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Abstract

Previously, we reported an electron spin echo envelope modulation (ESEEM) spectroscopic 

approach for probing the local secondary structure of membrane proteins and peptides utilizing 2H 

isotopic labeling and site-directed spin-labeling (SDSL). In order to probe the secondary structure 

of a peptide sequence, an amino acid residue (i) side chain was 2H-labeled, such as 2H-labeled 

d10-Leucine, and a cysteine residue was strategically placed at a subsequent nearby position 

(denoted as i + 1 to i + 4) to which a nitroxide spin label was attached. In order to fully access and 

demonstrate the feasibility of this new ESEEM approach with 2H-labeled d10-Leu, four Leu 

residues within the AChR M2δ peptide were fully mapped out using this ESEEM method. 

Unique 2H-ESEEM patterns were observed with the 2H-labeled d10-Leu for the AChR M2δ α-

helical model peptide. For proteins and peptides with an α-helical secondary structure, deuterium 

modulation can be clearly observed for i ± 3 and i ± 4 samples, but not for i ± 2 samples. Also, a 

deuterium peak centered at the 2H Larmor frequency of each i ± 4 sample always had a 

significantly higher intensity than the corresponding i + 3 sample. This unique feature can be 

potentially used to distinguish an α-helix from a π-helix or 310-helix. Moreover, 2H modulation 

depth for ESEEM samples on Leu10 were significantly enhanced which was consistent with a 

kinked or curved structural model of the AChR M2δ peptide as suggested by previous MD 

simulations and NMR experiments.
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INTRODUCTION

A majority of membrane protein structural motifs fall into two categories: membrane-

spanning or surface-associated α-helix or α-helix bundles and β-barrels.1,2 More than 70% 

of membrane proteins with solved 3-D structures are proteins comprised of α-helices.1 As a 

result of the abundance of secondary structures in membrane proteins, assembly, packing, 

and interaction of membrane proteins are largely affected, if not dictated by the secondary 

structure of membrane proteins.3 Generally, better knowledge about the secondary structure, 

particularly the site-specific secondary structure, is useful toward a better understanding of 

membrane proteins function, dynamics, and protein—lipid interactions.4 Also, the formation 

and transition of secondary structural components are crucial for a variety of cellular 

processes ranging from protein folding and refolding to the amyloid deposits in various 

neurodegenerative disorders such as Alzheimer’s, Huntington’s, and Parkinson’s disease.5

There are several established biophysical techniques that are used to study secondary 

structures of membrane proteins such as circular dichroism, solid-state nuclear magnetic 

resonance (NMR), FT-Raman, and ATR FT-IR.6–10 The Lorigan lab is developing a 

powerful novel ESEEM approach to probe the local secondary structure of membrane 

proteins that is advantageous when compared to other structural biological 

techniques.11–13ESEEM spectroscopy coupled with site-directed spin-labeling (SDSL) can 

provide valuable local secondary structural information (α-helix and β-strand) of membrane 

proteins and peptides in lipid bilayers.13 Moreover, the high sensitivity of this ESEEM 

approach only requires a small amount of sample and a short amount of data acquisition 

time.11 Those features make this approach extremely suitable for studying inherently 

difficult systems such as membrane protein systems.14

Figure 1 shows the SDSL and isotopic labeling scheme for this ESEEM approach on a 

model α-helical peptide (AChR M2δ). For this ESEEM approach, the side chain of one 

amino acid (such as Leu) in a model peptide at position i was selectively labeled with 2H 

(blue in Figure 1). A nitroxide spin label was attached to a mutated cysteine residue on a 

subsequent position on each sample (denoted as i + 1 to i + 4, yellow in Figure 1) which is 

one, two, three, or four amino acids away from the 2H-labeled Leu.12 ESEEM spectroscopy 

can detect the weak dipolar coupling between the spin label and 2H atoms up to 8 Å. When 

the 2H-labeled amino acid and spin-labeled cysteine are three or four amino acids away (i + 

3 or i + 4), the 2H-labeled amino acid and the spin label point to the same side of the helix 

(Figure 1A). Thus, weak dipolar couplings between 2H nuclei and the nitroxide can be 

detected for i + 3 and i + 4 samples. Due to the fact that a typical α-helix has 3.6 amino 
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acids per turn and a 5.4 Å pitch, the 2H-labeled amino acid side chain and the nitroxide spin 

label point to opposite sides of the helix when they are one or two amino acids away (i + 1 

or i + 2). As shown in Figure 1B, the distance between the 2H on the amino acid side chain 

and the nitroxide spin label is larger than the ESEEM detection limitation. Thus, deuterium 

modulation would not be detected in the ESEEM time domain data or in the frequency 

domain data.11–13

Previously, we demonstrated the feasibility of this ESEEM approach using 2H-labeled d10-

Leu and 2H-labeled d8-Val as probes.11,12 Since 2H-labeled d10-Leu has been shown as a 

very efficient 2H-labeled probe for this ESEEM approach, a more indepth understanding 

about its ESEEM pattern and variations at different positions could be extremely helpful for 

its future application in biological systems.11 Here, we further explore the ESEEM signal 

pattern of an α-helix with 2H-labeled d10-Leu residues and provide a library of valuable data 

for this 2H-labeled probe for the first time. Multiple 2H-labeled d10-Leu residues on AChR 

M2δ peptides were mapped out on both sides with SDSL to provide a more detailed 

description of the ESEEM pattern. All of the ESEEM data sets observed at different sites 

showed a similar distinguishing α-helical ESEEM spectra pattern. Also, modulation depth of 

the i ± 4 sample for each set of data was larger than the corresponding i ± 3 sample for 2H-

labeled d10. This regularity can potentially be used to distinguish an α-helical structure from 

other less common helical structures such as 310-helix or π-helix.

EXPERIMENTAL METHODS

The M2δ peptide of the nicotinic acetylcholine receptor (AChR) with 23 amino acid residues 

was used as an α-helical model for transmembrane peptides and proteins (denoted as AChR 

M2δ).15,16 Table 1 shows the amino acid sequences of the wild type and all experimental 

constructs of the M2δ peptides. For this study, four Leu residues at positions 10,11, 17, and 

18 were mapped out with this ESEEM approach. Four different peptides were designed on 

the left (−) and the right (+) side for each Leu residue. The 2H-labeled d10-Leu was at 

position i with the cysteine (denoted as X) at four successive positions (denoted as i + 1 to i 

+ 4).

All peptides were synthesized using Fmoc solid phase peptide synthesize chemistry on a 

CEM microwave solid phase peptide synthesizer.17 A resin with a low loading (0.2 mmol/g) 

and a high swallow rate was chosen to increase the yield of this relatively hydrophobic 

peptide sequence. 2H-labeled d10-Leu (Isotec) was dissolved in dimethylformamide and 

used as the 2H probe and incorporated into each peptide at a designated position (i). Those 

peptides were cleaved from their resin supports in a cleavage cocktail with trifluoroacetic 

acid/anisole/triisopropylsilane/H2O (85%/5%/5%/5%) for 3 h. The cleavage cocktail was 

evaporated by N2 gas flow until peptide precipitation started to appear. Methyl tert-butyl 

ether was added to assist the precipitation of peptide and wash off any possible residual 

trifluoroacetic acid. The crude peptides were dried under a vacuum overnight. Reverse-

phase HPLC was used for purification with a C4 preparation column and a gradient of 5%–

95% solvent B (90% acetonitrile).18 Purified peptides were labeled with a fivefold excess of 

MTSL (Toronto Research Chemicals) in DMSO for 20 h, and excess MTSL was removed 

by HPLC. MALDI-TOF was utilized to confirm the molecular weight and the purity of 
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target peptides. HPLC fractions for pure and labeled peptides were lyophilized to a powder 

form for further usage and storage.

For these experiments, bicelles were used as a membrane mimic system to yield high-quality 

ESEEM data. MTSL-labeled M2δ peptides were integrated into DMPC/DHPC (3.5/1) 

bicelles at a 1:1000 molar ratio. X-band CW-EPR (~9 GHz) spectroscopy was used to 

measure spin concentrations (~150 μM) of all bicelle samples. Three-pulse ESEEM 

measurements were performed on a Bruker ELEXSYS E580 with an ER 4118X MS3 

resonator using a 200 ns tau value with a microwave frequency of ~9.269 GHz at 80 K.11–13 

For all samples, a starting T of 386 ns and 512 points in 12 ns increments were used to 

collect the spectra. All ESEEM data were obtained with 40 μL of bicelle samples and 40 

scans.11,12

The original ESEEM time domain data were fit to a two-component exponential decay.11,12 

The maximum value of the exponential fit was scaled to 1, and the same factor was applied 

to the time domain data. The exponential fit was then subtracted from the time domain data 

and yielded a scaled ESEEM spectrum with modulation about zero. A cross-term averaged 

Fourier transformation (FT) was performed to the resulting spectrum to generate the 

corresponding frequency domain with minimized dead time artifacts.11,12 Maximum 

deuterium peaks intensities at 2.3 MHz were measured and recorded for further analysis.

RESULTS

Figure 2 shows three-pulse ESEEM data for 2H-labeled d10-Leu18 (i−1 through i−4) M2δ 

peptides incorporated into DMPC/DHPC (3.5/1) bicelles. In the time domain data (Figure 2 

left), 2H modulation is clearly observed for i − 3 and i − 4 samples of 2H-labeled d10-Leu18 

M2δ peptides. Also, a corresponding 2H peak is clearly observed for those samples centered 

at the 2H Larmor frequency of 2.3 MHz in the frequency domain data (Figure 2 right). 

However, there was no 2H modulation observed for the 2H-labeled d10-Leu11 i − 2 or i − 1 

M2δ samples. These results reveal a unique ESEEM pattern for an α-helix which is 

consistent with previous ESEEM results.11–13 Despite the longer side chain with more 

flexibility of the Leu amino acid, ESEEM spectra still revealed a similar pattern for this α-

helix. At the same time, the modulation depth in the time domain data and the FT peak 

intensity in the frequency domain data of i − 3 and i − 4 positions were comparable to 

previous results.11 The high signal-to-noise ratio of 2H-labeled d10-Leu makes it a very 

efficient side chain probe for this ESEEM technique.

ESEEM data for all eight sets of AChR M2δ samples were collected under the same sample 

and experimental conditions. The original time domain and frequency domain data are 

shown in the Supporting Information (Figures S1–S4). Normalized 2H frequency domain FT 

peak intensities for all data sets were measured and plotted in Figure 3. Several differences 

were noticed depending upon the location of the 2H-labeled d10-Leu and the spin label. 2H 

peak intensities for i ± 4 positions varied from 0.1 to 0.6, while for i ± 3 positions it varied 

from 0.03 to 0.3. Any frequency domain spectra with an obvious 2H peak had a normalized 

intensity larger than 0.02 (indicted by the red line). Despise the variation of peak intensities 

between different data sets; it is obvious that all of them have the same pattern within each 
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set of i ± 1 through i ± 4 data as demonstrated in Figure 3A. No 2H modulation was 

observed for any of the i ± 2 samples. Most i ± 1 positions did not show any modulation 

above the noise level. Leu11 minus 1 and Leu17 minus 1 position showed a minor 2H peak 

near the noise level but were several folds lower than its corresponding i ± 3 and i ± 4 

positions. Clearly, ESEEM data from all i ± 3 and i ± 4 positions showed significant 2H 

modulation in the time domain and a strong 2H peak in the frequency domain (see Figures 

S1–S4). Also, all of the data sets demonstrated high sensitivity with excellent signal-to-noise 

ratios with less than 2 h of total data acquisition time.

In Figure 3B, the ESEEM data are reorganized according to different positions (i ± x) for 

comparison. The results clearly indicate that most 2H peak amplitudes of i ± 3 and i ± 4 

samples on the N-terminal side (−) were higher than the corresponding C-terminal side (+). 

However, the ESEEM data of the Leu10 position showed significantly larger 2H FT peak 

amplitudes for both the N-terminal and C-terminal sides. Also, a 2H FT peak for the i − 1 

sample is observed for this Leu position.

Figure 4 compares the normalized frequency domain 2H FT peak intensities of i ± 4 and i ± 

3 positions for a particular 2H-labeled d10-Leu. The peak intensities of the i ± 4 sample were 

plotted against the corresponding i ± 3 sample. The red line in Figure 4 represents equal 2H 

FT peak intensities at i ± 4 and i ± 3 positions, whereas the blue line is indicative of the i ± 4 

peak twice as large as the corresponding i ± 3 peak. The graph clearly indicates that all 

ESEEM data from the 2H-labeled d10-Leu AChR M2δ peptides fell in this region, which 

indicated that i ± 4 samples always showed a peak with at least a two-fold increase in the 2H 

FT peak intensity rather than the corresponding i ± 3 with d10-Leu isotopic probe for an α-

helical structure.

DISCUSSION

The nicotinic acetylcholine receptor is a ligand-gated ion channel receptor which is 

important for signal transduction across plasma membranes.19 It consists of five protein 

subunits with each of them containing four transmembrane helices, known as M1–M4. The 

M2 segment is a membrane-spanning α-helix with 23 amino acid residues that is highly 

conserved and responsible for assembly of the channel pore. High-resolution structures of 

both the AChR protein and the isolated M2 segment peptide have been obtained.16,20–22 In 

addition, it has been shown that the AchR M2δ peptide has a 14° tilt angle with respect to 

the membrane normal upon insertion into DMPC bilayers.18,23 In previous ESEEM studies 

utilizing 2Hlabeled d8 and 2H-labeled d10-Leu as the 2H probe, ESEEM data indicated that 

the distance between 2H atoms on the amino acid side chain and the spin label are within 8 

Å for i + 3 and i + 4 positions, but not for i + 1 or i + 2 positions.11,12

General ESEEM Pattern for α-Helix

In this research, all ESEEM data showed a similar pattern, which is indicative of an α-

helical structure. Weak dipolar coupling can be detected between 2H nuclei on the Leu side 

chain and a nitroxide spin label for i ± 3 and i ± 4 positions for all Leu residues on both the 

N-terminal (−) and the C-terminal (+) sides. Those results indicated that side chain distances 

between 2H-labeled Leu residues and spin labels are within the 8 Å detection limit for i ± 3 
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and i ± 4 positions due to the unique 3.6 amino acids per turn feature of the α-helical 

structure. Only minor 2H peaks around the noise level, if any, were detected for i ± 1 

positions. For all the constructs that had been tested with this ESEEM approach, none of 

them showed any 2H modulation for i ± 2 positions. Different conformations of MTSL and 

Leu might be favored due to unique side chain or tertiary interactions depending upon their 

environment. All of these factors play a role in the 2H modulation depth and can affect the 

corresponding FT intensity. However, all of the ESEEM results obtained so far 

demonstrated that the ESEEM spectra pattern for an α-helix (i ± 1 to i ± 4) was not affected 

by the flexibility of the MTSL or the Leu side chain, which verify the reliability of this 

ESEEM approach on identifying secondary structural motifs.

Relative 2H Peak Intensity for i ± 3 and i ± 4 Positions

Previous ESEEM studies have revealed a distinguishing pattern for an α-helical secondary 

structure with 2H-labeled d10-Leu and 2H-labeled d8-Val.11,12 2H modulation can be 

detected for i ± 3 and i ± 4 positions, but not i ± 1 or i ± 2 positions. Beside the similar 

pattern that 2H-labeled d10-Leu and 2H-labeled d8-Val share for an α-helix, Leu 

demonstrated some unique features due to the longer and more flexible side chain. The i ± 4 

to i ± 3 ratio shown in Figure 4 reveals a unique pattern for Leu in which the i ± 4 positions 

have much larger 2H peaks when compared to the corresponding i ± 3 positions. Since a 

standard α-helix has a 3.6 amino acid per turn regularity, the angle between the side chain of 

the amino acid and the MTSL with respect to the helical axis was smaller in i ± 4 positions 

than i ± 3 positions.24–26 As the side chain gets longer, the distance between the 2H atoms 

on the Leu side chain and the nitroxide spin label reflect this angle difference more 

significantly. Thus, the ESSEM results always showed a larger 2H FT peak when 

utilizing 2H-labeled d10-Leu as a probe. The ESEEM results indicate that the small angular 

difference between i ± 4 and i ± 3 positions of an α-helix can be detected with this ESEEM 

approach.

With this unique pattern of 2H-labeled d10-Leu, this new approach could potentially identify 

less abundant helical structures such as a 310-helix or a π-helix. In the case of the 310-helix, 

the i ± 3 position should have a larger 2H FT ESEEM peak than the corresponding i ± 4 

position due to the 3.1 amino acid per turn regularity while i ± 1 and i ± 2 positions should 

not show any 2H modulation.27 As for the π-helix, it has four amino acids per turn. Thus, the 

i ± 3 and the i ± 1 should have similar 2H modulation depths, while the i ± 2 would not show 

any modulation as a normal α-helical structure. Also, the i ± 4 position should have the 

largest peak when compared to the corresponding i ± 1 and i ± 3 positions.

ESEEM 2H Peak Intensity and 2H-Labeled Side Chain Orientations

The ESEEM modulation depth is related to 1/r6, where r is the distance between nuclei on 

the 2H-labeled side chain and the spin label. This distance varies because of multiple 2H 

nuclei and the different conformations of both the spin label and the side chain. The MTSL 

spin label has three torsion angle rotations about χ1, χ2, and χ3 and two additional free 

torsion angle rotations about χ4 and χ5.28 However, it can be seen in Figure 3B that all 

ESEEM 2H FT peak amplitudes of the i ± 3 and i ± 4 positions on the N-terminal side (−) 

were larger than the corresponding C-terminal side (+), which indicated that the spin label 
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and 2H-labeled side chain were generally closer together on the N-terminal side consistently 

regardless of the MTSL position (i ± 3 or i ± 4). Thus, it is more likely that those distances 

were dominated by the relative orientation of the 2H-labeled Leu side chain, which was 

fixed for each position probed rather than the spin-labeled Cys side chain in these cases. Leu 

side chains have two torsion angle rotations about χ1 and χ2 and two free rotation modes 

about the Cγ and Cδ bonds, which correspond to two (CD3) methyl groups.24 Thus, different 

conformations of the Leu side chain might be favored due to dynamic and tertiary 

interactions that can affect the observed 2H modulation depth.24,26,29 The ESEEM data 

suggest that 2H-labeled Leu side chains were orientated more toward the N-terminal side of 

the peptide on 10, 11, 17, and 18 positions. Previous computational simulation studies have 

indicated that the AChR M2δ peptide has more polar amino acids and is more flexible on the 

N-terminal end.30 Thus, interactions of those polar side chains with the membrane surface 

and water environment outside the membrane could cause the amino acid side chains on the 

N-terminal end to tilt slightly toward the surface of the membrane bilayer.31 As a 

consequence, it is more favorable for the Leu side chains to tilt toward the N-terminal side. 

Also, the kink in the peptide may play a role in this observation (see below). Additional 

membrane peptides will be probed to study this.

ESEEM Pattern Deviation at the Leu10 Position Is Consistent with the Kinked Model of the 
M2δ Peptide

The structure of the AChR M2δ peptide has been characterized via solution NMR in 

dodecylphosphocholine (DPC) micelles (PDB: 1A11) and by solid-state NMR in 

mechanically oriented 1, 2-dimyristoyl-sn-glycerophosphcholine (DMPC) bilayers (PDB: 

1EQ8).16 The results indicate that the M2δ peptide is a transmembrane α-helix with no 

obvious kink. However, it should be noted the solution NMR structure was conducted in a 

DPC micelle complex and not a lipid bilayer.32 Also, mechanically aligned solid-state NMR 

structural studies require samples with a highly oriented lipid bilayer, which is difficult to 

achieve and highly lipid- or peptide-dependent.33 In contrast to those early NMR structures, 

cryo-EM, molecular modeling, and magical angle spinning (MAS) solid-state NMR studies 

of the AChR M2δ peptide suggested the helix is kinked in the vicinity of Leu11.22,34,35 

Early mutagenesis studies and sequence comparisons suggested that Leu11 plays a key role 

in the gating mechanism of the AChR channel.36Cryo-EM and molecular modeling studies 

proposed the open and closed states of the AChR channel with a bending motion at this 

position.22 In the closed state, the AChR M2δ segment is kinked so that the Leu11 side 

chain adapts a conformation to prevent the ion conduction.37 In addition, the MAS solid-

state NMR results showed peptide backbone torsion angles at positions Leu10, Leu11, and 

Ala12 which deviate from a classic α-helical conformation.20

As mentioned above, 2H ESEEM peak amplitudes for the Leu10 position of M2δ peptide 

were enhanced on both the N-terminal (−) and the C-terminal (+) side at i ± 3 and i ± 4 

positions when compared to all other Leu residues in this study. Also, both sides of the 

Leu10 i ± 1 position showed 2H modulation larger than the other i ± 1 position on the same 

side. The 2H FT peak intensity at the i − 1 position is especially significant when compared 

to the other i ± 1 position (Figure 3B). The larger ESEEM FT intensity at the Leu10 position 

clearly indicates that 2H atoms on the Leu side chain and spin-label are closer to each other 
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around Leu10 when compared to other positions. This can be explained by the structure 

irregularity such as a kink or curve at this site, which have been suggested by previous 

NMR, electron microscopy (EM), and computational simulation studies.20,34,38 The kinked 

model of the AChR M2δ segment shows a slight curve around residue Leu11 (Figure 5B, 

right). Figure 5C illustrates the effects of the kink at Leu11 on the side chain proximities on 

both the inner and outer sides of the channel. The side chain of Leu11 (red dots) points 

toward the center of the channel, while the helix bends away from the center of the channel 

due to the kink. Side chains of residues such as Leu10, Ala6, and Ala14 locate in the outer 

side of the channel and point outward from the center of the channel (blue dots). As shown 

in Figure 5C, the outer side of the helix would be more crowded with side chains (right) 

when compared to that of the straight peptide (left). Thus, side chains of those residues 

located in the outer side of the channel would be closer to each other due to the kink. As a 

result, closer distances between Leu10 side chain and MTSL at Ala6 (Leu10 i − 4) and 

Ala14 (Leu10 i + 4) positions, which are indicated by enhanced ESEEM 2H FT peaks, were 

observed. Larger ESEEM 2H FT peaks observed for Leu10 position samples are consistent 

with previously reported kinked model of AChR M2δ peptide.20,34,38

CONCLUSIONS

In this study, 2H-labeled d10-Leu has been shown to be a very powerful secondary structural 

probe with high sensitivity and an excellent signal-to-noise ratio to study the local α-helical 

secondary structure. The ESEEM data from four different Leu residues on the AChR M2δ 

peptide further validates this structural biology approach and provides researchers with a 

reference to probe α-helical secondary structural components for proteins and peptides. 

Moreover, the ratio of 2H FT peak intensities between the i ± 4 and the i ± 3 samples can be 

potentially utilized to determine less predominant helical structures such as a 310-helix and a 

π-helix. Further studies need to be conducted to explore the application of this ESEEM 

approach to identify and distinguish more secondary structures and structural motifs. Also, 

different 2H-labeled amino acids with different numbers of 2H atoms, side chain length, and 

rigidity should be studied with this ESEEM approach to establish ESEEM patterns for 

different secondary structures. Due to the presence of multiple 2H atoms on the probe and 

side chain flexibility, it is still difficult to obtain quantitative distance information. However, 

with 2H-labeled side chains with less 2H atoms and more rigid spin labels such as 

tetrathiatriarylmethyl (TAM), 2,2,6,6-tetramethylpiperidine-1-oxyl-4-amino-4-carboxylic 

acid (TOAC) and bifunctional spin label (BSL), more quantitative distance information can 

be obtained.39,40

This ESEEM method uses SDSL and selective deuterium labels, both of which can be 

incorporated into standard expression systems using site-directed mutagenesis and selective 

isotopic labeling techniques for applications to larger protein systems. Thus, this new 

ESEEM secondary structure approach can be applied to a wide variety of different protein 

systems that are not amiable to other biophysical techniques.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
ESEEM experiment SDSL and isotopic label paradigm with a model α-helix (AChR M2δ 

peptide in purple) for (A) the i ± 3 sample and (B) the i ± 2 sample. 2H-labeled d10-Leu 

residue is in blue at the 10 position. The Cys residue attached with MTSL is in yellow.
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Figure 2. 
Three-pulse ESEEM experimental data of AChR M2δ with 2H-labeled d10-Leu18 at the N-

terminal (−) side in DMPC/DHPC (3.5:1) bicelles at τ = 200 ns for i + 1 to i + 4 in the time 

domain (left) and the frequency domain (right).
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Figure 3. 
Normalized ESEEM FT domain intensity from all four 2H-labeled d10-Leu data sets. (A) 

ESEEM data for each position was grouped together to demonstrate the ESEEM pattern 

observed for different 2H-labeled residues of an α-helix. (B) The same data was rearranged 

for visualizing the 2H peak intensity variation from i − 4 to i + 4.
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Figure 4. 
Frequency domain 2H peak intensity comparison between i ± 4 positions and i ± 3 positions 

for all ESEEM data. Red line represents that the ESEEM 2H FT peak intensity of the i ± 4 is 

equal to the corresponding i ± 3 sample. Blue line represents that the ESEEM 2H FT peak 

intensity of the i ± 4 sample is as twice that of the corresponding i ± 3 sample.
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Figure 5. 
(A) AChR M2δ peptide sequence with Leu residues highlighted in bold. (B) Structural 

representations of the straight (left) and the kinked (right) M2δ peptides. (C) Structural 

representations of the AChR channel with straight (left) and kinked (right) M2δ peptides. 

Green arrows point toward the inside of the channel. Leu11 is represented by red dots, while 

Ala6, Leu10, and Ala14 are shown as blue dots.
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Table 1

Peptide Sequences of Wild Type AChR M2δ and ESEEM Experimental Constructsa

N-terminal (−) C-terminal (+)

wild type NH2-EKMSTAISVLLAQAVFLLLTSQR-COOH

Leu10 NH2-EKMSTAISXiLAQAVFLLLTSQR-COOH NH2-EKMSTAISViXAQAVFLLLTSQR-COOH

NH2-EKMSTAIXViLAQAVFLLLTSQR-COOH NH2-EKMSTAISViLXQAVFLLLTSQR-COOH

NH2-EKMSTAXSViLAQAVFLLLTSQR-COOH NH2-EKMSTAISViLAXAVFLLLTSQR-COOH

NH2-EKMSTXISViLAQAVFLLLTSQR-COOH NH2-EKMSTAISViLAQXVFLLLTSQR-COOH

Leu11 NH2-EKMSTAISVXiAQAVFLLLTSQR-COOH NH2-EKMSTAISVLiXQAVFLLLTSQR-COOH

NH2-EKMSTAISXLiAQAVFLLLTSQR-COOH NH2-EKMSTAISVLiAXAVFLLLTSQR-COOH

NH2-EKMSTAIXVLiAQAVFLLLTSQR-COOH NH2-EKMSTAISVLiAQXVFLLLTSQR-COOH

NH2-EKMSTAXSVLiAQAVFLLLTSQR-COOH NH2-EKMSTAISVLiAQAXFLLLTSQR-COOH

Leu17 NH2-EKMSTAISVLLAQAVXiLLTSQR-COOH NH2-EKMSTAISVLLAQAVFiXLTSQR-COOH

NH2-EKMSTAISVLLAQAXFiLLTSQR-COOH NH2-EKMSTAISVLLAQAVFiLXTSQR-COOH

NH2-EKMSTAISVLLAQXVFiLLTSQR-COOH NH2-EKMSTAISVLLAQAVFiLLXSQR-COOH

NH2-EKMSTAISVLLAXAVFiLLTSQR-COOH NH2-EKMSTAISVLLAQAVFiLLTXQR-COOH

Leu18 NH2-EKMSTAISVLLAQAVFXiLTSQR-COOH NH2-EKMSTAISVLLAQAVFLiXTSQR-COOH

NH2-EKMSTAISVLLAQAVXLiLTSQR-COOH NH2-EKMSTAISVLLAQAVFLiLXSQR-COOH

NH2-EKMSTAISVLLAQAXFLiLTSQR-COOH NH2-EKMSTAISVLLAQAVFLiLTXQR-COOH

NH2-EKMSTAISVLLAQXVFLiLTSQR-COOH NH2-EKMSTAISVLLAQAVFLiLTSXR-COOH

a
Wild type and experimental constructs of AChR M2δ (α-helix) are listed in this table. i is the positions where 2H-labeled d10-Leu was placed. X 

is the position for MTSL incorporation.

J Phys Chem B. Author manuscript; available in PMC 2016 March 30.


