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Abstract

Membrane proteins are responsible for conducting essential biological functions that are necessary 

for the survival of living organisms. In spite of their physiological importance, limited structural 

information is currently available as a result of challenges in applying biophysical techniques for 

studying these protein systems. Electron paramagnetic resonance (EPR) spectroscopy is a very 

powerful technique to study the structural and dynamic properties of membrane proteins. 

However, the application of EPR spectroscopy to membrane proteins in a native membrane-bound 

state is extremely challenging due to the complexity observed in inhomogeneity sample 

preparation and the dynamic motion of the spin label. Detergent micelles are very popular 

membrane mimetics for membrane proteins due to their smaller size and homogeneity, providing 

high-resolution structure analysis by solution NMR spectroscopy. However, it is important to test 
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whether the protein structure in a micelle environment is the same as that of its membrane-bound 

state. Lipodisq nanoparticles or styrene-maleic acid copolymer-lipid nanoparticles (SMALPs) 

have been introduced as a potentially good membrane-mimetic system for structural studies of 

membrane proteins. Recently, we reported on the EPR characterization of the KCNE1 membrane 

protein having a single transmembrane incorporated into lipodisq nanoparticles. In this work, 

lipodisq nanoparticles were used as a membrane mimic system for probing the structural and 

dynamic properties of the more complicated membrane protein system human KCNQ1 voltage 

sensing domain (Q1-VSD) having four transmembrane helices using site-directed spin-labeling 

EPR spectroscopy. Characterization of spin-labeled Q1-VSD incorporated into lipodisq 

nanoparticles was carried out using CW-EPR spectral line shape analysis and pulsed EPR double-

electron electron resonance (DEER) measurements. The CW-EPR spectra indicate an increase in 

spectral line broadening 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 a superior quality of distance 

measurement with an increase in the phase memory time (Tm) values upon incorporation of the 

sample into lipodisq nanoparticles when compared to proteoliposomes. These results are 

consistent with the solution NMR structural studies on the Q1-VSD. This study will be beneficial 

for researchers working on investigating the structural and dynamic properties of more 

complicated membrane protein systems using lipodisq nanoparticles.

Graphical Abstract

INTRODUCTION

Membrane proteins are involved in essential biological functions that ensure the survival of 

living organisms. They are pharmacological targets of approximately 50% of all modern 

medical drugs.1,2 Despite its importance, structural and dynamic information on membrane-

bound proteins is lacking when compared to water-soluble proteins. This is due to 

difficulties in studying membrane proteins. Electron paramagnetic resonance (EPR) 

spectroscopy is a rapidly growing powerful biophysical technique for studying the structural 

and dynamic properties of membrane proteins.3–5 The application of EPR spectroscopy is 

usually challenging due to diffculties in homogeneous sample preparation of membrane 

proteins in a functionally relevant membrane- bound state. Detergent micelles are the most 

commonly used membrane mimetics for membrane protein studies. It can form smaller size 

micelle complexes suitable for high-resolution solution NMR structural studies. However, it 
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is often challenging to examine whether the structure of the proteins in a micelle 

environment is the same as that of its membrane- bound state. Additionally, the size and 

shape of detergent micelles may influence the native structural and functional activities of 

the protein.6–8

Several membrane mimetics have been used to solubilize membrane proteins for biophysical 

studies which can maintain the structural and functional properties of the protein. Examples 

of these membrane mimetics are liposomes, bicelles, nanodiscs, and lipodisq nanoparticles.
9–14 Each of these membrane mimics have their own advantages and disadvantages. 

Liposomes or lipid bilayered vesicles are the most relevant membrane mimic of the lipid 

bilayer. However, it is inhomogeneous in size, having inaccessible interiors, making 

cytoplasmic domain studies difficult.15 Additionally, incorporation of high concentrations of 

proteins into liposomes is challenging, making spectroscopic EPR studies more difficult.
16,17 Bicelles are another lipid bilayer mimic system forming discs that are composed of a 

mixture of both long-chain and short-chain phospholipids such as 1,2-dimyristoyl-sn-

glycero-3- phosphocholine (DMPC) and 1,2-dihexanoyl-sn-glycero-3-phosphocholine 

(DHPC).18–21 Bicelles are beneficial because they can provide a lipid bilayer environment 

and accessibility for the interaction of both extracellular and cytoplasmic domains of 

membrane proteins.15,18–21 The drawback of using bicelles is that they requires specific 

types of lipids for bicelle formation which more often challenges its applications as the lipid 

compositions in the membrane can influence the function of membrane proteins.15,22,23 

Membrane scaffold protein (MSP)-based nanodiscs are a very popular method to form 

homogeneous protein samples in a lipid bilayer environment. This helps to minimize the 

effect of pockets of high local electron spin concentrations, enhancing the transverse 

relaxation within a sample.24 The disadvantage of this method is that it requires detergents 

for protein incorporation which must then be completely removed for the formation of a 

protein-nanodisc complex.25 Furthermore, the absorbance properties of the membrane 

scaffold protein may interfere with the target protein. There may be specific scaffold protein-

lipid interactions introducing challenges in preparation of nanodiscs.

Recently, lipodisq nanoparticles or styrene-maleic acid copolymer-lipid nanoparticles 

(SMALPs) have been introduced as a relatively new membrane mimic system that can 

provide a native-like membrane environment for studying the structural and dynamic 

properties of membrane proteins. Lipodisq nanoparticles are formed from lipids solubilized 

by polymers instead of membrane scaffold proteins without interfering with the absorbance 

properties of the membrane proteins.25–29 The polymer used to solubilize lipids consists of 

styrene and maleic acid (SMA) at a molar ratio of 3:1. The SMA copolymer can be applied 

to any kind of lipids and can maintain the native lipid composition in solubilized 

nanoparticles.30–32 The lipodisq nanoparticles can be formed in a detergent-free 

environment. It can provide accessibility of the incorporated proteins to both sides of the 

membrane, which is also suitable for functional studies.33 It can help to understand the 

mechanistic process by maintaining the oligomerization states of proteins.34 Although 

lipodisq nanoparticles show a high potential to serve as a good membrane-mimetic system 

for biophysical studies of membrane proteins, characterization of lipodisq nanoparticles in 

the presence of membrane proteins is still lacking.13,26
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In this study, lipodisq nanoparticles are characterized in the presence of a more complicated 

membrane protein, the human KCNQ1 voltage sensing domain (Q1-VSD). Human KCNQ1 

is a voltage-gated potassium channel modulated by members of the KCNE protein family. 

KCNQ1 is involved in the cardiac repolarization phase of the heart beat and K+ homeostasis 

in the inner ear.35–37 Dysfunction of KCNQ1 causes several diseases including several 

cardiac arrhythmias, congenital deafness, and type II diabetes mellitus.38–40 Q1-VSD is a 

four-transmembrane protein consisting of 149 amino acids representing the first four helices 

(S1−S4) KCNQ1.41–43 Q1-VSD is an independent structural and functional unit maintaining 

the structural conformation and functional properties in a similar manner to the full-length 

channel (VSD + pore domain).44–48 The voltage-gated ion channels react to electrical fields 

via reorientations of the S4 helix carrying positive charges within the VSD.49 CW-EPR and 

pulsed EPR (double-electron electron resonance (DEER)) spectroscopic measurements were 

conducted on Q1-VSD mutants in 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 

(POPC)/1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1′-racglycerol) (sodium salt) (POPG) 

lipid with 3:1 SMA polymer for formation of the lipodisq nanoparticles system. The 

incorporation of Q1-VSD into POPC/POPG lipodisq nanoparticles indicated differences in 

the side-chain mobility pattern for the spin-labeled residues located in the aqueous phase 

when compared to the Q1-VSD residues located within the membrane bilayer. The pulse 

EPR measurements indicated a substantial improvement in the phase memory time (Tm) and 

DEER distance distribution for the sample in lipodisq nanoparticles when compared to the 

sample in lipid bilayered vesicles or proteoliposomes. These results are consistent with the 

structural behavior of Q1-VSD. This study provides useful information for researchers using 

lipodisq nanoparticles as a membrane mimetic system.

MATERIALS AND METHODS

Site-Directed Mutagenesis.

The His-tag expression vectors (pET-16b) containing a cysteine-less mutant of Q1-VSD 

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 Q1-VSD gene using the 

QuickChange Lightning Site-Directed Mutagenesis kit (Stratagene). The Q1-VSD 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 Rosetta/C43(DE3) E. coli cells for protein overexpression. Single spin 

label mutants (Phe130, Gln147, and Val165) were generated by introducing Cys residues at 

positions 130, 147, and 165. These mutants were chosen to cover the Q1-VSD 

transmembrane domain (TMD) as well as one in the extracellular region of Q1-VSD. 

Double-spin label mutants (Phe123/Ser143) were generated by introducing a pair of Cys 

residues at positions 123 and 143.

Overexpression and Purification.

The overexpression and purification of Rosetta/C43(DE3) E. coli cells carrying mutated Q1-

VSD genes were carried out using a previously described protocol.50 Rosetta/C43(DE3) E. 
coli cells carrying mutants of choice were grown in an M9 minimal medium with 100 μg/mL 
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ampicillin and 50 μg/mL chloramphenicol. The cell culture was incubated at 25 °C and 240 

rpm supplemented with MEM vitamin (Mediatech) and ZnCl2 (50 μM) until the OD600 

reached 0.8, at which point protein expression was induced using 1 mM IPTG (isopropyl-1-

thio-D-galactopyrano-side), followed by continued rotary shaking at 25 °C for 24 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 of lysis buffer (75 mM Tris-HCl, pH 7.8, 300 mM NaCl, 

0.2 mM EDTA) per gram of wet pellet with 2 mM TCEP, lysozyme (0.2 mg/mL), DNase 

(0.02 mg/mL), RNase(0.02 mg/mL), PMSF (0.2 mg/mL), and magnesium acetate (5 mM) 

and tumbled at room temperature for 1 h. The cell suspension was then sonicated for 10 min 

(5 s on/off cycles, Fisher Scientific Sonic Dismembrator model 500, amplitude 40%) on ice. 

The lysate was centrifuged at 18 000 rpm for 40 min at 4 °C, and the pellet containing the 

inclusion body was washed with lysis buffer, homogenized with Buffer A (40 Mm HEPES, 

pH 7.5, 300 mM NaCl) containing 2 mM TCEP and 0.5% dodecylphosphocholine (DPC), 

and rotated overnight at 4 °C to solubilize inclusion bodies. After detergent solubilization, 

the insoluble debris was removed by centrifugation at 18 000 rpm for 40 min at 4 °C. The 

supernatant was incubated with Ni(II)−NTA superflow resin (Qiagen) for 1 h at 4 °C. The 

protein was then purified using the gravity flow column by washing with 8–10 bed volumes 

of rinse buffer (Buffer A with 2 mM TCEP) containing 0.05% DPC. Nonspecific proteins 

were removed with wash buffer (Buffer A with 0.05% DPC, 50 mM imidazole, and 2 mM 

TCEP). Q1-VSD was eluted with elution buffer (buffer A, 500 mM imidazole with 2 mM 

TCEP) containing 0.05% 1-myristoyl-2-hydroxy-sn-glycero-3-phospho-(1′-rac-glycerol) 

(sodium salt) (LMPG). Protein samples were concentrated using a Microcon YM-3 

(molecular weight cutoff 3000) filter (Amicon). The protein concentration was determined 

from the A280 using an extinction coefficient of 1.2 mg/mL protein per OD280 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 Proteoliposomes.

Spin labeling and proteoliposomes reconstitution were carried out following the protocol 

previously described.51 After purification, each cysteine mutant was concentrated to 0.5 

mM. 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. 1-Oxyl-2,2,5,5-

tetramethylpyrro line-3-methylmethanethiosulfonate (MTSL) spin label was added to 10 

mM from a 250 mM solution in methanol into a 0.5 mM Q1-VSD solution, which was then 

equilibrated at room temperature 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 7.8. Following buffer exchange, samples were bound 

to nickel resin in a column, which was then washed with 200 mL of 50 mM phosphate, 

0.05% DPC, pH 7.8 to remove excess MTSL. The spin-labeled Q1-VSD was eluted using 

elusion buffer (buffer A, 500 mM imidazole with 2 mM TCEP) containing 0.5% DPC or 1% 

LMPG detergent. The spin-labeling efficiency (~75%) was determined by comparing the 

nanodrop UV A280 protein concentration with spin concentration obtained from CW-EPR 

spectroscopy.
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The reconstitution of spin-labeled Q1-VSD protein into POPC/POPG (3:1) proteoliposomes 

was carried out via dialysis methods following a similar protocol in the literature.13,51,52 The 

concentrated spin-labeled Q1-VSD protein was mixed with a stock lipid slurry (400 mM 

SDS, 75 mM POPC, 25 mM POPG, 0.1 mM EDTA, 100 mM IMD, pH 7.5). The lipid slurry 

was pre-equilibrated to clear mixed micelles via several freeze-thaw cycles. The final 

protein:lipid molar ratio was set to 1:250. The Q1-VSD-lipid mixture was then subjected to 

extensive dialysis to remove all detergent present, during which process Q1-VSD/POPC/

POPG vesicles spontaneously formed. The 4 L of dialysis buffer (10 mM imidazole and 0.1 

mM EDTA at pH 7.5) was changed twice daily. Completion of detergent removal was 

determined when the Q1-VSD-lipid solution became cloudy and the surface tension of the 

dialysate indicated complete removal of detergent.

Reconstitution into Bicelles.

The reconstitution of spin-labeled protein into DMPC/DPC bicelles (3.2:1) was carried out 

following a similar protocol described previously.53,54 DMPC powder was added directly to 

the Q1-VSD solubilized in elusion buffer (500 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.

Reconstitution into Lipodisq Nanoparticles.

Lipodisq nanoparticles (prehydrolyzed styrene-maleic anhydride copolymer 3:1 ratio) were 

purchased from Sigma-Aldrich. The protein-lipid complex was incorporated into SMA-

lipodisq nanoparticles following the published protocols.13,25,26 A 500 μL aliquot of 

proteoliposome-reconstituted protein sample (~30 mM POPC/POPG lipid) was added with 

an equal amount of 2.5% of lipodisq solution prepared in the same dialysis buffer (10 mM 

IMD, 0.1 mM EDTA at pH 7.5) dropwise over 3–4 min at a weight ratio of 1:1. The protein- 

lipodisq solution was allowed to equilibrate overnight at 4 °C. The resulting solution was 

centrifuged at 40 000g for 30 min to remove the nonsolubilized protein. The supernatant was 

further concentrated to the desired volume and concentration for EPR measurements.

EPR Spectroscopic Measurements.

EPR experiments were conducted at the Ohio Advanced EPR Laboratory. CWEPR spectra 

were collected at the 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 (297– 325 K). The side-chain mobility was determined by 

calculating the inverse central line width from each CW-EPR spectrum.

Four pulse DEER experiments were performed using a Bruker ELEXSYS E580 

spectrometer equipped with a SuperQFT pulse Q-band system with a 10 W amplifier and 

EN5107D2 resonator. All DEER samples were prepared at a spin concentration of 100–120 

μM; 30% (w/w) deuterated glycerol was used as a cryoprotectant. The sample was loaded 

into a 1.1 mm inner diameter quartz capillary (Wilmad LabGlass, Buena, NJ) and mounted 
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into the sample holder (plastic rod) inserted into the resonator. DEER data were collected 

using the standard four-pulse sequence55 [(π/2)ν1 − τ1 − (π)ν1 − t − (π)ν2 − (τ1 + τ2 − t) − 

(π)ν1 − τ2 − echo] at the Q-band with a probe pulse width of 8/16 ns, pump pulse width of 

24 ns, 120 MHz frequency difference between the probe and the pump pulse, shot repetition 

time determined by the spin-lattice relaxation time (T1), 100 echoes/point, and 16-step phase 

cycling at 80 K collected out to ~2.0−3.0 μs for overnight data acquisition time (12 h).56 

DEER data were analyzed using DEER Analysis 2015.57 The distance distributions P(r) 

were obtained by Tikhonov regularization58 in the distance domain, incorporating the 

constraint P(r) > 0. A homogeneous three-dimensional model for micelle samples and a 

homogeneous two-dimensional model for bicelles, liposomes, and lipodisq nanoparticles 

samples were used for background correction. The regularization parameter in the L curve 

was optimized by examining the fit of the time domain. The electron spin relaxation in the x

−y plane is the spin echo dephasing time or phase memory time (Tm) of spin labels in lipid 

vesicles. It determines the feasibility of doing pulse experiments that depend upon echo 

detection. The electron spin relaxation arises from dipolar interaction among electron spins 

and the interaction of electron spins with the nuclear spins of the matrix. Transverse 

relaxation data were collected using the standard Hahn echo pulse sequence [(π/2) − τ1 − 

(π) − τ1 − echo] at the Q-band with 10/20 ns pulse widths, an initial τ1 of 200 ns, an 

increment of 16 ns, 100 echoes/point, and 2-step phase cycling at 80 K. The transverse 

relaxation time (T2) or phase memory time (Tm) was determined by fitting the data with a 

single-exponential decay.

EPR Spectral Simulations.

EPR spectra were simulated using the nonlinear least-squares (NLSL) program including the 

macroscopic order, microscopic disorder (MOMD) model developed by the Freed group.
59,60 A previously published fitting procedure was used to simulate the CW-EPR spectra.61 

The principle components of the hyperfine interaction tensor A = [5.5 ± 0.5, 5.5 ± 0.5, 34.8 

± 0.8] G and g tensors g =[2.0088 ± 0.0002, 2.0073 ± 0.0002, 2.0023 ± 0.0001] were 

obtained from a least-squares fit to the spectrum of F130C-Q1-VSD in a frozen state at 165 

K. During the simulation process, the A and g tensors were held constant and the rotational 

diffusion tensors were varied. A two-site fit was used to account for both the rigid/slower 

and the higher/faster motional components of the EPR spectrum. The best-fit rotational 

correlation times and the relative population of both components were determined using the 

Brownian diffusion model.

RESULTS AND DISCUSSION

Recently, we characterized the structure of lipodisq nanoparticles in the absence and 

presence of a single transmembrane protein KCNE1 using dynamic light scattering (DLS), 

solid state nuclear magnetic resonance (SSNMR) spectroscopy, transmission electron 

microscopy (TEM), and EPR spectroscopy.62–66 In this study, the lipodisq nanoparticles 

were characterized using a more complicated and larger spin-labeled membrane protein 

system (Q1-VSD). The Q1-VSD consisting of four transmembrane domains was 

reconstituted into POPC/POPG lipid bilayers. The spin-labeled membrane protein was 

studied using CW-EPR line shape analysis, pulsed EPR phase memory time (Tm) 
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measurements, DEER distance measurements, and side-chain mobility analysis for spin-

labeled sites inside and outside of the membrane bilayer. A POPC:POPG (3:1) lipid bilayer 

was used to mimic phospholipids typically found in mammalian membranes.13,43,51,67 

Figure 1 shows the schematic representation of the MTSL spin-label probe and the predicted 

topology of Q1-VSD in lipid bilayers based on a previous NMR study.50

CW-EPR Spectral Measurements.

EPR spectroscopy in combination with site-directed spin labeling is a rapidly growing 

structural biology tool to study membrane proteins in different membrane environments.
4,5,68 Important structural and dynamic information on membrane proteins can be obtained 

from line shape analysis of CW-EPR spectra of site-directed spin labels in different 

membrane mimetics.4,5,61,65,69–72 CW-EPR experiments were performed on three individual 

positions (F130C and V165C on the TMDs and Q147C on the outside of the membrane) on 

Q1-VSD at different temperatures from 297 to 325 K. CW-EPR spectra of spin-labeled Q1-

VSD are shown in Figure 2A–C for the mutant F130C on TMD of helix S1, V165C on TMD 

of helix S2, and Q147C on the outside of the membrane in POPC/POPG lipid bilayers (left) 

and POPC/POPG lipodisq nanoparticles (right) at temperatures from 297 to 325 K. 

Inspection of the CW-EPR spectra for the mutant F130C indicates that the spectral line 

broadening decreases with increasing temperature from 297 to 325 K in POPC/POPG lipid 

bilayers. The CW-EPR spectrum of the sample in lipodisq nanoparticles shows broader line 

widths having a nearly immobilized shape at 297 K when compared to the EPR spectral line 

shape of the sample in POPC/POPG lipid bilayers. However, the line broadenings decrease 

with increasing temperature up to 325 K. Similarly, inspection of the CW-EPR spectra of the 

mutant V165C indicates that the spectral line broadening decreases with an increase in 

temperature from 297 to 325 K in POPC/POPG lipid bilayers. The CW-EPR spectrum of the 

sample in lipodisq nanoparticles shows a broader line shape having a nearly immobilized 

shape at 297 K when compared to the EPR spectral line shape of the sample in POPC/POPG 

lipid bilayers. However, the spectral line widths decrease as the temperature is increased (up 

to 325 K). The CW-EPR spectra of the mutant Q147C indicate that the spectral line 

broadening decreases with increasing temperature from 297 to 325 K in POPC/POPG lipid 

bilayers. The CW-EPR spectrum of the sample in lipodisq nanoparticles also shows broader 

linewidths having a nearly immobilized shape at 297 K when compared to the EPR spectral 

line shape of the sample in POPC/POPG lipid bilayers. However, the EPR spectral line 

widths decrease as the temperature increases (up to 325 K).

The EPR spectral line widths of spin-labeled Q1-VSD are broader in lipodisq nanoparticles 

samples when compared to proteoliposome samples, indicating that the motion of the spin-

labeled sites is slower in lipodisq nanoparticle samples. The decrease in line broadening 

pattern with increasing temperature for lipodisq nanoparticles samples is consistent with the 

liposome samples. The majority of the CW-EPR spectra of all three mutants contain two 

motional components with a slower/rigid component (left arrow) and a more motional/less 

rigid component (right arrow). The CW-EPR spectra obtained for these spin-labeled samples 

are consistent with previously reported CW-EPR spectra for membrane proteins.61,65,67 A 

decrease in the line broadening in the spectra with increasing temperature is also consistent 

with the previously reported temperature-dependent SDSL CW-EPR spectra.65,73 The 
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slower component is not so prominent on the spectra of all three sites in POPC/POPG lipid 

bilayers at higher temperatures from 318 to 325 K. A single-component EPR spectral line 

shape observed at 318 and 325 K for these sites might be due to the averaging of the two 

motional components at higher temperature when compared to the spectra collected at 297 

K.65 The other possible reason may be the POPC/POPG lipid adopts a liquid phase at higher 

temperature, 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 a single spectral component.74 The spin label at the Q147C site outside of the 

membrane is more dynamic at higher temperatures. This dynamic motion causes an 

averaging of the motion of the two components, resulting in a single component in the EPR 

spectrum.65

In order to describe the spin-label side-chain motion of Q1-VSD more quantitatively, the 

inverse central line widths were plotted against the temperatures for all three spin-labeled 

Q1-VSD mutants as shown in Figure 3. Figure 3 shows that the inverse central line width of 

the F130C site increases from 0.26 to 0.50 G−1 with increasing temperature from 297 to 325 

K in liposomes and from 0.13 to 0.37 G−1 with increasing temperature from 297 to 325 K in 

lipodisq nanoparticles. Similarly, the inverse central line width of the site V165C increases 

from 0.35 to 0.55 G−1 with increasing temperature from 297 to 325 K in liposomes and from 

0.22 to 0.39 G−1 with increasing temperature from 297 to 325 K in lipodisq nanoparticles. 

The inverse central line width pattern of the site Q147C increases from 0.30 to 0.47 G−1 

with increasing temperature from 297 to 325 K in liposome and from 0.27 to0.46 G−1 with 

increasing temperature from 297 to 325 K in lipodisq nanoparticles. The overall increase in 

the inverse central line width pattern for all three sites is similar to the increase in 

temperature from 297 to 325 K. However, the inverse central line width pattern between 

liposome and lipodisq nanoparticle samples for site Q147C is narrower when compared to 

that of sites F130C and V165C between liposome and lipodisq nanoparticle samples. This is 

expected as the lipodisq nanoparticles do not have a significant effect or have a very minor 

effect on the motion of the spin label for the probe outside the membrane.65,66 The inverse 

central line width data indicate that the side-chain motion of the spin-labeled residues 

located inside the membrane bilayer is slower than that of the spin-labeled residues located 

outside the membrane. This motional behavior is consistent with the previously published 

membrane protein side-chain dynamics in lipid bilayers.61,65

In order to further quantify the spin-label side-chain motion of Q1-VSD, nonlinear least-

squares (NLSL) MOMD EPR spectral simulations were carried out on the representative 

EPR spectra of spin-labeled sites F130C and V165C from the Q1-VSD TMD and Q147C 

from the extracellular domain of Q1-VSD at 297 and 325 K to determine the rotational 

correlation times and the relative population of the two motional components (see Table 1). 

The previously described method of simulation under the NLSL program was used for this 

study.59–61,65,66,75–77 The Zeeman interaction tensors (gxx, gyy, gzz) and hyperfine 

interaction tensors (Axx, Ayy, Azz) were held constant during the fitting process, and the 

rotational correlation times (τ) and the relative population of the two components were 

determined from the best-fit EPR spectra (see Figure 4, red lines). Table 1 shows rotational 

correlation times, the corresponding population of the slower/rigid (site1), and the more 

motional/less rigid component (site 2) components of EPR spectra. The EPR spectra were 
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simulated using a two-site fit for the data at both temperatures 297 and 325 K to obtain the 

best-fit simulations. The simulation results indicated that the side-chain spin-label motion of 

the site F130C in the transmembrane helix S1 at 297 K in POPC/POPG liposome has 

correlation times of 23 ns for the slower/rigid component with a relative population of 63% 

and 1.0 ns for the more motional/less rigid component with a relative population of 37% and 

17 ns for the slower/rigid component with a relative population of 64% and 1.1 ns for the 

more motional/less rigid component with a relative population of 34% for site V165C, while 

those of the extracellular mutant are 19 ns for the slower/rigid component with a relative 

population of 58% and 1.2 ns for the more motional/less rigid component with a relative 

population of 42% for site Q147C. Similarly, the side-chain spin-label motion of Q1-VSD 

mutants at 297 K in POPC/POPG lipodisq nanoparticles is closely immobilized with longer 

correlation times of 57 ns for the slower/rigid component with a relative population of 73% 

and 1.8 ns for the more motional/less rigid component with a relative population of 23% for 

site F130C and 58 ns for the slower/rigid component with a relative population of 63% and 

2.3 ns for the more motional/less rigid component with a relative population of 27% for site 

V165C, while those of the extracellular mutant are 54 ns for the slower/rigid component 

with a relative population of 72% and 1.9 ns for the more motional/less rigid component 

with a relative population of 28% for site Q147C. The simulation results indicated that the 

rotational correlation times decreased to 1.1 ns for the slower/rigid component with a 

relative population of 33% and 1.0 ns for the more motional/less rigid component with a 

relative population of 67% for site F130C and 1.8 ns for the slower/rigid component with a 

relative population of 77% and 0.8 ns for the more motional/less rigid component with a 

relative population of 24% for site V165C, while those of the extracellular mutant decreased 

to 1.6 ns for the slower/rigid component with a relative population of 13% and 1.0 ns for the 

more motional/less rigid component with a relative population of 87% for the Q147C with 

increasing temperature to 325 K in POPC/POPG lipid bilayers. Similarly, the rotational 

correlation times decreased to 34 ns for the slower/rigid component with a relative 

population of 92% and 0.8 ns for the more motional/less rigid component with a relative 

population of 8% for site F130C and 18 ns for the slower/rigid component with a relative 

population of 82% and 1.0 ns for the more motional/less rigid component with a relative 

population of 18% for site V165C, while those of the extracellular mutant decreased to 15 ns 

for slower/rigid component with a relative population of 82% and 1.0 ns for the more 

motional/less rigid component with a relative population of 18% for site Q147C with 

increasing temperature to 325 K in lipodisq nanoparticles. The rotational correlation times 

(τ) for Q1-VSD samples in liposomes at 325 K are very close for both spectral components. 

These spectra could be also fit using a single-component fit, suggesting that both motional 

components are averaged at a higher temperature of 325 K. The decreasing pattern of 

rotational correlation times for all of the lipodisq nanoparticle samples is similar to that of 

the liposome samples as the temperature increases from 297 to 325 K. However, the values 

of the rotational correlation times are longer for lipodisq nanoparticle samples when 

compared to that of the Q1-VSD liposome samples. The decrease in the motional behavior 

of spin-labeled Q1-VSD lipodisq nanoparticle samples is consistent with the literature.65,66

EPR spectroscopic studies require homogeneously prepared liposome samples to obtain 

better quality experimental data for the quantitative information about the structure and 
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dynamic behavior of membrane proteins. A significant CW-EPR spectral line broadening is 

observed for lipodisq nanoparticle samples when compared to the spectral line shape of the 

liposome samples. This indicates a decrease in spin-label motion of lipodisq nanoparticle 

samples in comparison to the liposome samples. The increase in spectral line broadening is 

consistent with previously published EPR studies of membrane proteins.25,65,66,78,79 The 

lipodisq nanoparticle system is formed due to the lateral pressure generated during the 

interaction of the SMA polymer with the lipid acyl chain in the process of isolation of the 

individual complex with a specific smaller size.25 Recent biophysical studies have suggested 

that a bracelet of SMA polymer is formed around the lipid membrane where the styrene 

moieties oriented parallel to the membrane normal interacting directly with the lipid acyl 

chain and maleic acid groups are oriented in the same direction as the styrene moieties 

interacting with the lipid head groups.79 The driving force toward the burial of the styrene 

moieties into the hydrophobic core of the membrane may cause a decrease in the motion of 

the lipid acyl chain during formation of the lipodisq nanoparticles. Previous studies have 

also suggested that the SMA polymers may extract the patches of membrane containing 

well-incorporated membrane protein and stabilizes the specific small sizes in the process of 

formation of the lipodisq nanoparticles.32 Furthermore, formation of the lipodisq 

nanoparticles system induces an overall increase in the viscosity of the solution, slowing 

down the outside spin-label motion (see Figure 2).25,26 Our results also revealed a 

significant difference in the inverse central line width pattern between the spin-label probe 

inside the membrane and the spin-label probe outside the membrane (see Figure 3).

DEER Measurements on Q1-VSD in Various Membrane Mimetics.

Double-electron-electron resonance (DEER) spectroscopy coupled with SDSL is a rapidly 

growing powerful biophysical technique used to measure long-range distances of 18–80 Å 

for structural studies.13,55,68,80–85 However, application of DEER spectroscopy to spin-

labeled membrane proteins is very challenging due to the much shorter phase memory times 

(Tm) of spin labels in lipid bilayered vesicles when compared to detergent micelles.85–89 The 

short phase memory times are due to inhomogeneous packing of the spin-labeled protein 

within the liposomes. This creates local inhomogeneous pockets of high spin concentrations.
55 In order to characterize lipodisq nanoparticles for pulsed EPR studies, DEER experiments 

were performed on the inside probe of Q1-VSD (F123C–S143C) incorporated into various 

membrane mimetics such as DPC micelles, LMPG micelles, DMPC/DPC bicelles, POPC/

POPG lipid bilayers, and POPC/POPG lipodisq nanoparticles for DEER distance 

measurements. Figure 5 shows DEER data for MTSL spin-labeled Q1-VSD (Phe123/

Ser143) samples for 1% LMPG micelles (Figure 5A), 0.5% DPC micelles (Figure 5B), 

POPC/POPG liposomes (Figure 5C), bicelles (DMPC/DPC) (Figure 5D), and POPC/POPG 

lipodisq nanoparticles (Figure 5E). The left panel represents the time domain traces, and the 

right panel shows the distance distributions for Figure 5. 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 Q1-VSD membrane protein are 

shown in Table 2. These distances on Q1-VSD are closely matching for each membrane 

environment within the experimental error and are also in agreement with the previous 

studies of Q1-VSD.50,90 These results also suggested that the secondary structural 

conformation of Q1-VSD is closely matching in all of these membrane environments. The 
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fwhm for the lipodisq nanopaticles sample (~10Å) is lower than that of the liposome sample 

(~16 Å) and comparable to the micells (~9 Å for LMPG samples and ~11 Å for DPC 

sample) and bicelles (~12 Å) samples. Inspection of DEER data indicated that the signal-to-

noise ratio (S/N) of DEER time domain data is significantly improved for lipodisq 

nanoparticles having well-defined oscillations with longer data acquisition out to 3 μs when 

compared to the POPC/POPG lipid bilayers (2 μs). This improvement in the S/N of the 

lipodisq nanoparticle sample is due to the improvement in the value of the phase memory 

time (Tm) for the lipodisq nanoparticle sample when compared to the liposome sample. 

Figure 6 shows the representative Tm curves for the dual-spin-labeled Q1-VSD (F123C/

S143C) for POPC/POPG lipid bilayers and lipodisq nanoparticles samples. The phase 

memory time (Tm) data were analyzed in a similar manner to that previously reported in the 

literature.13,65 Figure 6 clearly indicates the signal intensity at a particular decay time of 3 μs 

is higher by ~2 fold for the lipodisq nanoparticle sample when compared to the liposome 

sample. The Tm data sets could not be adequately fit with a single-exponential decay to 

directly compare Tm values for different samples. However, qualitatively the Tm values of 

the lipodisq nanoparticles Q1- VSD samples have increased by a factor of ~2 when 

compared to Q1-VSD in liposomes. The data indicated the Q1-VSD Tm values can be 

enhanced by ~2-fold in lipodisq nanoparticles when compared to the same spin-labeled Q1-

VSD protein in liposomes. DEER measurements can be extended for a longer range of 

distances with a higher signal-to-noise ratio (S/N) of the time domain DEER data with an 

improvement in the phase memory time.

In previous studies, we showed that the lipodisq nanoparticles-based sample preparation of 

the single-transmembrane KCNE1 protein and the influenza A M2 protein revealed 

significant improvement in the signal-to-noise ratio (S/N) for DEER time domain data and 

enhanced the phase memory time by ~2-fold.13,52,91 In this study, EPR measurements on the 

more complicated membrane protein Q1-VSD with a four-transmembrane domain also 

showed significant improvement in the signal-to-noise ratio (S/N) for DEER time domain 

data with the phase memory time increased by ~2-fold for lipodisq nanoparticle samples. A 

comparison of the most probable DEER distances obtained between double mutants of Q1-

VSD (Phe123/Ser143) in various membrane environments including micelles (LMPG and 

DPC), POPC/POPG liposomes, bicelles, and lipodisq nanoparticles suggested that there is 

no significant structural perturbation of the protein due to formation of lipodisq 

nanoparticles.13,52,65,66 There is no significant change in the functional activities of the 

protein due to formation of lipodisq nanoparticles.26,32,92 The native membrane environment 

of the protein is preserved during biophysical measurements as there is no significant 

restriction applied by the SMA polymer to the protein.32 The overall reduction in the motion 

of the lipid-protein complex also helps to determine the local dynamics of the spin-label 

probe.76 The optimized lipodisq nanoparticles-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 and EPR spectroscopic studies.62,64,65 This 

indicates that the protein molecules are well isolated from each other due to smaller and 

homogeneous sizes of lipodisq nanoparticles leading to even distribution of the spin labels 

causing a decrease in the local spin concentration and hence increasing the phase memory 

time for DEER measurements.13,26,52,64 The increase in the phase memory time improves 
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the S/N of the time domain DEER data and allows longer DEER distance measurements 

more precisely for structural studies of challenging membrane proteins. The enhancement in 

phase memory time is consistent with the previously published phase memory time of 

membrane protein in lipodisq nanoparticles.13,52,65 The increase in EPR spectral line 

broadening and phase memory time enhancement in lipodisq nanoparticles samples 

observed in this study may vary depending upon the membrane protein systems and the 

length and choice of phospholipids used for the study.93 On the basis of our current and 

previous studies,13,52,62,65,66,91,94 we suggest that the lipodisq nanoparticles system is 

potentially a good membrane mimetic and useful for EPR studies of membrane proteins. 

However, further protein systems and lipid systems need to be investigated to generalize the 

use of lipodisq nanoparticles.

CONCLUSION

A more complicated membrane protein Q1-VSD embedded into lipodisq nanoparticles was 

characterized using site-directed spin-labeling EPR spectroscopy. The CW-EPR data 

revealed an increase in spectral line broadening for the spin-labeled Q1-VSD mutations in 

lipodisq nanoparticles when compared to that in liposomes. Similarly, DEER data revealed a 

substantial improvement in the signal-to-noise ratio (S/N) for DEER time domain data with 

the phase memory time increased by ~2-fold for lipodisq nanoparticle samples. The 

enhancement in the phase memory time allows longer DEER distance measurements more 

precisely for structural studies of challenging membrane proteins. This lipodisq 

nanoparticles solubilization method can also be used for a variety of different lipid 

compositions. The results of this study along with our previous studies provide a library of 

reference data for the use of lipodisq nanoparicles to advance EPR studies of challenging 

membrane proteins for solving structure- and dynamics-related problems.
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Figure 1. 
(A) Chemical structure of the MTSL spin label probe, (B) predicted topology of Q1-VSD 

(100–249) in lipid bilayers based on previous solution NMR studies,50 and (C) chemical 

structure of 3:1 SMA polymer. Red circles represent the mutants linked to long QT 

syndrome.
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Figure 2. 
CW-EPR spectra of Q1-VSD bearing MTSL at F130C (A), V165C (B), and Q147C (C) in 

POPC/POPG liposomes (left) and POPC/POPG lipodisq nanoparticles (right) as a function 

of temperature. Arrows represent the two motional components in the spectra.
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Figure 3. 
Inverse central line width as a function of temperature for Q1-VSD bearing MTSLs at sites 

F130C (A), V165C (B), and Q147C(C) calculated from EPR spectra in Figure 2.
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Figure 4. 
CW-EPR spectral simulations of Q1-VSD mutants bearing MTSLs at 297 and 325 K at the 

sites F130C (A), V165C (B), and Q147C (C) using the NLSL MOMD program developed 

by Freed and co-workers.59,60
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Figure 5. 
Q-band DEER data of Q1-VSD mutants (Phe123/Ser143) 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), proteoliposomes (POPC/POPG = 3:1) (C), 

bicelles (DMPC/DPC= 3.2:1) (D), and lipodisq nanoparticles (E).
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Figure 6. 
Experimental phase memory curves for dual-spin-labeled Q1-VSD mutants (Phe123/

Ser143) bearing two MTSL spin labels for liposomes (POPC/POPG = 3:1) (A) and POPC/

POPG lipodisq nanoparticles (B). Tm values are 1.2 ± 0.2 μs for proteoliposomes and 2.0 ± 

0.2 μs for lipodisq nanoparticles.
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Table 2.

Four Pulse Major Peak Distance and Approximate Full Width of the Distribution at Half Maxima (fwhm) from 

DEER Distance Measurements on the Q1-VSD Membrane Proteina

Q1-VSD double mutant (Phe123/Ser143)

membrane mimetic distance (Å) fwhm (Å)

LMPG micelles 34 −11

DPC micelles 34 −9

POPC/POPG lipid bilayers 31 −16

DMPC/DPC bicelles 32 −12

POPC/POPG lipodisq 34 −10

a
The uncertainties for these distances are ±2−4 Å.
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