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ARTICLE INFO ABSTRACT

Keywords: One of the major challenges in solubilization of membrane proteins is to find the optimal physiological envi-
Lipedisq nanoparticles/SMALPs ronment for their biophysical studies. EPR spectroscopy is a powerful biophysical technique for studying the
KCNE3

structural and dynamic propertics of macromolecules. However, the challenges in the membrane protein sample
preparation and flexible motion of the spin label limit the utilization of EPR spectroscopy to a majority of
membrane protein systems in a physiological membrane-bound state. Recently, lipadisq nanoparticles or styrene-

EPR spectrascopy
Membrane mimetic
Membrane proleins

Structural dynamics maleic acid copolymer-lipid nanoparticles {SMALPs) have emerged as a membrane mimetic system for investi-

gating the structural studies of membrane proteins. However, its detail characterization for membrane protein
studies is still poorly understood. Recently, we characterized the potassium channel membrane protein KCNQ1
voltage sensing domain (KCNQ1-VSD) and KGNE1 reconstituted inte lipodisq nanoparticles using EPR spec-
troscopy. In this study, the potassium channel accessory protein KCNE3 containing flexible N- and C-termini was
encapsulated into proteoliposomes and lipodisq nanoparticles and characterized for studying its structural and
dynamic properties using nitroxide based site-directed spin labeling EPR spectroscopy. CW-EPR lineshape
analysis data indicared an increcasc in spectral line broadenings with the addition of the styrene-maleic acid
(SMA) polymer which approaches close to the rigid limit providing a homogeneous stabilization of the protein-
lipid complex. Similarly, EPR DEER measurements indicated an enhanced qualiry of distance measurements with
an increasc in the phase memory time {T,,;} values upon incorporation of the sample into lipadisq nanoparticles,
when compared to proteoliposomes. These results agree with the solution NMR structural structure of the KCNE3
and EPR studies of other membrane proteins in lipodisq nanoparticles. This study along with our earlier studies
will provide the reference characterization data that will provide benefit to the membrane protein researchers for
studying structural dynamics of challenging membrane proteins.

1. Introduction regions of proteins and the extracellular and intracellular environments,

stabilizes integral membrane protcin within the bilayer. Additionally,

Membrane proteins play key roles in localization and organization of
the cell and in the cellular function by transferring specific molecules,
ions and signals across the cell. Hydrophobic sections of integral mem-
brane protein contain a high fraction of non-polar amino acids and hy-
drophilic sections contain a high proportion of polar amino acids. The
correspondence between hydrophobic regions of protein and the hy-
drophobic regions of the lipid bilayer, and between the hydrophilic

integral membrane proteins are stabilized by their interaction with other
components of the membrane. Therefore, membrane proteins should be
ideally studied in a lipid membrane environment instead ol a detergent
micelle. Membrane proteins are targets of approximately half of all food
and drug administration (FDA) approved modern medical drugs [1,2].
Despite its biological importance, structural dynamics information on
membrane bound proteins is still lacking when compared to globular
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proteins. Electron paramagnetic resonance {EPR) spectroscopy is a
powerful biophysical technique for studying structural and dynamic
properties of membrane proteins [3-5]. The application of EPR spec-
troscopy is usually challenging due to difficulties in homogeneous
sample preparation of membrane proteins in a functionally relevant
membrane-bound state.

Great efforts have been made in the structure biology field for sol-
ubilizing membrane proteins for biophysical studies that can maintain
the structural and functional activities of the protcin. Examples of
available membrane mimetics are detergent micelles, bicelles, lipo-
somes, nanodiscs, and lipedisq nanoparticles [6-14]. Each of these
membrane mimics have their own pros and cons. Detergent micelles are
commonly used to extract membrane protein from the membrane [12].
They can form smaller size micelle complexes suitable for solution nu-
clear magnetic resonance {NMR) experiments and hence widely used
membrane-mimetics for structural studies of membrane proteins.
Howcever, due to the lack of lipid bilayers and smaller size and curvature
shape of detergent micelles, the structural and functional activities of
the protein may get perturbed [15-17]. Bicelles in the form of artificial
lipid bilayer discs are composed of a mixture of a long chain and a short
chain phospholipids such as 1,2-dimyristoyl-sn-glycero-3- phosphocho-
line (DMPC) and 1,2-dihexanoyl-sn-glycero-3-phosphocholine (DHPC)
can be used for the solubilization of membrane proteins providing lipid
bilayer environment and accessibility for the interaction of both extra-
cellular and cytoplasmic domains of membrane proteins [18-22]. The
disadvantage of using bicelles is that it requires specific types of lipids
for bicelle formation that may not maintain the functional activities of
all membrane proteins [18,23,24]. Liposomes, or lipid bilayer vesicles,
are the closest mimic to native membranes. However, the interior of the
vesicle is typically inaccessible to the exterior bulk phase and incorpo-
ration of transmembrane proteins often results in a random topology
[18]. In addition, incorporation of high concentrations of proteins into
liposomes is challenging making spectroscopic EPR studies more diffi-
cult [25,26]. Another popular membrane mimetic system that can pro-
vide homogeneous protein samples in biomembranes is known as
nanodiscs. Nanodiscs are formed by a small patch of lipid bilayer sur-
rounded by two copics of belt-like membrane scaffold protein (MSP)
[27]. This method of solubilization helps to boost the phase memory
time (T)) of the EPR spectroscopic samples by minimizing the effect of
pockets of high local concentrations of the electron spin [28]. The
drawback of this method is the absorbance propertics of the membrane
scaffold protein that may interfere with the target protein. In addition,
this method requires detergent for the incerporation that needs to be
completely removed for the formation of the protein and nanodisc
complex [29]. Furthermore, the specific scaffold protein-lipid in-
teractions may introduce the challenges in nanodisc sample preparation.

Recently, lipodisq nanoparticles or styrene-maleic acid copolymer-
lipid nanoparticles (SMALPs) have been emerged as a promising mem-
brane mimic system that can solubilize membrane proteins in a native
like membrane cnvironment for their biophysical studies. Lipodisq
nanoparticles are formed by selubilizing a small lipid patch by polymers
containing styrene and maleic acid (§MA) at a molar ratio of 3:1 instead
of membrane scaffold proteins in a detergent free environment
[12,29-34]. The SMA copelymer can sclubilize any kind of lipids and
maintain the native like lipid composition during the formation of lip-
cdisq nanoparticle complex [35-37]. The lipodisq nanoparticles incor-
porate one protein molecule per nancparticle complex with a size of
approximately 10-20 nm [14,29,30,38-42]. In the lipodisq nanoparticle
complex, membrane proteins can be accessible to their both sides which
is appropriate for functional studies [43]. The oligomerization states of
membrane proteins are also maintained in lipodisq nanoparticles help-
ing to understand the mechanistic process [44]. Despite a high potential
of lipodisq nanoparticles to serve as a better membrane mimetic system
for biophysical studies of membrane proteins, their biophysical char-
acterization data in the presence of membrane protcins are still limited
[10,30].
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In this study, EPR spectroscopy coupled with SDSL is used to inves-
tigate the potassium channel accessory protein (KCNE3) in the presence
of POPC/POPG lipodisq nanoparticles. KCNFE3 is a single trans-
membrane protein of the KCNE family that modulates the function and
trafficking of several voltage gated potassium channels, including
KCNQ1 {Q1}, and KCNQ4 [45 48]. KCNE3 interacts with KCNQ1 and
produces KCNE3/KCNQ1 channels that are voltage-independent in the
physiological voltage range, which are important for cardiac action
potentials and transport of water and salts across epithelial cells [47,49].
KCNE3 plays a physiological role in repolarization of cardiac action
potential. [50] Mutations in KCNE3 leads to several disorders such as
long QT syndrome (LQTS), cardiac arrythmia, Brugada syndrome, cystic
fibrosis and secretory diarrhea, periodic paralysis, tinnitus, and
meéniére's disease. [45,50-56] The KCNE3 isotropic bicelles structure
consists a curved a-helical transmembrane domain (TMD) with bending
being most pronounced near the C-terminal end of the helical TMD, and
an extracellular surface associated amphipathic helix in N-terminal, and
a short juxtamembrane helix followed by a disordered region in C-ter-
minus. Continuous wave (CW)-EPR and double electron electron reso-
nance (DEER) pulsed EPR spectroscopic experiments were performed on
KCNE3 mutants in 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
{POPC)/ 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol)
{sodium salt) (POPG) lipid bilayers with 3:1 SMA polymer for the for-
mation of lipodisq nanoparticles system. The EPR spectral lineshape
analysis of KCNE3 encapsulated into POPC/POPG lipodisq nanoparticles
revealed differences in the spin label side-chain mobility pattern for the
spin-labeled KCNE3 residues located within the membrane bilayer re-
gion when compared to that for the residues located in the sclvent re-
gion. The pulse EPR data indicated a significant imprevement in the
phase memery time (T} and DEER distance distribution for the samples
in lipodisq nanoparticles when compared to the sample in lipid bilay-
ered vesicles. These results are in well agreement with the structural
properties of KCNE3. This study along with our earlier studies will serve
as reference database that will be beneficial to researchers using lipodisq
nanoparticles/SMALPs as membrane environments.

2. Materials and methods
2.1. Site-directed mutagenesis

The His-tag expression vectors (pET-16b) having a cysteine-less
mutant of KCNE3 were transformed into XL10-Gold Escherichia coii
cells {Agilent). QIAprep Spin Miniprep Kit (Qiagen) was used to extract
the plasmid from these cells. Site specific cysteine mutants were intro-
duced into the cysteine-less KCNE3 gene using the QuickChange Light-
ning Site-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 (G&6C, 176C, and M102C} were generated by introducing
Cys residues at the positions (6, 76 and 102), These mutants were chosen
to cover N- terminal region, transmembrane domain (TMD) and C-ter-
minal region of KCNE3. Double spin label mutants {S57C/176C) were
generated by introducing pair of Cys residues at the positions {57 and
76).

2.2. 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 similar protocol described previcusly [57]. BL21 (DE3) RP Codon-Plus
E.coli cells carrying mutants of choice were grown in an LB {Luria-Ber-
tani) medium with 100 pg/mL ampicillin and 50 pg/mL chloramphen-
icol. The cell culture was incubated at 37 “C and 240 rpm until the ODggg
reached ~0.8. The cell culture was induced using 1 mM IPTG (isopropyl-
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1-thic-D-galactopyranecside)}, followed by continued rotary shaking at
37 °C for ~16 h. Cells were harvested by centrifugation of the cultures at
6500 rpm, for 20 min at 4 “C. The cell pellets were resuspended in 20 mL
lysis buffer (70 mM Tris-HCL, Ph 7.8, 300 mM NaCl) per gram of wet
pellet, with 1 mM TGEP, lysozyme (0.02 mg/mL), DNasc (0.02 mg,/mL),
RNase {0.02 mg/mlL), PMSF (0.2 mg/mL), and magnesium acetate (5
mM) and tumbled at 4 °C for 1 h. The cell suspension was then subjected
to sonication for approximately 20 min (5 s on/off cycles, 10 min total
on time, Fisher Scientific Sonic Dismembrator Model 500, amplitude
40%) on ice. The lysate was centrifuged at 20,000 xgfor 30 min at 4 °C
and the pellet containing inclusion bodies was homogenized with sus-
pension buffer {8 M urea, 25 mM Tris-HCL, 150 mM NacCl, pH 8.0, 1 mM
TCEP and 0.2% scdium dodecyl sulfate (SDS) detergent) and rotated
overnight at room temperature to solubilize inclusion bodies. After
detergent solubilization, the insoluble debris was removed by centrifu-
gation at 20,000 xg for 30 min at 24 °C. The supernatant was incubated
with pre-equilibrated Ni(lI)-N'TA superflow resin (Qiagen) in suspension
buffer for 3 h at room temperature. The protcin was then purified using a
gravity flow column by washing with 10-12 bed volumes of rinse buffer
(25 mM Tris HCl, 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% 1-Myristoyl-2-Hydroxy-sn-Glycero-3-Phos-
pho-(1'-rac-Glycercl) (Sodium Salt) (LMPG), 1 mM TCEP, pH 8.0) to
produce LMPG micelle samples. Purified Ilis-tagged KCNE3 was eluted
in 8 mL of elution buffer (25 mM Tris-HCl, 200 mM NacCl, 250 mM
imidazole, 0.1% LMPG, 2 mM TCEP, pH 7.0). Protein samples were
concentrated using a Microcon YM-3 {molecular weight cutoff, 3000)
filter (Amicon). The protcin concentration was determined from the
Aggp using an extinction coefficient of 1.2 mg/mL protein per CDggo on a
NanoDrop 200c {Thermo Scientific). Sodium Dodecyl Sulfate Poly-
acrylamide Gel Electrophoresis (SDS-PAGE) was used to confirm protein
pwrity from overexpression.

2.3. Spin labeling and reconstitution into proteoliposomes

Spin labeling and proteoliposomes reconstitution were carried out
following the protocol previously described [47]. After purification,
each cysteine mutant was concentrated to 0.5 mM. Samples were then
reduced with 2.5 mM dithiothreitol (DTT), with gentle agitation at room
temperature for 24 h to ensure complete conversion to Gys-SH. 1-oxyl-
2,2,5,5-tetramethylpyrroline-3-methylmethanethiosulfonate {MTSL)
spin label was added to 160 mM from a 250 mM solution in methanol into
0.5 mM KCNE3 solution, which was then equilibrated at room temper-
ature for 30 min, followed by incubation at 37 °C for 3 h and further
incubated overnight at room temperature. Samples were then buffer-
exchanged into a 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 excess MTSL. The spin labeled KCNE3 was eluted using
elusion buffer ((25 mM Tris-HCI, 200 mM NacCl, 250 mM imidazole, pH
7.0) containing 0.5% DPC or 1% LMPG. The spin-labeling efficiency
(~75%) was determined by comparing the nanc-drop UV A280 protein
concentration with spin concentration obtained from CW-EPR spce-
troscopy. The spin labeled KCNE3 eluted in the elusion buffer containing
0.5% DPC was used as DPC micelle sample and the spin labeled KCNE3
eluted in the elusion buffer containing 1% LMPG was used as LMPG
micelle sample for EPR measurements.

The reconstitution of spin-labeled KCNE3 protein intoe POPC/POPG
(3:1) proteoliposomes was carried out via dialysis methods following a
similar protocol in the literature [10,38,47,58,59]. The concentrated
spin labeled KCNE3 protcin was mixed with a stock lipid slurry (400 mM
$DS, 75 mM POPC and 25 mM POPG, 0.1 mM EDTA, 100 mM IMD, pH
7.0). The lipid slurry was pre-equilibrated to clear mixed micelles via an
cxtensive [reeze thaw cycles. The [inal protein:lipid molar ratio was set
to 1:400. The KCNLS3-lipid mixture was then subjected to extensive
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dialysis {Spectra/Por Molecularporous Membrane Tubing, 12-14 kD
MWCO) to remove all detergent present, during which 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 twice daily.
The completion of detergent removal was determined when the KCNE3-
lipid solution became cloudy and the surface tension of the dialysate
indicated complete removal of the detergent.

2.4. Reconstitution into DMPC/DPC bicelles

The reconstitution of spin-labeled KCNE3 protein inte DMPC/DPC
bicelles (3.2:1) was carried out following a similar protocol in literatue
[38,60,61]. DMPC powder was added directly to the KCNE3 solubilized
in elusion buller {250 mM IMD, pH 7) containing 0.5% DPC. The bicelles
were formed by incubating on ice and 42 "C alternatively with gentle
vortexing until the solution becomes clear. The final protein:lipid molar
ratio was set to 1:500.

2.5. Reeconstitution into POPC/POPG lipodisq nanoparticles

SMA Copolymer (pre-hydrolyzed styrene-maleic anhydride copol-
ymer 3:1 ratio) were purchased from Sigma-Aldrich. The protein-lipid
complex was incorporated inte SMA-lipodisq nanoparticles following
the published protocols [10,29,30,38]. A 500 yul
proteoliposome-reconstituted protein sample (~30 mM POPC/POPG
lipid) was added with equal amount of 2.5% of lipedisq sclution pre-
pared in the same dialysis buffer (10 mM IMD, 0.1 mM EDTA at pH 7.0}
drop-wise over 3—4 min at a weight ratio 1:1. The protein-lipodisq so-
lution was allowed to equilibrate overnight at 4° C with gentle shaking.
The resulting solution was centrifuged at 40,000 xg for 30 min to
remove the necn-solubilized protein. The supernatant was further

aliquot  of

concentrated to desired volume and concentration required for EPR
measurements.

2.6. EPR. spectroscopic measurements

EPR experiments were conducted at the Ohio Advanced EPR Labo-
ratory. 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 different temperatures (296 K -325 K).
The spin label side-chain mobility was determined by calculating the
inverse central linewidth from each CW-EPR spectrum.

Four pulse DEER experiments were performed using a Bruker
ELEXSYS E580 spectrometer equipped with a Super Q-FT pulse Q-band
system with a 300 W amplifier and EN5107D2 resonator. All DEER
samples were prepared at a spin concentration of 100-120 pM. 30% (w/
w) deuterated glycerol was used as a cryoprotectant. Approximately 70
uL sample was loaded inte a 3 mm inner diameter quartz tube (Wilmad
LabGlass, Bucna, NJ) and mounted into the sample holder (plastic rod)
inserted into the resonator cavity. The samples were flash frozen with
liquid nitrogen just before loading into the resonator cavity. DEER data
were collected using the standard four pulse sequence [62] [(1/2), - T1 -
{(mha- t- {W2- (71 + T2 - 1) - (B~ 12 — echo] at Q-band with a probe pulse
width of 8/16 ns, pump pulse of 70 ns frequency-swept chirp pulse
spanning 85 MHz, shot repetition time of 1000 ps, 100 echoes/point,
and 16-step phase cycling at 80 K collected out to ~2.0-3.0 ps for
overnight data acquisition time [63]. DEER data were analyzed using
MATLAB based DEER Analysis 2015 [64]. The DEER distance distribu-
tions P{r) were obtained by Tikhonov regularization [65] in the distance
domain, with the constraint P(r) > 0. The background correction was
obtained by using a homogeneous three-dimensional model for micelle
samples and a homogeneous two-dimensional model for bicelles,
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liposomes and lipodisq nanoparticles samples. The best fit DEER time
domain data was utilized for optimizing the regularization parameter in
the L curve.

The spin echo dephasing time or phase memory time (Ty) of spin
labels in lipid bilayered vesicles is the measure of the electron spin
relaxation in the x-y plane. The dipolar interaction among electron spins
and the interaction of electron spins with the nuclear spins of the matrix
give rise to the electron spin relaxation. The electron spin relaxation
determines the practicability of doing pulse experiments that depend
upon echo detection. Transverse relaxation data were collected by using
the standard Hahn echo pulse sequence [(x/2) - 71 - {7) - T1-echo] at Q-
band with 10/20 ns pulse widths, an initial ¢y of 200 ns and an incre-
ment of 16 ns, 100 echoes/point, and 2-step phase cycling at 80 K. A
single exponential decay fitting procedure was used to determine the
transverse relaxation time (T3) or phase memory time (Tp).

2.7. EPR spectral simulations

A non-linear least squarcs (NLSL) program incorporating the
macroscopic order, microscopic disorder (MOMD) model developed by
the Freed group was used for the simulation of the EPR spectra [66,67].
Previously published fitting procedure was used to simulate the CW-EPR
spectra [38,68]. Principle components of the hyperfine interaction
tensor A = [5.5 + 0.5, 5.4 + 0.5, 34.8 + 0.8] G and g-tensors g =
[2.0085 + 0.0002, 2.0069 + 0.0002, 2.0023 + 0.0002] were obtained
from the literature and tightly relined [38,68]. During the simulation
process, the A and g tensors were held constant and the rotaticnal
diffusion tensors were varied to obtain best fit simulations. A two-site fit
was used to account for both the rigid/slower and higher/faster
motional components of the EPR spectrum. A Brownian diffusion model
was used to obtain the best fit rotational correlation times and relative
populatien of both motional components.

2.8. Molecular dynamics modeling of KCNE3 keeping MTSL spin labels in
POPC/POPG lipid bilayers

Nanoscale molecular dynamics (NAMD) [69] version 2.14 with the
CHARMMBS36 force field was employed to perform molecular dynamics
simulations on KCNE3 {PDB ID: 2NDMJ) [47] in POPC/POPG lipid bi-
layers. [70,71] The simulation set up and inputs were generated by
using CHARMM-GUI {(hitp://www.charmm-gui.org) [72]. The wvisual
molecular dynamics software (VMD) Xplor version 1.13 [73,74] was
used for MD trajectory analysis. The membrane, composed of a pre-
equilibrated bilayer of POPC/POPG molecules with a 12,010.5 A? sur-
face, was built using membrane builder protocol under CHARMM-GUL.
[72,75] The double MTSL spin labeled KCNE3 (PDB ID: 2NDJ) was
inserted into the membrane and the system was solvated into a water
box {111.7 A x 111.5 A x 67 A on top and bottom of the membrane
surface} and ionized to add bulk water above and below the membrane
and to neutralize the system with KCl using the membrane builder
protocol [72,75]. The final assembled system comprised waters, POPC/
POPG lipids, ions and the protein {a total of 1,74,071 atoms). Six steps of
equilibration and minimization of the system were performed under
NAMD using the input files generated by CHARMM-GUI before running
production run following the instructions provided in the membrane
builder protocol. Starting from this equilibrated system, NAMD pro-
duction run was collected out to 95 ns using Langevin dynamics [76].
Electrostatic interactions were computed using the Particle-Mesh Ewald
algorithm with a 12 A cutoff distance [77] and Van der Waals in-
teractions were computed with a 12 A cutoff distance and a switching
function to reduce the potential energy function smoothly to zero be-
tween 10 and 12 A, Periodic-boundary conditions were used and con-
stant temperature (303K) and pressure (1 atn} were maintained.
Equations of motion were integrated with a time step of 2 fs and tra-
jectory data were recorded in 200 ps increments. [76] Probability dis-
tance distribution was obtained from trajectory data using the script
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{distance.tcl) provided in the VMD software package [72]. All molecular
dynamics simulations were run on the Miami Redhawk -cluster
computing facilities at Miami University.

3. Results

We recently characterized the structure of lipedisq nanoparticles in
the absence and in the presence of an integral membrane protein KCNE1
using solid-state nuclear magnetic resonance {SSNMR) spectroscopy,
dynamic light scattering (DLS), transmission electron microscopy
{TEM), and EPR spectroscopy [78-82]. Similarly, we also characterized
lipodisq nanoparticles containing the voltage sensing domain of human
KCNQI1(Q1-VSD) using EPR spectroscopy [38]. In this study, the lip-
odisq nanoparticles were further characterized using a spin-labeled
membrane protein, human KCNE3. KCNE3, containing a single trans-
membrane domain with flexible N- and C-termini, was reconstituted
inte POPC/POPG lipid bilayers. The spin-labeled KCNE3 was investi-
gated using CW-EPR lineshape analysis, pulsed EPR phase memory time
{Ty} measurements, DEFR distance measurements and side-chain
mobility analysis for spin-labeled sitcs inside and outside of the mem-
brane bilayer. A POPC:POPG (3:1) lipid bilayer was used to mimic
phospholipids widely wused for studying membrane proteins
[10,38,58,83-85]. The gel-to-L, liquid crystalline phase transition of
POPC/POPG is lower than 0 °C [ 86]. In addition, a 3 to 1 {POPC:POPG)
molar ratioc mimics the similar level of anionic phospholipids usually
found in mammalian cell membranes. [84,86,87]

Figure 1 shows the chemieal structure of the MTSL spin-label probe,
schematic representation of the predicted topology and amino acid
sequence of KCNE3 in lipid bilayers based on previous NMR study [47]
and the chemical structure of the SMA pelymer.
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Fig. 1. (A) Chemical structure of the MTSL spin label probe, (B} a predicted
topology of KCNE3 in lipid bilayers based on precvious solution NMR studies
[47], and {C} chemical structure of 3:1 SMA pclymer. Chemical structures of
MTSL and SMA polymer were prepared using ACD/Sketch {(Freeware)-2021.2.1
(www.acdlabs,com),
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3.1. Comparison of CW-EPR spectral lineshape data of spin labeled
KCNE3 between liposomes and lipedisq nanoparticles

Nitroxide based site-directed spin labeling EPR spectroscopy is a
powerful biophysical technique to investigate the structural and dy-
namic properties of membrane proteins in different membrane mimetic
envirenments, [4,5,68,51,38-93] Three individual amino acid residue
positions (G6C on the N-terminus, 176C on the TMD, and M102C on the
C-terminus) on KCNE3 were studied using CW-EPR spectroscopy at
different temperatures from 296 K to 325 K. CW-EPR spectra of spin-
labeled KCNE3 are shown in Figs. 2A-C for the KCNE3 variants G6C
on the N-terminus, I76C on the TMD, and M102C on the C-terminus of
the membrane in POPC/POPG lipid bilayers (left panel) and POPC/
POPG lipodisq nanoparticles (right panel) at temperatures 296 K to 325
K. CW-EPR spectra for the mutant 176C on the TMD show that the

(A) PloPC/POPG G6C Lipodisq

—U\/\/\r— 325K ! i [\,—_—-
‘JW\r— 318K L/\/—‘
‘J\/\/\r‘ 308 K J"\/\r’
J\/\/\/‘ 297 K f’\/\/\,._»

T T T T T T T T
3280 3300 3320 3340 3280 3300 3320 3340
Magnetic Field (G) Magnetic Field (G)

(C) POPC/POPG

T
T

M102C

325 K

318 K

308 K

296 K
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spectral line broadening decreases with increase in temperature from
296 K to 325 K in POPC/POPG lipid bilayers. In general, the CW-EPR
spectrum of the sample in lipodisq nancparticles shows broader line-
widths having a nearly immobilized shape at 296-297 K, when
compared to the EPR spectral lineshape of the sample in POPC/POPG
lipid bilayers. However, the spectral line broadening reduces with
increasing temperature up to 325 K. Similarly, CW-EPR spectra of the
G6C variant on N-terminus shows that the speetral line broadening de-
creases with increasing temperature from 296 K to 325 Kin POPC/POPG
lipid bilayers. The CW-EPR spectrum of the sample in lipodisq nano-
particles shows a broader lineshape at 296 K when compared to the EPR
spectral lineshape of the sample in POPC/POPG lipid bilayers. However,
the spectral linewidths reduce as the temperature is increased up to 325
K. The CW-EPR spectra of the M102C variant indicate that the spectral
line broadening reduces with increasing temperature from 296 K to 325

(B) POPC/POPG 176C Lipodisq
‘J\/\FK 325K J\/\ﬁ/
‘J\/\/\/— 318 K —/\\/\/‘__\f
*/\/\/\/ 308 K —/\A/V
J\/\/'\f 296 K ‘J\/\/V
I ' T Y T y 1 I ' I ' T § T
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Fig. 2. CW-EPR. spectra of spin-labeled KCNE3 at G6C (A), I76C {B), and M102C (C) in POPC/POPG liposomes (left panel) and POPC/POPG lipadisq nanoparticles
{right panel) as a function of temperature. The arrows in (A} represent the two motional components in the spectra.
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K in POPC/POPG lipid bilayers. Again, the CW-EPR spectrum of the
sample in lipodisq nanoparticles also shows a broader lineshape at 296
K, when compared to the EPR spectral lineshape of the sample in POPC/
POPG lipid bilayers. However, the EPR spectral linewidths reduces as
the temperature increases from 296 K to 325 K.

The EPR spectral linewidth of spin-labeled KCNE3 has a broader
component in lipodisq nanoparticles samples when compared to pro-
teoliposome samples, suggesting that the dynamic motion of the spin
labeled sites is lower in lipodisq nanoparticle samples. The decrease in
the line broadening pattern with increase in temperature for lipodisq
nanoparticles samples is consistent with the liposome samples. The two
motional components observed in the CW-EPR spectra of all three var-
iants are shown by indicated arrows. The left arrow shows a slower/rigid
component and the right arrow shows a more motional/less rigid
component. The CW-FPR spectra observed for these spin-labeled KCNFE3
samples are in well agreement with previously reported CW-EPR spectra
for membrane proteins [38,68,81,84,94,95]. A decrease in the spectral
line broadening with increase in temperature is also consistent with the
previously reported temperature dependent SDSL CW-EPR spectra
[38,81,96,97]. The slower/rigid component is less significant on the
spectra of all three sites in POPC/POPG lipid bilayers at higher tem-
peratures 318 K to 325 K. The two motional components of EPR spectra
might have averaged at higher temperatures when compared to the
spectra collected at 296 K [81]. The alternative explanation may be that
the lipid acyl chains may have high fluidity due to the presence of a
liquid phase of the POPC/POPG lipid at higher temperature imposing
less restrictions to the spin label sites embedded inside the membrane
averaging the overall motion of the spin label yielding a single spectral
component [98]. The inspection of CW-EPR spectra further indicates
that the spin labels at the site I76C on TMD are less dynamic at higher
temperatures when compared to that of G6C site on N-terminus and
M102C site on C-terminus. Also, the motion of the spin label of M102C is
more dynamic when compared to that of N-terminus and TMD sites. This
dynamic motion might have imposed an averaging of the motion of the
two components at higher temperatures [38,81].

The inverse linewidth of the central line of the EPR spectrum rep-
resents the relative mobility of the spin label side-chain and has been
widely used as a semi quantitative measure of the nitroxide mobility.
[3,5,94,99,100] The inverse central linewidth was plotted against the
temperature for all three spin-labeled KCNE3 variants as in Fig. 3. In-
spection of Fig. 3 indicates that the inverse central linewidth of the G6C
site inereases from 0.40 G1 to 0.55 G! from 296 K to 325 K in lipo-
somes and 0.30 G ! to 0.48 G ! from 296 K to 325 K in lipodisq
nanoparticles. Similarly, the inverse central linewidth of the site 176C
increases from 0.28 G™! to0 0.39 G! in liposomes and 0.13 G~' to 0.22
G ! in lipadisq nanopartieles from 296 K to 325 K. The inverse central
linewidth pattern of the site M102C increases from 0.52 G 1t00.58 G in
liposemes, and 0.40 G~! t0 0.50 G} in lipodisq nanoparticles from 296
K to 325 K. The overall increase in inverse central linewidth pattern for
all three sitcs is similar to the increase in temperature from 296 K to 325
K. However, the inverse central linewidth pattern between liposomes
and lipodisq nanoparticle samples for sites G6C and M102C is narrower
when compared to that of the site I76C between liposomes and lipodisq
nanopatticle samples. This is expected as the lipodisq nanoparticles do
not have significant effect or very minor effect on the motion of the spin
label probe outside the membrane. [29,30,38,81,82] The inverse central
linewidth data also suggest that the motion of the spin label side-chain
residue embedded inside the membrane bilayer is more restricted
when compared to that of the spin label side-chain residues located
outside the membrane bilayer. This motional behavior of the spin label
side-chain is in well agreement with previous studies of membrane
proteins in lipid bilayers. [38,68,81,85,94,95,101]

To obtain additional insight on the motion of the spin label side-
chain of KCNE3, non-linear least squares {NLSL} MOMD EPR spectral
simulations were carried out on the represcentative EPR spectra of spin
labeled sites G6C of the N-terminus, I76C of the TMD, and M102C of the
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Fig. 3. Inverse ventral linewidth as a function of temperature for KCNE3
bearing MTSLs at sitcs G6C {A), I76C (B}, and M102C (C) calculated from EPR
spectra in Fig. 2,

C-terminus of KCNE3 at 296 K and 325 K to determine the rotational
correlation times of the two motional components and their corre-
sponding relative populations (see Table 1). The EPR spectral simula-
tions under NLSL program were carried out following the previcusly
described method in the literature. [38,66 68,81,82,102-104] The
Zeeman interaction tensors (gxx, 8yy,» %z2) and hyperfine interaction
tensors {Axx, Ay, Azz) were held constant during the fitting process and
the rotational correlation times (1) of the two components and their
corresponding relative populations were determined from the best fit
FPR spectra as shown in Fig. 4 {red lines). Table 1 shows rotational
correlation times and the corresponding population of the slower/rigid
{site 1) component and the more motional/less rigid compenent (site 2)
of EPR spectra. Two-site fit simulations were employed to obtain the
best fit simulations of the EPR spectra at both temperatures 296 K and
325 K. The best fit simulation results showed that the spin label side-
chain motion of the site 176C on the TMD at 296 K in POPC/POPG
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Table 1

Biophysical Chemistry 301 (2023) 107080

Rotational correlation times (1) and the relative population (P) of two spectral components of the EPR spectra (Fig. 5) obtained from the best fic NLSL MOMD spectral
simulation. The error in correlation time () value is £0.4-2 ns for lipasome samples and + 0.5-6 ns for lipodisq samples respectively. Similarly, the error in relative
population (P} value is +3-64% for liposome samples and + 4-7% for lipodisq samples. These errors were estimated based on the multiple bateh of sample preparation

and multiple simulation runs.

Liposomes

Lipodisq

P, % (site 2} T, ns (site 1) T, ns (site 2) P, % {site 1) P, % (site 2)

27 46 7 63 37
20 8.3 2.5 77 23
61 89 6.9 54 46
69 75 5.8 60 40
21 8.0 1.8 82 18
81 3.5 1.4 73 27

Sites Temperature {K) T, ns (site 1) T, ns {site 2) P, % (site 1)
G6C 297 6.9 2.8 73
325 4.2 1.3 80
176C 297 33 2.9 39
325 18 2.2 31
M102C 297 3.5 1.5 79
325 1.0 0.7 25
— Exp
— Fit
(A) POPC/POPG G6C Lipodisq
‘//\W\r_‘ 325K —/'\/V\r—
T T T T T T T T
3270 3300 3330 3360 3270 3300 3330 3360
Magnetic Field (G) Magnetic Field (G)
(B) POPC/POPG 176C Lipodisq
J\/V\/‘ 325K J\/\[,_,—
T T T 7 T T 1 = T T T % 1
3270 3300 3330 3360 3270 3300 3330 3360
Magnetic Field (G) Magnetic Field (G)
(9] POPC/POPG M102C Lipodisq
—JW\K— 296 K J’\/\/\’——
T T T T T T r T T T T T
3280 3320 3360 3280 3320 3360

Magnetic Field (G) Magnetic Field (G)

Fig. 4. CW-EPR spectral simulations of KCNE3 variants bearing MTSLs at 296 K
and 325 K at the sites G6C {A), I76C (B), and M102C (C) using NLSL MOMD
program developed by Freed and Co-workers. [66,67]

liposomes has correlation times of 33 ns for slower/rigid component
with a relative population of 39% and 2.9 ns for the more motional/less
rigid component with a relative population of 61%, 6.9 ns for the
slower/rigid compenent with a relative population of 73% and 2.8 ns for
more motional/less rigid component with a relative population of 27%
for the site G6C on N-terminus, while that of the C-terminus variant
having 3.5 ns for slower/rigid component with a relative population of
79% and 1.5 ns for the more motional/less rigid component with a
relative population of 21% for the site M102C. Similarly, the spin label
side-chain motion of KCNE3 variants at 296 K in POPC/POPG lipodisq
nanoparticles is closely immobilized with a longer correlation times of
89 ns for the slower/rigid component with a relative population of 54%
and 6.9 ns for the more motional/less rigid component with a relative
population of 46% for the site 176C, 46 ns for slower/rigid component
with a relative population of 63% and 7 ns [or the more motional/less
rigid component with a relative population of 37% for the site G6C on N-
terminus, while that of the C-terminus mutant having 3.5 ns for slower/
rigid component with a relative population of 73% and 1.4 ns for the
more motional/less rigid component with a relative pepulation of 27%
for the site M102C. The simulation results further provided the rota-
tional correlation times decreased to 18 ns for slower/rigid component
with a relative population of 31% and 2.2 ns for the more motional/less
rigid component with a relative population of 69% for the site 176C, 4.2
ns for slower/rigid component with a relative population of 80% and
1.3 ns for the more motional/less rigid component with a relative pop-
ulation of 20% for the site G6C on N-terminus, while that of the C-ter-
minus mutant decreasing to 1.0 ns for slower/rigid component with a
relative population of 77% and 0.7 ns for the more motional/less rigid
component with a relative population of 23% for the site M102C with
increasing temperature to 325 Kin POPC/POPG lipid bilayers. Similarly,
the rotational correlation times decreased to 75 ns for the slower/rigid
component with a relative population of 60% and 5.8 ns for the more
motional/less rigid component with a relative population of 40% for the
site I76C of TMD, 4.2 ns for slower/rigid component with a relative
population of 80% and 1.3 ns for the more motional/less rigid compo-
nent with a relative pepulation of 20% for the site G6C on N-terminus,
while that of the C-terminal mutant decreased to 3.5 ns for slower/rigid
component with a relative population of 73% and 1.4 ns for the more
motional/less rigid component with a relative population of 27% [or the
site M102C with increasing temperature to 325 K in lipedisq nano-
particles, The decrease in the pattern of rotational correlation times for
all the lipodisq nanoparticle samples as the temperature increases from
296 K to 325 K is similar to that of the liposome samples. However, the
values of the rotational correlatien times are longer for lipodisq nano-
particle samples when compared to that of the KCNE3 liposome samples.
The slower motional behavior of spin-labeled sites of KCNE3 in lipodisq
nanoparticle samples is in well agreement with previous studies.
[38,81,82]
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3.2, DEER distance measurements on XCNE3 in different membrane
mimetic ertvironmerts

Nitroxide based site-directed spin labeling double electron-electron
resonance {SDSL-DEER)} spectroscopy is a rapidly growing powerful
biophysical technique used to obtain long range distances 18-80 A for
structural studies of bio-macromolecules. [10,62,88,93,105-110] DEER
spectroscopy suffers from a short phase memory time (T, for the spin-
labeled membrane proteins in lipid bilayered vesicles when compared to
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detergent micelles that introduces challenges in obtaining better quality
of DEER distance measurement data. [110-114] The poor phase mem-
ory times are due to the packing of the spin-labeled proteins inhomo-
geneously within the liposomes yielding local inhomogeneous pockets
of high spin concentrations [62]. In order to investigate the utilization of
lipodisq nanoparticles for pulsed EPR structural studies, a double spin-
labeled probe of KCNE3 (S57C-176C) samples incorporated into
varipus membrane mimetics such as DPC micelles, LMPG micelles,
DMPC/DPC Dbicelles, POPC/POPG lipid bilayers and POPC/POPG
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Fig. 5. Q-band DEER data of KCNE3 mutants (S57C/I76C) bearing two MTSL spin labels. Background-subtracted dipolar evolutions of the indicated mutants (left)
and their corresponding distance probability distributions from Tikhonov regularization (right) for 1% LMPG micelles (A), 0.5% DPC micelles (B), proteclipesomes
{POPC/POPG = 3:1) {C), bicelles {(DMPC/DPC = 3.2:1) (D), and lipodisq nanoparticles (E).
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lipedisq nanoparticles were subjected to DEER expcriments for distance
measurements. tig. 5 shows DEER data for MTSL spin-labeled KCNE3
{S57C/176C) samples for (A} 1% T.MPG micelles, {B) 0.5% DPC micelles,
(C) POPC/POPG liposomes, (D) bicelles (DMPC/DPC), and (E) POPC/
POPG lipodisq nancparticles. The time domain traces are shown in the
left panel and the distance distributions are shown in the right panel in
Figs. 5. Table 2 shows all DEER distances derived from the maximum
peak intensity and the approximate full width of the distribution at half
maxima {FWHM) from DEER distance measurements on the KCNE3
membrane protein. These distances on KCNE3 are closely matching for
each membrane environment within the experimental error and are also
consistent with the earlier studies of KCNE3 [47]. These distances data
also indicated that the conformations of KCNE3 are closely comparable
in all these membrane mimetics utilized in this study. The FWHM for the
lipedisq nanoparticles sample (~ 11 A) is lower than that of the lipo-
some sample (—~ 17 .51) and comparable to the micelles (—9 A) for LMPG
samples and ~ 11 A for DBC sample) and bicelles {~11 Iy samples.
These DEER data also indicated that the signal-to-noise ratio ($/N) of
DEER time domain data is significantly improved for lipodisq nano-
particles having well defined oscillations with a longer data acquisiticn
time out to ~3 ps when compared to the POPC/POPG lipid bilayers
(~2.5 ps). This improvement in the §/N of the lipodisq nanoparticle
sample is due to the improvement in the value of the phase memory time
{T) for the lipodisq nanoparticles sample when compared to the lipo-
somes sample. In order to validate the experimental results, molecular
dynamics modeling of KCNE3 bearing two MTSL spin labels ($57C/
176C) was performed in POPC/POPG lipid bilayers using nanoscale
molecular dynamics (NAMD) version 2.14 with the CHARMM36 force
field. [69-71] A 95 ns molecular dynamics simulation data revealed {32
+ 3) A distance (Fig. 6) which is closely agreed with the experimental
values in different membrane environments within the experimental
error.

In order to understand the effect of lipedisq nanoparticles on the Tm-
values, the representative T,-curves for the double spin labeled KCNE3
(857C/176C) for POPC/POPG lipid bilayers and lipodisq nanoparticles
samples were plotted in Fig. 7. The phase memory time (T} data were
analyzed using similar method published in the literature. [10,38,81]
Fig. 7 clearly showed the signal intensity at a specific decay time of 3 ps
(commonly used data acquisition time) is higher by ~2 fold for the
lipodisq nancparticles sample when compared to the liposomes sample.
The single exponential decay [litting method could not adequately (it the
T data sets for direct comparison of T, values for different samples.
However, qualitatively the T, values of the lipodisq nanoparticles
KCNE3 samples have increased by a factor ol —2 when compared to
KCNE3 in liposomes sample. The increased phase memory time helps to
extend the DEER measurements for longer range of distances with better
signal-to-neise ratio (5/N) of the time demain DEER data.

4. Discussions

Biologically pertinent lipid bilayer membranes help to stabilize
membrane protein structure and functions. Homogeneously prepared
liposome samples are very essential to achieve better experimental EPR

Table 2

The four pulse major peak distance and approximate full width of the distribu-
tion at half maxima (FWHM) from DEER distance measurements on the KCNE3
membrane protein. The uncertainties for these distances are —=2-4 A

Membrane Mimetic KCNE3 Double Mutant {857C/176C)

Distance (4) FWHM (&)

LMPG Micelles 34 ~9
DPC Micelles 31 ~11
POPC/POPG Lipid Bilayers 30 ~17
DMPC/DPC Bicelles 29 ~11

POPC/POPG Lipodisq 34 ~11
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Fig. 6. Cartoon representation of the KCNE3 (PDB ID: ZM9Z) [47] bearing two
MTSL spin labels at S57C and 176C (A) and corresponding distance distribution
obtained from 95 ns molecular dynamics trajectory data analysis (B). The solid
lines represent the lipid bilayer interface.
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Fig. 7. Experimental phase memory curves for double spin labeled KCNE3
mutants {557C,/I76C) bearing two MTSL spin labels for liposomes (POPC/
POPG = 3:1) {A), and POPC/POPG lipadisq nanoparticles (B). The T, values are
(1.2 4+ 0.2) ps for liposomes and {2.0 + 0.2) ps for lipodisq nanoparticles.

data quality for the quantitative infermation about the structural dy-
namics of membrane proteins, An increased line broadening was
observed in the CW-EPR spectra of the lipodisq nanoparticle samples in
comparison to the liposome samples suggesting a decrease in the spin
label side-chain motion for the lipodisq nanoparticle samples when
compared to the liposome samples. The inercasing spectral line broad-
ening behavior is consistent with the published EPR studies of mem-
brane proteins [29,38,81,82,115,116]. The interaction of the SMA
polymer with the lipid acyl chain generates lateral pressurc while
isolating the small specific size of the lipid-protein complex in the for-
mation of the lipodisq nanoparticles system [29]. This lateral pressure
may provide additional restriction to the spin label side chain of the
incorporated protein reducing its dynamic motion. The earlier
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biophysical studies performed by Jamshad et al. has reported that the
SMA polymer takes the form of bracelet surrounding the lipid membrane
in which the styrene moieties interact directly with the lipid acyl chain
aligned parallel to the membrane normal and the maleic acid groups
interact with the lipid head groups aligned in the same direction of the
styrene moieties [116]. The decrease in the motion of the lipid acyl
chain during the formation of the lipodisq nanoparticles may be due to
the driving force towards the burial of the styrene moictics into the
hydrophobic core of the membrane [116]. During the formation of the
lipedisq nanoparticles, the SMA polymers may extract the patches of
membrane having well incorporated membrane protein and stabilizes
the specific small sizes [37]. Additionally, the outside spin label probe
has also reduced motion in the presence of lipodisq nancparticles when
compared to that of the liposomes due to the overall increase in the
viscosity of the sclution during the formation of lipodisq nanoparticles
system {see Fig. 2). [29,30] A significant differences in the inverse
central linewidth pattern between the spin label probe inside the
membrane and the spin label probe cutside the membrane was also
observed in this study (see Fig. 3). This pattern is also consistent with
our previous studies. [38,82]

In previcus studies, we showed that the lipodisq nanoparticles based
sample preparation of the single transmembrane KCNE1 protein, the
influenza A M2 protein, and petassium channel voltage sensing domain
{KCNQ1-VSD) revealed significant improvement in signal-to-noise ratio
{5§/N) for DEER time domain data and boosted the phase memory time
by ~2-fold. [10,38,59,117] In this study, EPR measurements on the
potassium channel accessory protein KCNE3 having single pass trans-
membrane section containing flexible N- and C-termini also showed
signilicant improvement in signal-to-noise ratio (S/N) for DEER timc
domain data with the phase memory time increased by ~2-fold for
lipodisq nancparticle samples. The major peak DEER distances obtained
from the probability distribution plots (Fig. 5 (right panel)) for the
doubly spin-labeled mutant of KCNE3 (857C/176C) in different mem-
brane envirenments including 1% LMPG micelles, 0.5% DPC micelles,
POPC/POPG liposomes, DMPC/DPC bicelles and POPC/POPG lipodisq
nanoparticles are close to each other within the experimental error
suggesting that the structural perturbation of the protein due to the
formation of lipodisq nanoparticles is not significant. [10,38,59,81,82]
Recent studies by Kroncke et al. reported that the DEER distances ob-
tained between two spin labeled sites on KCNE3 {S57C/S$82C) are
similar in different membrane cnvironments Including (lyso-myr-
istoylphosphatidylcholine (LMPC)} micelles, bicelles {DMPG,/DHPC),
and POPC/POPG lipid bilayers. [47] The DEER distances obtained on
the KCNE3 (§57C/176C) in different membrane environments are also
consistent with the 95 ns molecular dynamics simulation distance data
(see Fig. 7B). Recent studies on lipodisq nanoparticle systems from
several research laboratories have reported that the formation of lip-
odisq nanoparticles doesn’t cause any significant changes in the func-
tional activities of the protein systems. [30,37,118] There is no
significant restriction applied by the SMA polymer to the encapsulated
protein in lipedisq nanoparticles, and hence the natural membrane
environment of the protein is maintained during biophysical measure-
ments. [37] The decrease in the overall motion of the lipid-protein
complex is useful in determining the local motional dynamics of the
spin-label probe. [103] Recent studies have suggested the significant
presence of SMA polymers at the lipid head groups during the formation
of SMALPs that may perturb structure and dynamics of lipid and the
possibly of the incorporated proteins [119,120].

The lipedisq nanoparticle sample preparation protocol optimized for
EPR spectroscopic studies in this study is consistent with our earlier
optimized lipodisq nanoparticle sample preparations for the SSNMR,
TEM and EPR spectroscepic studies. [10,38,59,78,80,81] In the lipodisq
nanoparticles based samples, the protein molecules are organized
independently from each other due to smaller and homogeneous sizes of
lipedisq nanoparticles. This results in an even distribution of the spin-
labels leading to a reduction in the local spin concentration that
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induces an increase in the phase memory time for DEER experimental
measurements. [10,30,59,80] The enhancement in the phase memory
time favors longer DEER distance measurements more precisely and also
boosts the S/N of the time domain DEER data for structural studies of
challenging membrane proteins. The improvement in the phase memory
time is well agreed with the previously published phase memory time of
in lipodisq nanoparticles. [10,38,59,81] The
increasing amount of CW-EPR spectral lineshape broadening and phase
memory time (1) for lipodisq nanoparticle samples observed in this

membrane proteins

study may vary based on the types of membrane protein systems, and the
length and choice of phospholipids under the study [121]. Recently,
several derivatives of the SMA copolymers have been utilized to improve
the data quality of the biophysical studies of membrane proteins.
[33,122-125] Based on our current and previous studies,
[10,38,41,59,78,81,82,117] we speculate that the lipodisq nano-
particles system is a very good membrane environment and beneficial
for EPR structural and dynamic studies of wide ranges of membrane
proteins. We also suggest EPR studies of additional protein systems and
lipid systems need to be conducted to further generalize the utility of
lipodisq nanoparticles.

5. Conclusion

A single pass potassium channel accessory protein human KCNE3
encapsulated into lipodisq nancparticles was studied using nitroxide
based site-directed spin labeling EPR spectroscopy. An increase in the
CW-EPR spectral line broadening was cobtained for the spin labeled
KCNE3 mutants in lipedisq nanoparticles when compared to that in li-
The DEER spectroscopic results significant
improvement in the signal-to-noise ratio (S/N) for DEER time domain
data with the phase memory time boosted by ~2-fold for lipodisq
nanoparticle samples. The lipodisq nanoparticle based samples
providing longer phase memory time can favor longer DEER distance

poscmes. showed a

measurements more precisely for structural studies of complicated
membrane proteins, The results of this study and our earlier studies
provide a reference database and will be very helpful for researchers
working on EPR structural dynamic studies of more complicated mem-
brane protein systems.
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