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ABSTRACT: EPR spectroscopic studies of membrane proteins
in a physiologically relevant native membrane-bound state are
extremely challenging due to the complexity observed in
inhomogeneity sample preparation and dynamic motion of the
spin-label. Traditionally, detergent micelles are the most widely
used membrane mimetics for membrane proteins due to their
smaller size and homogeneity, providing high-resolution
structure analysis by solution NMR spectroscopy. However, it
is often difficult to examine whether the protein structure in a
micelle environment is the same as that of the respective
membrane-bound state. Recently, lipodisq nanoparticles have
been introduced as a potentially good membrane mimetic system for structural studies of membrane proteins. However, a
detailed characterization of a spin-labeled membrane protein incorporated into lipodisq nanoparticles is still lacking. In this work,
lipodisq nanoparticles were used as a membrane mimic system for probing the structural and dynamic properties of the integral
membrane protein KCNE1 using site-directed spin labeling EPR spectroscopy. The characterization of spin-labeled KCNE1
incorporated into lipodisq nanoparticles was carried out using CW-EPR titration experiments for the EPR spectral line shape
analysis and pulsed EPR titration experiment for the phase memory time (T,,) measurements. The CW-EPR titration experiment
indicated an increase in spectral line broadening with the addition of the SMA polymer which approaches close to the rigid limit
at a lipid to polymer weight ratio of 1:1, providing a clear solubilization of the protein—lipid complex. Similarly, the T, titration
experiment indicated an increase in T, values with the addition of SMA polymer and approaches ~2 us at a lipid to polymer
weight ratio of 1:2. Additionally, CW-EPR spectral line shape analysis was performed on six inside and six outside the membrane
spin-label probes of KCNEL in lipodisq nanoparticles. The results indicated significant differences in EPR spectral line
broadening and a corresponding inverse central line width between spin-labeled KCNEI residues located inside and outside of
the membrane for lipodisq nanoparticle samples when compared to lipid vesicle samples. These results are consistent with the
solution NMR structure of KCNEL1. This study will be beneficial for researchers working on studying the structural and dynamic
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properties of membrane proteins.

B INTRODUCTION

Membrane proteins play an essential role in controlling
bioenergetics, the movement of ions across a cell, and
initializing signaling pathways. They are targets of approx-
imately 50% of all modern medical drugs."” Electron
paramagnetic resonance (EPR) spectroscopy is a very powerful
biophysical technique for studying the structural and dynamic
properties of membrane proteins.”~> However, its application is
challenging by difficulties in homogeneous solubilization of
membrane protein in native membrane-bound state. Detergent
micelles are the most widely used membrane mimetics for
membrane proteins solubilization due to their smaller size,
providing high-resolution structure analysis by solution NMR
spectroscopy. However, it is difficult to examine whether the
structure of proteins in a micelle environment is the same as
that of its membrane-bound state.

Membrane scaffold protein (MSP)-stabilized nanodiscs are a
very promising approach to form monodispersed protein
samples under lipid bilayer conditions to minimize the
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detrimental effect of pockets of high local electron spin
concentrations on the transverse relaxation within a sample.’
However, there are drawbacks to this method in that it requires
the use of detergents for protein incorporation which must then
be completely removed for the assembly of a protein—nanodisc
complex.” In addition, the absorbance properties of the
membrane scaffold protein may interfere with the incorporated
protein of interest or there may be specific lipid interactions
with the scaffold protein. Finally, they are challenging to
prepare.

Bicelles are artificial lipid bilayer discs close to the native
mimetic system formed by a mixture of long-chain
phospholipids and short-chain phospholipids. Bicelles are
favorable for the study of interactions within membrane
proteins that are not retained in micelles.*""" Bicelles are

Received: February 21, 2017
Revised:  May 9, 2017
Published: May 9, 2017

DOI: 10.1021/acs.jpcb.7b01705
J. Phys. Chem. B 2017, 121, 5312-5321



The Journal of Physical Chemistry B

able to provide accessibility for the interaction of both
extracellular and cytoplasmic domains of membrane proteins."”
However, the requirement of the specific types of lipids for the
bicelle formation limits its applications as the lipid
compositions in the membrane can influence the function of
membrane proteins.'”~"*

Lipodisq nanoparticles or styrene maleic acid lipid particles
(SMALPs) are a relatively new membrane mimic that can
provide a native membrane environment for the structural
study of membrane proteins. Unlike nanodiscs, lipodisq
nanoparticles are formed from lipids solubilized by polymers
instead of membrane scaffold proteins without interfering with
the absorbance properties of the membrane proteins.”>~"*
The formation of lipodisq nanoparticles does not require any
detergent. Lipodisq nanoparticles can provide accessibility of
the embedded proteins to both sides of the membrane which is
appropriate for functional studies.'” It can maintain the
oligomerization states of the proteins which are important for
understanding the mechanistic process.”’ The polymer used for
solubilizing lipids consists of styrene and maleic acid (SMA) at
a molar ratio of 3:1. The SMA copolymer can be applied to a
variety of lipids and can maintain the native lipid composition
in solubilized nanoparticles.”' >’ Although lipodisq nano-
particles show a high potential to serve as a good membrane
mimetic system for biophysical studies of membrane proteins,
its structural characterization is still lacking.'”**

In this study, lipodisq nanoparticles are characterized in the
presence of the integral membrane protein KCNE1. KCNE1 is
a single transmembrane protein consisting of 129 amino acids
that modulates the function of certain voltage gated potassium
ion channels (K,).”>™*’ Recent biochemical and electro-
physiological studies indicated that the transmembrane domain
(TMD) of KCNE1 binds to the pore domain of the KCNQI1
channel modulating the channel’s gating.”*™>' Mutations in the
genes encoding these proteins result in increased susceptibility
to genetic diseases such as congenital deafness, congenital long
QT syndrome, ventricular tachyarrhythmia, syncope, and
sudden cardiac death.”***** CW-EPR spectra and transverse
relaxation (T,,) measurements were conducted on KCNEI1
mutants in POPC/POPG lipid titrating with 3:1 SMA polymer
for the formation of the lipodisq nanoparticle system. The
incorporation of KCNE1 into POPC/POPG lipodisq nano-
particles indicated higher side-chain mobility for the spin-
labeled residues located in the aqueous phase when compared
to the KCNEI residues located within the membrane bilayer.
The dynamic properties of spin-labeled KCNE1 samples are
consistent with the structural behavior of KCNEL. This study
provides useful information for researchers using lipodisq
nanoparticles as a membrane mimetic system.

B MATERIALS AND METHODS

Site-Directed Mutagenesis. The His-tag expression
vectors (pET-16b) containing a cysteine-less mutant of
KCNE1 were transformed into XL10-Gold Escherichia coli
cells (Stratagene). Plasmid extracts from these cells were
obtained using the QIAprep Spin Miniprep Kit (Qiagen). Site-
directed cysteine mutants were introduced into the cysteine-less
KCNEL1 gene using the QuickChange Lightning Site-Directed
Mutagenesis kit (Stratagene). The KCNEI 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
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(Stratagene) for protein overexpression. The sites located in
the aqueous phase were generated by cysteine substitution
corresponding to residues 21, 28, 32, 33, 37, and 109, and the
sites located within the membrane bilayer were generated by
cysteine substitution corresponding to residues 51, 52, 56, 57,
59, and 63.

Overexpression and Purification. The overexpression
and purification of E. coli BL21 cells carrying mutated KCNE1
genes were carried out by using a previously described
protocol.”” E. coli cells carrying mutants of choice were
grown in an M9 minimal medium with 50 pg/mL ampicillin.
The cell culture was incubated at 37 °C and 240 rpm until the
ODygy reached 0.8, at which point protein expression was
induced using 1 mM IPTG (isopropyl-1-thio-p-galactopyrano-
side), followed by continued rotary shaking at 37 °C for 16 h.
Purification of KCNE1 from inclusion bodies was carried out
according to a previously described method*® and eluted using
0.05% LMPG detergent. Protein samples were concentrated
using a Microcon YM-3 (molecular weight cutoff, 3000) filter
(Amicon). The protein concentration was determined from
A,g using an extinction coefficient of 1.2 mg/mL protein per
OD,4; on a NanoDrop 200c (Thermo Scientific). The protein
purity from overexpression was confirmed by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE).

Spin Labeling and Reconstitution into Proteolipo-
somes. Spin labeling and proteoliposome reconstitution were
carried out following the protocol previously described.’* After
purification, each cysteine mutant was concentrated to 0.5 mM
and the pH was lowered to 6.5. Samples were then reduced
with 2.5 mM DTT, with gentle agitation at room temperature
for 24 h to ensure complete conversion to Cys-SH. The MTSL
spin label was added to 10 mM from a 250 mM solution in
methanol into 0.5 mM KCNE1 solution, which was then gently
agitated at room temperature for 30 min, followed by
incubation at 37 °C for 3 h and further incubation overnight
at room temperature. Samples were then buffer-exchanged into
a 50 mM phosphate, 0.05% LMPG, pH 7.8. Following buffer
exchange, samples were bound to nickel resin in a column,
which was then washed with 200 mL of 50 mM phosphate,
0.5% SDS, pH 7.8, to remove excess MTSL. The spin labeled
KCNEI was eluted using elusion buffer (250 mM IMD, 100
NaCl, 20 mM Tris, pH 7.8) with 0.5% SDS detergent. The spin
labeling efficiency (~75%) was determined by comparing the
nanodrop UV A280 protein concentration with spin concen-
tration obtained from CW-EPR spectroscopy.

The reconstitution of spin labeled protein into POPC/
POPG (3:1) proteoliposomes was carried out via dialysis
methods following a similar protocol in the literature.”*”**
The concentrated spin labeled KCNE1 protein was mixed with
a stock lipid slurry (400 mM SDS, 7S mM POPC and 25 mM
POPG, 0.1 mM EDTA, 100 mM IMD, pH 6.5). The lipid
slurry was pre-equilibrated to clear mixed micelles via several
freeze—thaw cycles. The final protein:lipid molar ratio was set
to 1:400. The KCNE1-lipid mixture was then subjected to
extensive dialysis to remove all detergent present, during which
process KCNE1/POPC/POPG vesicles spontaneously formed.
The 4 L dialysis buffer (10 mM imidazole and 0.1 mM EDTA
at pH 6.5) was changed twice daily. The completion of
detergent removal was determined when the KCNE1-lipid
solution became cloudy and the surface tension of the dialysate
indicated complete removal of detergent.

Reconstitution into Lipodisq Nanoparticles. Lipodisq
nanoparticles (prehydrolyzed styrene—maleic anhydride co-
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Figure 1. Chemical structure of the MTSL spin label probe (A), cartoon representation of the NMR structure of KCNE1 (PDB ID: 2k21) with spin-
labeling sites represented by green spheres at their alpha carbons (B), and chemical structure of the 3:1 SMA polymer (C).

polymer 3:1 ratio) were purchased from Malvern Cosmeceutics
Ltd. (Worcester, U.K.). The protein—lipid complex was
incorporated into SMA-—lipodisq nanoparticles following the
published protocols.”">** A 500 uL aliquot of proteoliposome-
reconstituted protein sample (~30 mM POPC/POPG lipid)
was added with an increasing amount of 2.5% of lipodisq
solution prepared in the same dialysis buffer (10 mM IMD, 0.1
mM EDTA at pH 6.5) dropwise over 3—4 min at different
weight ratios (lipid:polymer = 1:0, 1:0.125, 1;0.25, 1:0.5, 1:0.75,
1:1, 1:2). The protein—lipodisq solution was allowed to
equilibrate overnight at 4 °C.

EPR Spectroscopic Measurements. EPR experiments
were conducted at the Ohio Advanced EPR Laboratory. CW-
EPR spectra were collected at X-band on a Bruker EMX CW-
EPR spectrometer using an ER041xG microwave bridge and
ER4119-HS cavity coupled with a BVT 3000 nitrogen gas
temperature controller. Each spin-labeled CW-EPR spectrum
was acquired by signal averaging 10 42 s field scans with a
central field of 3315 G and sweep width of 100 G, modulation
frequency of 100 kHz, modulation amplitude of 1 G, and
microwave power of 10 mW at 297 K. The side chain mobility
was determined by calculating the inverse central line width
from each CW EPR spectrum. Transverse relaxation data were
collected by using a standard Hahn echo pulse sequence [(z/
2)-1,-(x) - 7, - echo] at Q-band with 10/20 ns pulse widths,
an initial 7; of 200 ns and an increment of 16 ns, 100 echoes/
point, and two-step phase cycling at 80 K. The transverse
relaxation time (T,) or phase memory time (T,) was
determined by fitting the data with a single exponential decay.

EPR Spectral Simulations. EPR spectra were simulated
using the Multicomponent LabVIEW program written by Dr.
Christian Altenbach®® including the macroscopic order, micro-
scopic disorder (MOMD) model developed by Freed
group.””*® A previously published fitting procedure was used
to simulate the CW-EPR spectra.”” The principle components
of the hyperfine interaction tensor A = [5.5 G, 5.5 G, 34.8 G]
and g-tensors g = [2.0088, 2.0063, 2.0023] were obtained from
our previously published work.” During the simulation
process, the A and g tensors were held constant and the
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rotational diffusion tensors were varied. A two-site fit was used
to account for both the rigid/slower and higher/faster motional
components of the EPR spectrum. The best fit rotational
correlation times and relative population of both components
were determined using the Brownian diffusion model.

B RESULTS

Recently, we characterized the structure of lipodisq nano-
particles in the absence and in the presence of membrane
protein KCNE1 using dynamic light scattering (DLS), solid
state nuclear magnetic resonance (SSNMR) spectroscopy, and
transmission electron microscopy (TEM).*~* In this study,
the lipodisq nanoparticle system was characterized using a spin-
labeled KCNEI reconstituted into POPC/POPG lipid bilayers
using CW-EPR line shape analysis, pulsed EPR phase memory
time (T,,) measurements, and side-chain mobility analysis for
spin-labeled sites inside and outside of the membrane. A
POPC:POPG (3:1) lipid bilayer was used to mimic
phospholipids typically found in mammalian mem-
branes.”**”*** Figure 1 shows the schematic representation
of the MTSL spin-label probe and the locations of the spin-
labels mapped onto the NMR structure of the KCNE1
membrane protein in LMPG micelles.””

CW-EPR Spectral Lineshape Analysis of KCNE1 in
Lipodisq Nanoparticles. CW-EPR spectra are very sensitive
to the nitroxide side-chain motion of spin-labeled proteins
incorporated into different environments (i. e., aqueous and
membrane).”* Important dynamic information can be gleaned
from the EPR spectra. CW-EPR spectral line shape analysis was
conducted on spin-labeled KCNE1 incorporated into POPC/
POPG lipid bilayers upon titration of the SMA polymer.
KCNE1 residues were chosen inside (FS6C) and outside
(R32C) of the membrane for these studies (Figure 1). FS6C is
buried in a hydrophobic lipid bilayer environment, while the
R32C is outside of the membrane in an aqueous environ-
ment.*” Figure 2 shows CW-EPR spectra of POPC/POPG
vesicles titrating with 3:1 SMA polymers for spin-labeled R32C
KCNE]1 located outside the membrane at 297 and 318 K. The
data reveal two motional components (slower/rigid component
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Figure 2. CW-EPR titration data on R32C-KCNE1 mutant (outside
probe) in POPC/POPG vesicles as a control and lipodisq nano-
particles formed from different lipid to SMA polymer weight ratios as
indicated in the corresponding spectrum.

indicated by left arrow and faster motional component
indicated by right arrow) in the CW-EPR spectrum of the
control sample (lipid:SMA polymer = 1:0) at 297 K. With the
addition of the SMA polymer, the slower/rigid component (left
peak) increases and the faster motional component (right
peak) decreases and becomes a minimum and then saturates at
a weight ratio of ~1:1 W/W at 297 K. The slower component
(left peak) is not so pronounced in the CW-EPR spectrum of
the control sample (lipid:SMA polymer = 1:0) at 318 K. Upon
addition of SMA polymer, CW-EPR spectra show two motional
components (slower/rigid component (left peak) and faster
motional component (right peak)). The slower/rigid compo-
nent does not increase significantly with the addition of further
SMA polymer. Inspection of the CW-EPR spectra indicates that
the line shape broadening increases with the addition of the
SMA polymer and becomes maximum and then saturates at a
weight ratio of ~1:1 W/W at 297 K. A single component EPR
spectral line shape observed at 318 K for the control sample
(lipid:SMA polymer = 1:0) might be due to the averaging of
the two motional components at 318 K.** The other possible
reason may be that the effect of viscosity will be less at 318 K
for the sites located in the aqueous phase protecting to resolve
the local motion contributing to the global motion in the
resulting EPR spectrum.”"> The slower component observed in
other spectra with the addition of SMA polymer is due to the
residual slower component that was not fully averaged at 318 K.
In order to compare the spectral line shape more quantitatively,
the inverse central line widths obtained from all of the titration
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spectra (Figure 3) were plotted at temperatures of 297 and 318
K. The inverse central line width provides a quantitative
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Figure 3. Side-chain mobility of the MTSL spin-label on KCNEI at
the R32C position (outside probe) for lipodisq nanoparticles formed
from different lipid to SMA polymer weight ratios. The inverse central
line width parameters were calculated from the CW-EPR titration
spectra from Figure 2.

measure of the side-chain mobility of the spin-labeling
sites.”*”* ™% The inverse central line width for the titration
spectra at 297 K decreases from 1:0.125 to 1:0.25 weight ratios
and then slows down and saturates at 1:1 and 1:2 weight ratios,
while there is not significant variation in the inverse central line
width at 318 K.

In order to further quantify the two motional components of
the CW-EPR spectra, nonlinear least-squares (NLSL) MOMD
EPR spectral simulations were carried out on representative
EPR spectra of site R32C for the control sample (lipid:SMA
polymer = 1:0) and for the sample in liposomes with the SMA
polymer (lipid:SMA polymer 1:1) to determine the
correlation times and relative population of the different
components. The multicomponent LabVIEW program devel-
oped by Christian Altenbach (http://www.biochemistry.ucla.
edu/biochem/Faculty/Hubbell/ ) was used for the study.“%_38
The Zeeman interaction tensors (g, Sy g..) and hyperfine
interaction tensors (A,,, A, A,,) were held constant during the
fitting process, and the correlation times and relative population
of the two components were determined from the best fit EPR
spectra (see Figure S2). The simulation results indicated that
the R32C KCNE1 mutant at a weight ratio of 1:1 is slower with
longer correlation times of 7 ns and a relative population of
90% (rigid component) and 0.8 ns of 10% (motional
component), and 6 ns with a relative population of 24%
(rigid component) and 0.9 ns of 76% (motional component)
for the control sample at a weight ratio of 1:0. These results are
consistent with the previously published literature.”

Similarly, CW-EPR titration spectra of spin-labeled F56C
located in the transmembrane domain of KCNE1 at temper-
atures of 297 and 318 K are shown in Figure 4. These CW-EPR
spectra also reveal two motional components (slower/rigid
component indicated by left arrow and faster motional
component indicated by right arrow) in the control sample
(lipid:SMA polymer = 1:0) at 297 K. The addition of the SMA
polymer increases the slower/rigid component (left peak),
while the faster motional component (right peak) decreases
and becomes a minimum and then saturates at a weight ratio of
~1:0.75 W/W at 297 K. The slower component (left peak) is
not so pronounced in the CW-EPR spectrum of the control
sample (lipid:SMA polymer = 1:0) at 318 K. The CW-EPR
spectra also reveal two motional components (slower/rigid

DOI: 10.1021/acs.jpcb.7b01705
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Figure 4. CW-EPR titration data on FS6C-KCNE1 mutant (inside
probe) in POPC/POPG vesicles as a control and lipodisq nano-
particles formed from different lipid to SMA polymer weight ratios as
indicated in the corresponding spectrum.

component (left peak) and faster motional component (right
peak)) upon addition of the SMA polymer. The slower/rigid
component (left peak) increases significantly and the faster
motional component (right peak) decreases with further
addition of the SMA polymer and becomes minimum and
then saturates at a weight ratio of ~1:0.75 W/W at 318 K.
Inspection of the data indicates that the line width broadening
increases with the addition of the SMA polymer and becomes
maximum and then saturates at a weight ratio of ~1:0.75 W/W
at both 297 and 318 K. A single component EPR spectral line
shape observed at 318 K for the control sample (lipid:SMA
polymer = 1:0) might be due to the averaging of the two
motional components at 318 K, when compared to the spectra
collected at 297 K. The other possible reason may be that the
POPC/POPG lipid adopts a liquid phase at 318 K so that the
lipid acyl chains have high fluidity, causing less restrictions to
the spin label sites located inside the membrane averaging the
overall motion of the spin label resulting in a single spectral
component.”® The overall spectral line broadening is higher for
the inside transmembrane FS6C KCNE1 sample, when
compared to the spectra for the outside mutant R32C. The
inverse central line width of spin-label mutant FS6C (Figure S)
has a similar pattern to that of R32C. The inverse central line
width values are lower, indicating that the EPR spectra are
broader for FS6C when compared to R32C. Figure S also
revealed that there is a rapid decrease in inverse central line
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Figure S. Side-chain mobility of the MTSL spin-label on KCNEI at
the FS6C position (inside probe) for lipodisq nanoparticles formed
from different lipid to SMA polymer weight ratios. The inverse central
line width parameters were calculated from the CW-EPR titration
spectra from Figure 4.

width for the FS6C KCNE1 samples at weight ratios from 1:0
to 1:0.25 W/W. A significant increase in line broadening of the
EPR spectrum causes the inverse central line width to decrease.
The significant increase in line broadening observed for the
inside probe FS6C at 1:0.25 may be due to the higher
restriction provided by the lipid acyl chain due to wrapping of
the SMA polymer around the li/pigi bilayers while forming the
lipodisq nanoparticle complex.”'>** The CW-EPR titration
spectra clearly indicate the spin-label motion gets slower with
the addition of SMA polymer for both inside and outside
mutants at 297 K. This behavior is not similar at 318 K. At 318
K, membrane fluidity is higher which can apply less restriction
to the spin-label side-chain incorporated into the lipid bilayered
vesicles, causing higher spin-label side-chain mobility of
KCNEI for the inside probe (FS6C) when compared to that
at 297 K.*°

Phase Memory Time (T,,,) Measurements of KCNET1 in
Lipodisq Nanoparticles. Pulsed electron—electron double
resonance (PELDOR)/double electron—electron resonance
(DEER) spectroscopy coupled with SDSL is a powerful
approach for measuring long-range distances of 18—80
APP751 and relative orientations,””>* providing valuable
information for structural studies.”>*® However, the application
of DEER spectroscopy to spin-labeled membrane proteins in a
reconstituted system is limited due to the much shorter phase
memory times (T,) of spin-labels in lipid bilayered
vesicles”™*’ ™ as compared to detergent micelles. The short
phase memory times are due to uneven packing of the spin-
labeled protein within the proteoliposomes, which creates local
inhomogeneous pockets of high spin concentrations.”’
Homogeneous lipid bilayered vesicle sample preparation is
required to enhance the phase memory time (T,,). In order to
characterize lipodisq nanoparticles for pulsed EPR studies, we
performed pulsed EPR titration experiments on outside and
inside probes of KCNE1 (R32C and F56C) reconstituted into
POPC/POPG liposomes with the addition of SMA polymer for
the measurement of phase memory times (T),). Figure 6 shows
all of the T,, curves for the R32C (outside, left panel) and
FS6C (transmembrane, right panel). The T, data were
analyzed in a similar manner previously reported in the
literature.”* Figure 6 clearly indicates that the signal intensity at
a specific decay time of 2 us (DEER detectable time commonly
used for biological systems) for the outside probe (R32C) is
~0.2 au for the control sample (POPC/POPG:SMA polymer =

DOI: 10.1021/acs.jpcb.7b01705
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Figure 6. Phase memory time measurements on outside probe R32C-
KCNE1 mutant (left panel) and inside probe FS6C-KCNE1 mutant
(right panel) reconstituted into POPC/POPG with addition of an
increasing amount of 3:1 SMA polymer (lipid to polymer weight ratio)
for the lipodisq nanoparticles. The phase memory time (T),) values are
similar for both inside and outside probes. The T, values are 1.4 + 0.2
us for 1:0, 1.8 + 0.2 us for 1:0.5, 1.9 + 0.2 us for 1:1, and 2.0 + 0.2 us
for 1:2.

1:0). The addition of the SMA polymer to the sample
significantly increases the signal amplitude up to ~0.4 au at 2 us
and saturates at a weight ratio of 1:2 W/W for the outside
probe (R32C). These results indicate that the improvement in
the transverse signal intensity observed is ~2-fold for the
outside probe (R32C). Similarly, the signal intensity at a
specific decay time of 2 us (DEER detectable time commonly
used for biological systems) for the inside probe (FS6C) is
~0.2 au for the control sample (POPC/POPG:SMA polymer =
1:0). Addition of the SMA polymer increases the signal up to
~0.4 au and saturates at a weight ratio of 1:2 W/W for the
inside probe (FS6C). This is an ~2-fold increase, which is
similar to the outside probe (R32C). All of the data sets could
not be adequately fit with a single exponential decay to directly
compare T, values for the different samples. However,
qualitatively, the T,, values of the outside probe (R32C) and
inside probe (FS6C) of KCNEI for the control samples
(POPC/POPG:SMA polymer = 1:0) were similar to the value
of ~1.4 ps. The T, values increased up to ~2 us at a weight
ratio of 1:2 W/W for both outside and inside spin-label probes
of KCNE1 (R32C and FS6C) upon addition of the SMA
polymer. The data indicate that the KCNEI1 T, values can be
improved by ~2-fold in lipodisq nanoparticles when compared
to the same spin-labeled KCNE1 protein in proteoliposomes.
With the improvement in the phase memory time, DEER
measurements can be extended for a longer range of distances
with higher signal-to-noise ratio (S/N) of the time domain
DEER data.

CW-EPR Spectral Measurements on inside Spin-Label
Probes and outside Spin-Label Probes of KCNE1. In
order to further characterize the usage of lipodisq nanoparticles
for EPR spectroscopic experiments, the CW-EPR line shape
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analysis and side-chain mobility of six inside and six outside
MTSL spin-labeled mutants of KCNE1 were studied. Figure 7

POPC/POPG Lipodisq

v2ic

S28C
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§37C

ST

20 Gauss
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Figure 7. CW-EPR spectra on different outside mutants of KCNE1 in
POPC/POPG vesicles and POPC/POPG lipodisq nanoparticles (lipid
to polymer weight ratio 1:1) at 297 K. AH represents the
measurement of central line width.

shows CW-EPR spectra of the outside probes of the spin-
labeled KCNE1 mutants in POPC/POPG liposomes and
POPC/POPG lipodisq nanoparticles (lipid to SMA polymer
weight ratio = 1:1) at 297 K. CW-EPR spectra reveal that the
lipodisq nanoparticle samples have broader lineshapes closer to
the rigid limit when compared to the POPC/POPG vesicle
samples. The results also reveal two motional components in a
majority of the EPR spectra. The left arrow shows the slower/
rigid component and the right arrow shows faster motional
components. These motional components arise due to the
multiple conformational states of KCNEI while interacting
with the lipid bilayers.”” The presence of multiple conforma-
tions of the spin-label rotamers and backbone fluctuation of
KCNE1 may also contribute toward these two motional
components.”’ The inverse central line width represents the
spin-label side-chain mobility of membrane proteins that mostly
contributed from the faster motional components of EPR
spectra. The inverse central line width profile of the outside
probes of KCNEI1 (see Figure 8) for lipid bilayered vesicle
samples is higher than that for the lipodisq nanoparticle
samples. The inverse central line width values are between 0.37
andto0.53 G™' for vesicle samples and between 0.25 and 0.29
G™! for lipodisq nanoparticle samples. The CW-EPR spectra of
transmembrane (inside) spin-labeled residues of KCNEI
(Figure 9) indicate that the lipodisq nanoparticle samples
have significantly broader lineshapes when compared to that of
vesicle samples. The inverse central line width profile of the
inside probes of KCNEI (see Figure 10) for vesicle samples is
significantly higher than that for the lipodisq nanoparticle
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Figure 8. Inverse central line width as a function of outside probe
positions of KCNE1 in POPC/POPG vesicles and POPC/POPG
lipodisq nanoparticles (lipid to polymer weight ratio = 1:1). The
inverse central line widths were calculated from the EPR spectra in
Figure 7.
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Figure 9. CW-EPR spectra on different inside mutants of KCNEI in
POPC/POPG vesicles and POPC/POPG lipodisq nanoparticles (lipid
to polymer weight ratio = 1:1) at 297 K.

samples. The inverse central line width values are between 0.28
and 0.36 G~ for vesicle samples and between 0.12 and 0.14
G™! for lipodisq nanoparticles. Comparison of CW-EPR spectra
and inverse central line widths of outside and inside spin-label
probes of KCNEI1 (Figures 7, 8, 9, and 10) reveal significant
differences in line widths and mobilities for lipodisq nano-
particle samples. However, the spectral line widths and
mobilities of inside probes and outside probes have smaller
differences for the KCNEI vesicle samples. The inside probes
of KCNEL1 have significantly broader spectral lineshapes and
lower inverse central line widths when compared to outside
probes of KCNE1. These results are expected as the KCNE1
transmembrane domian spans the full width of the lipid bilayer
while C- and N-termini are solvent exposed, suggesting the
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Figure 10. Inverse central line width as a function of inside probe
positions of KCNE1 in POPC/POPG vesicles and POPC/POPG
lipodisq nanoparticles (lipid to polymer weight ratio = 1:1). The
inverse central line widths were calculated from the EPR spectra in
Figure 9.

inside mutants tumble slower compared to the outside mutants
of KCNEL.*” The data indicate that CW-EPR spectra obtained
in the lipodisq nanoparticles provide more obvious line
broadening information for the faster motional components
that the line broadening significantly increases for the residues
located inside the membrane bilayers when compared to that of
the residues located in the aqueous phase to understand the
incorporation of KCNE1 in POPC/POPG liposomes. The data
are consistent with our previously published structural topology
model of KCNE1 in POPC/POPG lipid bilayered vesicles.’

B DISCUSSION

Homogeneous sample preparation is very important for
obtaining high quality EPR data of membrane proteins for
structural and dynamic studies. Our previous DEER data on
several dual spin-labeled mutants of KCNE1 showed that the
lipodisq based sample preparation provided significant
improvement in signal-to-noise ratio (S/N) for DEER time
domain data and boosted the phase memory time by ~2-
fold.***> CW-EPR titration data reported in this study indicate
that the lipodisq nanoparticle system is optimum at the lipid to
SMA polymer weight ratio of ~I1:1 with a significant
broadening in EPR spectral line shape. This spectral line
shape broadening indicates that the spin-label motion is
interestingly reduced for the lipodisq nanoparticle samples
when compared to the proteoliposome samples. We speculate
that this increase in line broadening may be related to the
lipodisq nanoparticle formation mechanism, as suggested by
previously published studies.”*>** The additional EPR spectral
line broadenings for the inside mutants might be due to a
decrease in the motion of the lipid acyl chain in the presence of
the SMA polymer while forming the lipodisq nanoparticles,
resulting in a decrease in the motion of spin-labels. The
lipodisq nanoparticle system is formed due to the lateral
pressure generated due to the polymer and lipid chain
interaction isolating the individual complex with specific smaller
size.” Recent studies indicated that the SMA polymer forms like
a bracelet around the lipid membrane with the styrene moieties
oriented parallel to the membrane normal and interacting
directly with the lipid acyl chain while maleic acid groups are
oriented in the same direction of styrene moieties and
interacting with the lipid head groups.63 The driving force for
the spontaneous formation of the lipodisq nanoparticles toward

the burial of the styrene groups into the hydrophobic core of
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the membrane might be contributing toward the decrease of
lipid acyl chain motion. EPR experiments were also performed
on the inside mutants (L48C, FS6C) and outside mutant
(L30C) of KCNEI by removing the His-tag. The broadening of
the EPR spectra is similar to and without the His-tag (see
Supporting Information Figure S1). This indicates that the
SMA polymer is not interacting with the His-tag while forming
lipodisq nanoparticles. In the process of formation of the
lipodisq nanoparticle systems, polymers extract the patches of
membrane containing well incorporated membrane protein and
stabilize the specific small sizes.”” This may restrict the motion
of lipid acyl chains and consequently may make the inside spin-
label probes tumble slower compared to the liposome samples.
In addition, the incorporation of a protein—lipid complex into
the lipodisq nanoparticle system causes an overall increase in
the viscosity of the solution slowing down the motion of the
outside spin probe as well (see Figures 7 and 8).”'> Since the
increase in viscosity causes a decrease in globular tumbling
motion, the local motion of the spin-label caused by the lipid
bilayers is clearly observed in the CW-EPR spectral line shape,
causing inside spin-label probes with smaller inverse central line
width when compared to that for outside spin-label probes (see
Figures 7, 8, 9, and 10). This clearly differentiates the faster/
higher motional components of spin-label for inside probes and
outside probes of KCNEI incorporated into POPC/POPG
lipodisq nanoparticles.

Our previous DEER measurements indicated the most
probable distances between the double mutants of KCNE1
were almost identical in POPC/POPG lipid bilayered vesicles
and POPC/POPG lipodisq nanoparticles, suggesting that there
is not significant structural perturbation on the protein due to
lipodisq nanoparticle formation.”**> Recent studies have also
reported that membrane proteins inco_rgorated into lipodisq
nanoparticles are still fully functional.">*® There is no direct
restriction applied on membrane proteins due to the presence
of the SMA polymer in lipodisq nanoparticles, and hence, the
native membrane environment is preserved during biophysical
measurements.”’ The overall reduction in the motion of the
lipid—protein complex also helps to determine the local
dynamics of spin probes.”* The homogeneous formation of
smaller sizes of lipodisq nanoparticles (containing one protein
per particle on average) helps to evenly distribute the spin-
labels, causing a decrease in the local spin concentration and
increasing the phase memory time for DEER measure-
ments.'”***>** Our previous DLS and TEM data suggested
the optimized average sizes of lipodisq nanoparticles are 14—30
nm at the lipid to SMA polymer weight ratio of 1:1.25—1.5.**
The optimized lipodisq nanoparticle based sample preparations
reported in this study for the EPR spectroscopic studies are
consistent with our previously optimized lipodisq nanoparticles
for the SSNMR and TEM spectroscopic studies.’”"* The
transverse relaxation titration data showed that the phase
memory time can be increased up to ~2 us with the addition of
polymer at the weight ratio ~1:1 for both inside and outside
KCNE1 mutants (Figure 6). This indicates that the protein
molecules are well isolated from each other due to smaller and
homogeneous sizes of lipodisq nanoparticles. This enhance-
ment in phase memory time is consistent with the previously
published phase memory time of KCNE1 DEER samples in
lipodisq nanoparticles.”**> However, the T,, values for both
inside and outside probes studied here are ~1.4 us for the
vesicle samples which are larger than the ~1 us for DEER
double mutants in vesicle samples.”*** This improvement may
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be due to the decrease in the local spin concentration in the
case of single mutant samples used in this study. The increase
in EPR spectral line broadening and phase memory time
enhancement in lipodisq nanoparticle samples observed in this
study are consistent with the KCNE1 protein reconstituted into
POPC/POPG vesicles.” However, the spectral line broad-
enings and increase in T, values may vary depending upon the
membrane protein systems, and the length and choice of
phospholipids used for the study.”> We speculate that the
lipodisq nanoparticle system is potentially a good membrane
mimetic and helpful for EPR studies of membrane proteins.
However, further protein systems and lipid systems need to be
examined to generalize the optimum benefit of using lipodisq
nanoparticle based samples.

H CONCLUSION

Spin-labeled KCNE1 embedded inside lipodisq nanoparticles
was characterized using CW and pulsed EPR spectroscopy. The
EPR titration data indicated that the KCNE1 CW-EPR spectral
line broadening increases with the addition of the SMA
polymer to form lipodisq nanoparticles. Similarly, the trans-
verse relaxation titration experiment indicated an increase in Ty,
values upon addition of the SMA polymer. The CW-EPR
spectral line shape analysis indicated significant differences in
the faster components of spin-label side-chain mobilities
between inside and outside probes of KCNEL. The enhance-
ment in the T, value allows longer DEER distances to be
measured more precisely for pertinent structural studies of
challenging membrane protein systems. This lipodisq nano-
particle solubilization method can also be used for a variety of
different lipid compositions. This study suggests that lipodisq
nanoparticles can be used as a potentially good membrane
mimic system to advance EPR studies of challenging membrane
proteins for answering structure and dynamics related
questions.
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