,
anymore because of a loss of resolut:)on. Furthermore, thej,gicating a low order and a high flexibility of the acyl chains
CSA decreased from 41 ppm for 0 vol % TFE (as measured ithin the bilayer. These results show also that the structure

for the PC component) to 27 ppm for 20 vol % TFE, f the acyl chain region is strongly affected by the presence
indicating a larger motional freedom of the phospholipid 4 TEE.

headgroups. At TFE concentrations of 30 vol % and higher

the spectrum was fully isotropic. In these spectra, the peaksp|SCUSSION

for the two phospholipids are separated again (low field peak

PG, high field peak PC). Such an isotropic signal demon-  In this paper, we investigated which interactions stabilize
strates high motional freedom of the phospholipid molecules the oligomeric structure of the potassium channel KcsA in
in all directions, but can originate from many different alipid environment against TFE-induced dissociation. In the
structures. Since the sample had the appearance of a cleahtroduction, we hypothesized that besides protgrotein
nonviscous solution, we suggest that at these TFE concentrainteractions, proteinlipid interactions especially are impor-
tions the membrane is completely dissolved. For DOPC tant for the tetramer stabilization, and we suggested that these
similar results were obtained, although in this case an protein-lipid interactions can be disturbed by the presence
isotropic spectrum was measured only at 40 vol % TFE and of TFE. Here we discuss the data that we collected to
higher (data not shown). The results for DOPE/DOPG were investigate this hypothesis.

totally different, as shown in Figure 8B: for these samples Effect of TFE on the Structure of KcsAhe observation

an isotropic signal was observed only at concentrations of that TFE causes dissociation of the KcsA tetramer was
60 vol % TFE and higher, but even at 70 vol % TFE only surprising, because of the extremely high stability of this
a small isotropic signal was observed, while thehdilayer tetramer, as reported previousB6|. This high stability arises
spectrum was still dominating. Hence, even at 70 vol % TFE not only from interactions between hydrophobic parts of the
most of the PE/PG (7:3) bilayer is still intact and only a subunits, but also from hydrogen bonding between polar
small fraction of the phospholipids is dissolved. These results residues in the selectivity filted @, 17, 22). The finding that
support the conclusion from the CF-leakage experiments thatremoval of the C-terminal domain had no effect on the

o
=
o
8

to the lipid dependency of the KcsA tetramer dissociation
(Figure 5), although the TFE concentration needed to obtain
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Ficure 8: 3P NMR spectra of DOPC/DOPG (7:3, panel A) and DOPE/DOPG (7:3, panel B) dispersions in the presence of an increasing

amount of TFE. Dry lipid films were hydrated with buffer containing TFE. Separate samples were prepared for each concentration of TFE.
31P NMR spectra were recorded at room temperature. The volume percentage of TFE is given for each spectrum.

Jf\ 48°C
54°C i 54°C
jL 56°C
8 6 40 20 0 20 4 60 80 8 60 40 20 0 20 40 0 80
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Ficure 9: The effect of TFE on the phase transition of DEPE as measuré@PbilMR. 31P NMR spectra are shown of DEPE in the
absence (A) or presence (B) of 10 vol % TFE at different temperatures. Most important spectra are shown in this figure.

tetramer stability suggests that these stabilizing interactionstions 7). However, this may not be the case for hydrophobic
occur mainly in the transmembrane domain of the protein. proteins 41). We suggest that when TFE induces KcsA
Apparently, TFE weakens both these hydrophobic and polartetramer dissociation, the hydrophobic surface of the trans-
Interactions. _ _ ~ membrane helices is exposed. TFE clusters may then
What happens to the KcsA protein structure during this cogperatively associate with this surface to prevent contact
dissociation process? During the tetramer dissociation, the, ., \water 7). In that way, the protein can stay in the

secondary and tertiary structure of KcsA also is largely : ; -
o : monomeric form. However, the exposed hydrophobic protein
changed, as indicated by the CD (Figure 2 and Table 1) and arts can also cluster to form protein aggregates, as seen in

protease treatment data (Figure 3). These changes seem tQ. o .
occur mainly simultaneous with the tetramer dissociation, igure 1B. ThqB-s_heet f_orr_na'uon is probably caused b_y this
suggesting that the tetramer dissociation occurs in a two- 299regate formation, similar to what was found previously

stage process, and not via a loosely packed tetramer ador several peptide27). The protease treatment data (Figure

intermediate. During the tetramer dissociation, the secondary3) indicate that directly after the tetramer dissociation the
structure of KcsA is partly changed fromhelix to 5-sheet monomeric KcsA still contains some tertiary structure.

and unordered structure (Table 1). This was striking, since However, when the TFE concentration is further increased,
it is generally assumed that TFE stabilizes helical conforma- TFE also weakens these tertiary interactions.
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a bilayer containing PE can accommodate a higher amount

of TFE inserting in the headgroup region. This implies that

a bilayer structure can be maintained up to higher concentra-
0 vol% tions of TFE, which we observed.

Effect of TFE on KcsA in a Lipid Bironment.When we

studied the effect of the surrounding lipids on the KcsA
10 vol% tetramer stability, we found that the tetramer was strongly

stabilized by a lipid bilayer compared to detergent micelles.

Introducing the nonbilayer lipid PE in the lipid bilayer further

N 20 vol% stabilized the tetramer relative to a bilayer containing PC,
while there was no effect of the anionic lipid PG, similar to
. 0 I ) 5 10 15 what we found for the effect of TFE on pure lipid bilayers.
Kz For the pure lipid systems, we observed a correlation between

FIGURE 10: 2H NMR spectra ofH,-DOPC in the presence of-20 the bilayer stability and the effective lipid shape, with an
vol % TFE. Dry lipid films of 2umol of 2H,-DOPC were hydrated  increasing stability going from cylindrical bilayer lipids to
with 100 uL of buffer containing TFE. Separate samples were more conical nonbilayer lipids. For KcsA, we observe a
prepared for each concentration of TFE NMR spectra were  gjmjlar correlation, which can even be extended to the
recorded at room temperature. inverted conical detergent molecules. In the presence of these
molecules, which have a shape opossite to that of the conical

Thus, it is possible that TFE exerts its effect directly on lipid PE, the KcsA stability is reduced as compared to that

KcsA. However,_ another_poss]bll|ty fqr the. interaction of in cylindrical bilayer lipids.
TFE with KcsA is an indirect interaction via the lipid or Lo .

. . The lack of effect of the anionic lipid PG is remarkable,
detergent molecules surrounding the protein. To understand

. S . : since previously often an interaction with PG has been
the p035|ble_role of this |nd|_rect Interaction between TFE observed 19, 24, 25). PG was found to be important for
and KcsA via the surrounding lipids, it is necessary to

: . ) S efficient membrane assembly and thermostability of the KcsA
understand first how TFE interacts with the lipids themselves. tetramer 19). The interaction with PG even stayed intact in

Effect of TFE on the Lipid BilayekVe observed that TFE 5005 TFE @5). PG is an anionic phospholipid that probably
changes the phase transition of DEPE from arbilayer— interacts with KcsA via electrostatic interactions. Since TFE
hexagonal to an d-bilayer—isotropic (probably cubic) phase  can promote ionic interactiond®), it leaves the interaction
transition. The effective shape of molecules in a cubic phaseyjjth the anionic PG intact 26), while weakening the
is more cylindrical compared to lipid molecules in the hydrophobic interactions between the KcsA subunits and
hexagonal phaset(). Since space filling between the lipid  petween KcsA and PE. Although the importance of the
headgroups is equivalent to increasing the lipid headgroupinteraction with PG is obvious, this interaction seems not to
size, we concluded that TFE localizes mainly in the head- pjay a role in the stability of the KcsA tetramer against TFE-
group region of the lipid bilayer. This localization is similar  jnduced dissocation. The finding that the stabilization of the
to that of ethanol in the lipid bilaye#@, 43). The insertion  KcsA tetramer was similar for KcsA reconstituted in a lipid
of TFE in the membrane interface results in a lower lipid pjlayer and for KcsA irE. colimembranes further suggests
packing of the membrane. This is not only in the headgroup that also in vivo the tetramer stabilization occurs mainly via
region, but also in the acyl chain region, as indicated by the the surrounding lipids and that no protein factors are
lower quadrupolar splitting measured By NMR (Figure involved.

10). As aresu_lt of this Iower_ packing densi?y, the membrane  op, the basis of these data, we cannot exclude a direct
gets leaky (Figure 7). At high concentrations of TFE, the interaction between TFE and the KcsA protein. It might be
bilayer seems to dissolve completely, as indicated by the tnat the presence of the lipid bilayer limits the exposure of
isotropic signal in*P NMR (Figure 8). the transmembrane helices of KcsA to TFE, and therefore

The extent of the effect of TFE on the lipid structure stabilizes the KcsA tetramer. However, the finding that both
depends on the lipid composition, as indicated by the CF- the bilayer structure and the KcsA tetramer stability depend
leakage (Figure 7) anéfP NMR (Figure 8) experiments. on the lipid shape suggests an indirect effect of TFE on KcsA
While there was no significant stabilizing effect of the anionic via the surrounding lipids. This is supported by our previous
lipid PG compared to PC, we observed a large stabilizing observation that also during heat-induced KcsA tetramer
effect of the nonbilayer lipid PE. The bilayer lipids PC and dissociation the tetramer is stabilized by a surrounding lipid
PG both have a large headgroup, resulting in an overall bilayer compared to (mixed) micelle49). Since the TFE-
cylindrical shape, while the small headgroup of the nonbi- induced tetramer dissociation seems to be a two-stage
layer lipid PE results in an overall conical shape. Because process, the question arises about what exactly triggers this
of this shape, the presence of nonbilayer lipids in a lipid dissociation. Table 2 shows an overview of the effects of
bilayer results in a lower packing density in the headgroup TFE on KcsA and the lipid bilayer. This shows that the TFE
region and a higher packing density in the acyl chain region. concentration at which membrane leakage is induced is much
We have shown previously that the lower packing density lower than the concentration needed for tetramer dissociation.
in the headgroup region results in the presence of interfacialOn the other hand, TFE dissolves the membrane at much
insertion sites, e.g., for membrane insertion of the catalytic higher concentrations. This suggests that neither membrane
domain of leader peptidasd4). We suggest also that TFE leakage nor dissolving the bilayer triggers the tetramer to
can insert into these interfacial insertion sites. Since the sizedissociate. The tetramer dissociation most likely is related
of these insertion sites is larger for PE compared to 44, ( to an effect on the membrane lipid packing, for which we
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Table 2: Summary of the Effects of TFE on KcsA and the Lipid

Bilayert

DOPC DOPC/DOPG  DOPE/DOPG
(vol %) (7:3) (vol %) (7:3) (vol %) high lateral

50% KcsA tetramer 25 25 40

dissociated
50% CF-leakage 8 10 20
isotropic signal 40 30 = 60 low lateral
3P NMR

aThe vol % of TFE at which 50% of the KcsA tetramer is dissociated
(as shown in Figure 5), 50% of the carboxyfluorescein is leaked out
(Figure 7), a transition was observed from a bilayer spectrum to an
isotropic signal ir*P NMR (Figure 8).

Ficure 11: Summarizing model of the effect of the surrounding
lipids and TFE on the lateral pressure acting on KcsA. For
simplicity, a KcsA monomer is represented as a cylinder. The

observed large effects of TFE (as indicated 2y NMR, coloring of the cylinders indicates the positive lateral pressure acting
Figure 10) on the KcsA tetramer, with dark coloring representing a high
' positive lateral pressure, and light coloring indicating a low positive

Membrane Lateral PressureA unifying principle to lateral pressure. For simplicity, the negative lateral pressure at the

explain indirect membrane proteitipid interactions is the  interface between the headgroups and acyl chains is not indicated
membrane lateral pressure. The membrane lateral pressur%‘. the model. The KcsA tetramer is shown in a bilayer containing
i

. . - . layer lipids (1) or nonbilayer lipids (ll). The effect of addition of
varies with the depth within the bilayedg, 47). A large TFE (+20 vol %) on the lateral pressure is also shown for both

negative lateral pressure is localized at the interface betweensystems. On the basis of Figure 4, we suggest that at a concentration
the headgroups and acyl chain region, due to the interfacialof +20 vol % TFE, the acyl chain lateral pressure in a bilayer of

tension. This is compensated by a positive lateral pressurePE/PG (7:3) is similar to the acyl chain lateral pressure in a

: : : membrane of PC/PG (7:3) without TFE, since in both systems an
in the headgroup reg!c_)n due to repUISIO"!S between th?additional 25 vol % TFE is needed to induce KcsA tetramer
headgroups and a positive lateral pressure in the acyl chaingissociation.

region due to acyl chain repulsiordg( 47). The resulting

lateral pressure profile is sensitive to changes in the lipid acyl chain ordering, TFE most likely increases the lateral
composition 48). Such changes in the lateral pressure have pressure in the headgroup region, while lowering the pressure
been suggested to modulate protein functié6),(e.g., for between the acyl chains.

bacteriorhodopsind@) and the ion channel forming peptide A practical implication of our results is that the assay
alamethicin 0, 51). For this peptide, it was also calculated described here might be useful for studying the effect of
that changes in the lateral pressure profile affect the sizedifferent detergents and lipid additions from the viewpoint
distribution of the peptide oligomers, in qualitative agreement of membrane protein crystallization. One might be able to
with experimental results5@). Therefore, we suggest that derive general conclusions as to which detergent/lipid
also for the tetrameric KcsA, the tetramer stability depends composition provides the highest lateral pressure, and may
on the lateral pressure in the membrane. We suggest thatherefore be most suited for membrane protein crystallization,
especially a high lateral pressure in the acyl chain region for example, for bicelle forming detergent/lipid mixturé&s’).

has a stabilizing effect, since this can press the tetramer Summarizing ModelTo summarize our conclusions and
subunits together. The tetramer dissociation will only be suggestions, a model is shown in Figure 11. This figure
affected by the membrane lateral pressure if this is ac- describes in a semiquantitative manner the membrane lateral
companied by a change in depth-dependent change in thepressure acting on the KcsA tetramer, as a function of the
cross-sectional area, 52). We suggest that this indeed lipid environment and the presence of TFE. In this figure,
occurs during tetramer dissociation. This might occur by we only show the relative height of the lateral pressure acting
flipping out the pore region, similar as was shown for the in the lipid headgroup region and the acyl chain region.
monomer during topological membrane inserti@i)(and Going from a bilayer containing only bilayer lipids (I) and
by flipping out the amphipatic N-terminal domain, which a bilayer containing nonbilayer lipids (I}, the lateral pressure
might go out of the membrane interface because of the in the acyl chain region increases, resulting in an increased
presence of TFE in the headgroup region of the membrane.stability of the oligomeric protein. This is compensated by
As a result the overall shape of the KcsA monomer would a decrease in the lateral pressure in the lipid headgroup
be more cylindrical compared to the subunits of the KcsA region. TFE inserts between the lipid headgroups. For both
tetramer. It has been proposed that nonbilayer lipids, becausdypes of lipids, this results in a lower lateral pressure in the
of their conical shape, increase the lateral pressure in theacyl chain region, compensated by an increased lateral
acyl chain region, while decreasing the lateral pressure inpressure in the headgroup. As a result, the stability of the
the headgroup region, compared to a membrane containingoligomeric protein complex is decreased by the presence of
bilayer lipids 63, 54). This is in agreement with our finding  TFE.

that nonbilayer lipids have a strong stabilizing effect.
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