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Abstract

KCNQ1 (Kv7.1 or KvLQT1) is a potassium ion channel protein found in the heart, ear, and other 

tissues. In complex with the KCNE1 accessory protein, it plays a role during the repolarization 

phase of the cardiac action potential. Mutations in the channel have been associated with several 

diseases, including congenital deafness and long QT syndrome. Nuclear magnetic resonance 

(NMR) structural studies in detergent micelles and a cryo-electron microscopy structure of 

KCNQ1 from Xenopus laevis have shown that the voltage sensor domain (Q1-VSD) of the 

channel has four transmembrane helices, S1–S4, being overall structurally similar with other 

VSDs. In this study, we describe a reliable method for the reconstitution of Q1-VSD into (POPC/

POPG) lipid bilayer vesicles. Site-directed spin labeling electron paramagnetic resonance 

spectroscopy was used to probe the structural dynamics and topology of several residues of Q1-

VSD in POPC/POPG lipid bilayer vesicles. Several mutants were probed to determine their 

location and corresponding immersion depth (in angstroms) with respect to the membrane. The 

dynamics of the bilayer vesicles upon incorporation of Q1-VSD were studied using 31P solid-state 

NMR spectroscopy by varying the protein:lipid molar ratios confirming the interaction of the 

protein with the bilayer vesicles. Circular dichroism spectroscopic data showed that the α-helical 

content of Q1-VSD is higher for the protein reconstituted in vesicles than in previous studies using 

DPC detergent micelles. This study provides insight into the structural topology and dynamics of 

Q1-VSD reconstituted in a lipid bilayer environment, forming the basis for more advanced 

structural and functional studies.
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Human KCNQ1 (Q1, Kv7.1, or KvLQT1) is a voltage-gated potassium channel expressed in 

several tissues of the body and is known to regulate various physiological functions. It is a 

six-pass transmembrane protein, prominently involved in cardiac function in addition to 

regulating water and salt transport in the epithelial tissues.1–5 Q1 is involved in the 

repolarization phase of the cardiac action potential and was identified as the gene causing 

chromosome 11-linked long QT syndrome.3–6 Dysfunction of the channel has also been 

linked to other disease conditions like Romano-Ward syndrome, sudden infant death 

syndrome, congenital deafness, and familial atrial fibrillation.7 Like other voltage-gated ion 

channels, Q1 has a voltage-sensing domain, S1–S4 (VSD), and a pore domain, S5 and S6 

(PD), connected by a linker region containing the selectivity filter.8 The unique property of 

Q1 is that it forms a channel that is responsive to a change in voltage and can be activated 

upon membrane depolarization or remain constitutively active regardless of the membrane 

potential.9,10 Q1 forms a complex with KCNE1 (E1 or minK), slowing the channel 

activation kinetics and giving rise to slowly activating Iks currents that are crucial during the 

repolarization of action potential in the heart.9–11 In the absence of E1, Q1 is rapidly 

activated to the open state of the channel, which has an only modest conductance.10

Some groups have reported the structural studies of the water-soluble segment of the 

cytosolic C-terminus of KCNQ1 using biophysical, electrophysiology, and in silico 

approaches.12–14 The Sanders group has published the purification and preliminary 

structural characterization of the voltage-sensing domain of human KCNQ1 (Q1-VSD) in 

lysophosphatidylglycerol detergent micelles using solution nuclear magnetic resonance 

(NMR) spectroscopic studies.15 Previous studies conducted on voltage-gated channels (e.g., 

KvAP) have shown that isolated VSDs can fold even in the absence of the pore domain 

(PD), suggesting that VSDs can adopt nativelike structure in a manner that is independent of 

the PD.16–18 The cryo-electron microscopy structure of the KCNQ1/CaM complex from 

Xenopus laevis was recently published, suggesting a transmembrane topology resembling 

that of Shaker-like voltage-gated K+ channels.3 Though the sequence of KCNQ1 of X. laevis 
is 78% identical with that of human KCNQ1, the study used KCNQ1 solubilized in n-

Dodecyl-b-D-Maltopyranoside (DDM)/Cholesteryl hemisuccinate (CHS) detergent micelles.
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3 Several recent findings illustrate the crucial role of a lipid bilayer in maintaining the 

relative orientation of membrane proteins, thereby affecting their function16,19–25 leading to 

the hypothesis that the structural and functional properties of KCNQ1 can vary considerably 

from detergent micelles to lipid bilayer vesicles. Therefore, understanding the structural 

properties of KCNQ1 in a lipid bilayer environment is crucial.

In this study, we describe a reliable method for reconstituting human Q1-VSD into lipid 

vesicles to enable study of the dynamics and topology of spin-labeled Q1-VSD mutants 

using continuous wave electron paramagnetic resonance (CW-EPR) line shape analysis, 

circular dichroism (CD) spectroscopy, 31P solid-state NMR spectroscopy, and CW-EPR 

power saturation experiments. Q1-VSD has four transmembrane helices like other VSDs. 

However, the exact location of the amino acid residues with respect to the membrane bilayer 

needs to be determined. Structural and functional studies of Q1-VSD in a lipid bilayer 

environment are very important because ~40% of the >200 reported disease-related 

mutations arise from the amino acid substitutions in the VSD.26

MATERIALS AND METHODS

Site-Directed Mutagenesis, Protein Expression, and Purification.

The His tag expression vector (pET-16b) containing wild type Q1-VSD (residues 100–249) 

was expressed and purified using the Rosetta/C43(DE3) strain of Escherichia coli as 

previously described.15 Site-directed mutagenesis was performed to remove all of the native 

cysteines and generate single-cysteine mutants from the Cys-less vector using the 

QuickChange Lightning Site-Directed Mutagenesis Kit (Stratagene). The mutations were 

confirmed by DNA sequencing. Successful mutants were transformed into Rosetta/

C43(DE3) E. coli cells for protein overexpression.15 Twenty-nine mutants were engineered 

across the Q1-VSD to probe the location of each residue with respect to the membrane.

A 5 mL preculture of LB containing 50 μg/mL ampicillin and 50 μg/mL chloramphenicol 

was inoculated with the Rosetta/C43(DE3) Q1-VSD mutant at 37 °C. A culture grown 

overnight was transferred to 1 L of sterile M9 minimal medium supplemented with MEM 

vitamin (Mediatech) and ZnCl2. The cells were grown in a shaker-incubator at 25 °C and 

250 rpm. Protein expression was induced for 24 h by addition of isopropyl β-D-1-

thiogalactopyranoside to a final concentration of 1 mM, once the OD600 reached 0.70–0.80.

Cells were harvested by centrifugation of the cultures at 6500 rpm for 20 min at 4 °C. The 

cell pellets were resuspended in lysis buffer [75 mM Tris-HCl (pH 7.8), 300 mM NaCl, and 

0.2 mM EDTA] and tumbled at room temperature for 45 min after the addition of the LDR 

stock (100 mg/mL lysozyme, 10 mg/mL DNase, 10 mg/mL RNase, and 10% glycerol), 

phenylmethanesulfonyl fluoride (20 mg/mL), and magnesium acetate to a final concentration 

of 5 mM. The cells were then sonicated for 10 min (5 s on/off cycles, Fisher Scientific Sonic 

Dismembrator Model 500, amplitude of 40%) on ice. The inclusion bodies were pelleted at 

20000 rpm for 30 min at 4 °C, and the pellet was washed with lysis buffer and homogenized 

with buffer A [40 mM HEPES (pH 7.5) and 300 mM NaCl] containing 2 mM tris(2-

carboxyethyl)-phosphine (TCEP). n-dodecylphosphocholine (DPC) was added to a final 

concentration of 0.5% and rotated overnight at 4 °C to solubilize inclusion bodies. After 
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detergent solubilization, the insoluble debris was removed by centrifugation at 20000 rpm 

for 30 min at 4 °C. The supernatant was incubated with Ni(II)-NTA superflow resin 

(Qiagen) for 45 min and tumbled at 4 °C. The protein was then purified using the gravity 

flow column by washing with 4–5 bed volumes of rinse buffer (buffer A with TCEP) 

containing DPC. Non-specific proteins were removed with wash buffer (buffer A with DPC, 

50 mM imidazole, and TCEP). Q1-VSD was eluted with elution buffer (250 mM imidazole 

with 2 mM TCEP) containing DPC. The protein concentration was measured with a 

Nanodrop, and the purity was confirmed by sodium dodecyl sulfate–polyacrylamide gel 

electrophoresis (SDS–PAGE).

Methanethiosulfonate Spin Label (MTSL) Labeling.

MTSL labeling was carried out as previously described.27–29 Briefly, a MTSL (Toronto 

Research Chemicals) stock (250 mM in methanol) was added to the protein (concentrated to 

a volume of 500 μL) at a 10:1 MTSL:protein molar ratio. The reaction mixture was 

incubated at room temperature for 30 min and then shaken at 37 °C for 3 h, and the final 

reaction was carried out at room temperature with vigorous shaking overnight in the dark. 

Buffer exchange was performed three times with phosphate buffer (pH 7.50) using 

centrifugal ultrafiltration to remove imidazole (from elution buffer), and the sample 

concentrated to 500 μL. Excess MTSL was removed by rebinding the labeled protein with 

Ni-NTA resin (which had been pre-equilibrated with phosphate buffer containing DPC) and 

washing by resuspending the resin in the same buffer. The spin-labeled protein was then 

eluted with 250 mM imidazole containing 0.5% DPC and concentrated using Amicon Ultra 

centrifugal filters (3K).

Reconstitution into Lipid Bilayers.

Lipids (1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-

sn-glycero-3-phospho-(1′-rac-glycerol) (POPG) powder from Avanti Polar Lipids, 

Alabaster, AL) were dissolved with 100 mM imidazole, 0.1 mM EDTA, and 400 mM SDS 

at a lipid concentration of 70 mg/mL by repeating freeze–thaw sonication cycles until the 

solution became clear. Each spin-labeled protein was mixed with 35 mg (500 μL of the 

above stock) of dissolved lipid at a 1:250 (protein:lipid) molar ratio and frozen and thawed 

three times to equilibrate. SM2 Bio Beads (Bio-Rad) were washed with methanol followed 

by water using a gravity flow column prior to use. The equilibrated mixture was then added 

to 400 mg of wet Bio Beads and rotated at room temperature for 4 h. The resulting sample 

was centrifuged at 2000 rpm for 2 min to remove Bio Beads. The supernatant was 

centrifuged at 100000 rpm for 30 min to pellet the vesicles. The proteoliposome pellet was 

resuspended in phosphate buffer (pH 7.5) and used for spectroscopic studies within a week 

(for NMR studies, the proteoliposomes were resuspended in HEPES buffer).

EPR Spectroscopic Experiments.

All EPR measurements were conducted at the Ohio Advanced EPR Laboratory at Miami 

University. CW-EPR spectra were collected on a Bruker EMX CW-EPR instrument at X-

band using an ER041xG microwave bridge and ER4119-HS cavity. Spectra were recorded 

by signal averaging 20–30 42 s scans with a central field of 3315 G, a sweep width of 100 G, 

and a field modulation of 1 G at a frequency of 100 kHz. All of the samples were collected 
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at a microwave power of 10 mW at 296 K. The side chain mobility was determined by 

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

correlation time (τc) was calculated using the empirical estimation method.30,31

Insertion of Q1-VSD into POPC/POPG bilayers was verified using CW-EPR power 

saturation at X-band. Power saturation experiments were performed on a Bruker EMX X-

band CW-EPR spectrometer consisting of an ER 041XG microwave bridge coupled with an 

ER 4123D CW resonator (Bruker BioSpin) as previously described.23,27,32,33 Samples were 

loaded into gas permeable TPX capillary tubes with a total volume of 3–4 μL at a 

concentration of 50–100 μM. EPR data were collected using a modulation amplitude of 1 G 

and a microwave power varying from 0.4 to 100 mW. The scan range of all spectra was 100 

G, and the final spectra were obtained by signal averaging three to five scans. The power 

saturation curves were obtained for the spin probes outside of the model membrane and 

inside the membrane for 20 residues on Q1-VSD under three conditions: (1) equilibrated 

with nitrogen as a control, (2) equilibrated with the lipid-soluble paramagnetic reagent 20% 

oxygen (air), and (3) equilibrated with nitrogen in the presence of a water-soluble 

paramagnetic reagent NiEDDA (2 mM) as previously synthesized.28 The samples were 

purged with gas for at least 60 min at a rate of 10 mL/min before each measurement was 

performed. High-purity nitrogen and house-supplied compressed air lines were used during 

the experiment. The resonator remained connected to the gas during all measurements, and 

the sample temperature was held at 296 K. The peak-to-peak amplitude of the first derivative 

mI = 0 resonance line (A) was measured and plotted against the square root of the incident 

microwave power. The data points were then fit using a Matlab software script according to 

eq 1:

A = I P[1 + (21 ε − 1)P ∕ P1 2]
−ε

(1)

where I is a scaling factor, P1/2 is the power where the first-derivative amplitude is reduced 

to half of its unsaturated value, and ε is a measure of the homogeneity of saturation of the 

resonance line. In eq 1, I, ε, and P1/2 are adjustable parameters and yield a characteristic P1/2 

value. The corresponding Φ depth parameters were calculated using eq 2:32

Φ = ln
ΔP1 2(O2)

ΔP1 2(NiEDDA) (2)

where ΔP1/2(O2) is the difference in the P1/2 values of air- and nitrogen-exposed samples and 

ΔP/2(NiEDDA) is the difference in the P1/2 values of NiEDDA- and nitrogen-exposed 

samples.

The membrane depth (in angstroms) of the spin-labeled Q1-VSD mutants was calculated 

using eq 3:
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depth (Å) = 6.35Φ + 4.03 (3)

The bilayer calibration equation given above was derived using standard n-doxyl spin-

labeled POPCs (Avanti Polar Lipids) incorporated into POPC/POPG vesicles containing WT 

Q1-VSD. Φ values for 5-, 7-, 10-, and 12-POPC spin-labels were measured and plotted 

against the previously determined depths of the spin-labels.33,34 Linear regression analysis 

exhibited a linear dependence of Φ for various POPC spin-labels.

CD Spectroscopy.

CD measurements were performed on a model 435 Aviv circular dichroism spectrometer in 

a quartz cuvette. Data were collected from 190 to 260 nm by signal averaging 10 scans with 

a bandwidth of 1 nm. The cuvette path length was 1.00 mm, and spectra were recorded at 

296 K. When necessary, samples were diluted in 50 mM NaH2PO4 (pH 7.5). Scattering 

effects produced by the sample matrix were found to be reduced when the vesicle samples 

were passed through a 100 nm pore size extruder. Spectra of empty vesicles without the 

protein were used to account for the background lipid absorbance and light scattering 

phenomenon and subtracted from lipid–protein spectra. For micelle samples, buffer 

exchange was performed [50 mM NaH2P04 (pH 7.5) and 0.5% DPC] using centrifugal 

ultrafiltration to remove imidazole from the elution step. Spectra were processed and 

analyzed on Dichroweb using CONTIN with the SMP180 reference set. A spectral width of 

190–240 nm was used for data analysis 36–38

31P Solid-State NMR Measurements.

A Bruker Advance 500 MHz WB NMR spectrometer equipped with a CPMAS probe 

(Bruker, Billerica, MA) was used to record all of the NMR data. The 31P NMR spectra were 

collected at 200 MHz with proton decoupling with a 4 μs 90° pulse and a 4 s recycle delay. 

The spectra were collected overnight with the spectral line width set to 500 ppm. All 31P 

NMR spectra were referenced by assigning the 85% H3PO4 31P peak to 0 ppm. The data 

were analyzed as previously described 39–41

RESULTS AND DISCUSSION

Expression and Mutagenesis of Recombinant Q1-VSD (residues 100–249).

To better understand the structural topology and dynamics of the Q1-VSD using EPR 

spectroscopy, all native cysteines in the VSD were mutated using site-directed mutagenesis 

and single-cysteine mutants were generated from the Cys-less vector. Twenty-nine mutants 

were designed across the four TMDs of Q1-VSD. Twenty Cys mutants were successfully 

expressed and purified, while nine mutants suffered from lower expression levels or failed to 

yield structurally stable protein as confirmed by SDS–PAGE and CD experiments. For 

example, residue L236C migrated as two separate bands on the gel. This finding 

corroborates recently published data that showed that the L236P mutation led to a defective 

channel with respect to both surface expression level and channel properties.4 Also, mutants 

Y111C, L114C, P117C, and W120C in the S0 helical region and G179C toward the 
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cytosolic end of helix S2 suffered from lower expression levels. The lower expression levels 

and/or protein yield is not surprising as point mutations in functionally active proteins have 

been reported to cause overall protein distortions and instability 4,42

Homogeneous Reconstitution of Q1VSD into POPC/POPG Vesicles.

To generate homogeneously reconstituted Q1-VSD in a lipid bilayer, POPC/POPG lipids 

were selected. These two lipids best mimic a phospholipid bilayer found in most mammalian 

cell membrane systems. 16,23,25 Furthermore, the POPC/POPG phase transition temperatures 

to the Lα liquid crystalline phase are <0 °C.23 The POPC:POPG molar ratio was 3:1, which 

mimics those of the anionic phospholipids commonly found in a mammalian cell membrane.
16,23,25 Several reconstitution methods, including dialysis, SM2 Bio Beads, and gel 

filtration, were tested. SM2 Bio Beads resulted in homogeneous vesicles as confirmed by 

DLS.

To confirm the interaction of Q1-VSD with the phospholipid head groups of the membrane, 

we investigated the dynamic properties of the lipid bilayers after Q1-VSD incorporation 

using 31P solid-state NMR spectroscopy. Varying the protein:lipid molar ratio was used to 

titrate Q1-VSD in POPC/POPG bilayer vesicles. The static 31P NMR spectra collected at 

25 °C displaying the perturbations of Q1-VSD on the dynamics of lipid bilayer vesicles with 

varying protein/lipid ratios between 0 and 4 mol % are shown in Figure 1. In the absence of 

protein, the 31P NMR spectrum at 25 °C showed a motionally averaged axially symmetric 

powder pattern with a chemical shift anisotropy (CSA) width of 37 ppm in the liquid 

crystalline phase (Lα).41 However, upon addition of Q1-VSD, the CSA spectral width 

decreased, when compared to that of empty POPC/POPG bilayers. The CSA line width was 

measured for empty POPC/POPG (Figure 1, 0 mol %, CSA = 37 ppm), 1 mol % (CSA = 35 

ppm), 2 mol % (CSA = 32 ppm), and 4 mol % (CSA = 31 ppm) bilayers. The 31P line shape 

and CSA width data clearly indicate an increase in the membrane surface fluidity upon 

addition of Q1-VSD and its interaction with the membrane. A similar observed reduction in 

CSA line width with an increase in the amount of protein has been previously reported.39–41 

Overall, the 31P line shape and CSA line width data show that the phospholipid head groups 

of POPC/POPG vesicles are perturbed in a linear fashion with an increase in protein 

concentration from 1 to 4 mol %, indicating that Q1-VSD interacts with the phospholipid 

head groups of POPC/POPG lipid bilayer vesicles.

CD measurements provide a reliable method for determining the overall secondary structure 

of a protein. Figure 2 depicts the CD data of WT Q1-VSD in 0.5% DPC micelles and in 

POPC/POPG vesicles at pH 7.5 and 296 K. CD experiments demonstrated a typical α-

helical pattern in both micelle and vesicle environments. However, quantitative analysis of 

the CD data indicated an increase in the helical content from 67% in 0.5% DPC micelles to 

76% for Q1-VSD reconstituted in lipid bilayer vesicles, clearly indicating that Q1-VSD 

adopts a more ordered structure upon incorporation into a lipid bilayer with a higher α-

helical content.36–38,43–45

On the basis of previous KCNE1 studies, the method used to incorporate the protein into a 

lipid bilayer is crucial in determining the type of secondary structure the protein adopts.
22,23,45,46 In the case of Q1-VSD, the TMDs are very hydrophobic and have several polar 
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residues on either end that help to anchor the protein to the polar membrane surface, while 

the inner nonpolar residues interact with the lipid carbon chains. Because of the amphipathic 

nature of Q1-VSD, it becomes very insoluble and prone to aggregation in aqueous solution. 

Therefore, the efficient membrane reconstitution methodology was important for this study. 

In this study, SM2 Bio Beads were used for selective removal of the detergent from mixed 

detergent/lipid micelle samples. This reconstitution method keeps Q1-VSD in contact with 

the detergent or lipids and prevents any aggregation. A protein:lipid molar ratio of 1:250 was 

found to be best for maintaining its folding pattern.

Probing the Membrane Topology of Q1-VSD.

X-Band CW-EPR spectra were collected on 20 spin-labeled Q1-VSD mutants, and the 

results are shown in Figures 3, 4, and 6. Our results indicate that residues F130C in helix 1 

and F232C in helix 4 showed restricted mobility in a lipid bilayer environment at pH 7.5, 

whereas Q147C and F222C were found to be more mobile in the reconstituted phospholipid 

bilayer, suggesting a relatively higher level of motion of the MTSL spin-label in these 

mutants. The overall broadening of the EPR spectra indicates that the location of the labeled 

residue affects the mobility of the nitroxide spin-label and therefore illuminates the overall 

dynamics of the residues with respect to the membrane. It was also observed that the line 

broadening was significantly different between the DPC micelle and the vesicle samples for 

the same residue, indicating different packing in the detergent as opposed to a lipid bilayer 

environment.

Figure 4 shows the estimated motional parameter (rotational correlation time) τc values for 

several residues (F123C, S140C, I145C, V164C, I201C, and F222C) of Q1-VSD in 

detergent micelles and lipid bilayer vesicles. The τc values for Q1-VSD in detergent 

micelles vary between 0.5 and 0.8 ns, while the values for Q1-VSD incorporated in lipid 

bilayer vesicles range from 1.2 to 2.2 ns.

The overall rotational correlation time was found to be higher in lipid bilayer vesicles than in 

detergent micelles, suggesting an overall restricted motion of spin-labeled Q1-VSD upon 

incorporation into lipid bilayer vesicles.

CW-EPR data were also collected on several other mutant sites covering all four TMDs and 

the regions connecting S1–S4. We collected data for residues R103C and G108C around 

helix S0; F123C, F130C, S140C, and S143C in helix 1; V164C and V165C in helix 2; 

I201C, V206C, and V207C in helix 3; and F232C in helix 4. The mutants connecting these 

TMDs scanned for CW-EPR experiments included I145C, Q147C, L151C, G186C, A194C, 

S217C, F222C, and R243C. The CW-EPR data from micelles (0.5% DPC) were compared 

with those from lipid bilayer vesicles (Figures 3 and 4). The CW-EPR line shapes of the Q1-

VSD in vesicles were found to be broader than those of the same Q1-VSD in DPC micelles.

To gain better insight into the location as well as the insertion of different spin-labeled 

residues of Q1-VSD in the membrane, power saturation CW-EPR experiments were 

conducted on Q1-VSD mutants in POPC/POPG vesicles. Representative power saturation 

EPR results are shown in Figure 5. POPC/POPG reconstituted Q1-VSD samples were 

analyzed under the conditions upon exposure to NiEDDA, N2, and air as a source of O2. The 

Dixit et al. Page 8

Biochemistry. Author manuscript; available in PMC 2019 April 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



contrasting nature of NiEDDA (polar) and air (nonpolar) helps to determine the location of 

MTSL-labeled residues with respect to the interacting environment. Both NiEDDA and O2 

act as paramagnetic relaxation agents that decrease the T1 of the unpaired electron in the 

nitroxide spin-label.24,28,32,33 This property can be used to probe the location of the MTSL 

spin-label and consequently the amino acid residue to which the spin-label is attached with 

respect to the membrane.

Figure 5 shows that residues Q147C and F222C of Q1-VSD have greater accessibility to 

NiEDDA, while F130C and F232C appear to interact more with O2 in the nonpolar lipid 

environment. The power saturation profile of the residues with respect to nitrogen also 

demonstrates that both air and NiEDDA have a significant effect on the relaxation profile 

depending on the location of the residue with respect to the membrane when compared to 

nitrogen that acted as a control.

Additional CW-EPR power saturation measurements performed on mutants R103C and 

G108C (S0 helical region); F123C, S140C, S143C, I145C, and L151C (S1); V164C and 

V165C (S2); G186C and A194C (S2–S3 linker); I201C, V206C, and V207C (S3); S217C 

(S3–S4 loop); and R243C (S4) in each of the TMDs and the residues connecting the TMDs 

and the depth parameters for each were calculated to investigate their location with respect 

to the membrane. Figure 6A shows the graph of depth parameter (Φ) values from CW-EPR 

power saturation data using eq 2. The Φ values follow an increasing trend as we move from 

the surface toward the interior of the membrane and then decrease on the other side of the 

helix, indicating the correct insertion of the transmembrane segment. The negative value of 

Φ indicates that the residue under investigation is not interacting with the membrane and is 

solvent-exposed. Our data reveal that of 20 residues investigated using power saturation EPR 

in this study, V207C showed the highest Φ value of 1.8 (helix S3), indicating that it was 

exposed to the hydrophobic core and may be buried close to the center of the lipid bilayer. 

The residues with less positive Φ values ranging of 0.5 and 0.8 (I201C and F123C 

respectively) might be closer to the surface of the membrane. Mutants Q147C, G186C, 

A194C, F222C, and R243C showed negative Φ values (−0.3 to −1.0), indicating that these 

residues face the more aqueous environment outside the lipid bilayer. Overall, our data 

suggest that residues V206C and V207C are buried the deepest in the hydrophobic core of 

the lipid bilayer when compared to the other residues. Our data are consistent with the 

previously published studies.23,35,47–49

A calibration experiment was conducted using 5-, 7-, 10-, and 12-doxyl-labeled POPC 

incorporated into lipid bilayer vesicles containing WT (unlabeled) Q1-VSD. Power 

saturation experiments were performed under conditions similar to those used for the labeled 

protein samples. The Φ values obtained from calibration experiments were used to derive eq 

3 from previously published depths (in angstroms) for POPC spin-labels.34 Equation 3 was 

then used to calculate the depth for each Q1-VSD mutant in the membrane, and the results 

are presented in Figure 6B. Residues in helix 1 (F123C, F130C, S140C, and S143C) showed 

depth values ranging from 7.8 to 11.6 Å. V164C and V165C in helix 2 had a depth value of 

11.1 Å. Among the residues in helix 3, V207C showed a membrane depth of approximately 

15.5 Å, indicating this mutant is buried deep in the hydrophobic core of the membrane,34 

whereas I201C and V206C had values of 7.2 and 14.8 Å, respectively. The calculated depth 
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value for F232C in helix 4 was 7.8 Å. The errors in these measurements are reported as ±2 

Å.

On the basis of the data obtained from EPR measurements, we have put together a 

preliminary structural topology model of Q1-VSD in a lipid bilayer as shown in Figure 7. 

The EPR power saturation results provide insight into the location of amino acid residues 

spread across helices S1–S4 in the lipid bilayer environment. Helix S4 exhibits greater 

motional freedom than helices S1–S3 do. The smaller membrane depth parameter value for 

the sites in helix S4 also suggests that the helix is more flexible. This is further supported by 

the notion that the phenomenon of membrane thinning in the vicinity of helix S4 allows the 

permeability of water molecules to keep the various charged residues in this helix hydrated.
8,50,51 However, when compared to other VSDs, helix S4 of Q1-VSD demonstrates an 

overall lower net positive charge, a feature contrasting with the charges of other voltage-

gated ion channels.8–10 The motional flexibility in helix S4 is expected as it bears the 

charged residues acting as a voltage sensor and is involved in opening and closing the 

channel for voltage-dependent gating16.

The findings of this study match closely with the recently published structural details of Q1-

VSD.3,4,15 The range of Φ values in the S1 helical region suggests that it is significantly 

longer15 and has previously been described as the anchoring helix along with S2 for 

structural rearrangements in S4 in the case of KvAP.52 Although the S2–S3 linker is now 

known to be an α-helix,3 the region was found to be sensitive to most point mutations and 

expressed poorly for EPR studies. Similar observations were made for helix S0 where most 

mutants failed to express, which is consistent with previous studies.4

CONCLUSION

This study for the first time investigates the secondary structure, side chain motion, and 

structural topology of the human Q1-VSD protein in POPC/POPG lipid bilayer vesicles. The 

results are compared with those of the Q1-VSD in DPC micelles. Detailed quantitative 

information about the structural dynamics and topology of Q1-VSD in lipid bilayers is 

seminal to understanding its function during its interaction with KCNE1 during K+ channel 

gating. The data reported in this study will provide a better understanding of side chain 

motions and the locations of different segments of Q1-VSD in lipid bilayers. The findings of 

this work integrated with future studies will help in the structural refinement of the overall 

topographical orientation of Q1-VSD with respect to the membrane, laying the foundation 

for understanding the interaction between Q1-VSD and KCNE1 proteins in nativelike 

membrane environments.
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Figure 1. 
31P solid-state NMR spectra of Q1-VSD incorporated into multilamellar vesicles with 

varying protein:lipid molar ratios at room temperature.
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Figure 2. 
CD spectra of WT Q1-VSD in micelle and vesicle environments: (black) 0.5% DPC 

micelles, WT Q1-VSD, pH 7.5, and 296 K and (red) POPC/POPG vesicles, 250:1 

lipid:protein ratio, WT Q1-VSD, pH 7.5, and 296 K.
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Figure 3. 
CW EPR (X-band) spectra of Q1-VSD mutants. The left panel shows Q147C (outside 

membrane) and F130C (inside membrane) in helix 1, and the right panel shows F222C 

(outside membrane) and F232C (inside membrane) in helix 4: (black) 0.5% DPC micelles 

and (red) 3:1 POPC/POPG proteoliposomes (1:250 protein:lipid). The pH was 7.5, and the 

temperature was 296 K for all samples. EPR spectra were normalized by spin concentration 

to show the difference in the dynamic properties between the residues in a bilayer as 

compared to DPC micelles.
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Figure 4. 
Estimated rotational correlation times (τc) of Q1-VSD (F123C, S140C, I145C, V164C, 

I201C, and F222C) in DPC micelles (left) and POPC/POPG vesicles (right).
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Figure 5. 
EPR power saturation curves for Q1-VSD in POPC/POPG vesicles at pH 7.5 and 296 K. (A) 

Mutation F130C is inside the lipid bilayer (helix 1), and mutation Q147C is outside the lipid 

bilayer (helix 1). (B) Mutation F232C is inside the lipid bilayer (helix 4), and mutation 

F222C is outside the lipid bilayer (helix 4).
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Figure 6. 
(A) Membrane depth parameter values (Φ) for different spin-labeled Q1-VSD residues in 

POPC/POPG vesicles. Positive Φ values (green) indicate that the residue under investigation 

is embedded within the membrane, and negative Φ (red) values indicate that the residue is in 

the aqueous environment. (B) EPR depth measurement data for the residues residing in the 

lipid bilayer vesicles.
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Figure 7. 
Predicted topology (residues 100–249) of the KCNQ1 voltage sensor domain (Q1-VSD) in a 

lipid bilayer based upon EPR studies. Green residues are buried inside the lipid bilayer, 

while red residues are located outside the lipid bilayer.
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