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ABSTRACT: An electron spin echo envelope modulation
(ESEEM) approach was used to probe local secondary
structures of membrane proteins and peptides. This ESEEM
method detects dipolar couplings between 2H-labeled nuclei
on the side chains of an amino acid (Leu or Val) and a
strategically placed nitroxide spin-label in the proximity up to 8
Å. ESEEM spectra patterns for different samples correlate
directly to the periodic structural feature of different secondary
structures. Since this pattern can be affected by the side chain
length and flexibility of the 2H-labeled amino acid used in the
experiment, it is important to examine several different
hydrophobic amino acids (d3 Ala, d8 Val, d8 Phe) utilizing
this ESEEM approach. In this work, a series of ESEEM data were collected on the AChR M2δ membrane peptide to build a
reference for the future application of this approach for various biological systems. The results indicate that, despite the relative
intensity and signal-to-noise level, all amino acids share a similar ESEEM modulation pattern for α-helical structures. Thus, all
commercially available 2H-labeled hydrophobic amino acids can be utilized as probes for the further application of this ESEEM
approach. Also, the ESEEM signal intensities increase as the side chain length gets longer or less rigid. In addition, longer side
chain amino acids had a larger 2H ESEEM FT peak centered at the 2H Larmor frequency for the i ± 4 sample when compared to
the corresponding i ± 3 sample. For shorter side chain amino acids, the 2H ESEEM FT peak intensity ratio between i ± 4 and i ±
3 was not well-defined.

■ INTRODUCTION
Previously, we reported a very efficient and straightforward
local secondary structure determination approach utilizing the
pulsed EPR technique electron spin echo envelope modulation
(ESEEM).1−7 ESEEM spectroscopy is a very powerful pulsed
EPR spectroscopic technique and has been applied to study
several different biological systems.8−13 The local secondary
structure of membrane-spanning or membrane-associated
proteins and peptides can be identified by detecting weak
dipolar couplings between 2H atoms in a 2H-labeled amino acid
side chain and a nearby spin label. This method requires μg
amounts of protein sample, a couple hours of data acquisition
time, and a minimum amount of data analysis. Also, this
method has no size limitation for the protein complexes of
interest and can be conducted in their native mimetic
environments.
Figure 1 shows the spin-labeling and 2H-labeling strategies of

this ESEEM approach. A cysteine mutated nitroxide spin label
(yellow) is positioned strategically one, two, three, and four
residues away from an amino acid (blue) with a deuterated side
chain (denoted as i ± 1 to i ± 4). The characteristic periodicity
of the α-helix or β-strand structure reveals unique patterns in
individual ESEEM spectra.2 For a typical α-helix, the 2H-labeled
side chain and the spin label for i ± 3 and i ± 4 samples are

located on the same side of the helix, as shown in Figure 1A.
Thus, weak dipolar couplings between the 2H-labeled side
chain and the spin label can be detected by the ESEEM
technique for i ± 3 and i ± 4 samples. However, the distance
between the 2H-labeled side chain and the spin label is more
than 8 Å for i ± 1 and i ± 2 samples, as they point to opposite
sides of the helix (Figure 1B). Thus, no 2H modulation can be
observed for i ± 1 and i ± 2 samples. More experiments have
been performed with 2H-labeled d10 Leu to build up a library of
references for further applications of this method. The long and
flexible side chain of Leu gives rise to several unique features
within different ESEEM spectra. The ESEEM data always show
strong 2H modulation in the ESEEM time domain data and a
high intensity 2H FT peak in the frequency domain data for i ±
4 and i ± 3 samples. In addition, 2H modulation of i ± 4
samples was always significantly deeper than the corresponding
i ± 3 sample.
In order to apply this approach to different biological systems

with a variety of different types of amino acid compositions, it is
important to examine the effects of side chain length and
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flexibility on α-helical ESEEM spectral patterns. In this paper,
three Ala, two Val, and one Phe within the AChR M2δ peptide
were mapped out on both N-terminal (−) and C-terminal (+)
sides with this ESEEM approach. Experimental results show
that commercially available 2H-labeled hydrophobic amino

acids (d3 Ala, d8 Val, d8 Phe, d10 Leu) share a similar ESEEM
spectral pattern for an α-helix. Thus, all of these 2H-labeled
residues can be used to identify α-helical secondary structural
components within membrane proteins and peptides. In
addition, this study shows that side chain length and flexibility
can affect the signal-to-noise ratio and relative modulation
amplitude. In general, 2H-labeled amino acids with longer side
chains and more deuterium atoms give rise to a deeper
modulation depth. Also, ESEEM results obtained with amino
acids with longer side chains, such as d8 Phe and d10 Leu, always
show a larger 2H ESEEM FT peak for i ± 4 samples, when
compared to the corresponding i ± 3 sample. However, short
side chain amino acids (such as d3 Ala) do not share this
ESEEM pattern. The ESEEM pattern of 2H-labeled amino acids
with long side chains can potentially be utilized to identify
other helical structures such as a π-helix and a 310-helix.

14

■ EXPERIMENTAL METHODS

The M2δ peptide of the nicotinic acetylcholine receptor
(AChR) with 23 amino acid residues was used as an α-helical
structural model for transmembrane peptides and proteins
(denoted as AChR M2δ).15−17 Table 1 shows the amino acid
sequence of the wild type and all experimental constructs of the
M2δ peptide. There are three Ala residues at positions 6, 12,
and 14; two Val residues at positions 9 and 15; and one Phe
residue at position 16. Four different peptides were designed
for both the left (−) and right (+) sides of each of these
residues. The 2H-labeled amino acids (d3 Ala, d8 Val, or d8 Phe)
are highlighted in bold red (i). Cysteine is highlighted in blue at
four successive positions (denoted as i + 1 to i + 4) for spin
label attachment.

Figure 1. ESEEM experiment SDSL and isotopic label paradigm with a
model α-helix (AChR M2δ peptide in purple) for (A) i ± 3 and i ± 4
samples and (B) i ± 1 and i ± 2 samples. 2H-Labeled d8 Val residues
are highlighted in blue at position 9. Cys residues attached with MTSL
are highlighted in yellow.

Table 1. Wild Type and Experimental Constructs of AChR M2δ (α-Helix)a

a2H-labeled d3 Ala, d8 Val, and d8 Phe are marked in bold red. The blue bold C’s mark the positions where the amino acid is replaced by Cys for
MTSL incorporation.
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All peptides were synthesized on a CEM liberty solid-phase
peptide synthesizer utilizing Fmoc chemistry.18−20 Full-length
AChR M2δ peptides were cleaved from the solid support and
purified using reverse-phase HPLC as described.3,4,21,22 Purified
peptides were labeled with a 5-fold 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 purities of the target AChR M2δ
peptides. HPLC fractions for pure and labeled peptides were
lyophilized to powder form for further use and storage.
For these experiments, bicelles were used as the membrane

mimic system to yield high quality ESEEM data.1 MTSL-
labeled M2δ peptides were integrated into 1,2-dimyristoyl-sn-

glycero-3-phosphocholine/1,2-dihexanoyl-sn-glycero-3-phos-
phocholine (DMPC/DHPC) bicelles (q = 3.5/1) at 1:1000
peptide to lipid molar ratio. X-Band CW-EPR (∼9 GHz)
spectroscopy was used to measure the spin concentrations
(∼150 μM) of all bicelle samples.
Three-pulse ESEEM measurements were performed on a

Bruker ELEXSYS E580 instrument with an ER 4118X MS3
resonator using a 200 ns tau value with a microwave frequency
of ∼9.269 GHz at 80 K. 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 averaged with 30 scans.

Figure 2. (A) Three-pulse ESEEM experimental data of AChR M2δ with 2H-labeled d3 Ala12 on the N-terminal side in DMPC/DHPC (3.5:1)
bicelles at τ = 200 ns for the i − 1 to i − 4 in (left) time domain and (right) frequency domain. (B) Normalized frequency domain intensity from all
three ESEEM data sets for 2H-labeled d3 Ala on both the N-terminal and C-terminal sides.
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The original ESEEM time domain data were normalized by
division through a polynomial fit, followed by subtraction of
unity, as suggested previously.6,23−25 The missing data points
were obtained via a back-prediction using the LPSVP
algorithm.26 The data were further processed by Hamming
apodization and zero filling.8 A cross-term averaged Fourier
transformation (FT) was performed on the resulting spectrum
to generate the corresponding frequency domain with
minimized artifacts.6 The maximum intensity of the deuterium
peak at 2.3 MHz was measured, and peak intensity was
recorded for further analysis.

■ RESULTS

Three hydrophobic amino acids with different side chains (2H-
labeled d3 Ala,

2H-labeled d8 Val, and
2H-labeled d8 Phe) were

utilized as 2H-labeled probes for this ESEEM secondary
structure determination method. Experimental results obtained
from this study were presented and compared to previously
reported 2H-labeled d10 Leu data.
Figure 2 shows three-pulse ESEEM secondary structural data

for the AChR M2δ peptide utilizing 2H-labeled d3 Ala as the
2H-labeled probe. ESEEM time and frequency domain data for
the 2H-labeled d3 Ala12 on the N-terminal side (−) are shown
in Figure 2A. 2H modulation is clearly seen in the time domain

Figure 3. (A) Three-pulse ESEEM experimental data of AChR M2δ with 2H-labeled d8 Val9 on the N-terminal side in DMPC/DHPC (3.5:1)
bicelles at τ = 200 ns for the i − 1 to i − 4 in (left) time domain and (right) frequency domain. (B) Normalized frequency domain intensity from
both ESEEM data sets for 2H-labeled d8 Val on both the N-terminal and C-terminal sides.
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data of the i − 3 and i − 4 samples (left panel).
Correspondingly, a peak centered at the 2H Larmor frequency
can be observed in the frequency domain data for both samples
(right panel). 2H modulation was not observed for both the i −
1 and i − 2 samples. This pattern was consistent with the
previously established ESEEM signature of an α-helical
structure.1,3 All six sets of ESEEM data for 2H-labeled d3 Ala
showed similar patterns (see Figures S1−S3 in the Supporting
Information). Normalized frequency domain 2H FT peak
intensities were measured and plotted in Figure 2B. ESEEM 2H
peak intensities varied from 0.01 to 0.36. Variations in FT peak
intensities of the 2H modulation at those different positions
were smaller when compared to Leu data.3 However, any

sample with an obvious ESEEM FT 2H peak has a FT peak
intensity above the 0.01 level which is indicated by the red line.
Previously, 2H-labeled d8 Val was used to demonstrate the

feasibility of this ESEEM secondary structure approach.1 Here,
two Val residues at positions 9 and 15 were mapped out on
both the N-terminal and C-terminal sides (see Figures S4 and
S5 in the Supporting Information) to get a better under-
standing of this 2H-labeled probe. Figure 3A shows the ESEEM
time domain (left panel) and frequency domain (right panel)
data for 2H-labeled d8 Val9 on the N-terminal side (−). It
shows a similar α-helical pattern that 2H modulation is
observed for i − 3 and i − 4 samples but not for i − 1 or i
− 2 samples. Normalized 2H peak intensities were plotted in

Figure 4. (A) Three-pulse ESEEM experimental data of AChR M2δ with 2H-labeled d8 Phe16 on the N-terminal side in DMPC/DHPC (3.5:1)
bicelles at τ = 200 ns for the i − 1 to i − 4 in (left) time domain and (right) frequency domain. (B) Normalized frequency domain intensity from the
ESEEM data set for 2H-labeled d8 Phe16 on both the N-terminal and C-terminal sides.
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Figure 3B. 2H-Labeled d8 Val9 and Val15 ESEEM 2H peak
intensities varied from 0.01 to 0.19.
Figure 4 shows ESEEM data for 2H-labeled d8 Phe16. The

normalized ESEEM time (left panel) and frequency domain
(right panel) data of 2H-labeled d8 Phe16 on the N-terminal
side (−) are shown in Figure 4A. A similar ESEEM pattern for
the α-helix was observed. Figure 4B shows the frequency
domain 2H ESEEM FT peak intensities for 2H-labeled d8
Phe16 for both N-terminal and C-terminal sides (see Figure
S6 for remaining ESEEM data). 2H-Labeled d8 Phe 16 ESEEM
2H peak intensities varied from 0.02 to 0.48. The minor peaks
below 2 MHz observed in frequency domain data probably are
an artifact and may be arising from data collection and poor
sample quality. The relative 2H peak intensities are not affected
by these artifacts.
Normalized frequency domain 2H peak FT intensities of Ala,

Val, and Phe at i ± 3 and i ± 4 positions were combined with
previous Leu data and plotted in Figure 5. The black solid line
represents equal 2H FT peak intensities at i ± 4 and i ± 3
positions, whereas the gray line is indicative of the i ± 4 FT 2H
peak twice as large as the corresponding i ± 3 peak. The graph
clearly shows that the i ± 4 sample intensities are at least twice
as large as those of the corresponding i ± 3 samples for 2H-
labeled amino acid probes with longer side chains (d8 Phe and
d10 Leu). All data points from long side chain amino acids were
spotted near or above the gray line. Data points for 2H-labeled
amino acid probes with shorter side chains (d3 Ala and d8 Val)
were mainly found around the black line with a smaller FT peak
intensity. Also, it was noticed that the longer the side chain, the
further away the data point was from zero point which indicates
the longer side chain leads to a higher ESEEM signal intensity
in general. Since amino acids with longer side chains are more
flexible to adapt different conformations, it was also observed
that the 2H-labeled amino acid probes with longer side chain
length yield more scattered data points.

■ DISCUSSION

Four different 2H-labeled amino acids have been examined with
this ESEEM secondary structure determination approach. The
side chains of 2H-labeled amino acids and spin-labeled MTSL
used in this study are shown in Figure 6A.

Multiple 2H-Labeled Hydrophobic Amino Acids Can
Be Utilized as Probes to Indentify α-Helical Secondary
Structure with This ESEEM Approach. We used four
different 2H-labeled hydrophobic amino acids as probes for this
ESEEM approach to study the secondary structure of an α-
helical peptide. For the AChR M2δ transmembrane peptide,
weak dipolar couplings between 2H atoms on the amino acid
side chain and the spin label were detected for i ± 3 and i ± 4
samples. However, no 2H modulation was observed for any of

Figure 5. Frequency domain 2H peak intensity comparison between i ± 4 positions and i ± 3 positions for 2H-labeled d3 Ala (yellow),
2H-labeled d8

Val (blue), 2H-labeled d8 Phe (red), and
2H-labeled d10 Leu (green). The black line represents that the ESEEM 2H FT peak intensity of the i ± 4

sample is equal to that of the i ± 3 sample. The gray line represents the ESEEM 2H FT peak intensity of the i ± 4 sample is twice that of the
corresponding i ± 3 sample.

Figure 6. (A) Side chains of MTSL-labeled cysteine, 2H-labeled d3 Ala,
2H-labeled d8 Val, 2H-labeled d8 Phe, and 2H-labeled d10 Leu. (B)
Position of 2H-labeled amino acids within the amino acid sequence of
AChR M2δ peptide highlighted in bold.
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the i ± 2 samples. Also, 2H modulation amplitudes for i ± 1
samples are around noise level and significantly smaller than
those for the corresponding i ± 3 and i ± 4 samples. For any
frequency domain data with an obvious 2H FT peak,
normalized 2H FT peak intensities at 2H Larmor frequency
are larger than 0.02.
Side Chain Lengths of Different Amino Acids Have

Effects on the ESEEM Signal. Figure 6 shows side chains of
2H-labeled amino acids and the MTSL-labeled cysteine side
chain (R1). As shown in Figure 6A, the MTSL-labeled cysteine
side chain is longer and flexible with three torsion angle
rotations about χ1, χ2, and χ3 and two additional free torsion
angle rotations about χ4 and χ5.27−30 The 2H-labeled amino
acids used in this study have a varying number of deuterium
atoms and degrees of freedom on the side chain torsion angle
rotations. The favorable conformation of the side chain can be
altered by the dynamics and the tertiary interactions with the
environment. In general, as the side chain of 2H-labeled amino
acids gets longer, the number of deuterium atoms on the side
chain increases. In addition, additional C−C bonds on longer
side chain amino acids bring deuteron atoms closer to the N−
O nitroxide bond. Thus, 2H-labeled amino acids with a longer
side chain (such as d8 Phe and d10 Leu) have the ability to give
deeper 2H modulation in ESEEM spectra when compared to
shorter side chain amino acids (such as d3 Ala). However, more
degrees of freedom on the side chain torsion angle rotations for
longer side chain amino acids increases the number of different
conformations that can be adopted.31,32 Thus, the ESEEM
modulation depth of longer side chain amino acids has a larger
variation when compared to short side chain amino acids, such
as Ala.
Previously, we demonstrated that i ± 4 samples for 2H-

labeled d10 Leu always have deeper 2H modulation when
compared to the corresponding i ± 3 positions.3,4,6,7,14 ESEEM
data from 2H-labeled d8 Phe showed the same pattern (Figure
4). 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.27,33,34 As the side chain gets
longer, the distance between 2H atoms on the 2H-labeled
amino acid side chain and the nitroxide spin label reflects these
angle differences more significantly. However, this angular
difference between i ± 4 and i ± 3 samples cannot be resolved
with short side chain amino acids from the ESEEM data.
Variation of 2H Modulation Depth Was Consistent

with the Kinked Model of the AChR M2δ Peptide.
Previously, cyro-EM, computer MD simulations, and MAS
solid-state NMR studies suggested that there is a kink on the
AChR M2δ peptide around the Leu11 position.35,36 In
addition, we mapped out the AChR M2δ peptide with four
Leu residues via this ESEEM approach. Our experimental
results are consistent with a kinked model of AChR near the
Leu11 position. The variation of distances between 2H-labeled
amino acid side chains and spin labels suggests that
conformations of these amino acid side chains and the peptide
backbone adapted were consistent with this kinked α-helical
model of M2δ in a lipid bilayer. Enhanced 2H FT peaks were
observed for Leu10 on both sides, especially for the 2H-labeled
d10 Leu10 i ± 4 samples. Those results indicated the distances
between side chains of Leu10 and the side chain of residues at
positions 6 or 14 are closer when compared to other i ± 4
samples.

In the current study, the ESEEM modulation depth was
consistent with these results. The same enhanced 2H FT peak
was observed for the same position as Ala6 i + 4 and Ala14 i −
4 samples. These results are consistent with a kink-induced
proximity around the Leu11 position. In a DMPC bilayer, the
ESEEM data showed a closer distance between side chains at
positions 6 and 10 or positions 10 and 14, which suggested
amino acids reside in the inner circle of a kink. In addition, 2H
modulation on the N-terminal side of Phe16 was much larger
than the C-terminal side, which is consistent with a kink
induced burial of the charged residue.35 The 2H FT signal on
the N-terminal side (−) of Phe16 was significantly larger than
the C-terminal side (+). This suggests that the Phe16 side chain
was closer toward amino acid side chains on the N-terminal
side of the peptide. The thermodynamic cost of transferring a
polar or charged residue such as Gln13 into the hydrophobic
core of the lipid bilayer is high.37 Former studies have shown
that, in a kinked model of the AChR M2δ peptide, a long
amino acid side chain such as Phe16 is closer and parallel to the
side chain of Gln13.38 As a result, the carbonyl group of the
Gln13 side chain was partially buried by the aromatic ring of
the Phe16 side chain.38,39 This kink-induced electrostatic burial
of Gln13 is consistent with the ESEEM data from 2H-labeled d8
Phe16. However, the kinked model of AChR M2δ peptide
could be highly lipid composition and liposome architecture
dependent.17,35

■ CONCLUSION

In conclusion, the current and previous results demonstrated a
complete picture of utilizing ESEEM and SDSL to identify α-
helical secondary structural components with several different
commercially available 2H-labeled hydrophobic amino acids.
This ESEEM approach identified different secondary structures
through the patterns of distances between a 2H-labeled amino
acid side chain to a nitroxide spin label placed in its vicinity.1−3

In general, 2H modulation can be observed for i ± 3 and i ± 4
positions for an α-helix but not for i ± 1 or i ± 2 positions.
When utilizing different 2H-labeled amino acids with various
side chain lengths and flexibilities, this pattern still applied,
while the absolute and relative ESEEM 2H peak intensities
varied. In addition, the signal intensities of different positions
along the AChR M2δ peptide vary in a fashion which was
consistent with a kinked model for the M2δ peptide. Moreover,
the ESEEM 2H FT peak amplitude and intensity variation at i ±
3 and i ± 4 positions increased as the side chain length
increased. In addition, longer side chain amino acids such as d8
Phe and d10 Leu showed more intense i ± 4 2H peaks than the
corresponding i ± 3 peaks. Further studies should be
performed to investigate the ESEEM pattern with long side
chain amino acids using different helical structures such as a π-
or 310-helices.
This ESEEM approach required a small amount of protein

sample (40 μL with μmol concentration) and a couple hours of
data acquisition time and can be used to study systems with no
size limitation.1−3 With those specific signal patterns
established for an α-helix with different amino acid probes,
this approach now can be applied widely to biological systems
with various amino acid compositions which are inherently
difficult to study with traditional biophysical methods.
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