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ABSTRACT: KCNE1 (minK), found in the human heart and
cochlea, is a transmembrane protein that modulates the
voltage-gated potassium KCNQ1 channel. While KCNE1 has
previously been the subject of extensive structural studies in
lyso-phospholipid detergent micelles, key observations have
yet to be confirmed and refined in lipid bilayers. In this study,
a reliable method for reconstituting KCNE1 into lipid bilayer
vesicles composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine (POPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-
phospho(1′-rac-glycerol) (sodium salt) (POPG) was devel-
oped. Microinjection of the proteoliposomes into Xenopus
oocytes expressing the human KCNQ1 (KV7.1) voltage-gated
potassium channel led to nativelike modulation of the channel. Circular dichroism spectroscopy demonstrated that the percent
helicity of KCNE1 is significantly higher for the protein reconstituted in lipid vesicles than for the previously described structure
in 1.0% 1-myristoyl-2-hydroxy-sn-glycero-3-phospho(1′-rac-glycerol) (sodium salt) (LMPG) micelles. SDSL electron
paramagnetic resonance spectroscopic techniques were used to probe the local structure and environment of Ser28, Phe54,
Phe57, Leu59, and Ser64 of KCNE1 in both POPC/POPG vesicles and LMPG micelles. Spin-labeled KCNE1 cysteine mutants
at Phe54, Phe57, Leu59, and Ser64 were found to be located inside POPC/POPG vesicles, whereas Ser28 was found to be
located outside the membrane. Ser64 was shown to be water inaccessible in vesicles but found to be water accessible in LMPG
micelle solutions. These results suggest that key components of the micelle-derived structure of KCNE1 extend to the structure
of this protein in lipid bilayers but also demonstrate the need to refine this structure using data derived from the bilayer-
reconstituted protein to more accurately define its native structure. This work establishes the basis for such future studies.

KCNE1 (minK) is a member of the KCNE family of
transmembrane proteins that modulate the activity of certain
voltage-gated K+ channels, including KCNQ1 (KV7.1). KCNE1
forms a complex with KCNQ1 both to slow its voltage-
stimulated activation and to enhance its open state con-
ductance, resulting in the IKs current of the cardiac action
potential.1−3 Hereditary mutations in KCNE1 have been linked
to long QT syndrome and deafness.1,4−8 The structure of
KCNE1 was recently determined in LMPG detergent micelles,
where its transmembrane domain was observed to be a curved
α-helix, with both N- and C-termini consisting of flexibly linked
α-helices, some of which have an affinity for the micellar
surface.9 On the basis of this structure and experimentally
restrained docking into KCNQ1 channel models, it was
hypothesized that KCNE1 interacts with the S4−S5 linker
domain of KCNQ1 to restrict the opening of the gate in S6 that

generates the delayed channel opening observed in functional
studies of KCNQ1 coexpressed with KCNE1.9−14

The LMPG micelle environment used in the determination
of KCNE1’s structure provided a suitable environment for
solution NMR experiments because of their isotropic nature.
Moreover, the lyso-phospholipid LMPG represents a mild class
of detergents that is especially phospholipid-like. However,
even the most optimal detergent micelles do not provide a
completely natural environment for studies of membrane
proteins. This caveat can lead to structural distortions and
changes in the stability of both local and global conformations.
This means that structures determined in micelles should be
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validated by structural measurements taken under conditions in
which the protein of interest is reconstituted into vesicles
(Figure 1). Moreover, even in cases where the micellar
structure captures the key features of the bilayer-associated
structure, the micellar structure may require refinement to
correct for minor differences such as the exact beginnings and
ends of secondary structural elements. In this paper, we
describe methods for reconstituting KCNE1 in lipid vesicles
and present data that demonstrate that direct structural study of
KCNE1 under bilayer conditions is indeed merited for the
refinement of the micellar structure to better reflect the actual
bilayer structure.

■ MATERIALS AND METHODS
Site-Directed Mutagenesis. The His tag expression

vectors (pET-16b) containing the wild type and a cysteine-
less mutant form of KCNE1 [in which its single cysteine
residue (105) was mutated to Ala] have been described
previously.9 These vectors were transformed into XL1-Blue
Escherichia coli cells (Stratagene). Plasmid extracts from these
cells were obtained using the QIAprep Spin Miniprep Kit
(Qiagen). Site-directed mutagenesis to generate single-cysteine
mutants from the Cys-less vector was performed using the
QuikChange Lightning Site-Directed Mutagenesis Kit (Strat-
egene). The KCNE1 mutations were confirmed by DNA
sequencing from XL10-Gold E. coli (Stratagene) transformants
using the T7 primer (Integrated DNA Technologies).
Successfully mutated vectors were transformed into BL21-
(DE3) CodonPlus-RP E. coli cells (Stratagene) for protein
overexpression. Mutations S28C and S64C were chosen for
EPR measurements to prevent structural perturbations because
of the close relationship in structure between serine and
cysteine. F54C, F57C, and L59C mutations were chosen as
additional sites on the TMD to confirm that the TMD was
embedded inside the membrane.
Expression and Purification. A 5 mL preculture of Luria

broth containing 50 μg/mL ampicillin was inoculated with the
BL21(DE3) KCNE1 transformant of choice. After overnight

growth, the preculture was added to 1 L of sterile M9 minimal
medium [12.8 g of Na2HPO4·7H2O, 3.0 g of KH2PO4, 0.5 g of
NaCl, 1.0 g of NH4Cl, 0.24 g of MgSO4, 11 mg of CaCl2, 4 g of
dextrose, and 50 μg/mL ampicillin (pH 7.0)] and grown in a
shaker-incubator at 37 °C and 220 rpm. When the OD600
reached 0.8−0.9, protein expression was induced by addition of
IPTG to a final concentration of 1 mM, and cultures were
allowed to grow overnight at 37 °C.
Cells were collected by centrifugation of cultures. The cell

pellets were resuspended in 40 mL of lysis buffer [70 mM Tris-
HCl and 300 mM NaCl (pH 8.0)]. After the addition of 0.5 mg
of DNase I (bovine pancreas, Fischersci), 1 mg of lysozyme
(egg white, Fischer Scientific), 40 μL of RNase A (20 mg/mL,
Thermo Scientific), and magnesium acetate to a concentration
of 5 mM, the cell lysates were allowed to rotate at 4 °C for 2 h.
After rotating, the samples were subjected to sonication for 20
min (5 s on and 5 s off, 10 min total on time, Fisher Scientific
Sonic Dismembrator model 500, 40% amplitude). The lysates
were centrifuged at 40000g for 20 min. The resulting pellet was
resuspended in urea buffer [8 M urea, 20 mM Tris-HCl, 150
mM NaCl, 0.2% SDS, and 2 mM β-ME (pH 8.0)] and rotated
overnight at room temperature to dissolve the inclusion bodies.
Overnight suspensions were again centrifuged at 40000g for

20 min. The resulting supernatant was mixed with 4 mL of Ni-
NTA resin (Thermo Scientific) that had been previously
equilibrated with urea buffer. Samples were then rotated at
room temperature for 2 h. Excess protein was washed away by
pouring the resin suspension into a 20 mL gravity flow column
and rinsing with 6 volumes of TS/SDS buffer [20 mM Tris-
HCl, 200 mM NaCl, 0.2% SDS, and 2 mM β-ME (pH 8.0)].
To produce LMPG micelle samples, 0.1% LMPG was
substituted for 0.2% SDS in the TS buffer washes. Purified
His-tagged KCNE1 was eluted into five 2 mL fractions using
elution buffer [250 mM imidazole, 0.2% SDS, and 2 mM β-ME
(pH 7.0)]; 0.1% LMPG was substituted for 0.2% SDS for
LMPG micelle samples. The fractions were pooled together
and concentrated to a volume of 1.5 mL using a 3.5 kDa
molecular mass cutoff spin column (Millipore). The total

Figure 1. Topological illustration of KCNE1 with respect to a lipid bilayer assuming that the TMD spans residues 46−71 as previously determined
for the protein in 7.5% LMPG micelles at 40 °C and pH 6.0.9−14 The small arrows show the tracing of the peptide chain.
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concentration was obtained by measuring the OD280 and using
an extinction coefficient of 1.2 mg/mL per 1.0 absorbance in a
1 cm cell.15 The purity of the KCNE1 protein was confirmed
by sodium dodecyl sulfate−polyacrylamide gel electrophoresis.
MTSL Labeling. An MTSL (Toronto Research Chemicals)

stock (250 mM in methanol) was added directly to the
concentrated protein in elution buffer at a 10:1 MTSL:protein
molar ratio. The solution was allowed to react overnight at
room temperature in the dark while being vigorously stirred.
The MTSL reaction mixture was loaded into a 3.5 kDa
molecular mass cutoff regenerated cellulose dialysis bag (Fisher
Scientific) and dialyzed twice against 4 L of phosphate buffer
[100 mM NaH2PO4 and 0.2% SDS (pH 7.2)] for 24 h each
time; 0.1% LMPG was substituted for 0.2% SDS in the case of
LMPG micelle samples. After dialysis, the samples were
centrifuged at 6000g for 5 min to remove any precipitates.
The resulting supernatant was used for EPR and CD
spectroscopy. This method was found to be most effective
for removing excess MTSL while preserving the detergent
environment and minimizing protein aggregation.
Reconstitution into Lipid Bilayers. POPC and POPG

powdered lipids (Avanti, Alabaster, AL) were dissolved to a
final concentration of 5 mM (9:1 POPC:POPG molar ratio) in
100 mM NaH2PO4 and 0.5% DOM (pH 7.2) by repeating at
least 10 freeze−thaw−sonication cycles until the solutions were
clear. SM2 Bio Beads (Bio-Rad) were washed with 8 × 15 mL
volumes of methanol followed by 8 × 15 mL volumes of water
prior to use. Samples were reconstituted by mixing 1 mL of the
lipid slurry with 157 μg of dialyzed MTSL-labeled protein in
0.2% SDS (500:1 lipid:protein molar ratio) and freezing and
thawing them twice to equilibrate them. The lipid/protein
mixture was then added to 300 mg of wet Bio Beads and
rotated at room temperature for 2 h. Previous studies showed
that this amount of Bio Beads combined with this
concentration of detergent effectively removes all detergent
and forms MLVs.16 The resulting sample was centrifuged at
2000g for 5 min to remove Bio Beads. The supernatant was
concentrated by ultracentrifugation at 300000g for 30 min. The
proteoliposome pellet was thoroughly resuspended in 50 μL of
100 mM NaH2PO4 (pH 7.2) and immediately used in
spectroscopic studies. The resulting sample was white, opaque,
and highly viscous.
CW EPR Spectroscopy. CW EPR spectroscopy was

conducted on a Bruker EMX X-band spectrometer. Spectra
were recorded over a scan width of 100 G with a field
modulation of 1 G at a frequency of 100 kHz. Samples were
placed in a glass capillary tube and had a volume of 50 μL and a
total protein concentration of approximately 200 μM for
micelle samples and 50 μM for proteoliposomes. Each sample
was scanned 10−20 times with a microwave intensity of 10 mW
at 298 K.
CW EPR Power Saturation Studies. Insertion of KCNE1

into POPC/POPG bilayers was verified using CW EPR power
saturation at X-band. Power saturation experiments were
performed on a Bruker EMX X-band CW EPR spectrometer
consisting of an ER 041XG microwave bridge coupled with an
ER 4123D CW resonator (Bruker BioSpin). Samples were
loaded into gas permeable TPX capillary tubes with a total
volume of 3−4 μL at a concentration of 30−50 μM. EPR data
were collected using a modulation amplitude of 1 G and
varying microwave power of 0.4−100 mW. The scan range of
all spectra was 100 G, and the final spectra were obtained by
signal averaging 10 scans. The power saturation method works

on the principle that under nonsaturating conditions, the height
of the spectral lines is linearly proportional to the square root of
the incident microwave power, P1/2.

17 If the microwave power
is subsequently increased, the increase in signal amplitude
becomes less linear with P1/2, and signal height starts to
decrease as the sample saturates.
Nitrogen is used as a control to purge the sample of oxygen

and other paramagnetic relaxing agents. The power saturation
curves were obtained for the S28C (probe outside of the model
membrane) and F54C, F57C, L59C, and S64C (probe inside)
sites on KCNE1 under three conditions: (1) equilibrated with
nitrogen as a control, (2) equilibrated with lipid-soluble
paramagnetic reagent 20% oxygen (air), and (3) equilibrated
with nitrogen in the presence of a water-soluble paramagnetic
reagent, NiEDDA (1 mM), as previously synthesized.18 The
samples were purged with gas for at least 60 min at a rate of 10
mL/min before each measurement was taken. High-purity
nitrogen and house supply compressed air lines were used
during the experiments. The resonator remained connected to
the gas during all measurements, and the sample temperature
was held at 298 K. The peak-to-peak amplitude of the first-
derivative mI = 0 resonance line (A) was measured and plotted
versus the square root of the incident microwave power. The
data points were then fit using a Matlab software script
according to eq 1:

(1)

where I is a scaling factor, P1/2 is the power at which the first-
derivative amplitude is reduced to half of its unsaturated value,
and ε is a measure of the homogeneity of saturation of the
resonance line. In eq 1, I, ε, and P1/2 are adjustable parameters
and yield a characteristic P1/2 value. The corresponding Φ
depth parameters were calculated.17,19−21 The membrane depth
(angstroms) of each spin-labeled KCNE1 mutant was
calculated according to eq 2:

(2)

The bilayer depth calibration equation (eq 2) was
determined using vesicles incorporating standard n-doxyl-
labeled POPCs (Avanti Polar Lipids) containing unlabeled
wild-type (WT) KCNE1. Depth parameters (Φ) were
measured and plotted versus known depths for each labeled
POPC.17,22,23 A linear dependence of Φ was found for the
PCSLs, and eq 2 was derived via linear regression analysis.
Functional Analysis of KCNQ1 and KCNE1. Comple-

mentary DNAs (cDNAs) encoding KCNQ1 and KCNE1 were
constructed in plasmid vectors pSP64T and pRc/CMV,
respectively, as previously described.24 All constructs were
verified by sequencing. cRNA was transcribed in vitro from
EcoRI (pSP64T-KCNQ1) or XbaI (pRc/CMV-KCNE1)
digested linear DNA templates using Sp6 or T7 RNA
polymerase and the mMessage mMachine transcription system
(Ambion Inc., Austin, TX). The size and integrity of cRNA
preparations were evaluated by formaldehyde−agarose gel
electrophoresis, and full-length cRNA concentrations were
estimated by comparison with a 0.24−9.5 kb RNA ladder
(Sigma, St. Louis, MO).
Female Xenopus laevis were anesthetized by immersion in

0.2% tricaine for 15−30 min. Ovarian lobes were removed, and
oocytes were manually defolliculated. Stage V−VI oocytes were
injected with 25 nL of cRNA (KCNQ1, 6 ng/oocyte; KCNE1
constructs, 3 ng/oocyte) and incubated at 18 °C for 48−96 h in
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L-15 (Leibovitz’s medium, Invitrogen, Carlsbad, CA) diluted
1:1 with water and supplemented with penicillin (150 units/
mL) and streptomycin (150 μg/mL). Some oocytes were
injected with 25 nL of water as a control for endogenous
currents. Because previous studies revealed that Xenopus
oocytes express endogenous KCNE genes,25 currents from
oocytes injected with KCNQ1 cRNA alone were always
recorded from representative oocytes in each batch to test for
endogenous KCNEs.
Incorporation of Recombinant His-KCNE1 Protein

into Xenopus Oocytes. Our previous studies demonstrated
that, following microinjection into oocytes, purified KCNE1
protein solubilized in LMPG micelles is incorporated into the
plasma membrane, where it modulates exogenous human
KCNQ1 expressed therein.9−14 In this study, a similar protocol
was employed, but with KCNE1 in POPC/POPG vesicles at a
protein concentration of 2.5 mg/mL. Vesicle samples were
successfully prepared by removal of detergent through either
dialysis or Bio Beads. The oocytes were first injected with
KCNQ1 cRNA, followed by injection of 25 nL of protein-
containing or protein-free liposomes 24 h later.
Electrophysiological Analysis. Oocyte membrane cur-

rents were recorded at room temperature 2 days after injection
using a two-microelectrode voltage-clamp technique with an
OC-725B amplifier (Warner Instruments Corp., Hamden, CT).
Oocytes were bathed at room temperature in a modified ND96
solution containing 96 mM NaCl, 4 mM KCl, 2 mM MgCl2,
0.1 mM CaCl2, and 5 mM HEPES (pH 7.6) (∼200 mosm/kg).
Data were recorded using Clampex 7 (Molecular Devices
Corp., Sunnyvale, CA), filtered at 500 Hz, and digitized at 2
kHz. Data were analyzed and plotted using a combination of
Clampex, SigmaPlot 2000 (SPSS Science, Chicago, IL), and
Origin 7.0 (OriginLab, Northampton, MA). Current−voltage
and normalized isochronal voltage−activation relationships
were obtained by measuring current at 2 s during depolarizing
pulses between −50 and 60 mV from a holding potential of
−80 mV. The normalized isochronal data were fit with a
Boltzmann function of the form 1/{1 + exp[(V − V1/2)/kv]},
where V1/2 is the half-maximal activation voltage and kv is the
slope factor. Oocytes with currents −80 mV (holding potential)
larger than currents measured for water-treated oocytes (−0.15
μA) were considered leaky and not used for analysis.
CD Spectroscopy. CD experiments were performed on a

Jasco model J-810 spectropolarimeter over a wavelength range
of 190−250 nm. Each sample was prepared in triplicate.
Samples were subjected to 10 scans with a step size of 1 nm.
The cuvette path length was 1.00 mm, and spectra were
recorded at 298 K. Instrument calibration was performed with a
standard solution of d-(+)-10-camphorsulfonic acid. Protein
concentrations were held at 15 μM as confirmed by a BCA
assay (Thermo Scientific). When necessary, samples were
diluted in 100 mM NaH2PO4 (pH 7.2). Scattering effects
produced by the sample matrix were found to be reduced when
the vesicle samples were passed through a 100 nm pore size
extruder.
CD Spectral Simulations. CD spectral simulations were

performed using the DICHROWEB website (http://
dichroweb.cryst.bbk.ac.uk) that was supported by grants to
the BBSRC Centre for Protein and Membrane Structure and
Dynamics (CPMSD).26 The Contin-LL algorithm with
reference set 4 and a spectral width of 190−240 nm was
used for all simulations.27−29 All CD and EPR data were plotted
using Igor (Wavemetrics, Tigard, OR).

■ RESULTS

Homogeneous Reconstitution of KCNE1 in Bilayered
Lipid Vesicles. POPC/POPG vesicles were chosen as the
bilayer model membrane system in which to solubilize KCNE1.
These two lipids are fully miscible, are akin to the most
common phospholipids found in mammalian cell membranes,
and have phase transition temperatures to the Lα liquid
crystalline phase of <0 °C. The POPC:POPG molar ratio was
set at 9:1 to mimic the 10−20 mol % of anionic phospholipids
typically found in mammalian membranes.30

Several reconstitution methods were tried, including dialysis
from aqueous SDS detergent into POPC/POPG vesicles and
removal of detergent by size exclusion chromatography. The
dialysis method led to extensive sample aggregation, while size
exclusion chromatography proved to be inconsistent in sample
preparation. Reconstitution using SM2 Bio Beads proved to be
the most efficient and consistent for reliable sample
reproduction. Interestingly, samples produced using dialysis
still showed proper channel modulation upon injection into
oocytes.
Figure 2 shows X-band CW EPR spectra of spin-labeled

S28C and S64C KCNE1 in 1% LMPG micelles and in POPC/

POPG liposomes (pH 7.2). Inspection of the data reveals a
broadening in the spectral line widths when moving from the
micelles to the lipid bilayer and that residue S28C is more
mobile than residue S64C in a lipid bilayer. This indicates that
the dynamic motion of the nitroxide spin-label is slower in the
membrane environment than in the micelles and that resides
within the membrane are less mobile than those outside.
Similar line broadening has previously been reported.22,31−33

Microinjection of Bilayer-Reconstituted KCNE1 into
KCNQ1 Channel Expression Oocytes. The ability of
KCNE1 to associate with and modulate human KCNQ1 that
was exogenously expressed in Xenopus oocytes was preserved

Figure 2. CW EPR (X-band) spectra of KCNE1 mutants S28C (top)
and S64C (bottom): black for 1.0% LMPG micelles and red for 9:1
POPC/POPG proteoliposomes (500:1 lipid:protein). For all samples,
the pH was 7.2 and the temperature was 298 K. Spectra were
normalized by spin concentration to show the difference in dynamic
properties between S28C and S64C in a bilayer as compared to LMPG
micelles.
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when KCNE1 in POPC/POPG vesicles was microinjected into
oocytes. The characteristic delayed channel opening resulting
from KCNQ1−KCNE1 coassembly was observed and was
similar for both microinjected recombinant protein and
KCNE1 that was expressed in the oocytes following KCNE1
cRNA injection (Figure 3).15 A negative control experiment in
which protein-free POPC/POPG vesicles were injected did not
result in modulation of KCNQ1 channel function, as expected.
This indicates that KCNE1 in POPC/POPG vesicles was
somehow transferred into the oocyte membranes, perhaps by
fusion of the vesicles with the native membranes, to yield a
properly functioning channel complex at the plasma membrane.
Probing the Topology of KCNE1 Using Power

Saturation EPR. Power Saturation EPR experiments were
conducted with KCNE1 to examine the location of and
insertion of different residues with respect to the membrane
(Figure 4). KCNE1 samples in LMPG micelles and POPC/
POPG vesicles were analyzed under conditions in which
samples were exposed to NiEDDA, N2, or air (which contains
O2). NiEDDA is highly polar and resides mostly in the aqueous
phase. Conversely, paramagnetic O2 is nonpolar and resides
mostly within the hydrophobic lipid bilayer. Because NiEDDA
and O2 function as paramagnetic relaxing agents that decrease

the T1 of the unpaired electron in the nitroxide spin-label, the
relative location of an MTSL spin-label with respect to the
aqueous phase and the membrane can be determined by
examining signal intensity as a function of microwave power.
Figure 4 reveals that the addition of NiEDDA to S28C

KCNE1 has a dramatic effect on the power saturation curve in
both LMPG micelles and POPC/POPG vesicles. This indicates
that S28C is water accessible in both matrices. Inspection of the
power saturation profile of KCNE1 S64C (Figure 4) indicates
that O2 in air alters the relaxation profile much more than both
N2 and NiEDDA in POPC/POPG vesicles but not in LMPG
micelles,9 demonstrating that position 64 is buried inside the
hydrophobic vesicle membrane but water accessible in LMPG
micelles. The N2 control experiments showed similar saturation
results for both mutants. Both S28C and S64C are water-
exposed in LMPG micelles, but their water access diverges
upon reconstitution into lipid vesicles where S28C remains
water-exposed but S64C appears to be buried in a water
inaccessible part of the bilayer.
Additional CW EPR power saturation experiments (see the

Supporting Information) and depth parameter calculations
were conducted on additional mutants (F54C, F57C, and
L59C) to confirm that KCNE1 has a transmembrane domain.

Figure 3. Functional expression of KCNE1 protein in Xenopus oocytes. (A) Representative current traces recorded from oocytes injected with
KCNQ1 cRNA, KCNQ1 and KCNE1 cRNAs, KCNQ1 cRNA and empty vesicles, and KCNQ1 cRNA and KCNE1 protein in lipid vesicles. (B)
Current−voltage relationship for currents measured after 2 s test pulses from a holding potential of −80 mV for oocytes injected with KCNQ1
cRNA (○; n = 10), KCNQ1 and KCNE1 cRNA (△; n = 12), and KCNQ1 cRNA and KCNE1 protein in lipid vesicles (■; n = 12). (C)
Normalized isochronal activation curves for oocytes. Data were fit with a Boltzmann function and resulted in the following fit parameters: for
KCNQ1 cRNA (○), V1/2 = −32.5 ± 3.0 and kV = 20.4 ± 2.4; for KCNQ1 and KCNE1 cRNAs (△), V1/2 = 28.8 ± 0.6 and kV = 20.6 ± 0.7; and for
KCNQ1 cRNA and KCNE1 protein in lipid vesicles (■), V1/2 = 34.1 ± 1.3 and kV = 23.9 ± 1.1.
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The power saturation results for these mutants are similar to
those for S64C. Table 1 shows the calculated depth parameter

(Φ) values and membrane depth from the power saturation
experiments. Mutants F54C, F57C, L59C, and S64C follow a
trend as the depth parameter (Φ) increases from 0.8 to 1.9 and
then decreases again to 1.1, indicating that the predicted TMD
is correctly spanning the membrane (Figure 1). Mutation L59C
has the largest Φ value and is located near the center of the
membrane, while mutants F54C, F57C, and S64C have lower
Φ values indicating that they are within the membrane, but not
as deep. S28C has a negative Φ value indicating it resides
outside of the membrane in the aqueous phase.17,20,21

A calibration curve based on known locations of n-doxyl
POPCs was established for our membrane protein samples.

WT (unlabeled) KCNE1 was incorporated into each of the
spin-labeled lipid samples in the same manner as the labeled
protein.17,22 The Φ values for n = 5, 7, and 10 doxyl-POPC,
along with published depths for each PCSL, were used to
calculate distances into the membrane for each KCNE1
mutant.23 On the basis of the solution NMR structure of
KCNE1 in LMPG micelles, residue G60 should be at or near
the center of the membrane bilayer.15 If we take into account
the fact that each residue is approximately 1.5 Å in depth from
the next residue, this calibration of distance indicates that the
center of our membrane system (POPC/POPG) is approx-
imately 15 Å.17 The errors in these measurements are
approximately ±2 Å because of the uncertainty introduced
into the measurement of the depth parameter (Φ). This value
is consistent with the length of the TMD of KCNE1 from the
published solution NMR structure.15 Similar trends in Φ values
and overall membrane thickness have been observed in the
literature for transmembrane proteins.22,34

Secondary Structure Content in Phospholipid
Vesicles versus Micelles. Figure 5 shows CD spectra of

WT KCNE1 in 1.0% LMPG micelles and in POPC/POPG
vesicles at pH 7.2 and 298 K. CD spectroscopy of WT KCNE1
showed a predominately α-helical pattern in both micelle and
lipid bilayer environments. Spectra recorded in LMPG and
POPC/POPG vesicles show similar α-helical contents as
indicated by the peak at 195 nm and troughs at 208 and 222
nm. KCNE1 in 1.0% LMPG was found to have 44% helical
content, in good agreement with the value of 43% as
determined in the NMR-based structural analysis that was
conducted at pH 6.0 and 313 K.9 An increase in α-helical
content to 60% was observed when the sample moved from a
micelle environment to POPC/POPG vesicles as indicated by
an increase in the height of the peak at 195 nm and depth of
the troughs at 208 and 222 nm. The CD data clearly indicate
that KCNE1 forms a more ordered structure upon insertion
into a lipid bilayer with a higher α-helical content.

Figure 4. EPR power saturation curves for KCNE1 in 1% LMPG
micelles and POPC/POPG vesicles at pH 7.2 and 298 K. Mutation
S28C is outside the lipid bilayer, and mutation S64C is part of the
transmembrane domain.

Table 1. Depth Parameter Values (Φ) and Membrane
Depths for Different Spin-Labeled KCNE1 Residues in
POPC/POPG Vesiclesa

label position depth parameter (Φ) depth (Å)

S28C −1.0
F54C 0.8 6.8
F57C 1.4 10.1
L59C 1.9 12.9
S64C 1.1 8.5

aAn increase in Φ indicates that a residue is buried more deeply in the
membrane. Negative Φ values indicate that a residue is not associated
with the membrane.

Figure 5. CD spectra of WT KCNE1 in micelle and vesicle
environments: black for 1.0% LMPG micelles with 15 μM WT
KCNE1 at pH 7.2 and 298 K and red for POPC/POPG MLVs at a
500:1 lipid:protein ratio with WT KCNE1 at pH 7.2 and 298 K.
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■ DISCUSSION

Previous structural studies of KCNE1 were conducted in 7.5%
LMPG micelles at pH 6.0 and 313 K, a medium that is believed
to be relatively nativelike in terms of its ability to support the
native stability, structure, and functionality of membrane
proteins. However, even the best micelles are an imperfect
mimic of actual lipid bilayers, such that it is imperative to test
key features of the micelle-derived structure of KCNE1 for
extrapolation to bilayered membrane conditions. For example,
the transmembrane helix of KCNE1 was found to be curved in
LMPG micelles, an observation that figures prominently in a
structural detailed working model for KCNE1 modulation of
KCNQ1.9 Is that curvature truly present in actual lipid bilayers,
or is it a micellar artifact? To cite a second example, the
transmembrane helix of KCNE1 in micelles extends from
residue 46 to 71.9 It is important to test whether in the more
ordered matrix of lipid bilayers the transmembrane domain
helix extends beyond the limits observed in micelles. The
reconstitution in this work of KCNE1 in POPC/POPG vesicles
combined with data that demonstrate the feasibility of
conducting site-directed spin labeling EPR spectroscopic
measurements set the stage for a rigorous testing and
refinement of the KCNE1 structure in a bilayer environment.
The fact that POPG/POPC vesicles represent a suitable

model membrane composition for studying the structure of
KCNE1 is at least partially validated by the fact that injection of
recombinant vesicle-reconstituted KCNE1 into oocytes led to
the delivery of KCNE1 to the oocyte membranes where
KCNE1 was able to coassemble with the KCNQ1 potassium
channel and modulate its function in a nativelike fashion.
Similar results were previously obtained when KCNE1 in
LMPG micelles was injected into oocytes.15 Given that we have
confirmed that KCNE1 is largely helical in the vesicles, it is very
unlikely that its secondary structure would be dramatically
altered during the transfer of the protein from the vesicles to
the oocyte membranes. This suggests that KCNQ1 associates
with the mostly helical form of KCNE1, not a β-sheet-
dominated structure as was previously seen for a peptide
corresponding to the TMD of KCNE1 following reconstitution
of this peptide into vesicles by cosolubilization of the peptide
with lipid in an organic solvent and then removal of the solvent
via dialysis in an aqueous reservoir.35

Previous work suggests that the method used when
incorporating KCNE1 into a lipid bilayer is crucial to
determining what type of secondary structure the protein
adopts.36,37 The TMD of KCNE1 is very hydrophobic and has
several polar residues on either end. It was hypothesized that
these polar residues are responsible for anchoring the protein to
the polar membrane surface while the inner nonpolar residues
interact with the lipid carbon chains. This amphipathic nature
makes KCNE1 very insoluble and prone to aggregation in
aqueous solution where it adopts a primarily β-sheet
conformation. Membrane reconstitution based on selective
removal of detergent from mixed detergent/lipid micelle
samples using SM Bio Beads, as employed here, keeps
KCNE1 in contact with high concentrations of either detergent
or lipids at all times to avoid contact with other proteins and
prevent aggregation. The lipid:protein molar ratio is also
significantly higher (500:1) than those in previous studies in
which lipid:protein ratios as low as 7.8:1 led to the formation of
β-sheets in a peptide version of the TMD.35

Having established methods for reconstituting both WT and
spin-labeled mutant forms of KCNE1 and verifying structural
and functional integrity, we also conducted preliminary EPR
and CD spectroscopic experiments that not only set the stage
for future more extensive studies of KCNE1’s bilayer-associated
structure and dynamics but also provide some interesting
comparisons of its properties in bilayer vesicles versus mild
detergent (LMPG) micelles. In particular, we observed that
LMPG micelles do not completely mimic the natural
environment of a lipid bilayer as indicated by CW EPR
power saturation data. Residue S64C, previously shown to
reside inside an LMPG micelle, is still water accessible in the
micelle but not in a vesicle bilayer, likely because of the water
permeable nature of the micelle. S28C and S64C are thus
indistinguishable in LMPG micelles with respect to their water
accessibility. It may prove that S64C still sits at a similar depth
in the membrane compared to the micelles but is simply more
water accessible in micelles.
As mentioned previously, the LMPG structure of KCNE1

shows several peripheral α-helices that are docked into the
micelle at specific residues.9 CW power saturation EPR will
prove to be an invaluable technique in confirming these
docking sites in lipid bilayers. EPR spectroscopy will also be
used to fully explore the TMD of KCNE1 and determine which
residues span this region in POPC/POPG vesicles as compared
to LMPG micelles. Recent structure−function studies suggest
that an amphipathic helix located just after the TMD may sit on
the membrane surface.38,39 Considering this helix, the ability of
the bilayer to stabilize α-helical structures, and the many helical
segments that exist in the previous LMPG micelle structure, we
find it easy to see how a bilayer could function to stabilize and
extend these helical segments, giving rise to a helical content
higher than that previously reported in micelles.9 Our future
work will also seek to determine where the additional α-helical
content arises as discovered through CD spectroscopy using
the wide array of techniques EPR spectroscopy offers for
studying membrane protein structure.
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■ ABBREVIATIONS

β-ME, 2-mercaptoethanol; CD, circular dichroism; CMC,
critical micelle concentration; CW, continuous wave; DEER,
double electron−electron resonance; DOM, n-dodecyl β-D-
maltoside; DPC, dodecylphosphatidylcholine; EPR, electron
paramagnetic resonance; IPTG, isopropyl β-D-thiogalactopyr-
anoside; LMPG, 1-myristoyl-2-hydroxy-sn-glycero-3-phospho-
(1′-rac-glycerol) (sodium salt); LUV, large unilamellar vesicle;
MLV, multilamellar vesicle; MTSL, S-(2,2,5,5-tetramethyl-2,5-
dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate; NiED-
DA, nickel(II) ethylenediaminediacetate; POPC, 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine; POPG, 1-palmitoyl-2-
oleoyl-sn-glycero-3-phospho(1′-rac-glycerol) (sodium salt);
SDS, sodium dodecyl sulfate; TMD, transmembrane domain;
WT, wild type.
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