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Abstract

KCNEZ1 is known to modulate the voltage-gated potassium channel a subunit KCNQL1 to generate
slowly activating potassium currents. This potassium channel is essential for the cardiac action
potential that mediates a heartbeat as well as the potassium ion homeaostasis in the inner ear.
Therefore it is important to know the structure and dynamics of KCNEL1 to better understand its
modulatory role. Previously the Sanders group solved the three-dimensional structure of KCNE1
in LMPG micelles, which yielded a better understanding of this KCNQ1/KCNE1 channel activity.
However, research in the Lorigan group showed different structural properties of KCNE1 when
incorporated into POPC/POPG lipid bilayers as opposed to LMPG micelles. It is hence necessary
to study the structure of KCNEL in a more native-like environment such as multi-lamellar vesicles
(MLVs). In this study, the dynamics of lipid bilayers upon incorporation of the membrane protein
KCNE1 were investigated using 31P solid-state NMR spectroscopy. Specifically, the protein/lipid
interaction was studied at varying molar ratios of protein to lipid content. The static 3P NMR and
T relaxation time were investigated. The 31P NMR powder spectra indicated significant
perturbations of KCNE1 on the phospholipid headgroups of MLVs as shown from the changes in
the 31P spectral line shape and the chemical shift anisotropy (CSA) line width. 31P T, relaxation
times were shown to be reversely proportional to the molar ratios of KCNE1 incorporated. The 31p
NMR data clearly indicate that KCNE1 interacts with the membrane.
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1. Introduction

KCNEL1, also known as MinK, is one of the five members of the KCNE family that modulate
the voltage-gated potassium channel a subunit KCNQ1 to generate slowly activating
potassium currents[®: 21, This ion channel is essential to the cardiac action potential that
mediates heartbeat and the ion homeostasis in the inner earl1-31. Moreover, dominant
mutations in either KCNE1 or KCNQL1 can cause congenital long-QT syndrome and
deafnessl4-71. To better understand the mechanism of this important voltage-gated potassium
channel, especially how KCNE1 modulates KCNQ1 to form the slowly activating potassium
currents, tremendous efforts on functional and structural studies have been devoted and
significant progress has been achieved(4 8-111,

To fully understand how membrane protein functions, it is essential to know its structure in
its native-like environment. The three-dimensional structure of KCNEZ1 was determined by
solution NMR in LMPG detergent micelles by the Sanders group previously(®l. It has
significantly enhanced our understanding of KCNEZ1 and helped to build a reasonable model
for the mechanism of the modulatory role of KCNE1 on KCNQ1. However, the structure of
KCNE1 was determined in LMPG micelles, which may not represent the native environment
for proper function of KCNE1. A big distinction between a soluble protein and a membrane
protein is that membrane proteins require a specific hydrophobic environment to fold and
function correctly. Due to the ease and good solubility of detergent micelles, most structural
information obtained so far has been conducted in a micellar environment. However, it has
been shown that micelles are not an ideal membrane mimetic due to the lack of a lipid
bilayer and curvature of the micelles which potentially could alter the folding of the
membrane proteins[22-15]. The work from the Lorigan group has shown different secondary
structural properties of KCNE1 when incorporated into POPC (1-palmitoyl-2-oleoyl-sr+
glycero-3-phosphocholine)/POPG (1-palmitoyl-2-oleoyl-sr-glycero-3-phospho-(1”-rac-
glycerol) (sodium salt)) multi-lamellar vesicles (MLVs) as opposed to LMPG detergent
micelles using Circular Dichroism (CD) and Electron Paramagnetic Resonance (EPR)
spectroscopic studiesl12 15171 |t is hence necessary to investigate KCNEL1 in a lipid bilayer
environment such as MLVs in contrast to traditional detergent micelles to gain a better
understanding of this important modulatory protein.

In this study, membrane mimetic MLVs and 3P solid-state NMR spectroscopy were utilized
to probe the interaction between KCNE1 and the membrane. MLVs composed of multi-
layers of lipid bilayers are commonly used to study membrane proteins and proven to be an
excellent membrane mimeticl!8 191 Solid-state NMR spectroscopy is one of the few
spectroscopic techniques that are capable of obtaining pertinent structural information of
membrane proteins reconstituted into lipid bilayers. It is widely used to study the structural
and dynamic properties of proteins and lipidsl29-22], By incorporating KCNE1 into MLV,
KCNEL1 is stabilized in its native-like environment retaining its functionality and thus
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provide more accurate structural property. 31P is a useful native probe for studying the
interaction of the protein with the lipid headgroup region from the perspective of lipids. The
conformation and lipid phase can be obtained with the use of native 31P probe. Static 31P
NMR experiment was conducted to probe the structural and dynamic changes of the
phospholipid bilayer induced by the incorporation of the KCNE1 proteinl22-24],

2. Materials and Methods

2.1. Expression and purification of KCNE1

The expression and purification of KCNE1 were described previously® 121 In brief, the
plasmids containing wild-type KCNE1 cDNA were transformed into £. coliBL21-
CodonPlus(DE3)-RP competent cells. A single colony was inoculated into 5 mL of LB
(Luria broth) containing 50 pg/mL ampicillin for overnight growth. The pre-culture was then
transferred into 1 L of sterile M9 minimal medium containing 50 pg/mL ampicillin. The
large culture was allowed to grow at 37 °C and 250 rpm. When the ODgq reached about 0.8,
the culture was induced with 1 M IPTG to a final concentration of 1 mM. Cells were
collected by centrifugation after overnight induction. The cell pellets were resuspended in 40
mL of lysis buffer (70 mM Tris-Cl, 300 mM NaCl, pH 8.0). After the addition of 0.5 mg of
DNase I (bovine pancreas, Fischer Scientific), 1 mg of lysozyme (egg white, Fischer
Scientific), 40 uL of RNase A (20 mg/mL, Thermo Scientific), the cells were disrupted with
Fisher Scientific Sonic Dismembrator (5 seconds on, 5 seconds off, 10 minutes total on time,
40% amplitude). The lysates were centrifuged at 40,000 g for 20 minutes. The resulting
pellet was resuspended in 30 mL of urea buffer (8 M urea, 20 mM Tris-CI, 150 mM NacCl,
0.2% SDS, 2 mM B-ME, pH 8.0) and rotated overnight at room temperature. Overnight
suspensions were again centrifuged at 40,000 g for 20 minutes. The resulting supernatant
was mixed with 4 mL of Ni-NTA resin (Thermo Scientific) that had been previously
equilibrated with the urea buffer. Samples were then rotated at room temperature for 2 hours.
The resin suspension was washed with 100 mL of TS/SDS buffer (20 mM Tris-Cl, 200 mM
NaCl, 0.2% SDS (sodium dodecyl sulfate), 2 mM B-ME, pH 8.0). KCNE1 was then eluted
with 6 mL of elution buffer (250 mM imidazole, 0.2% SDS, 2 mM B-ME, pH 7.0). The
protein concentration was obtained by measuring the OD,gq with the extinction coefficient
of 1.2 mg/mL per 1.0 absorbance value. The purity of the KCNEL1 protein was confirmed by
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).

2.2. Reconstitution into lipid bilayers

A POPC:POPG lipid bilayer was used to mimic phospholipids typically found in
mammalian membranes!®: 12, 15-17. 25, 26] pOpPC and POPG powdered lipids (Avanti,
Alabaster, AL) were dissolved to a total final concentration of 5 mM (9/1 POPC/POPG
molar ratio) in 5 mM HEPES and 0.5% DM (n-Dodecyl-B-D-maltoside) (pH 7.0) by
repeating at least 10 freeze/thaw cycles until the solutions were clearl12]. SM2 Bio Beads
(Bio-Rad) were washed with 8x 20 mL volumes of methanol followed by 8x 20 mL
volumes of water prior to use. Samples were reconstituted by mixing 1 mL of the lipid slurry
with 157 pg of KCNEL1 protein in 0.2% SDS (500/1 lipid/protein molar ratio) and repeating
2 freeze/thaw cycles. The lipid/protein mixture was then added to 300 mg of wet Bio Beads
and nutated at room temperature for 2 hours. Previous studies showed that this amount of
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Bio Beads effectively removes all detergent and forms MLVs[27]. The resulting sample was
centrifuged at 2,000 g for 5 minutes to remove excess Bio Beads. The supernatant was
concentrated by ultracentrifugation at 300,000 g for 30 minutes. The proteoliposome pellet
was thoroughly resuspended in 50 pL of 100 mM NaH,PO4 (pH 7.2) and immediately used
in spectroscopic studies.

2.3.31p solid-state NMR measurements

All NMR data were recorded on a Bruker Avance 500 MHz WB NMR spectrometer
equipped with a CPMAS probe (Bruker, Billerica, MA). 31P NMR spectra were acquired at
200 MHz with proton decoupling using a 4 ps 90° pulse and a 4 s recycle delay. For the 31p
static NMR spectra, 512 scans were taken and the free induction delay was processed using
200 Hz of line broadening. The spectral width was set to 500 ppm. All 31P NMR spectra
were referenced by assigning the 85% H3PO, 31P peak to 0 ppm. The 31P T; relaxation
times were measured using an inversion recovery pulse sequence (180°-t-90°-acq) with CP-
MASI28], For T, calculations, the data were fit to a single-exponential function: 1(t)=1(0)-
Aexp(-t/T1)[29-31],

3. Results and Discussion

31p solid-state NMR spectroscopy is extensively utilized to study the interaction between the
lipid bilayers and membrane proteins[?2 23], There is a 100% natural isotopic abundance

of 31P within the phospholipid headgroup, it is thus useful to observe changes in the
headgroup region of the lipid bilayers through 31P solid-state NMR spectroscopy. Chemical
shift anisotropy (CSA) and proton-phosphorus heteronuclear dipolar couplings are the two
dominant interactions in the static solid-state 3P NMR spectroscopy, and the latter
interaction is removed by high-power proton decoupling. The shape of the 31P powder
pattern spectrum is defined by CSAI[32]. Reduction of the CSA line width may result from
increased membrane surface fluidity, increased dynamics of the vesicles, or decreased size
of the vesicles induced by membrane proteins. 3P longitudinal relaxation time T4 indicates
changes in the lipid motions including the long axis rotation and lipid diffusion upon protein
interaction(23]. 31P T; relaxation time is associated with the correlation time (t¢) of fast
molecular motion and the Larmor frequency (wg). This correlation is described as 1/T; &
te/(1+wo?tc?). Ty is shortened and the relaxation mechanism of the phospholipids is most
efficient when wqtc ~ 1[29-31],

To better understand the interaction between KCNEL1 and the lipid bilayer, especially the
influence which KCNEL1 exerts on the membrane, traditional membrane mimetic POPC/
POPG (9/1) multi lamellar vesicles (MLVs) was used[33]. A cartoon representation of the
topology of KCNEL1 in lipid bilayers is shown in Figure 1[8 12151 Static 31P NMR
experiments were conducted to investigate the potential lamellar and/or non-lamellar phase
transitions of the lipid bilayers upon incorporation of KCNEL.

Figure 2 showed the perturbations of KCNE1 on the dynamics of MLVs with varying
protein/lipid molar ratios ranging from 0 mol% to 4 mol%. In the absence of KCNE1,

the 31P NMR spectrum of MLVs showed a characteristic 31P powder pattern with a CSA line
width of 42 ppm[34]. These spectra were acquired at room temperature which is above the

Magn Reson Chem. Author manuscript; available in PMC 2018 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 5

melting transition temperature (-2 °C) for either POPC or POPG lipids, indicating a liquid-
crystalline phase. In contrast to empty MLVs, MLVs containing 2 mol% KCNE1 has a CSA
line width of 36 ppm, which showed a line width reduction of 6 ppm. For the sample of 4
mol% KCNEL, the CSA line width was further decreased to 34 ppm, which presented a
significant 8 ppm smaller than the empty MLVs. These data are consistent with the
previously published literaturel35: 361 This clear difference of CSA line width upon the
addition of KCNE1 suggested that the fluctuations of the headgroup region of phospholipid
bilayers were increased[34]. Reduction of the CSA line width may result from increased
membrane surface fluidity, which might be the result of the interaction between the
membrane surface and the helical components outside the transmembrane domain of
KCNEL1. Our previous published studies did show KCNEL1 in liposomes containing helical
structure in addition to TMD, which is consistent with the results observed in this

studyl8. 9. 12, 15-17] The Jarger perturbation on the dynamics of MLVs was observed with the
incorporation of higher amounts of proteins. Accordingly, an isotropic peak increased with
increasing protein concentration, which indicated the presence of small rapidly tumbling
MLVs or smaller fragments. The presence of additional helices other than TMD helix might
cause perturbation on the dynamics of MLVs contributing towards the appearance of an
isotropic peak in the 31P NMR spectral® 9 12, 15-17] The effect of KCNE1 on MLVs may be
due to an increase in stochastic fluctuations of the lipid headgroups as a result of increased
disorder in the individual lipids. The 3IP solid-state NMR spectra provide evidence for
dynamic changes on the membrane surface upon incorporation of KCNE1. And the
association of KCNE1 and lipid bilayer dramatically decreases the 3P CSA line width,
which revealed a dynamic increase in the 31P headgroup region on the membrane surface.

31p NMR spin-lattice relaxation time T reflects the fast lipid headgroup rotational motions
and the acyl-chain conformational changes, as well as the lipid diffusion in the presence of
membrane proteins(2%l. A plot of T; as a function of protein/lipid molar ratios is shown in
Figure 3. In the absence of KCNEL, the T value of 31P from empty MLVs was found to be
(75045) ms, which was the highest value among all samples. Upon incorporation of KCNE1
to 2 mol%, the T, value was reduced to (600+10) ms. Increasing the molar ratio to 4 mol%
further reduced the T value to (450+15) ms. The changes in lipid T1 values in this paper
upon addition of protein are comparable to similar measurements in other membrane protein
systems[34: 351, The significant reduction in the T4 value upon the addition of KCNE1
suggested novel disturbances on the formation of MLVs when compared to the empty
MLVs. This disturbance may be due to the presence of longer N- and C-termini of KCNE1
partially exposed to the aqueous region and partially interacting with the membrane
surfacel®]. This plot also revealed a near reversed linear correlation of Ty values to protein/
lipid molar ratios. The minimum T, value indicating the most efficient relaxation was seen
at the presence of highest amount of KCNEL. These observations are likely due to the
increasing of the stochastic fluctuations of the lipid headgroups as a result of the enhanced
disorder of individual lipids.

4. Conclusion

The POPC/POPG (9/1) MLVs mimicked biological membranes providing a controlled
environment to assay the interaction between protein and membrane. Both static 3P NMR
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powder pattern spectra and T; relaxation time confirmed the membrane association of
KCNEL1 and the perturbations on the headgroup region of the phospholipids. These results
revealed that the addition of higher protein causes a disturbance of stable lipid environment
and hence it is important to have specific concentration for better mimic system. The
previous studies on KCNE1 have been performed mainly from the perspective of protein in a
less ideal membrane mimetic such as micelles, and in this study we focused on the behavior
of membrane in the presence of KCNE1 protein. These experiments reveal the perturbation
of the membrane resulting from the addition of KCNEL. Also, the addition of protein
increases the disorderness of the lipid membrane and hence it is important to have specific
concentration to obtain physically relevant environment for a functional membrane protein.
Concentration below 2% is recommended for future structural studies of KCNE1. Future
solid-state NMR experiments can be designed to investigate the spatial position and
orientation of the KCNE1 with respect to the membrane utilizing site-specific 1°N-labeled
KCNEL1 incorporated into proper membrane mimetic such as bicelles.
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Figurel.
A predicted topology of KCNEL1 in lipid bilayers based on previous solution NMR

studies(8l.
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Figure2.
31p chemical shift of KCNEZ1 protein incorporated MLVs with varying protein/lipid molar

ratios at room temperature.
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Figure 3.
31p spin-lattice relaxation time Ty as a function of varying protein/lipid molar ratios at room

temperature. The error bars were estimated from multiple batch of sample preparation.
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