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Abstract

KCNE3 is a single transmembrane protein of the KCNE family that modulates the
function and trafficking of several voltage-gated potassium channels, including KCNQI.
Structural studies of KCNE3 have been previously conducted in a wide range of model
membrane mimics. However, it is important to assess the impact of the membrane mimics used
on the observed conformation and dynamics. In this study, we have optimized a method for the
reconstitution of the KCNE3 into POPC/POPG lipid bilayer vesicles for electron paramagnetic
resonance (EPR) spectroscopy. Our CD spectroscopic data suggested that the degree of regular
secondary structure for KCNE3 protein reconstituted into lipid bilayered vesicle is significantly
higher than in DPC detergent micelles. Electron paramagnetic resonance (EPR) spectroscopy in
combination with site-directed spin labeling (SDSL) was used to probe the structural dynamics
of S49C, M59C, L67C, V85C, and S101C mutations of KCNE3 in both DPC micelles and in
POPC/POPG lipid bilayered vesicles. Our CW-EPR power saturation data suggested that the site
S74C is buried inside the lipid bilayered membrane while the site V85C is located outside the
membrane, in contrast to DPC micelle results. These results suggest that the KCNE3 micelle
structures need to be refined using data obtained in the lipid bilayered vesicles in order to
ascertain the native structure of KCNE3. This work will provide guidelines for detailed structural
studies of KCNE3 in a more native membrane environment and comparing the lipid bilayer

results to the isotropic bicelle structure and to the KCNQ1-bound cryo-EM structure.

Introduction
KCNE3 is a single transmembrane protein of the KCNE family that modulates the
function and trafficking of several voltage-gated potassium channels, including KCNQI1 (Ql),

and KCNQ4 (I-4). Voltage-gated K* channels are critical for the function of cardiac, nervous
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and auditory systems and represent promising targets for various therapeutic agents (35, 6).
KCNE3 interacts with voltage-gated K™ channels to modulate their biophysical properties and
physiological roles (3, 7). KCNE3 interacts with KCNQI and produces KCNE3/KCNQI
channels that are voltage-independent in the physiological voltage range and are important for
transport of potassium ions across epithelial cells as part of salt homeostasis (3, 7) and may also
play a role in the cardiac action potential (§). The dysfunction of the KCNQI/KCNE3 channel
may reduce repolarizing potassium currents in the myocardium leading to the prolongation of the
QT interval (8). Mutations in KCNE3 have been reported to contribute to several disorders such
as long QT syndrome (LQTS), cardiac arrythmia, Brugada syndrome, cystic fibrosis and
secretory diarrhea, periodic paralysis, tinnitus, and méniere’s disease (1, 8-14). Despite the
biological significance of KCNES3, structural dynamics and topology studies of KCNE3 in a lipid
bilayer membrane have been limited.

Recently, the structure of KCNE3 was determined in isotropic bicelles (DHPC/DMPG,
lipid to protein ratio (q)=0.33) using solution NMR spectroscopy by Sanders Lab (3). This
structure consists of a curved oa-helical transmembrane domain (TMD) with curvature being
most significant close to the C-terminal end of the helical TMD, and an extracellular surface
associated amphipathic helix in N-terminal, and a short juxtamembrane helix connected by a
disordered region in C-terminus (3). Further, double electron electron resonance (DEER)
distance measurements on a pair of spin labeled sites at the KCNE3 TMD termini in LMPC
micelles, DMPG/DHPC isotropic bicelles and POPC/POPG lipid bilayers suggested the TMD
curvature is maintained in detergent micelles, bicelles, and lipid bilayers as an intrinsic property
of KCNE3 (3). A recent cryo-electron microscopic (Cryo-EM) spectroscopic study on the

KCNE3 complexed with KCNQI1 in the detergent micelles suggested a deviation from the
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independent KCNE3 structure model in isotropic bicelles with an root mean square deviation
(RMSD) of 7.6 A between the two structures (15). This study further suggested the KCNE3
pushes its TMD helix against KCNQI to stabilize the up conformation of the voltage sensor,
locking it in its “‘open’’ configuration (75). A recent functional studies suggested that the
KCNE3 mutants F68A, V72A and I76A impair the interaction between KCNQI1 and KCNE3 and
shift the equilibrium of the S4 segment of the KCNQ1 to the down position (76). The structure of
a membrane protein can be very different in a lipid bilayer environment when compared to a
micelle/isotropic bicelles. The differences are due to the incorporation of the protein into the
membrane as opposed to the micelle/isotropic bicelles due to the curved surface, hydration
differences, and the inadequate hydrophobic environment. Some membrane proteins have been
shown to lose function when solubilized in detergent micelles (/7-19). Previous studies have
further suggested that the helices in N- and C-termini undergo dynamic interaction with the
membrane surface.(3) Therefore, it is very essential to understand how different segments of
KCNES3 interact with lipid bilayers.
In this work, we report biophysical data on KCNE3 reconstituted into both POPC/POPG
liposomes and DPC micelles. Circular dichroism (CD) and site-directed spin labeling EPR
spectroscopy (SDSL-EPR) reveal differences in the mobility and conformation of KCNE3.
MATERIALS AND METHODS
Site-directed Mutagenesis

The His-tag expression vectors (pET-16b) encoding a cysteine-less mutant of KCNE3
were transformed into XL10-Gold Escherichia coli cells (Agilent). A QIAprep Spin Miniprep
Kit (Qiagen) was used to extract the plasmid from these cells. Site-specific cysteine mutants

were introduced into the cysteine-less KCNE3 gene using the QuickChange Lightning Site-
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Directed Mutagenesis kit (Agilent). The KCNE3 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 E. coli BL21 (DE3) RP
Codon-Plus competent cells for protein overexpression. Single spin label mutants (S49C, M59C,
L67C, S74C, V85C, and S101C) were generated by introducing Cys residues at the positions 49,
59, 67, 85, and 101. These mutants were chosen to span the N- terminal region, transmembrane
domain (TMD), and C-terminal region of KCNE3.

Overexpression and Purification

The overexpression and purification of BL21 (DE3) RP Codon-Plus E.coli cells containing
mutated KCNE3 genes were carried out by following a protocol similar to that described
previously (20). BL21 (DE3) RP Codon-Plus E.coli cells carrying the mutants of choice were
grown in LB (Luria-Bertani) medium with 100 pg/mL ampicillin and 50 pg/ml chloramphenicol.
The cell culture was incubated at 37 °C and 240 rpm until the ODgy reached ~0.8. The cell
culture was induced using 1 mM IPTG (isopropyl-1-thio--D-galactopyranoside), followed by
continued rotary shaking at 37°C for 16 hr. Cells were harvested by centrifugation of the cultures
at 6500 rpm, for 20 minutes at 4°C. The cell pellets were resuspended in 20 mL lysis buffer (70
mM Tris-HCI, pH 7.8, 300 mM NacCl) per gram of wet pellet, with 1 mM TCEP, lysozyme (0.02
mg/mL), DNase (0.02 mg/mL), RNase (0.02 mg/mL), PMSF (0.2 mg/mL), and magnesium
acetate (5 mM) and tumbled at 4°C for 1 hr. The cell suspension was then subjected to sonication
for 20 minutes (5 sec on/off cycles, 10 minutes total on time, Fisher Scientific Sonic
Dismembrator Model 500, amplitude 40%) on ice. The lysate was centrifuged at 20,000 xg for
30 min at 4°C and the pellet containing inclusion body was homogenized with suspension buffer

(8 M urea, 25 mM Tris-HCL, 150 mM NaCl, pH 8.0, 1 mM TCEP and 0.2% sodium dodecyl
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sulfate (SDS) detergent) and rotated overnight at room temperature to solubilize inclusion
bodies. After detergent solubilization, the insoluble debris was removed by centrifugation at
20,000 xg for 30 minutes at 24°C. The supernatant was incubated with pre-equilibrated Ni(II)-
NTA superflow resin (Qiagen) in suspension buffer for 3 hr at room temperature. The protein
was then purified using the gravity flow column by washing with 10-12 bed volumes of rinse
buffer (25 mM Tris-HCI1, 200 mM NaCl, 0.2% SDS, 1 mM TCEP, pH 8.0) to remove non-
specific proteins. Resin with bound protein was further washed with 5-6 bed volumes of
exchange-rinse buffer (25 mM Tris-HCL, 200 mM NaCl, 0.1% LMPG, 1 mM TCEP, pH 8.0) to
produce LMPG micelle samples. Purified His-tagged KCNE3 was eluted in 8 mL of elution
buffer (25 mM Tris-HCI, 200 mM NaCl, 250 mM imidazole, 0.1% LMPG, 2 mM TCEP, pH
7.0). Protein samples were concentrated using a Microcon YM-3 (molecular weight cutoff,
3,000) filter (Amicon). The protein concentration was determined from the Aj,gy using an
extinction coefficient of 1.2 mg/mL protein per OD,gp on a NanoDrop 200c (Thermo Scientific).
Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) was used to assess

the protein purity following purification.

Spin Labeling

MTSL spin labeling was carried out following the protocol previously published (3). After
purification, each cysteine mutant was concentrated to 0.25 mM. The 2.5 mM DTT was mixed
with the samples with gentle agitation at room temperature for 24 hours to ensure complete
conversion to Cys-SH. [1-oxyl-2,2,5,5-tetramethylpyrroline-3-methylmethanethiosulfonate
(MTSL) spin label was added to 10 mM from a 250 mM stock solution in methanol into 0.5 mM
KCNE3 solution, which was then equilibrated at room temperature for 30 minutes, followed by

incubation at 37°C for 3 hours and further incubated overnight at room temperature. Samples
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were then buffer-exchanged into 50 mM phosphate, 0.05% LMPG, pH 7.0. Following buffer
exchange, samples were bound to Nickel resin in a column, which was then washed with 200 mL
of 50 mM phosphate, 0.05% DPC, pH 7.0 to remove unbound MTSL. The spin labeled KCNE3
was eluted using elution buffer (25 mM Tris-HCI, 200 mM NaCl, 250 mM imidazole, pH 7.0)
containing 0.5% DPC. The spin labeling efficiency (~75%) was obtained by comparing the
nano-drop UV A280 protein concentration with spin concentration obtained from CW-EPR
spectroscopy.
Reconstitution into Proteoliposomes
The incorporation of spin-labeled KCNE3 protein into POPC/POPG (3:1) proteoliposomes was
obtained by using dialysis methods following a similar protocol described previously (3, 21-24).
The spin labeled KCNE3 protein solubilized in DPC detergent micelles was mixed with a lipid
slurry (400 mM SDS, 75 mM POPC and 25 mM POPG, 0.1 mM EDTA, 100mM IMD, pH 7.0).
The lipid slurry was pre-equilibrated to transparent mixed micelles using an extensive freeze-
thaw cycles. We did more than 20 freeze-thaw cycles to make sure that lipid slurry is
homogeneous and transparent. The final molar ratio of protein:lipid was set to 1:400. The
mixture of KCNE3-lipid was then applied to extensive dialysis to remove all detergent present.
During the dialysis process, KCNE3/POPC/POPG vesicles spontaneously formed. The 4 L
dialysis buffer (10 mM imidazole and 0.1 mM EDTA at pH 7.0) was changed two times daily.
The complete removal of detergent was determined when the KCNE3-lipid solution became
cloudy and the surface tension of the dialysate indicated completion of detergent removal.
Dynamic Light Scattering (DLS) Spectroscopy

Dynamic light scattering (DLS) experiments were performed on a Zetasizer nano series

(Malvern Instruments) in disposable 40 pl micro cuvettes at 25 °C. The protein samples
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reconstituted into POPC/POPG lipid bilayer vesicles were diluted ~5-times with the
reconstituted buffer to qualify for DLS experiments. Data were collected for 20 seconds and
averaged for 10 scans. A size distribution data based on scattering intensity on a log scale were

plotted using Igor Pro (WaveMetrics) software.

CW-EPR Spectroscopy

CW-EPR spectroscopy was carried out on a Bruker EMX X-Band spectrometer at the Ohio
Advanced EPR Laboratory at Miami University. 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 (50 pL) with a total protein concentration of approximately 200 uM for micelle
samples and 100 uM for proteoliposomes. Each sample was scanned 10 - 20 times with a
microwave intensity of 10 mW at 297 K. The side-chain mobility was determined by calculating
the inverse central linewidth from each CW-EPR spectrum. The inverse central linewidth
provides convenient semi-empirical parameters for the estimation of relative rotational mobility

of the nitroxide side-chain (25-28).

An empirical motional parameter (to) was determined from the CW-EPR spectra using equation

1(26, 29-31)

1, = K X AH

) 2 _
() -1 (M

where, K=6.5 x107'%s, AH is the width of the center-line, and hyand h_, are the heights of the

center and high field lines respectively.



CW-EPR Power Saturation Measurements

The CW-EPR spectral lineshapes observed are similar to SDSL-EPR data of membrane
proteins reconstituted into lipid bilayers and micelles published in the literature. (32, 33). We
next used the accessibility to hydrophobic oxygen to assess the topology of different segments
of KCNE3 within POPC/POPG bilayers. 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 pl at a concentration of 30 - 50 uM.
EPR data collection was carried out using a modulation amplitude of 1 G and varying microwave
power of 0.4 - 100 mW. The scan range of all spectra was 90 G, and the final spectra were
obtained by signal averaging 5 scans. The power saturation method works on the principle that
under non-saturating conditions, the height of the spectral lines is linearly proportional to the
square root of the incident microwave power, P'? (34). If the microwave power is subsequently

increased, the increase in signal amplitude becomes less linear with P>

, 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 V85C
(probe outside of model membrane) and S74C (probe inside of model membrane) on KCNE3
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 (2 mM) as previously synthesized (35). The
samples were purged with gas for at least 60 minutes at a rate of 10 mL per minute before

performing each measurement. High purity nitrogen and house supply compressed air lines were

used during the experiment. The resonator remained connected to the gas during all
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measurements and the sample temperature was held at 297 K. The peak-to-peak amplitude of the
first derivative m; =0 resonance line (A) was measured and plotted against the square root of the
incident microwave power. The data points were then fit using a Matlab software script
according to Equation 2 (34):

A=IVP[1+(2* =P/ P ]* 2)

2

where / is a scaling factor, P, is the power where the first derivative amplitude is reduced to half
2

of its unsaturated value, and & is a measure of the homogeneity of saturation of the resonance

line. In equation 1, /, ¢, and P, are adjustable parameters and yield a characteristic P, value. The
2 2

corresponding @ depth parameters were calculated using Equation 3 (34, 36-38).

AP,y ;5(05)
¢=In (ﬂ P1, (N1EDDA }) 3)

Where AP;»(0;) is the deviation in P, values of air and nitrogen interacted samples, and AP;,»

(NiEDDA) is the deviation in the P;/; values for NIEDDA and nitrogen interacted samples.

Circular Dichroism Spectroscopy

Circular Dichroism (CD) measurements were performed on an Aviv Circular Dichroism
Spectrometer model 435 in a quartz cuvette. The cuvette path length was 1.00 mm. Data were
collected from 250 to 190 nm with an average of 3 scans per sample and 1 nm band width at 297
K. Protein samples were prepared in 50 mM NaH,PO4 pH 7.0 either with 0.1% DPC or
reconstituted into POPC/POPG lipid bilayers. Protein concentrations were held at ~15 puM.

When necessary, samples were diluted in 50 mM NaH,PO, buffer at pH 7.0 to minimize the
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scattering effect. The CD data were analyzed on the Dichroweb website
(http://dichroweb.cryst.bbk.ac.uk). A spectral width of 190-240 nm was used during the
simulation of CD spectra using Contin-LL with the SMP180 reference set (39-42). All CD data

were plotted using Igor software.

RESULTS

Preparation of KCNE3 in Lipid Bilayered Vesicles

In order to study structural dynamics and topology of KCNE3 using EPR spectroscopy, the
native cysteine in the KCNE3 amino acid sequence was mutated to serine using site-directed
mutagenesis and single cysteine mutants were generated from the cysless vector. POPC/POPG
phospholipids were used to obtain optimum homogeneous incorporation of KCNE3 in a lipid
bilayer. POPC/POPG lipids are a common mimic for phospholipid bilayers of mammalian cell
membrane systems (32, 43, 44). In addition, the gel-to-L, liquid crystalline phase transition of
POPC/POPG is below 0°C (43). The POPC:POPG molar ratio was 3:1, which mimics the level

of anionic phospholipids commonly found in mammalian cell membranes (32, 43, 44).

The solvent conditions of the elusion buffer have been optimized to provide optimum vesicle
reconstitution. Different detergents including SDS, LMPG, and DPC were tested to elute the
protein and mixed the detergent solubilized protein with lipid slurry (lipid slurry preparation is
discussed in the method section) and subjected to the dialysis. However, use of DPC as a
detergent yielded more homogeneous and stable lipid bilayered vesicle samples for EPR
experiments. A previous study utilized SDS detergent for the elution of the protein during the
purification (3). The dialysis method employed in this study is a widely accepted method of lipid

bilayered vesicles reconstitution in the structure biology field (3, 22, 32, 43-46).
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The size and homogeniety of the KCNE3 in lipid bilayered vesicles was examined using
dynamic light scattering (DLS) spectroscopy. DLS spectroscopy has been widely used to
investigate the size and homogeneity of protein samples (47). The protein sample was diluted
with the reconstitution buffer for DLS measurements. During the dilution of the DLS sample,
we expect that the concentration of the bilayered vesicle is decreased but the vesicle size is still
maintained. Figure 1 shows an illustrative example of the DLS data collected on wild type
KCNE3 in POPC/POPG lipid bilayered vesicles. The size of the lipid bilayered vesicle is within

the range of 70-90 nm radius.
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Figure 1: An illustrative example of the DLS data of wild type KCNE3 incorporated into the

POPC/POPG proteoliposomes. Signal intensity is plotted as a log function of particle radius.

In order to understand the secondary structural conformation of KCNE3, we performed circular
dichroism (CD) spectroscopic measurements on KCNE3 in micelles and lipid bilayered vesicles.
CD spectroscopy is a widely utilized biophysical method to study the overall secondary structure
of proteins/peptides(48). Figure 2 shows CD spectra collected on cysless KCNE3 in 0.1% DPC

micelles and POPC/POPG lipid bilayered vesicles. Our CD data showed predominant o-helical
12



secondary structures indicated by the peak at 195 nm and troughs at ~208 and ~222 nm. The a-
helical content for the liposome sample is higher than that compared for the micelle sample as
indicated by greater deep of the spectrum at 222 nm region for liposomes as compared to that for
micelles. The quantitative analysis of CD spectral data using Dicroweb website suggested that
the helical content of KCNE3 is ~86% in POPC/POPG lipid bilayered vesicles, when compared
to that of ~53% in DPC detergent micelles. These CD spectroscopic data also suggested that the
folding of KCNES3 is better in the liposomes when compared to that in micelles and hence the
study of KCNE3 is required in lipid bilayer environments to better mimic its native like

membrane environment.
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Figure 2. CD spectra of Cysteine reduced KCNE3 in micelle and vesicle environments. Black,

0.1% DPC micelles, Red, POPC/POPG MLVs, 400:1=Lipid:Protein ratio, pH 7.0 at 297 K.

CW-EPR Spectral Measurements

Site-directed spin labeling EPR spectroscopy (SDSL-EPR) is a powerful biophysical
technique to study structural dynamics of membrane proteins(28, 49). Figure 3 shows the
chemical structure of MTSL spin label probe and the predicted topology of KCNE3 in lipid
bilayers based on previous solution NMR studies(3, 20), and X-Band CW-EPR spectra of spin-
labeled KCNE3 mutants in 0.5% DPC micelles and POPC/POPG bilayered vesicles at pH 7.0.
The CW-EPR data show a broadening in the spectral linewidths when moving from the micelles
to the lipid bilayers and residues in the transmembrane lipid bilayers are more restricted when
compared to the residues in the extracellular region of KCNE3. This suggests that the dynamic
motion of the nitroxide spin label is lower in the lipid bilayer membrane when compared to the
micelles and that lies within the bilayer membrane are less mobile than those outside the bilayer

membrane. Similar line broadenings have been previously reported for transmembrane proteins

in the literature. (32, 50-53)
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Figure 3: (A) Chemical structure of the MTSL spin label probe, (B) a predicted topology of
KCNE3 in lipid bilayers based on previous solution NMR studies(3, 20), (C) CW-EPR spectra
on KCNE3 mutants in 0.5% DPC micelles (left panel) and POPC/POPG bilayered vesicles (right

panel). Spectra were normalized to the highest intensity of the spectrum.
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In order to quantify the side-chain motion of the spin-labeling sites, the inverse of the central
linewidth and the empirical motional parameter (ty9) were calculated from each spectrum and
plotted as a function of the residue number as shown in Figure 4. The inverse central linewidth
has been widely used as a powerful semi empirical parameter for the estimation of the relative
rotational mobility (25, 27, 54). For the intermediate-to-fast motional regime of EPR having
three distinct first-derivative lines, the empirical motional parameter (1¢) is also known as the
rotational correlation time (t.) (Figure 4b) (26). The rotational correlation time, T, is the time
required for the spin-label to rotate through an angle of one radian. The shorter times (smaller
values of t.) indicate faster motion. Figure 4a clearly indicates that the spin labeling sites in the
TMD of KCNE3 have relatively lower inverse central linewidths when compared to that of the
sites in the N- and C-termini. The inverse central linewidth for sites (V85C, and S101C) in the
C-terminus of KCNES3 is higher than that for the site S49C in N-terminus of KCNE3. The lower
side chain mobility of the site in N-terminus when compared to the site in C-terminus indicates
that the N-terminus site may be interacting more closely with the lipid bilayer surface when
compared to sites in the C-terminus. The inverse central linewidth data of KCNE3 reported in
this study are consistent with previously published NMR studies of KCNE3 and spin-labeled

side-chain mobility data for integral membrane proteins (3, 20, 32, 33, 55-57).
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Figure 4: (A) Plot of the inverse central EPR resonance linewidth (m;=0) as a function of
residue position, as calculated from the CW-EPR spectra of KCNE3 mutants shown in Figure
3C. (B) Plot of the motional parameter () as a function of residue position calculated from the

CW-EPR spectra of KCNE3 mutants shown in Figure 3C.

The empirical motional parameter (19) provides a quantitative information of the side-chain
dynamics of spin-labeled sites of KCNE3. The motional parameter (t9) was measured for each
residue site according to equation 1. The motional parameter of the TMD of KCNE3 varies from
1.9 ns to 3.5 ns, while the extracellular region varies between 1.1 ns to 2.5 ns. Figure 4b clearly
indicates that 1o for TMD sites of KCNE3 is higher than that of the sites in extracellular region.
The motional parameter pattern for the C-terminus sites is lower when compared to the N-
terminus site. The 1y parameter values suggest that the spin-labeled KCNE3 TMD side-chains are
tumbling slowly when compared to the extracellular termini, with the C-terminus side-chains
tumbling faster than the N-terminal sites. This motional parameter pattern is consistent with the

spin-label side-chain mobility of the corresponding mutants from Figure 4a.

Power Saturation EPR Measurements for Studying Topology of KCNE3

CW-EPR power saturation experiments are widely used to determine the topology of
protein/peptide with respect to membrane bilayers (79, 28, 49). EPR power saturation
experiments measure the relaxation rate of spin labels with external paramagnetic probes situated
in the solvent phase and in the lipid bilayers by plotting the CW-EPR signal intensity as a
function of microwave power (58). Power Saturation EPR experiments were conducted on
KCNE3 spin labeled sites V85C (probe outside the bilayer membrane) and S74C (probe inside

the bilayer membrane) in lipid bilayered vesicles to confirm the location and insertion of these
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residues with respect to the membrane. Figure 5 shows the CW-EPR power saturation data for
spin labeled sites S74C and V85C of KCNE3. The power saturation curve in Figure 5 reveals
that the addition of NiEDDA to V85C KCNE3 has a significant effect on the power saturation
curve in POPC/POPG bilayered vesicle. This indicates that V85C is accessible to the solvent.
Inspection of the power saturation profile of S74C KCNE3 indicates that the non-polar
relaxation probe O, in air changes the relaxation profile much greater than both N, and polar
relaxation probe NiEDDA in POPC/POPG bilayered vesicles, suggesting that site S74C is
resided inside the hydrophobic lipid bilayered membrane (3). The N, control experiments
demonstrated similar saturation patterns for both mutants. The membrane depth parameters (¢)
calculated from equation 3 are 1.3+0.3 for S74C and -1.7+0.3 for V85C. The positive ¢ value
reveals that the residue S74C is buried in the bilayer membrane while negative ¢ value shows the
residue V85C is accessible to the solvent (21, 32, 33, 56, 57). The solvent accessibilities of the
TMD residue S74C (probe inside the bilayer membrane) and V85C (probe outside the bilayer
membrane) of KCNE3 are consistent with the published solution NMR studies of the topology
of KCNE3(3, 20). The power saturation data reported in this study are in agreement with the
CW-EPR lineshape data (Figure 3C) and side-chain mobility and motional parameters shown in

Figure 4.
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Figure 5. EPR Power saturation curves for KCNE3 in POPC/POPG bilayered vesicles at pH 7.0,
297 K. Mutation V85C is outside the lipid bilayer and mutation S74C is part of the

transmembrane domain (TMD).

DISCUSSION

Structural studies of KCNE3 have been previously conducted in a wide range of model
membrane mimics (3, 20). It is important to assess the impact of the membrane mimics used on
the observed conformation and dynamics. In this paper, we have specifically focused on
comparing the conformation and dynamics of KCNE3 in POPC/POPG liposomes and DPC
micelles. For instance, the transmembrane helix of KCNE3 extends from the amino acid residue
57 to 82 in isotropic bilcelles (3). It is important to examine whether the TMD region in the
actual lipid bilayered vesicle environment is extended outside the region reported in the isotropic
bicelles. Similarly, the helical regions reported for the N- and C-termini need to be examined in

the lipid bilayered vesicle environment. The previous DEER data obtained on a pair of spin
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labeled sites of TMD terminals in POPC/POPG bilayered vesicles suggested that the TMD helix
adopts a moderate curvature in bilayer membranes with residues T71, S74, and G78 lie along the
concave face of the curvature(3). However, further refinement of the TMD domain is required to
obtain in-depth quantitative information of the conformation of the TMD helix. The CW-EPR
data for the optimum reconstitution of KCNE3 in POPC/POPG bilayered vesicles reported in
this study shows the feasibility of site-directed spin labeling (SDSL) EPR spectroscopic
experiments for a detailed examination and refinement of the KCNE3 structure in a bilayered
vesicle environment. Recent electrophysiological studies on the cysless form of KCNE3 and
KCNQI1 suggested that the site specific cysteine mutation does not significantly perturb the
functional activities of the protein(3). Our CD spectroscopic data suggested that KCNE3 is more
highly structured in POPC/POPG bilayered vesicles than compared to DPC detergent micelles.
The DEER data reported on the KCNE3 in POPC/POPG also suggests a functional preservation
of the protein in the POPC/POPG lipid bilayered vesicles(3). Earlier studies on membrane
proteins suggested that the method used during the incorporation of the protein into lipid bilayer
vesicles is very important to determining the secondary structure of the protein (33, 59-61). Our
EPR experimental results are consistent with the CW-EPR spectral lineshape analysis data and
power saturation data previously reported on integral membrane proteins(32, 33, 61).

The transmembrane domain (TMD) of KCNE3 is very hydrophobic containing several
polar residues on the TMD termini. The polar amino acid residues present on the termini restrain
the protein to the polar surface of the membrane while the inner hydrophobic amino acid
residues interact with carbon chains of the lipid (3). KCNE3 is insoluble in aqueous solution and
tends to aggregate due to its amphipathic behavior. DPC is a zwitterionic detergent belonging to

the single chain phospholipids. The presence of DPC in the elution buffer during the
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reconstitution of KCNE3 utilized in this study keeps this protein in association with relevant
concentrations of either detergent or lipids to minimize its interaction with other protein
molecules leading to the prevention from the aggregation. The molar ratio of lipid:protein is also
significantly higher (400:1) as reported in the literature (3).

CW-EPR power saturation will be very useful technique to determine the association of
the specific residues of the helical sections of N-and C-termini of KCNE3 with the lipid
bilayered membrane. CW-EPR spectral lineshape analysis and power saturation data will be very
helpful to understand how certain residue sites Thr71, Ser74, and Gly78 along the concave face
of the curved TMD interact with lipid bilayers. CW-EPR experiments will be very useful to
explore how a lipid bilayer could function to stabilize and extend extracellular helical segments,
that increases a higher helical content in lipid bilayers than in micelles. Since we have optimized
the lipid bilayer sample preparation reported in this study, we will explore the details of the
structural topology and conformational dynamics of KCNE3 in our future studies using the
advanced EPR spectroscopic techniques that are utilized for studying membrane proteins.
CONCLUSION
A method for reconstitution of KCNE3 in lipid bilayered vesicles was successfully optimized for
EPR spectroscopic studies. Biophysical data on KCNE3 reconstituted into both POPC/POPG
liposomes and DPC micelles were reported. The CD spectroscopic data indicate that the structure
of KCNE3 in bilayered lipid vesicles is more highly ordered in comparison to that in detergent
micelles. The CW-EPR spectral lineshape analysis and power saturation data suggested restricted
motion of KCNE3 in lipid bilayered vesicles in comparison to that in detergent micelles. The

results of this work will provide guidelines for the further detailed structure and conformational
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dynamic studies of KCNE3 in more physiological membrane environment using EPR

spectroscopy.
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