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Abstract: This paper reports on the development of a new structural biology technique for determining the
membrane topology of an integral membrane protein inserted into magnetically aligned phospholipid bilayers
(bicelles) using EPR spectroscopy. The nitroxide spin probe, 2,2,6,6-tetramethylpiperidine-1-oxyl-4-amino-
4-carboxylic acid (TOAC), was attached to the pore-lining transmembrane domain (M2δ) of the nicotinic
acetylcholine receptor (AChR) and incorporated into a bicelle. The corresponding EPR spectra revealed
hyperfine splittings that were highly dependent on the macroscopic orientation of the bicelles with respect
to the static magnetic field. The helical tilt of the peptide can be easily calculated using the hyperfine splittings
gleaned from the orientational dependent EPR spectra. A helical tilt of 14° was calculated for the M2δ
peptide with respect to the bilayer normal of the membrane, which agrees well with previous 15N solid-
state NMR studies. The helical tilt of the peptide was verified by simulating the corresponding EPR spectra
using the standardized MOMD approach. This new method is advantageous because: (1) bicelle samples
are easy to prepare, (2) the helical tilt can be directly calculated from the orientational-dependent hyperfine
splitting in the EPR spectra, and (3) EPR spectroscopy is approximately 1000-fold more sensitive than 15N
solid-state NMR spectroscopy; thus, the helical tilt of an integral membrane peptide can be determined
with only 100 µg of peptide. The helical tilt can be determined more accurately by placing TOAC spin
labels at several positions with this technique.

1. Introduction

The utilization of oriented phospholipid bilayers in both
solution NMR and solid-state NMR (SSNMR) spectroscopy has
provided a wealth of structural and dynamic information about
membrane proteins.1-5 Aligned membrane systems provide
unique structural information, when compared with micelles or
unoriented phospholipid bilayers consisting of multilamellar
vesicles (MLVs). For example, SSNMR studies of2H-labeled
and15N-labeled proteins incorporated into an aligned membrane
system can determine the topology of the protein with respect
to the phospholipid bilayers and the static magnetic field.1,2,5-9

Generally, these techniques have used phospholipid bilayers that
are either mechanically aligned on glass plates10,11or magneti-

cally aligned phospholipid bilayers (bicelles).3,9,12-15 Although
the bicelle model membrane systems were originally developed
for SSNMR applications, in our laboratory we successfully
demonstrated the magnetic alignment of bicelles at low magnetic
field for X-band EPR spectroscopic studies by incorporating
either a nitroxide spin-labeled cholesterol derivative (Cholestane)
or the fatty acid nitroxide spin probe, doxyl stearic acid
(DSA).16-18 In high-field NMR experiments, the bicelles align
with their bilayer normal perpendicular to the direction of the
static magnetic field due to the negative sign of the magnetic
susceptibility anisotropy tensor (∆ø). For low-field X-band EPR
experiments, the phospholipid bilayers do not fully align at this
orientation without additional alignment reagents. The addition
of Dy3+, which possesses a large negative∆ø, is used to induce
a perpendicular bicelle alignment.16 Conversely, the addition
of paramagnetic lanthanide ions with a large positive magnetic
susceptibility anisotropy tensor (Eu3+, Er3+, Tm3+, and Yb3+)
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changes∆ø to a positive value, thus, causing the bicelles to
flip 90° such that the membrane normal is parallel with the
direction of the static magnetic field.16,19,20

The aim of this research is to develop a new structural biology
technique for determining the topology of integral membrane
proteins inserted into magnetically aligned phospholipid bilayers
utilizing spin-labeled EPR spectroscopy. To demonstrate the
feasibility of this technique, we have used the nicotinic
acetylcholine receptor (AChR). The nicotinic acetylcholine
receptors are a family of integral membrane ion-channel proteins
that bind two molecules of acetylcholine to mediate synaptic
transmission of neural signals in the nervous system. The protein
is composed of five homologous subunits (R2, â, λ, δ) with a
total molecular mass of 280 kDa.21,22Each subunit is composed
of a large N-terminal extracellular domain of∼200 amino acids
followed by four hydrophobic transmembrane domains of 20-
30 residues in length (M1-M4). The M2 domains are of
particular interest. The M2 domain of the protein is an
amphiphilicR-helix that lines the lumen of the aqueous pores
and is responsible for the ion-channel activities of the protein.
Opella and co-workers determined the structure and orientation
of the M2δ monomer in lipid bilayers using solution and
SSNMR techniques.2 M2δ is R-helical both in dodecylphos-
phocholine (DPC) micelles and dimyristoylphosphatidylcholine
(DMPC) bilayers and found to have a helical tilt angle of 12°
relative to the bilayer normal.2 The 15N chemical shift aniso-
tropy, δ, for Leu18 was 198.2 ppm, which is near the limit of
the σ33 (217 ppm) chemical shift tensor. This reflects a high
degree of ordering at Leu18 due to highly restricted local
backbone motions withσ33 oriented nearly parallel to the static
magnetic field (B0). The structural characteristics of the AChR
M2δ peptide make it an excellent model transmembrane peptide
for developing a new spin-labeled EPR spectroscopic technique
to study the structure and orientation of spin-labeled membrane
peptides reconstituted into magnetically aligned phospholipid
bilayers.

The magnetic interactions of nitroxide spin labels used to
label peptides and proteins show a high degree of spatial
anisotropy.11 Theg and hyperfine splitting values from the EPR
spectra of these nitroxide spin labels are axially symmetric,
where the observed values are dependent upon the time-averaged
orientation that the spin label makes with respect to the direction
of the static magnetic field,Bo. Previously, several CW-EPR
studies have probed the topology of membrane proteins by
obtaining sequential constraints using standard Cys-attached
1-oxyl-2,2,5,5-tetramethyl-D3-pyrroline-3-methylmethanethio-
sulfonate spin labels (MTSSL).23-29 The TOAC spin label is a

tetra substituted unnatural amino acid and exhibits highly
restricted motion due to constrained structural conformations.30

TOAC can be easily functionalized with the 9-fluorenylmethyl-
oxycarbonyl (Fmoc) moiety31 for solid-phase peptide synthesis
(SPPS) using Fmoc-protected methods.32 TOAC is rigid and
known to increaseR-helical content of peptides.33-35 The TOAC
spin label provides some unique advantages for probing the
structural and dynamic properties of integral membrane proteins
over the MTSSL approach. In the conventional site-directed spin
labeling method, the incorporation of a spin label to a Cys side
chain consists of several flexible bonds between the backbone
and the nitroxide group and represents a higher degree of
motion. Thus, the EPR spectra of the MTSSL attached to a
peptide or protein are dependent upon the corresponding side
chain motion. Since the TOAC spin label is rigidly coupled to
the peptide backbone, it reports more accurately on the position,
orientation, and dynamics of the peptide backbone.36,37Previous
studies have used TOAC to probe the conformational dynamics
of short peptides binding to membrane surfaces, including 11-
residue lipopeptide antibiotics36,37and six- or seven-residue basic
peptides.38 Pioneering work by Thomas, Karim, and co-workers
have used the synthetic incorporation of TOAC into monomeric
phospholamban (PLB) to probe the real time detection of the
functionally important conformational changes in the cytoplas-
mic domain of PLB in lipid bilayers.39,40 Also, these studies
have also shown that the introduction of the TOAC spin label
onto a membrane protein does not alter the secondary structure.40

These characteristics make TOAC a powerful tool to probe the
structure and orientation of membrane peptides and proteins in
well-aligned membranes with spin-labeled EPR spectroscopy.

In this study, two modified TOAC-labeled AChR M2δ
peptides, TOAC1 AChR and TOAC18 AChR, were incorpo-
rated into magnetically aligned phospholipid bilayers where
Glu1 and Leu18 of AChR M2 were replaced with TOAC,
respectively (Figure 1A). The principlez-axis of the spin label
is spatially analogous to the15N chemical shift tensor,σ33, and
should give complementary orientation-dependent information
about the peptide. Therefore, if we know the orientation of the
bilayer normal (n) with respect to Bo, then the orientation-
dependent hyperfine splitting from the aligned spin-labeled EPR
spectra will reveal the direction of thez-axis of TOAC with
respect to Bo, and the orientation of the helical axis (h) with
respect ton can also be determined directly from the hyperfine
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splitting due to the spatial relationship between thez-axis and
h (Figure 1B and 1C).

2. Experimental Section

2.1.Materials. 1,2-Dihexanoyl-sn-glycero-3-phosphatidylcholine
(DHPC), 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine (DMPC),
and 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-[poly(ethyl-
ene glycol) 2000] (PEG2000-PE) were purchased from Avanti Polar
Lipids (Alabaster, AL). Triethylamine (TEA), 30% ammonium hy-
droxide (NH3(aq)), triisopropylsilane (TIS), anisole, hexafluoro2-
propanol (HFIP), thulium(III) chloride hexahydrate (Tm3+), dysprosium-
(III) chloride hexahydrate (Dy3+), and HEPES buffer were obtained
from Sigma-Aldrich (St. Louis, MO). Cholesterol was obtained from
Avocado Research Chemicals (Ward Hill, MA). 2,2,6,6-Tetrameth-
ylpiperidine-1-oxyl-4-amino-4-carboxylic acid (TOAC) was purchased
from Acros Organics (Pittsburgh, PA). 9-Fluorenylmethyl-oxycarbonyl-
O-succinimide (Fmoc-OSu), Fmoc-protected amino acids, 2-(6-chloro-
1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
(HCTU), and Fmoc-Arginine(Pbf)-NoVaSyn TGAresin were purchased
from Novabiochem (La Jolla, CA). Trifluoroacetic acid (TFA), 1-hy-
droxybenzo-triazole (HOBt), diisopropylethylamine (DIEA),N-meth-
ylpyrolidone (NMP), dichloromethane (DCM), and acetic anhydride
(Ac2O) were purchased from Applied Biosystems Inc. (Foster City,
CA).

2.2. Synthesis and Purification of TOAC-Labeled AChR M2δ.
Solid-phase peptide synthesis using an Fmoc-protection strategy was
performed on a 433A Peptide Synthesizer from Applied Biosystems
Inc. (Foster City, CA) to synthesize the model membrane peptide
TOAC18 AChR using the channel-forming transmembrane domain
(AChR M2 domain,δ subunit) ofT. californicanicotinic acetylcholine
receptor (AChR M2) as a template. The amino acid sequences of
TOAC1 AChR and TOAC18 AChR are given in Figure 1. The peptide
synthesizer was equipped with a UV detector (wavelength set to 301
nm) to monitor the Fmoc removal from the N-terminus of the growing
peptide. TheFastFmoc chemistry-0.1 mmolprotocol provided in the
SynthAssist2.0 software (Applied Biosystems Inc., Foster City, CA)
was modified by our lab to optimize the yield of the synthesis and
allow for customized functionality (i.e., double coupling, increased

coupling times, incorporating unnatural amino acids, etc.). An ap-
propriate amount of Fmoc-Arginine(Pbf)-NoVaSyn TGAresin (substitu-
tion number) 0.22 g of resin/mmol of peptide) was used to synthesize
0.1 mmol of peptide (based on a theoretical yield of 100%). All amino
acids were purchased as Fmoc-protected with chemically sensitive side
chain residues being chemically modified (side chain protected) to
minimize any side reactions.

A cleavage mixture of TFA/TIS/anisole/H2O (8.5 mL/0.5 mL/ 0.5
mL/0.5 mL) was added to an appropriate amount of peptide-resin and
allowed to react for 3 h to remove the side chain protecting groups
(except for thetert-butyl (tBu) moeity on Cys16) and cleave the peptide
from the resin. The peptide was filtered to remove the resin beads and
precipitated with cold methyltert-butyl ether. The precipitated peptide
was centrifuged, and the pellet was dried under dry N2 gas and vacuum
desiccated overnight. Because TFA from the cleavage mixture reduces
nitroxides to the hydroxylamine form, the spin-labeled peptides were
treated with NH3 (aq) to reoxidize the spin label back to the nitroxide
form. The spin-labeled peptide was dissolved in a 2-propanol/water
(50:50) mixture. A few drops of aqueous ammonia were added to
regenerate the spin label back to the nitroxide form. After this procedure,
the peptide was lyophilized and stored at-20°C. Also, the regeneration
of the spin label was performed after HPLC purification in order to
avoid reduction of the nitroxide due to the presence of TFA in the
HPLC solvent.

Spin-labeled peptides were purified on a C18 reversed-phase semi-
preparative column (218TP1010, 10µm, 300 Å pore size, 10 mm×
250 mm, column volume of 19.5 mL) from Grace Vydac, Inc.
(Hesperia, CA). Solvent A consisted of 0.1% TFA in H2O, and solvent
B consisted of 50%n-propanol+ 30% acetonitrile+ 20% H2O +
0.1% TFA. The C18 column was interfaced with an AKTA Explorer
10S HPLC from Amersham Pharmacia Biotech (Piscataway, NJ)
controlled by theirUnicorn 3.0software. The purification of the peptide
was analyzed with mass spectrometry [matrix-assisted laser desorption/
ionization time-of-flight (MALDI-TOF)].

2.3. TOAC1 and 18 AChR Incorporation into Bicelle Samples.
Appropriate volumes of DMPC, PEG2000-PE, and cholesterol were
dispensed into a 25 mL pear-shaped flask (Flask 1), and DHPC and
TOAC18 AChR peptide were dispensed into a second 25 mL pear-
shaped flask (Flask 2). The mole ratios of DMPC/DHPC/PEG2000-
PE/cholesterol/spin-labeled peptide were, respectively, 3.5/1.0/0.035/
0.35/0.0035. The samples were dried with N2 (g) and vacuum desiccated
overnight to remove all organic solvents. The following day an
appropriate amount of HEPES buffer (100 mM) was added to Flask 2
and vortexed until contents of Flask 2 were solublized (∼15 min), and
contents from Flask 2 were transferred to Flask 1, vortexed until
contents of Flask 1 were solubilized (∼1 h), and then sonicated for an
additional 30 min at 4°C. The final lipid concentration was 25 wt %.
The samples were annealed by performing at least three freeze-thaw
cycles using liquid nitrogen. A small volume of Tm3+(aq) or Dy3+(aq)
was added to the bicelle samples (final lanthanide ion concentration
was 20 mol % with respect to DMPC).

2.4. EPR Spectroscopy.Samples were drawn into 1 mm ID capillary
tubes and sealed on both ends with Critoseal (Fisher Scientific, Florence,
KY). The capillary tubes were placed into standard quartz EPR tubes
(707-SQ-250M, Wilmad Glass, Buena, NY) that were filled with light
mineral oil. Magnetic alignment was induced by placing the lanthanide-
doped sample into the X-band EPR spectrometer at 298 K and raising
the temperature to 318 K over 11 min while in the presence of an
applied magnetic field (0.64 T), after which EPR spectra were taken at
318 K. A randomly dispersed sample was obtained by placing a Tm3+-
doped sample into the spectrometer preheated to 318 K, and an EPR
spectrum was taken after thermal equilibration for∼10 min.

All EPR experiments were carried out on a Bruker EMX X-band
CW-EPR spectrometer consisting of an ER 041XG microwave bridge
and an ER 4119HS cavity that is coupled with an ER 4131VT nitrogen
gas temperature controller (temperature stability of(0.2°C). Each spin-

Figure 1. (A) Schematic showing the amino acid sequences of the channel-
forming transmembrane domain (M2 domain,δ subunit) of the TOAC1
AChR and TOAC18 AChR peptide, whereτ is the TOAC spin label. (B)
Schematic showing TOAC18 AChR as a linearR-helical peptide with the
principal axes of the TOAC spin label moiety being labeled as follows:
the z-axis is directed along the p-orbital, thex-axis is directed along the
N-O bond, and they-axis is perpendicular to the other axes. (C) The peptide
is shown in the transmembrane orientation, whereh is nearly collinear
(helical tilt of 12°) with the normal to the phospholipids bilayersn based
on 15N solid-state NMR studies.
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labeled EPR spectrum was acquired by taking a 42-s field-swept scan
(3370 G center field, 100 G sweep width, 9.434 GHz microwave
frequency, 100 kHz modulation frequency, 1.0 G modulation amplitude,
and a microwave power of 2 mW). All EPR spectra were processed
on a 1 GHz G4 Macintosh computer utilizing theIgor software package
(Wavemetrics, Lake Oswego, OR).

Simulations of EPR spectra and fits to experimental spectra of
TOAC18 AChR were carried out by using the NLSL program,41 using
the MOMD model, in which the membranes are randomly oriented
and all detectable rotational motion occurs relative to the membrane.
The magnitude of the axially symmetric hyperfine splitting tensoral
components was measured from the rigid limit spectrum obtained at
-60 °C and the isotropic hyperfine splitting values from TOAC18
AChR in solution at 45°C. Assuming the equivalence ofAxx andAyy,
the hyperfine tensoral components were calculated asA ) [5.6, 5.6,
33.30 G]. The principal values of theg-tensorsg ) [2.0096, 2.0064,
2.0027] of analogous nitroxide from the literature were used.42 For
consistency, we used similar model, simulation parameters, notations,
and fitting procedures as described previously in the literature.10,11,41

3. Results and Discussion

The TOAC1 and TOAC18 AChR M2δ peptides were
synthesized separately using the amino acid sequence of the
channel-forming transmembrane domain of the nicotinic ace-
tylcholine receptor (AChR M2δ) as a template (Figure 1A),
where Glu1 and Leu18 were replaced with the TOAC spin label.
Figure 1B shows a model schematic of TOAC18 AChR with
the corresponding principal axes of the spin label. Based on
models derived from the crystal structure and EPR analysis of
the TOAC-labeled peptide,30,43 it is inferred that the average
orientation of the nitroxide p-orbital is tilted 21° with respect
to the helical axis (h), thex-axis is perpendicular to the helical
axis, and the peptide rotates about the helical axis. A solid-
state NMR PISEMA study of the AChR M2δ found the peptide
to be transmembrane with a helical tilt of 12° with respect to
the bilayer normal (Figure 1C).2

The EPR spectra of TOAC1 AChR and TOAC18 AChR
incorporated into randomly dispersed DMPC/DHPC lipid bi-
layers are shown in Figure 2. The corresponding CW-EPR
spectra reveal dramatic differences in the nanosecond rotational
dynamics, from the narrow line width spectrum of TOAC1
(dynamic disorder, 1.2× 10-9 s; Figure 2A) to the broad
spectrum of the spin label at position 18 (Figure 2B), indicating
highly restricted motion (1.3× 10-8 s). The rotational dynamics
of the nitroxide were extracted from the spectra by fitting the
data to a motional model of the nitroxide using the NLSL
program.41

Figure 3A and 3B show spin-labeled EPR spectra of the
TOAC18 AChR peptide incorporated into DMPC/DHPC bi-
celles that were magnetically aligned parallel (Tm3+-doped
sample,n || Bo) and perpendicular (Dy3+-doped sample,n ⊥
Bo) with respect to the external magnetic fieldBo. Clearly, the
spectra indicate that the corresponding hyperfine splittings are
orientation dependent. When the TOAC1 AChR peptide was
incorporated into the same bicelle matrix no hyperfine orienta-
tion dependence was observed (data not shown). This is not
surprising given the isotropic disordered nature of the N-

terminus TOAC1 when compared to the more ordered TOAC18
peptide. For comparison, Figure 3C shows a broad powder
pattern EPR spectrum from an unaligned sample that represents
a random distribution of TOAC18 AChR in the bilayers.44,45In
contrast, the magnetically aligned samples exhibit well-aligned
EPR spectra (similar to a “single crystal”) with the observed
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Figure 2. EPR spectra of (A) TOAC1 AChR and (B) TOAC18 AChR in
randomly dispersed DMPC/DHPC bicelles. Spectra show the dramatic
differences in the nanosecond rotational dynamics, from the narrow line
width spectrum of TOAC1 (dynamic disorder, 1.2× 10-9 s; (A)) to the
broad spectrum of the spin label at position 18 (B), indicating highly
restricted motion (1.3× 10-8 s).

Figure 3. Spin-labeled X-band EPR spectra of TOAC18 AChR incorpo-
rated into either magnetically aligned (A and B) or randomly dispersed (C)
phospholipid bilayers. For magnetically aligned samples, the average normal
to the phospholipid bilayers,n, were either parallel (A) or perpendicular
(B) to the applied magnetic field, B0.
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hyperfine splitting (Aexp) being strongly orientation-dependent
with narrower line widths (Figure 3A and B). The observed
hyperfine splitting values indicate that the motionally averaged
z-axis of the nitroxide is oriented nearly parallel to the bilayer
normal.

The line shapes and orientation-dependent hyperfine splitting
behavior exhibited in Figure 3 are very similar to those of the
spin probe, 5-doxylstearic acid (5-DSA), incorporated into
magnetically aligned bicelles.16 5-DSA rapidly rotates about its
long molecular axis (l), which is collinear with the normal of
the phospholipid bilayers (l || n) and thez-axis of the spin label.
The z-axis of TOAC in anR-helix makes a small angle with
the long helical axis,30 so that finding thez-axis nearly parallel
to the bilayer normal immediately implies that the AChR-M2δ
is transmembrane. This agrees well with the known structure
of AChR-M2δ. 2,46 Thus, these results show that EPR spec-
troscopy can be used as a simple qualitative tool for determining
the topology of integral membrane proteins/peptides.

3.1. Measurement of Director Tilt.The magnetic framework
of the nitroxide spin labels used in this study is defined such
that thex-axis is extended along the direction of the N-O bond,
the z-axis lies along the p-orbital of the NO bond containing
the unpaired electron, and they-axis is perpendicular to the other
axes. The magnitude of the axially symmetric hyperfine tensoral
components areAxx ≈ Ayy , Azz, whereAxx, Ayy, andAzzare the
tensoral components directed along thex-, y-, andz-axes of the
spin label, respectively. For an axially symmetric system and
using this approximation (Axx ≈ Ayy) the following expressions
can be written forA|| andA⊥ tensors:44

whereθ is the angle between thez-axis of the nitroxide and the
director axisZD (the symmetry axis of the anisotropic motion).
When there is no motion present in the system,θ is negligible.
Therefore,Azz (A||) is the experimentally observed hyperfine
splitting value if the magnetic field is applied along thez-axis.
In the presence of motion,A|| is less thanAzz.

In aligned mediaA|| is the experimentally observed hyperfine
splitting if the magnetic field is applied along the axis of
motional averaging (director axis,ZD). Conversely, if the
magnetic field is applied perpendicular to the director axis, the
observed hyperfine splitting value isA⊥. In general, the
following equation can be used when the magnetic field makes
an angle (ψ) with the axis of motional averaging (ZD):44

The hyperfine tensoral components were measured asAzz )
33.30 G,Ayy ) 5.6 G, andAxx ) 5.6 G. According to eq 1
when no motion is present in the system,A|| andA⊥ values are
expected to be 33.3 and 5.6 G, respectively. However, the
observedA|| and A⊥ from the powder spectrum are 29.7 and
7.1, respectively, indicating the presence of residual motion in
the system. Therefore, in the parallel-aligned bicelle samples
(i.e., n || Bo), when the magnetic field is applied along the
director axis (ψ ) 0°), the observed hyperfine splitting value

should be at a maximum (Aexp = A|| ) 29.7 G) according to eq
2. From the observed hyperfine splitting values of the aligned
sample (Figure 3A), it can be inferred that the director axis must
be nearly parallel to Bo (Aexp ) 26.6 G) for the Tm3+-doped
samples (n || Bo). As discussed previously, the hyperfine
splitting values depend on the orientation of the director axis
with respect to the external magnetic field. The deviation of
3.1 G (29.7-26.6 G) for the parallel-aligned spectrum (Figure
3A) suggests that the director axis is not perfectly collinear with
the magnetic field (Bo) and may be accounted for by a small
degree of the director tilt (ψ). The director tilt angleψ with
respect to the magnetic field Bo for the parallel-aligned sample
is equal to the director tilt angleú with respect to the bilayer
normal n, which was introduced previously (Figure 4).10,11

Hence, according to eq 2 the director tilt angle (ψexp ) ú) is
found to be 27( 4°.

3.2. EPR Spectral Simulations.To further confirm our
results, simulations of the EPR spectra using the Microscopic
Order Macroscopic Disorder (MOMD) NLSL formalism de-
veloped by Freed and co-workers were conducted.41 The case
of nonzero director tilt angleú for the simulations was
introduced in the literature,10,11 where the integration over all
the azimuthal orientations was taken to simulate EPR spectra
for the arbitrary orientation of the magnetic field with respect
to the bilayer normal. For consistency, we carefully followed
the simulation procedures established in the literature (compa-
rable model system, simulation parameters, and notations). The
fits were performed with the rotational diffusion rate (R|| and
R⊥), the coefficient of ordering potential, and the director tilt
angle (ψ) as the input parameters. The principal hyperfine
tensoral values used for the simulation were experimentally
determined asA ) [5.6, 5.6, 33.3 G]; theg-componentsg )(46) Unwin, N.Nature1995, 373, 37-43.

A⊥ ) 1
2
(1 - 〈cos2 θ〉)(Azz- Axx) + Axx

A|| ) 〈cos2 θ〉(Azz- Axx) + Axx (1)

Aexp ) (A||
2 cos2 ψ + A⊥

2 sin2 ψ)1/2 (2)

Figure 4. Side view scheme (A) and top view structure (B) of AChR-
M2δ in the parallel-aligned bilayers show the relationship between the
director tilt angle (ú) as an angle betweenn and the director axisZD, helical
tilt angle (φ) as an angle betweenn and the helical axish, and the angle of
21° betweenh andZD. The top view figure (B) shows that the plane (n, h)
is nearly orthogonal to the (h, ZD) plane.
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[2.0096, 2.0064, 2.0027] were taken from the literature.42 The
rotational correlation time was obtained from the rotational
diffusion rate using the expression (τR ) (6xR|R⊥)-1).45

Karim et al. have shown that the motion of the TOAC spin
label attached to the transmembrane helix of phospholamban
can be characterized by a single mode of motion and order
parameter (S).40 We used the same approach here, and we first
simulated the randomly dispersed spectrum to find the rotational
diffusion tensor components and coefficients for the orienting
potential (Figure S1; see Supporting Information). The perpen-
dicularly aligned spectrum was simulated using the same
parameters. For the parallel-aligned spectrum, a slightly slower
rotational diffusion and smaller order parameter were used. This
is not surprising because the15N line widths from15N-labeled
proteins are broader in parallel aligned bicelle spectra, when
compared to perpendicular aligned spectra suggesting slower
dynamics.9,14The presence of Tm3+ in the flipped bicelles could
be causing the slower dynamics. The parameters of the
simulations wereS) 0.72( 0.03,τ ) 1.3× 10-8 s (randomly
dispersed and perpendicularly aligned samples) andS ) 0.64
( 0.03,τ ) 2.3 × 10-8 s (parallel aligned sample). It is well-
known that it is hard to unambiguously resolve contributions
from both the correlation time and the order parameters using
simulations of EPR spectra at a single frequency. Thus, by
performing these experiments at a higher frequency such as
Q-band these dynamic parameters can be obtained more
accurately. However, for the results presented in this paper, a
small change in the tilt angle ((5°) has a pronounced effect on
the EPR spectrum that cannot be compensated by changes in
theSor τ values. The best fit was obtained for the director tilt
angleú of 30 ( 5° that confirms the experimental director tilt
angleúexp ) 27° derived directly from the hyperfine splitting
values.

3.3. Determination of the Helical Tilt. From crystal
structures ofR-helical TOAC incorporated peptides, it is inferred
that the axis of motional averaging (ZD) is 21° with respect to
the helical axis.30,43 The same degree of deviation (∼21°) of
the director axis with respect to the helical axis for TOAC-18
labeled AChR was determined using the MOLMOL program.47

The AChR M2δ peptide is rotated around its helix long axis
such that the pore-lining residues Glu 1, Ser 8, Val 15, Leu 18,
and Gln 22 face the N-terminal side of the membrane, which is
assigned to be intracellular.2,48-50 It implies that the plane (n,
h) of the helical axis and bilayer normal is nearly orthogonal
to the plane (h, ZD) of the helical axis and director axis (Figure
4). By taking into account this angle (21°), the director tilt angle
(27°) gleaned from the EPR spectrum of the parallel-aligned
samples, and unitary transformations involving three Euler
angles (R,â,γ), we calculated a helix tilt angle of 14° with
respect to the membrane normal. This is in good agreement
with the 12° helical tilt determined by15N solid-state NMR
spectroscopy2 and a 14°-15° tilt obtained from molecular
dynamics studies.51 A full description of the procedure for the
helical tilt calculation is given in the Supporting Information.
These results indicate that the angular dependent hyperfine
splitting of magnetically aligned EPR spectra can be used to

determine the helical tilt of an integral membrane protein relative
to the bilayer normal. In aligned15N SSNMR studies, only one
15N labeled amide will yield an estimate of the helical tilt and
more data points are needed for an accurate tilt measurement.
In a similar fashion, the helical tilt can be determined more
accurately by placing TOAC spin labels at several positions
with this technique. Recent studies have demonstrated that solid-
state NMR spectra of aligned samples are well suited for
answering questions about the deviation in the helical tilt angle
with varying bilayer thickness due to hydrophobic mismatch.52,53

In a similar fashion, our new EPR methodology can be easily
used to probe helical tilt angles due to hydrophobic mismatch
with different phospholipids.

4. Conclusions

This study details a new development for spin-labeled EPR
spectroscopy to obtain pertinent structural information of a
peptide inside a membrane. The helical tilt can be directly
calculated from the corresponding aligned EPR spectra, without
conducting spectral simulations. EPR spectroscopy is ap-
proximately 1000-fold more sensitive than NMR spectroscopy.
Even at much lower protein/peptide concentrations (µg scale
for EPR and mg scale for NMR), the highS/N ratio obtainable
via EPR spectroscopy (one scan, 30 s) when compared to solid-
state NMR spectroscopy (10,000 scans, 14 h) will indicate the
membrane peptide orientation with respect to the lipid bilayer
instantaneously. Thus, the data presented here indicate that this
new structural biology technique is inexpensive and more
efficient than comparable solid-state NMR spectroscopic meth-
ods to determine the topology/orientation of integral membrane
proteins/peptides within the lipid bilayer. Currently, the insertion
of TOAC is limited to peptides and small proteins (<60 amino
acids) using Fmoc solid-phase peptide synthesis. However,
recent studies have indicated the possibility for site-specific
insertion of unnatural fluorescent or spin-labeled amino acids
in proteins via tRNA suppressor techniques.54-57 Thus, for the
first time the bicelle alignment technique in connection with
TOAC-EPR spectroscopy holds a great deal of promise for
probing the structure of integral membrane peptides and
potentially proteins.
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