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Abstract: Membrane proteins conduct many important biological functions essential to the survival

of organisms. However, due to their inherent hydrophobic nature, it is very difficult to obtain struc-

tural information on membrane-bound proteins using traditional biophysical techniques. We are
developing a new approach to probe the secondary structure of membrane proteins using the pulsed

EPR technique of Electron Spin Echo Envelope Modulation (ESEEM) Spectroscopy. This method has

been successfully applied to model peptides made synthetically. However, in order for this ESEEM
technique to be widely applicable to larger membrane protein systems with no size limitations, pro-

tein samples with deuterated residues need to be prepared via protein expression methods. For the

first time, this study shows that the ESEEM approach can be used to probe the local secondary
structure of a 2H-labeled d8-Val overexpressed membrane protein in a membrane mimetic environ-

ment. The membrane-bound human KCNE1 protein was used with a known solution NMR structure

to demonstrate the applicability of this methodology. Three different a-helical regions of KCNE1 were
probed: the extracellular domain (Val21), transmembrane domain (Val50), and cytoplasmic domain

(Val95). These results indicated a-helical structures in all three segments, consistent with the micelle

structure of KCNE1. Furthermore, KCNE1 was incorporated into a lipid bilayer and the secondary
structure of the transmembrane domain (Val50) was shown to be a-helical in a more native-like envi-

ronment. This study extends the application of this ESEEM approach to much larger membrane pro-

tein systems that are difficult to study with X-ray crystallography and/or NMR spectroscopy.
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Introduction

Membrane proteins play a variety of essential roles in

living organisms, such as ion transportation and sig-

nal transduction within cell membranes.1,2 Roughly

30% of all proteins encoded in human and E. coli

genomes are predicted to be membrane proteins and

greater than 50% of the membrane proteins are

potential drug targets.3–5 Despite the vast number of

membrane proteins and their functional significance,

structural information on membrane proteins still

lags behind those of soluble proteins, even with

improved purification and crystallization methods.6

Challenges in determining membrane protein struc-

tures lie in the inherent hydrophobic nature of mem-

brane proteins, making overexpression, purification,

and crystallization difficult.6,7 Moreover, the struc-

tures of membrane proteins can be influenced by their

solubilizing membrane mimetic. So far, a majority of

characterized membrane protein structures have been

determined in detergent micelles, which are not ideal

membrane mimetics.8–10 A lipid bilayer represents a

much better environment to probe the structural and

dynamic properties of an integral membrane protein.

EPR spectroscopy coupled with site-directed

spin labeling (SDSL) has emerged as a powerful bio-

physical technique to provide robust solutions to

these problems and gain pertinent structural and

dynamic information for membrane proteins in

native-like environments.11–26 Electron spin echo

envelope modulation (ESEEM) is a powerful pulsed

EPR spectroscopic technique that can detect weakly

coupled NMR active nuclei to a nearby unpaired

electron spin. In this study, the unpaired electron

spin is introduced via a MTSL (S-(2,2,5,5-tetra-

methyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methane-

sulfonothioate) spin label (SL) and the NMR-active

nucleus is a 2H-labeled d8-Val residue. Since the

interaction between the unpaired electron spin and

the 2H nucleus falls off proportionally to � 1/r,6 the

detection limit for this system is �8 Å.16,17,27 Thus,

if the SL and 2H-labeled d8-Val are positioned close

enough (<8 Å), the weak dipolar-coupling interac-

tion will produce 2H modulation in the time domain

of the ESEEM experiment, and a Fourier transfor-

mation (FT) of the time domain spectrum will then

yield a peak at the 2H Larmor frequency (�2.2 MHz

at X-band). Accordingly, if a peak at the 2H Larmor

frequency is observed from an ESEEM experiment,

it indicates that the two labels (SL and 2H-labeled

d8-Val) are positioned within 8 Å of each other.

An a-helix has a unique helical structure of 3.6

residues per turn and has a rise of roughly 5.4 Å per

turn.28 Taking these structural characteristics into

account, two residues located 3 or 4 amino acids

apart in a linear sequence are actually closer

together than 2 residues located 2 amino acids apart

when in an a-helix. Furthermore, when the two side

chain labels (SL and 2H-labeled d8-Val) are posi-

tioned 3 or 4 residues (i 1 3 or i 1 4) apart on a typi-

cal a-helix, the distance between the two will be

small enough (<8 Å) to pick up the weak dipolar-

coupling interaction, and reveal a FT peak in the

ESEEM frequency domain spectrum.27–32 Con-

versely, if the two labels are positioned 2 amino

acids (i 1 2) apart, they will be located too far away

(>8 Å) and no FT peak would be observed. The pat-

tern of 2H ESEEM peaks present in i 1 3 and i 1 4

samples, while absent or minimal in i 1 2 is unique

to a-helical secondary structure. In contrast, when

the two labels are located on a b-strand, the dis-

tance of the two labels in i 1 3 and i 1 4 will be too

far away (>8 Å) to show 2H Larmor peaks in the

ESEEM frequency domain spectrum. In principle,

by introducing a MTSL spin label and a 2H-labeled

residue at different positions (i 1 2, i 1 3, or i 1 4)

within a small segment of a full-length membrane

protein, the presence of 2H ESEEM peaks in i 1 3

and i 1 4, while not at the i 1 2 positions can be

used to probe the local a-helical secondary structure

of membrane proteins.

The application of ESEEM spectroscopy to probe

the secondary structure of small peptides has been

successful. However, several challenges exist for this

methodology to work on larger membrane proteins

prepared via bacterial overexpression methods.

Membrane proteins are difficult to express and sam-

ple conditions must be optimized for 2H-labeling on

the side chain of amino acids such as Val, and mini-

mizing isotope scrambling. To test the feasibility of

this ESEEM approach for investigating the second-

ary structures of spin-labeled membrane proteins in

their native-like membrane environments, the full-

length human KCNE1 protein was used as a model

membrane protein system. KCNE1 is a single-

transmembrane protein essential for the function of

the voltage-gated KCNQ1 potassium channel in the

cardiac action potential.33–36 The solution NMR

structure of KCNE1 was previously determined in

LMPG (lyso-myristoylphosphatidylglycerol) micelles

and the transmembrane domain of KCNE1 was vali-

dated using DEER EPR methods in lipid

bilayers.25,36 The local secondary structures derived

from the ESEEM data will be directly compared

with the existing structure to validate the ESEEM

technique.

Results and Discussions
The solution NMR structure of KCNE1 in LMPG

micelles (PDB entry 2K21) has a-helical segments

present in the extracellular, transmembrane, and

cytoplasmic domains.36 To assess the feasibility of

this ESEEM approach for probing the a-helical con-

tent of a membrane protein, all three KCNE1 helical

domains were probed. Single Cys KCNE1 variants

(Cys is the site of MTSL labeling) were overexpressed
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in E. coli grown in the presence of a minimal medium

spiked with 2H-labeled d8-Val and purified (see Mate-

rials and Methods), giving rise to dual-labeled pro-

teins suitable for ESEEM analysis. SDSL has been

used extensively for KCNE1 studies.13,14,16,22,25 How-

ever, the specific 2H-labeling of Val for KCNE1 is

challenging in the bacterial system due to the poten-

tial amino acid isotope scrambling. This problem was

overcome by adding a large excess amount of non-

labeled amino acids at both the culture scale-up and

the protein induction stages as well as shortening the

induction time to 1 hour.37

Figure 1 shows a structural representation of

KCNE1 in a LMPG micelle with the probed region

highlighted in green [Fig. 1(A)] and the correspond-

ing ESEEM frequency domain spectra of i 1 2, i 1 3,

and i 1 4 samples with normalized FT intensity [Fig.

1(B)]. As seen from Figure 1(A), 2H-labeled d8-Val 50

(i) located in the transmembrane domain of KCNE1

is being probed at different spin-labeled positions.

The frequency domain spectra of the i 1 2 sample

shows that there is no FT peak present at the 2H

Larmor frequency (�2.2 MHz at X-band), indicating

that the distance between the 2H-nuclei on the

Val50 side chain and the unpaired electron on the

MTSL spin label is greater than 8 Å. Conversely,

there are obvious ESEEM peaks at the 2H Larmor

frequency in the i 1 3 and i 1 4 samples, indicating a

distance smaller than 8 Å between the two labels.

These observations suggest that the probed trans-

membrane segment of KCNE1 is a-helical and

agrees with NMR structure of KCNE1 in LMPG

micelles.36

The ESEEM data of the probed regions from the

extracellular (Val21) and cytoplasmic domains

(Val95) of KCNE1 in LMPG micelles are shown in

Figures 2 and 3, respectively. In both figures when a

SL is placed three or four residues away (i 1 3 or

i 1 4) from the 2H-labeled d8-Val side chain, large

peaks centered at the 2H Larmor frequency are

observed in the ESEEM frequency domain spectra.

The ESEEM data clearly indicate that the secondary

structures of those regions are a-helical. However,

for both data sets (Figs. 2 and 3) a small peak is

observed at the 2H Larmor frequency for the i 1 2

samples. The peak is much smaller than the i 1 3

and i 1 4 peaks and can be attributed to higher

dynamics from the outside domain than the trans-

membrane domain. The pattern of FT peaks in the

frequency domain spectra of Figures 2(B) and 3(B)

indicate a-helical content in regions, and matches

the solution NMR structure of KCNE1 in LMPG

micelles.

The ESEEM data of Figures 1–3 are from

KCNE1 solubilized in LMPG micelles, that is, the

same environment in which the solution NMR struc-

ture was obtained. However, the structure of a mem-

brane protein directly depends on its lipid

environment.8,10 It is important to study the struc-

ture of a membrane protein in a lipid bilayer envi-

ronment since it represents a better model of a cell

membrane than a micelle. A native-like, membrane-

mimetic bicelle formed from DMPC (1,2-dimyristoyl-

sn-glycero-3-phosphorylcholine) and DPC (n-dodecyl-

phosphocholine) lipids was used in this study. The

same transmembrane domain (Val50) as in Figure 1

of the full-length KCNE1 was probed in a DMPC/

DPC (q 5 3.2) bicelle environment (Fig. 4). The

ESEEM data obtained for KCNE1 in bicelles are

shown in Figure 4(B). Strong 2H ESEEM peaks are

clearly observed at the i 1 3 and i 1 4 positions, but

not at the i 1 2 position. The pattern of FT peaks in

the frequency domain spectra clearly indicate that

this transmembrane region of KCNE1 contains an

a-helical secondary structure in a bicelle membrane

environment, and matches the KCNE1 structure

obtained in LMPG micelles.36

This ESEEM protein expression method for

investigating the secondary structure of membrane

proteins can be complicated by the existence of mul-

tiple 2H-labeled d8-Val residues in the protein. The

Figure 1. (A) Structural representation of KCNE1 in a LMPG

micelle. The probed a-helical region is colored in green and

located on the transmembrane domain of the full-length

KCNE1. Residue 50 is side chain 2H-labeled Val (denoted i),

Residues 52, 53, and 54 are independent Cys mutations

(denoted i 1 2, i 1 3, and i 1 4, respectively), which is subject

to MTSL labeling. Sequences of fully engineered ESEEM

mutants around probed regions were shown below the pro-

tein model. The targeted 2H-labeled Val is shown in boldface

as V, and the MTSL spin-labeled cysteine is shown in bold-

face as X. (B) Frequency domain spectra of three-pulse

ESEEM data of i 1 2, i 1 3, and i 1 4 samples normalized in

FT intensity.
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location of the SL must be strategically placed so

that it does not detect 2H nuclei from several differ-

ent Val residues within the �8 Å detection limit.

KCNE1 has 9 Val residues, and SLs in this study

were placed near residues Val21, Val50, and Val95

to probe the secondary structure. Val108 and Val109

would be a poor region of the protein to study with

this method, because the residues are right next to

each other and a SL at a nearby position could

potentially detect both 2H-labeled d8-Val residues.

In this study, we successfully demonstrated the

feasibility of using ESEEM spectroscopy to directly

probe the local a-helical secondary structure of a

recombinant, overexpressed, 2H-labeled d8-Val, and

reconstituted membrane protein in its native-like

bilayer environment. This powerful technique has

no protein size limitations and can be easily applied

to investigate the secondary structure of specific seg-

ments of membrane proteins or globular proteins of

unknown structure. This ESEEM secondary struc-

ture approach is very sensitive and can be studied

at lower protein concentrations (mg) with shorter

acquisition times (minutes) in a lipid bilayer. Also,

this pulsed EPR ESEEM approach is one of the few

biophysical techniques that can be used to compare

the local secondary structure of a membrane protein

in both a micelle and a lipid bilayer environment.

The protocol for expressing 2H-labeled membrane

protein KCNE1 can easily be adapted to other mem-

brane proteins.

Materials and Methods

Engineering of KCNE1 ESEEM mutants

Site-directed mutagenesis was carried out to gener-

ate all designed SDSL Cys mutants using the Quick-

Change Lightning Site-Directed Mutagenesis Kit

(Strategene) as previously described.8,22,25,36,38 For

probing the KCNE1 transmembrane domain, all

KCNE1 Val residues were 2H-labeled and Val at

position 50 was chosen as the target site (denoted i)

to probe with ESEEM. Cys mutations were made

independently at positions 52, 53, and 54 (denoted

i 1 2, i 1 3, and i 1 4, respectively), which were then

spin-labeled with MTSL. Special attention was paid

to amino acids within 5 residues on each side of the

probed region to ensure that only one Val was pres-

ent in order to avoid false positives due to interfer-

ing 2H-labeled Val residues with the SL. Fully

Figure 3. (A) Structural representation of KCNE1 in a LMPG

micelle. The probed a-helical region is colored in green and

located on the cytoplasmic domain of the full-length KCNE1.

Residue 95 is side chain 2H-labeled Val (denoted i), Residues

97, 98, and 99 are independent Cys mutations (denoted i 1 2,

i 1 3, and i 1 4, respectively), which is subject to MTSL label-

ing. Sequences of fully engineered ESEEM mutants around

probed regions were shown below the protein model. The

targeted 2H-labeled Val is shown in boldface as V, and the

MTSL spin-labeled cysteine is shown in boldface as X. (B)

Frequency domain spectra of three-pulse ESEEM data of

i 1 2, i 1 3, and i 1 4 samples normalized in FT intensity.

Figure 2. (A) Structural representation of KCNE1 in a LMPG

micelle. The probed a-helical region is colored in green and

located on the extracellular domain of the full-length KCNE1.

Residue 21 is side chain 2H-labeled Val (denoted i), Residues

19, 18, and 17 are independent Cys mutations (denoted i22,

i23, and i24, respectively), which is subject to MTSL label-

ing. Sequences of fully engineered ESEEM mutants around

probed regions were shown below the protein model. The

targeted 2H-labeled Val is shown in boldface as V, and the

MTSL spin-labeled cysteine is shown in boldface as X. (B)

Frequency domain spectra of three-pulse ESEEM data of

i22, i23, and i24 samples normalized in FT intensity.
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engineered ESEEM mutants around probed regions

were as follows: i 1 2 (YLLMVLXFFGFF), i 1 3

(YLLMVLGXFGFF), and i 1 4 (YLLMVLGFXGFF).

The targeted 2H-labeled d8-Val is shown in boldface

as V, and the MTSL spin-labeled cysteine is shown

in boldface as X. The ESEEM mutants for the a-

helical regions of the cytoplasmic domain and

extracellular domains were engineered in a similar

manner.

Expression and purification of KCNE1 with
2H-labeled d8-val

The overexpression of KCNE1 with 2H-labeled d8-Val

was optimized from the previously described method

by Tanaka’s group.37,39 In brief, the plasmid contain-

ing the KCNE1 site-directed mutant as described

above was transformed into E. coli BL21-Codon-

Plus(DE3)-RP competent cells (Stratagene). A single

colony was inoculated into 5 mL of Luria broth (LB)

medium containing 50 lg/mL of ampicillin. Pre-

culture was grown at 378C overnight. Cells from pre-

culture were pelleted at 3,000 g and transferred into

500 mL of M9 minimal medium containing 50 mg of

each non-labeled amino acid excluding Val. When the

OD600 reached 0.8, 500 mg of each non-labeled amino

acid and 50 mg of 2H-labeled d8-Val were added. To

assist the solubilization of non-labeled amino acids,

Tyr was dissolved in 1N NaOH instead of adding the

solids directly. The culture was then allowed to grow

for 15 min. IPTG (isopropyl b-D-thiogalactopyr-ano-

side) was then added to a final concentration of

1 mM and the culture was induced for 1 hour. Cells

were harvested at 8,000 g for 10 minutes and stored

at 2808C. Purification of KCNE1 was carried out

according to a previous method38 with a final elution

of the pure protein into 250 mM imidazole (pH 7.0)

containing 1.43 mM b-mercaptoethanol and 0.2%

LMPG or 0.2% SDS detergent. The protein concentra-

tion was determined by measuring the OD280 on a

Nano Drop 200c (Thermo Scientific). The purity of

the KCNE1 protein was confirmed by SDS-PAGE

analysis. Also, MALDI-TOF (Bruker Autoflex III

Smartbeam) was used to verify the 2H isotope label-

ing of the KCNE1 Val residues.

MTSL spin labeling and reconstitution of KCNE1

into bicelles
The MTSL spin labels were dissolved in methanol to

a concentration of 250 mM, added directly to the

concentrated KCNE1 in elution buffer at a 10:1

MTSL:protein molar ratio, and reacted for 24 hours

with rigorous shaking at room temperature in the

dark. Excess/unreacted MTSL spin labels were

removed through rebinding with Ni-NTA resin fol-

lowing the previously described method.25,40 The

reconstitution of spin-labeled KCNE1 into DMPC/

DPC bicelles (q 5 3.2:1) was optimized from a

method described previously.41 In brief, DMPC lipid

powder was added directly into KCNE1 solubilized

in elution buffer containing 0.5% DPC. The bicelles

were formed by incubating on ice and 428C alterna-

tively with gentle vortexing until the sample became

clear. KCNE1 incorporated bicelles were concen-

trated to obtain the desired spin concentration for

ESEEM measurements (�150 mM). The final MTSL

spin label concentration was determined using a

CW-EPR X-Band (�9 GHz) spectrometer.

Three-pulse ESEEM spectroscopy

measurements
All three-pulse ESEEM data were collected using a

Bruker ELEXSYS E580 spectrometer and a standard

Bruker X-Band MS3 split-ring resonator.31,32,42 A s of

200 ns was selected in order to suppress 1H modula-

tion. All data were collected under identical parame-

ters at a microwave frequency of �9.269 GHz and at

a temperature of 80 K. Before Fourier Transformation,

the ESEEM time domain data were fit to a normal-

ized exponential decay curve, which was subtracted

from the experimental spectra as described in the lit-

erature.31,32,42 A cross-term averaged FFT was used to

obtain the frequency domain spectra.

Figure 4. (A) Structural representation of KCNE1 in a DMPC/

DPC bicelle (q53.2). The probed a-helical region is colored in

green and located on the transmembrane domain of the full-

length KCNE1. Residue 50 is side chain 2H-labeled Val

(denoted i), Residues 52, 53, and 54 are independent Cys

mutations (denoted i 1 2, i 1 3, and i 1 4, respectively), which

is subject to MTSL labeling. Sequences of fully engineered

ESEEM mutants around probed regions were shown below

the protein model. The targeted 2H-labeled Val is shown in

boldface as V, and the MTSL spin-labeled cysteine is shown

in boldface as X. (B) Frequency domain spectra of three-

pulse ESEEM data of i 1 2, i 1 3, and i 1 4 samples normal-

ized in FT intensity.
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