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Abstract: A new approach has been developed to probe the structural properties of membrane
peptides and proteins using the pulsed electron paramagnetic resonance technique of electron
spin echo envelope modulation (ESEEM) spectroscopy and the a-helical M28 subunit of the
acetylcholine receptor incorporated into phospholipid bicelles. To demonstrate the practicality of
this method, a cysteine-mutated nitroxide spin label (SL) is positioned 1, 2, 3, and 4 residues away
from a fully deuterated Val side chain (denoted i + 1 to i + 4). The characteristic periodicity of the
a-helical structure gives rise to a unique pattern in the ESEEM spectra. Inthei + 1 andij + 2
samples, the 2H nuclei are too far away to be detected. However, with the 3.6 residue per turn
pattern of an a-helix, the i + 3 and i + 4 samples reveal a strong signal from the 2H nuclei of the
Val side chain. Modeling studies verify these data suggesting that the closest 2H-labeled Val to SL
distance would in fact be expected in the i + 3 and i + 4 samples. This technique is very
advantageous, because it provides pertinent qualitative structural information on an inherently
difficult system like membrane proteins in a short period of time (minutes) with small amounts of

protein (ng).
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Introduction

New approaches and technologies are needed to
more efficiently probe the structural properties of
membrane proteins. Biophysical techniques such as
solid-state NMR spectroscopy are powerful and pro-
vide a wealth of information but can be expensive
and time consuming in the preparation of samples
and data collection. This work highlights the appli-
cation of the pulsed electron paramagnetic reso-
nance (EPR) technique of electron spin echo enve-
lope modulation (ESEEM) spectroscopy to directly
and efficiently probe the secondary structure of a
membrane peptide. The information obtained from
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this ESEEM approach can be used qualitatively to
determine the secondary structure of the protein
segment and also in a quantitative manner to mea-
sure relative distances between a nitroxide spin
label (SL) and deuterium nuclei.

Membrane proteins play vital roles as receptors
for communication, channels for transportation, drug
binding targets, and enzymes to catalyze reactions
within the cell membrane.! Limited structural infor-
mation exists for membrane proteins due to their in-
herent hydrophobic nature, poor over expression
yields, and lack of high quality crystals.2® Thus, it is
very challenging to glean pertinent structural infor-
mation with traditional biophysical techniques such
as solution NMR and X-ray crystallography.* Because
of these limitations, other biophysical techniques need
to be developed to study the structures of membrane
proteins. EPR spectroscopy can be used to study spe-
cific questions about the structure and dynamics of bi-
ological samples in a fast and efficient manner, when
compared to NMR techniques.*

Site-directed spin labeling (SDSL) coupled with
EPR spectroscopy has been used to obtain pertinent
structural and dynamic information on membrane
proteins.*® For these SDSL experiments, a nitroxide
SL is covalently attached to a cysteine residue at a
site of interest. The distance between two spin labels
(SL-SL) can be measured with EPR spectroscopy. For
these dual-labeled samples, continuous wave electron
paramagnetic resonance (CW-EPR) dipolar line broad-
ening studies have been utilized to determine medium
range distances between 8 and 20 A5, Pulsed EPR
spectroscopy techniques such as Pulsed Electron-Elec-
tron Double Resonance (PELDOR)/Double Electron
Electron Resonance (DEER) have also measured lon-
ger range distances of 20-70 A7 Shorter distances
can be measured with the pulsed EPR ESEEM tech-
nique.® '3 ESEEM spectroscopy observes NMR transi-
tions indirectly by the way of EPR spectroscopy (EPR-
detected NMR) through an electron spin that is
weakly coupled to a nearby NMR active nucleus.'?°
The three-pulse ESEEM (1/2—t—n/2-T—n/2) technique
can detect distances between a SL and a 2H (G = 1)
nucleus, where the modulation depth (k) produced by
a weakly dipolar-coupled nucleus is scaled by 6. If
the ?H nucleus and the SL are in close (< 8 A) prox-
imity, the 2H modulation can be observed in the time
domain data, and a Fourier transformation of the
ESEEM data will reveal a peak at or near the 2H Lar-
mor frequency. ESEEM spectroscopy has been used to
probe the ligand coordination sphere of metalloen-
zymes, protein solvent accessibility, and membrane
protein depth.'®® For the first time, we demonstrate
that SDSL ESEEM can be used to directly probe the
secondary structure of a protein and/or distances
between SLs and amino acid side chains.

The secondary structure of an o-helix is periodic
and distance measurements can be easily modeled. A
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typical o-helix has a turn periodicity of 3.6 amino acid
units. The distance from the beginning to the end of
the turn in the o-helix is 5.4 A. Taking this into
account, every three or four residues in a o-helical seg-
ment should have the minimum distance between the
side chain residues, assuming that the helix is straight.
We hypothesize that, by using SDSL coupled with
ESEEM spectroscopy, the secondary structure of an a-
helical membrane peptide can be probed by detecting
2H modulation between a H-labeled amino acid and a
nearby spin-labeled Cys. The M25 subunit of the ace-
tylcholine receptor serves as an ideal a-helical model
transmembrane peptide to test this conjecture.'®2°

Results

To completely map out the o-helical content of the
M23 peptide, four different peptides were designed
by fixing the 2H-labeled Val dg at position 15 (i), and
varying the (1-oxyl-2,2,5,5-tetramethyl-3-pyrroline-3-
methyl)methanesulfonate (MTSL) spin label (X) at 4
successive positions (I + 1 to i + 4). The sequence
for the peptides are as follows: i + 1 (EKM
STAISVXLA QAVFLLLTSQR), i + 2(EKMSTAISV
LXAQAVFL LLTSQR), i + 3 (EKMSTAISVLLX
QAVFLLLTSQR), and i + 4 (EKMSTAISVLLAX
AVFLLLTSQR). The Val dg is shown in boldface as
V, and the SL is shown as X. Additionally, a control
sample was prepared such that Val 15 was not 2H-
labeled (Fig. 1, black) at position i + 3 (EKM-
STAISVLLXQAVFLLLTSQR). Figure 1 shows three-
pulse ESEEM data of the M25 peptide incorporated
into unoriented 1,2-Dimyristoyl-sn-Glycero-3-Phos-
phocholine (DMPC)/1,2-Dihexanoyl-sn-Glycero-3-
Phosphocholine (DHPC) lipid bicelles with a 2H-la-
beled Val dg and a SL three residues away (i + 3) at
two different t values. From the ESEEM data col-
lected, both 1 values provided high-quality time do-
main and FT ESEEM data. However, 2H modulation
was optimized, and the proton modulation was effec-
tively suppressed with t equal to 200 ns, when com-
pared to the t 120 ns data. The optimal t values can
vary depending on the field and frequency that the
data was collected at.

Low-frequency 2H modulation in the time-do-
main data in Figure 1(A) (red and blue, 2H Val) is
clearly evident in the 2H-labeled Val sample when
compared to the control (black, 'H Val) sample. The
cross-term averaged FT data [Fig. 1(B)] reveal a
large well-resolved peak centered at 2.3 MHz origi-
nating from weakly coupled 2H nuclei. 2H modula-
tion is not detected in the control sample. The
ESEEM spectra unequivocally demonstrate that we
can detect the dipolar interaction between the SL
and the 2H-labeled Val dg 3 residues away. If the dis-
tance between all of the ?H nuclei (Val dg) and the
SL is greater than ~8 A, no 2H modulation or peak
would be observed.2"'” However, if any 2H-SL
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Figure 1. (A) Three-pulse ESEEM time-domain spectra of
M23 in a lipid bicelle. The top is i + 3 ?H-labeled Val 15 at t
= 120 ns (blue), the middle is i + 3 2H-labeled Val 15 at t =
200 ns (red), and the bottom is the nondeuterated control
sample at t = 200 ns (Black). (B) Frequency domain where
red illustrates the i + 3 sample, blue illustrates the i + 3
sample, and black the control.

distances are closer than ~8 A, a peak will be
observed at the 2H Larmor frequency.

Figure 2 shows three-pulse ESEEM data for all
four successive positions (¢ + 1 to i + 4) of the M25
peptide. 2H modulation is observed in the time do-
main and a peak centered at the H Larmor fre-
quency for the i + 3 and i + 4 M2 ?H-labeled Val 15
samples, and not for the i + 1 and i + 2 positions.

Molecular modeling and molecular dynamics
studies were conducted on the o-helical M26 peptide
to estimate distance ranges between the N—O bond
on the SL and ?H-labeled Val nuclei at the i + 1, i +
2,1 + 3, and i + 4 positions.?>?® 2H-SL distance
ranges for the i + 1 (8-12 A) and i + 2 (11-15 A)
positions were found to be outside the ESEEM detec-
tion range of ~8 A However, 2H-SL distances for
the i + 3 (711 A) and i + 4 (7-11 A) positions were
found within the ESEEM detection range.

Discussion

Typically, ESEEM data can be simulated and theoreti-
cally give a distance between a ZH label and the
MTSL spin label. In the current set of experiments,
however, it is challenging to glean a single 2H-SL dis-
tance. Broad distributions of distances are observed
due to a large number of possible orientations
between the SL and multiple ?H nuclei on the Val
sidechain. The corresponding distance distribution is
due largely to many allowed orientations of the MTSL
and the 2H-labled valine residue. MTSL is known to
exhibit three torsional angle rotations about the y1,
%2, and y3 closest to the Co. Additionally, two free tor-
sional angle rotations are present about the y4, x5
angles.?* In the case of valine, two additional rota-
tions are present. One mode of rotation is about the
two C,—Cp 1 torsional angles, which correspond to
the rotation of the (CD3) methyl groups. The second
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mode of rotation is about the y2 torsional angle 2526

As the sample is frozen at 80 K for the ESEEM meas-
urements, the eight 2H nuclei on the Val side chain
are distributed over a range of distances with respect
to the SL. The broad distance ranges makes it diffi-
cult to measure a single 2H distance via ESEEM sim-
ulation with only the modulation depth.!*2” The ?H
modulation observed in the ESEEM spectra are most
likely dominated by the shorter 2H-SL distances (< 8
A) and the longer range distances are not easily
detected (modulation depth scales as 1/7°). The 2H
modulation and 2H peak intensity in Figure 2 are
slightly larger for the i + 4 position when compared
to the i + 3. This matches well with MD simulations
on the M25 peptide, which reveal a slight increase in
the population of ?H-SL distances below the 8 A
ESEEM detection limit. For the i + 3 and i + 4 posi-
tions of a helical structure, the modulation depth can
vary slightly depending on the local environment and
conformation of the SL, dynamic properties of the SL
and side chain, and type of 2H-labeled side chain.

The application of SDSL ESEEM to probe the
secondary structural properties of membrane pro-
teins is comparable to solid-state NMR spectroscopic
techniques.2®?%2% The rotational echo double reso-
nance (REDOR) NMR technique measures dipolar
couplings between NMR active nuclei, such as 3C
and '°N.2%3! REDOR solid-state NMR spectra
coupled with spectral simulations can be used to
probe the a-helical content of *C/*®*N-labeled mem-
brane proteins and peptides. These experiments
require mg quantities of isotopically labeled protein

and a significant amount of instrument time
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Figure 2. Three-pulsed ESEEM experimental data with a t
= 200 ns of the i + 1 through the i + 4 2H-labeled Val15
M23 lipid bilayer samples. (A) Time domain and (B)
frequency domain.
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(multiple days and up to weeks) for sufficient signal-
to-noise (S/N). In sharp contrast, the ESEEM spec-
tra in this work yielded high-quality data in less
than an hour with as little as 35 pg of protein
sample.

This efficient ESEEM spectroscopic technique
does not provide the same high-resolution structural
information obtained from NMR spectroscopy or X-
ray crystallography but can provide very important
qualitative secondary structural information on mem-
brane proteins systems or other biological systems of
unknown structure. For SDSL EPR researchers, this
approach will provide additional tools to probe the
structures of biological systems. The MD studies are
consistent with the presence and absence of ?H modu-
lation for all positions in Figure 2. Similar modeling
studies were conducted for a p-strand. 2H-SL distance
ranges for the i + 1 (6-11 A)andi + 2 (7-12 A) posi-
tions were found to be within the ESEEM detection
range, and outside the 2H-SL ESEEM detection range
for the i + 3 (9-14 A) and i + 4 (14-19 A) positions.
Random coil distances were found to be similar to the
B-strand but varied depending on the structure.
Thus, this ESEEM approach should be valuable for
distinguishing between an a-helix and a p-strand. 2H
modulation would be detected at the i + 3 and i + 4
positions for an o-helix, whereas modulation would
not be detected at the i + 1 and i + 2 positions. For a
B-strand, 2H modulation would be detected at the op-
posite positions i + 1 and i + 2 and not at the i + 3
and i + 4 positions. This work explores the helical
content of the M23 peptide with ESEEM spectroscopy.
Future ESEEM experiments using this approach will
study the structure of a p-strand and additional 2H
sidechain labels.

For the first time, this work illustrates that the
pulsed EPR ESEEM technique can be used in a
manner to probe the secondary structural properties
of membrane peptides and proteins. ESEEM spec-
troscopy can be used to both confirm the presence of
an o-helix and provide pertinent inter side chain
structural information. One of the greatest advan-
tages of this technique is the short data acquisition
time and small amount of protein needed to obtain
pertinent structural information of an inherently dif-
ficult system like membrane proteins. This ESEEM
technique also lends itself to probing the structural
properties of larger membrane proteins and water-
soluble proteins using an over expression system
coupled with deuterium-labeled amino acids intro-
duced into a minimal media. There are no size
restrictions using this novel ESEEM approach,
when compared to analogous NMR experiments.

Materials and Methods

The M23 peptides were synthesized on a CEM micro-
wave solid phase synthesizer using Fmoc-chemistry.
The peptides were cleaved from the solid support and
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purified via reverse phase high performance liquid
chromatography (HPLC) as described previously.®° Af-
ter purification, the peptides were labeled with MTSL
overnight at room temperature and repurified via
HPLC using the same purification conditions.?®3! The
purity of the peptides was confirmed to be over 95%
pure by mass spectrometry. The peptides were incor-
porated into DMPC/DHPC (3.5/1) lipid bicelles.?’
Bicelles were used in these experiments, because they
serve as an excellent membrane mimic that yield
high-quality pulsed EPR data. Comparable data could
be obtained with proteoliposomes using a larger mul-
timembrane spanning o-helix membrane protein (data
not shown).

CW-EPR X-Band (~9 GHz) spectroscopy was per-
formed to check final spin concentration (~200 uM)
by double integration. A Bruker ELEXSYS E580 was
used to collect all three-pulse ESEEM data using t
values of 120 and 200 ns. A standard Bruker X-band
MS3 split-ring resonator was used for the pulsed
experiments. All samples were performed under the
same experimental parameters at 80 K with a micro-
wave frequency of ~9.269 GHz for all of the samples
with a starting 7" of 300 ns for the experiments with t
= 120 ns, a starting T of 532 ns for experiments with
1 = 200 ns and 512 points in 12 ns increments. Both t©
values provided high-quality time-domain and FT
ESEEM data. However, 2H modulation was optimized,
and the proton modulation was effectively suppressed
with t equal to 200 ns, when compared to the t 120
ns data. The optimal 1 values can vary depending on
the field and frequency that the data was collected at.
The ESEEM data were fit to an exponential decay
curve, which was normalized to 1, according to the
literature.'* The exponential fit was then subtracted
from the experimental spectrum as shown in Fig-
ures 1 and 2 before cross-term averaged Fourier
Transformation.>?

The molecular modeling was performed using
nanoscale molecular dynamics (NAMD) with the mo-
lecular graphics software VMD.2%2% The structure of
AchR M26 peptide was obtained from the solution
NMR coordinates (PDB entry: 1EQ8). The Cys
mutants were created ati + 1,7 + 2,7 + 3, and i +
4 positions using VMD, a MTSSL nitroxide spin-
robe attached by using CHARMM force-field topol-
ogy files incorporated in NAMD, where, i represents
the 15th residue, on the peptide. The molecular dy-
namics simulations were collected out to 100 ps at
room temperature using Langevin dynamics under
NAMD. The trajectory data for every 1000 fs were
recorded. The possible distance distribution for each
deuterium and SL was obtained from the analysis of
the trajectory data file using VMD.
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