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The reduction in EPR signal intensity of nitroxide spin-labels by ascorbic acid has beenmeasured as a function
of time to investigate the immersion depth of the spin-labeled M2δ AChR peptide incorporated into a bicelle
system utilizing EPR spectroscopy. The corresponding decay curves of n-DSA (n=5, 7, 12, and 16) EPR sig-
nals have been used to (1) calibrate the depth of the bicelle membrane and (2) establish a calibration
curve for measuring the depth of spin-labeled transmembrane peptides. The kinetic EPR data of CLS, n-DSA
(n=5, 7, 12, and 16), and M2δ AChR peptide spin-labeled at Glu-1 and Ala-12 revealed excellent exponential
and linear fits. For a model M2δ AChR peptide, the depth of immersion was calculated to be 5.8 Å and 3 Å for
Glu-1, and 21.7 Å and 19 Å for Ala-12 in the gel-phase (298 K) and Lα-phases (318 K), respectively. The im-
mersion depth values are consistent with the pitch of an α-helix and the structural model of M2δ AChR in-
corporated into the bicelle system is in a good agreement with previous studies. Therefore, this EPR time-
resolved kinetic technique provides a new reliable method to determine the immersion depth of
membrane-bound peptides, as well as, explore the structural characteristics of the M2δ AChR peptide.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Membrane-bound proteins are known to play important roles in
controlling physiological function in organisms. Immersion depth
studies are critical to our understanding of the three dimensional
structure of membrane proteins and peptides and, thus, provide im-
portant insights into the function of these molecules [1]. Membrane
immersion depth is commonly determined by neutron diffraction
techniques, nuclear magnetic resonance (NMR) spectroscopy, fluo-
rescence resonance energy transfer (FRET) spectroscopy, parallax
analysis of fluorescence quenching by spin-labels, and collision gradi-
ent and rotational correlation time methods utilizing electron para-
magnetic resonance (EPR) spectroscopy [1–11]. In this paper, an
2δ, M2 segment of the δ subu-
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alternative approach has been used to explore the immersion depth
of membrane-bound proteins utilizing EPR spectroscopy. A reliable
new bicelle technique is presented to determine the membrane im-
mersion depth of single site spin-labeled peptide or proteins by EPR
spectroscopy. To demonstrate the applicability of this method a high-
ly studied transmembrane peptide M2δ, of the pentameric trans-
membrane protein (α2βγδ) AChR was used [12–14]. The method is
based on kinetic analysis of the reaction of the ascorbic acid molecule
with the paramagnetic nitroxide group of a spin probe incorporated
into phospholipid bilayers. The structures of various spin-labels,
cholestane (CLS) and n-doxylstearic acids (n-DSA; n=5, 7, 12, or
16), were used in this study and the relative locations of their
nitroxide moieties within the phospholipid bilayers are characterized
in Fig. 1. Ascorbic acid permeates into the phospholipid bilayers subse-
quent to its addition into the membrane sample and gradually reduces
the bilayer embedded paramagnetic nitroxides into diamagnetic hy-
droxylamines [15,16]. Direct analysis of the kinetics of reduction of
these spin-labels and the corresponding rate constants is exploited to
establish a calibration curve to probe the immersion depth of specific
residues of spin-labeled transmembrane M2δ AChR peptide.

At physiological pH value, taking into account the pK1 and pK2

values of ascorbic acid, this study reveals that the oxidation–reduction
reaction between the nitroxide group and ascorbate ion in the bicelle
system obey a first order rate law. If the reaction is simple and limited
by diffusion of ascorbate from the aqueous partition to the inner part of
the membrane, with the nitroxide localized in the later, its kinetics will
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Fig. 1. Chemical structures of CLS, 5-DSA, 7-DSA, 12-DSA, and 16-DSA spin-labels used in this study and the relative locations of their nitroxide moieties (NO•) within the phospho-
lipid bilayers. The arrow indicates the position of the doxyl labels attached to the acyl chain of the stearic acid.
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be zero order with respect to the nitroxide. The data analysis of this
rate law is not always straightforward, as the reaction is also known
to be an overall second order reaction in other studies. The order of
chemical reaction is complicated by several factors such as, permeabil-
ity, composition of the membrane system, pH, type of nitroxide, mode
of preparation, and temperature [17].

In this report, we examine the immersion depth of membrane-
bound rigid spin-labeled M2δ AChR utilizing kinetic measurement
X-band EPR spectroscopy, in order to explore the structural charac-
teristics of the transmembrane segment of the receptor into the
bicelle system. The kinetic method employed in this work provides
a novel and accurate method to determine the immersion depth of
site-specific residues of membrane-bound peptides. The kinetic mea-
surement EPR bicelle method is pertinent due to the good agreement
between the proposed structural model of M2δ AChR using different
biophysical methods.

2. Methods

2.1. Materials

Fmoc amino acids and other chemicals for peptide synthesis were
purchased from Applied Biosystems Inc. (Forster City, CA), 1, 2-
Dimyristoyl-sn-glycerol-3-phosphocholine (DMPC), 1, 2-Dihexanoyl-
sn-glycerol-3-phosphocholine (DHPC), and 1,2-dimyristoyl-sn-glycero-
3-phosphoetholamine-N-[poly(ethylene glycol) 2000] (PEG2000)
were purchased from Avanti Polar Lipids Inc. HEPES (N-[2-hydroxy-
ethyl] piperazine-N-2-ethanesulfonic acid), trifluoro acetic acid (TFA),
2, 2, 2-trifluoroethanol (TFE), CLS, 5-DSA, and 16-DSA were purchased
from Sigma/Aldrich. 7-DSA was purchased from ICN. 12-DSA and
(MTSSL) were obtained from Toronto Research Chemicals Inc. The cho-
lesterol was obtained from Avanti polar lipids, Ltd. All lipids, choles-
terol, and spin-labels were dissolved in chloroform and stored at
−20 °C prior to use. Ascorbic acid was purchased from Fisher Scien-
tific. Aqueous solutions of ascorbic acid prepared fresh each day. All
aqueous solutions were prepared with deuterium-depleted water
purchased from Isoec Inc. (Miamisburg, OH). Double distilled
water can alternately be used to prepare these solutions.

2.2. Peptide synthesis of M2δ AChR synthesis

Solid-phase peptide synthesis using Fmoc-protection strategy was
performed on a 433A peptide synthesizer from Applied Biosystems
Inc. (Foster City, CA) to synthesize the model membrane peptides
A12CM2δ AChR and TOAC1M2δ AChR ([1] SL-M2δ AChR). 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. The FastFmoc chemistry-0.1 mmol protocol provided
in the SynthAssist 2.0 software (Applied Biosystems Inc.) was modified
by our lab to optimize the yield of the synthesis and allow for custom-
ized functionality [18]. An appropriate amount of Fmoc-Arginine(pbf)-
NovaSyn TGA resin (substitution number=0.22 g resin/mmol 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 modi-
fied (side-chain protected) to minimize any side reactions. Synthesized
peptides were removed from the synthesizer and cleaved from the
resin. The spin-labeled [1] SL-M2δ AChR peptides were treated with
NH3 (aq) to reoxidize the spin-label back to the nitroxide form, because
TFA from the cleavage mixture reduces nitroxides to the hydroxyl-
amine form. The Fmoc-TOAC synthesis was reformed according to pub-
lished procedures [19,20]. The α-helical M2δ transmembrane segment
of AChR consists of 23 amino acid residues and has the following amino
acid sequence:

NH2−E1K2M3S4T5A6I7S8V9L10L11A12Q13A14V15F16L17L18L19T20S21Q22R23−COOH
� �

:

The amino acids underlined represent the spin-labeled sites used
in this study.

2.3. Peptide purification

The peptides (A12C M2δ AChR, [1] SL-M2δ AChR, and [12] SL-M2δ
AChR) were purified on an Amersham Pharmacia Biotech AKTA Ex-
plorer 10S HPLC controlled by Unicorn version 3 system software. A
C4 protein column (214TP104, 10 μm, 300 Å pore size, 0.46×25 cm,
column volume of 4.15 mL) from Grace-Vydac was used to purify
the peptides. A 1 mL aliquot of the (5 mg/mL) peptide sample was
injected into the column, and the peptide elution was achieved with
a linear gradient to a final solvent composition of 95% of solvent B
at a flow rate of 8 mL/min. The purified peptide fraction was
lyophilized and analyzed by MALDI-TOF mass spectrometry. The ly-
ophilized M2δ AChR peptide was dissolved in TFE and centrifuged
to eliminate insoluble particles. The column was equilibrated with
90% solvent A/10% solvent B. Solvent A consisted of H2O and 0.1%
TFA and solvent B was 80% IPA, 20% H2O, and 0.1% TFA. The lyophi-
lized [1] SL-M2δ AChR peptide was dissolved in 5% HFIP, 50% n-
propanol, and 45% H2O (at a concentration of 5 mg/mL). The column
was equilibrated with 90% solvent A/10% solvent B. Solvent A con-
sisted of H2O and 0.1% TFA and solvent B was 50% n-propanol, 30%
ACN, 20% H2O, and 0.1% TFA. The lyophilized [12] SL-M2δ AChR pep-
tide was dissolved in methanol (at a concentration of 5 mg/mL). The
column was equilibrated with 80% solvent A/20% solvent B. Solvent
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Fig. 2. (A) Two-dimensional EPR spectra of 5-DSA spin-label incorporated into DMPC/
DHPC phospholipid bilayers as a function of time after the addition of ascorbic acid in
the gel-phase at 298 K. The spectra were recorded at 2 minute regular intervals for
45 min. (B) EPR kinetic decay curves of the reduction of 5-DSA spin-label incorporated
into a standard DMPC/DHPC bicelle system by ascorbic acid in the gel-phase at 298 K.
The exponential data (black solid line) was fitted via a single exponential equation.
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A consisted of H2O and 0.1% TFA and solvent B was 60% n-propanol,
30% ACN, 10% H2O, and 0.1% TFA.

2.4. MTSSL spin-labeling reaction

The synthesized and purified A12C M2δ AChR segment was la-
beled with the MTSSL spin-label through the following procedure. A
2.0 μmol purified A12C M2δ AChR peptide was dissolved in 300 μL
DMSO solvent. Then, 10-fold excess of MTSSL was added and the cou-
pling reaction was allowed to proceed for 48 h at room temperature.
The labeled peptides were lyophilized and purified according to the
SL-M2δ AChR purification procedure discussed above [12].

2.5. CD spectroscopy and MALDI-TOF

All of the synthesized and purified peptides were analyzed with
CD spectroscopy and MALDI-TOF.

2.6. Sample preparation

The standard DMPC/DHPC bicelle samples, consisting of 25% (w/w)
phospholipids to solution were made in 25 mL pear-shaped flasks. In
one flask, DMPC, DHPC, PEG2000-PE, cholesterol and the spin-labels
(CLS or n-DSA (n=5, 7, 12, or 16)) weremixed together atmolar ratios
of 3.5/1/0.035/0.35/0.0196. However, the amounts of SL-M2δ AChR [1]
or SL-M2δ AChR spin-labels [12] added to the bicelle samples were de-
fined through double integration of the EPR spectra [21]. The chloro-
form in the flask was removed by nitrogen gas flow and then placed
under high vacuum overnight. The following day, 100 mMHEPES buff-
er at pH 6.8 was added to the flask so the amount of lipids in the sam-
ple was 25% (wt.%). The flask was then vortexed and put into an ice
bath periodically until the sample became homogeneous and clear.
The sample was sonicated for about 30 min with a FS30 (Fisher Scien-
tific) ice bath sonicator with the heater turned off. The flask was left in
an ice bath for approximately 10 min. Next, the sample was subjected
to three to four freeze (77 K by liquid nitrogen)/thaw cycles (room
temperature) to homogenize the sample and to remove any excess
air bubbles. The total mass of the prepared samples was 200 mg.

In these EPR spectroscopic experiments, 4 mM of ascorbic acid as a
reducing agent was added to the bicelle sample that contains 2 mM
nitroxide spin-labels (CLS or n-DSA (n=5, 7, 12, or 16)) incorporated
into phospholipid bilayers. It has been found after analysis of a set of
experiments of spin-labels incorporated into the bicelle that this
oxidation–reduction reaction obeys a first order reaction when
4 mM of ascorbic acid is added to the spin-labeled bicelle system. In
the SL-M2δ AChR [1] or SL-M2δ AChR bicelle samples [12], an appro-
priate amount of ascorbic acid is added to the sample after the
amount of spin-label was determined by comparing double integrat-
ed EPR spectra with that of the standard sample made of n-DSA.

2.7. EPR spectroscopy

In the two-dimensional experiment shown in Fig. 2(A), the EPR
signal was recorded automatically every 2 min. Then, the signal am-
plitude of the center field hyperfine line (MI=0) of each EPR spec-
trum was measured manually. Additionally, time-resolved EPR
spectra were collected as shown in Fig. 2(B), the decay curve experi-
ments were performed by obtaining the time-dependent changes in
the concentration of nitroxide or the decay of the EPR signal by set-
ting the magnetic field at the top field position of the center field hy-
perfine line (MI=0) of the EPR spectrum and then recording the rate
of reduction in the time scan mode. The signal amplitude is recorded
automatically every 2.62 s. Each experiment lasted for 3 h.

The bicelle samples were placed into 1 mm ID capillary tubes
(Kimax) via a syringe. Both ends of the capillary tubes were sealed
with Critoseal (Fisher Scientific) and placed inside standard quartz
EPR tubes (Wilmad, 707-SQ-250 M) filled with light mineral oil. All
EPR experiments were carried out on a Bruker EMX X-band CW-EPR
spectrometer consisting of an ER041XG microwave bridge and a
TE102 cavity coupled with a BVT 3000 nitrogen gas temperature con-
troller (temperature stability of ±0.2 °C). All EPR spectra were gath-
ered with a center field of 0.3350 T, sweep width of 100 G, a
microwave frequency of 9.39 GHz, modulation frequency of 100 kHz,
modulation amplitude of 1.0 G, and a power of 6.3 mW. All of the
EPR spectra and resulting graphs were processed on an iMac G5 com-
puter utilizing the Igor Carbon software package (Wavemetrics, Lake
Oswego, OR).
3. Results

Fig. 2 shows the decrease in signal intensity of the EPR spectra of
5-DSA spin-label incorporated into DMPC/DHPC phospholipid bila-
yers as a function of time after the addition of ascorbic acid. The signal
intensity is directly proportional to the concentration of the nitroxide
spin-label. The full two-dimensional EPR spectra and the kinetic
decay curve methods as described in the Materials and Methods sec-
tions are represented in Fig. 2(A) and (B), respectively. Both methods
can be employed to probe the kinetics of the oxidation–reduction re-
action. The full two-dimensional method takes longer and is less ac-
curate since the signal amplitude of the center field hyperfine line
(MI=0) of each EPR spectrum is measured manually every 2 min.
The decay curve method is easier, faster, and more accurate since
the signal amplitude (MI=0) is recorded automatically every 2.62 s.
Similar kinetic results have been obtained for both of these two
methods when applied to the same set of samples. Therefore, the
decay curve method has been applied for the rest of the experimental
work for its simplicity and accuracy.
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Fig. 3. EPR kinetic decay curves of the reduction of 2 mM nitroxide spin-labels (CLS and
n-DSA; n=5, 7, and 16) incorporated into DMPC/DHPC bicelle system by 4 mM ascor-
bic acid in the (A) gel-phase at 298 K and (B) Lα-phase at 318 K. The kinetic data
obtained in the gel-phase and Lα-phase was fitted to single exponential and bi-
exponential functions, respectively. Data points were collected on the center field hy-
perfine line (MI=0) of the EPR spectra every 2.62 s.

Table 1
The reduction rate constants and the observed immersion depths of nitroxide spin-
labels incorporated into the bicelle system are demonstrated in the gel-phase at
298 K and the Lα-phase at 318 K. The observed immersion depths of nitroxide spin-
labeled peptides [1] SL-M2δ AChR and [12] SL-M2δ AChR are obtained from the graphs
in Fig. 4(A) and (B).

Spin-labels Gel-phase (298 K) Liquid–crystalline phase
(318 K)

k (min−1) Depth (Å) k (min−1) Depth (Å)

CSL 0.083±0.008 6.0±2.0 0.247±0.004 6.0±2.0
5-DSA 0.043±0.007 13.0±2.0 0.111±0.004 11.8±2.0
7-DSA 0.038±0.002 15.0±2.0 0.090±0.007 13.3±2.0
12-DSA 0.030±0.006 20.0±2.0 NA 17.0±2.0
16-DSA 0.0265±0.003 24.0±2.0 0.057±0.001 20.0±2.0
[1] SL-M2δ AChR 0.086±0.006 5.8±0.5 0.515±0.070 3.0±0.5
[12] SL-M2δ AChR 0.028±0.001 21.7±2.0 0.059±0.004 19.0±1.5
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The black solid and red dotted decay curves observed in Fig. 2(B)
represent the experimental and best-fit reduction decay curves of the
5-DSA spin-label incorporated into the bicelle system, respectively. It
is clearly noticeable that at 298 K (Fig. 2(B)), the experimental data is
perfectly fit by a single exponential function (red). The observed
best-fit curve is shown here as an example of the precise fits achieved
in all of the experimental data. Kinetic decay curves of the reduction of
the nitroxide group incorporated into bicelles in the gel (298 K) and
liquid–crystalline (318 K) phases have been easily fitted to the follow-
ing single and double exponential functions, respectively:

IEPR ¼ If þ A � e−kt

IEPR ¼ If þ A⋅e−kt ð1Þ

IEPR ¼ If þ A1⋅e
−k1t þ A2⋅e

−k2t ð2Þ

where IEPR is the EPR signal intensity at a position corresponding
to the maximum of the center field peak of the EPR spectra, which
is proportional to the paramagnetic nitroxide concentration in the
bicelle sample. If is the maximum EPR signal intensity of the center
field peak of the EPR spectrum when time (t) levels off. A, A1, and
A2 are coefficients. k, k1, and k2 represent the corresponding reduction
rate constants.

In the gel-phase (298 K), the spectra are easily fit with a single ex-
ponential decay curve. A double exponential fit is required to proper-
ly fit the data in the Lα-phase (318 K). The double exponential
function indicates the occurrence of two different kinetic processes.
The first rate constant is fast and characterized by the EPR signal dis-
appearance as a result of the reduction reaction between the mono
anionic form of ascorbic acid and the nitroxide group at physiological
pH. Conversely, the second rate constant is much slower. The decay
rate constant (k) is dependent on the depth of penetration of the
paramagnetic nitroxide group into the bicelle system. The dynamic
and permeability properties of the spin label in the Lα-phase are
revealed by examining the first rate constants.

Two different issues could cause the double exponential fit
obtained in the Lα-phase. First, an EPR and UV spectroscopic study
has suggested that the occurrence of the second slower rate constant
is related to the bulk pH and high initial concentrations of ascorbic
acid ([asc]/[SL] molar ratio of 1/7.5 or higher) [22]. The presence of
the second phase at physiological or higher pH is ascribed to the for-
mation of the dianionic form of ascorbic acid and/or regeneration of
the fully protonated form of ascorbic acid [22]. This explains the pres-
ence of the two rate constants in our study where the bicelle samples
in all of the experiments are prepared at physiological pH with [asc]/
[SL] molar ratio of approximately 2/1. Second, the different exponen-
tial fits obtained for different bicelle phases propose that the decay ki-
netics is dependent upon the motion, dynamics, and temperature of
the system. The kinetics of reactions in membranes is expected to
show two phases if the nitroxide is located in two or more different
regions [17]. Therefore, the biphasic kinetic in the liquid–crystalline
phase is associated with the fast exchange of nitroxide under these
conditions.

3.1. The effect of the depth of penetration of nitroxide spin-labels into
bicelles

EPR kinetic decay curves profiling the reduction of 2 mM nitrox-
ide spin-labels (CLS, 5, 7, and 16-DSA) incorporated into DMPC/
DHPC bicelle system by 4 mM ascorbic acid in the gel-phase at
298 K and Lα-phase at 318 K is displayed in Fig. 3 (A) and (B), re-
spectively. The EPR signal decay rate of paramagnetic nitroxides to
their corresponding diamagnetic hydroxylamines is dependent on
the depth at which the nitroxide group is located in the membrane.
Table 1 displays the corresponding rate constants (k) of the decay
curves shown in Fig. 3.

Small-angle neutron scattering (SANS) experiments of the struc-
tural phases of the bicelle system revealed that the phospholipid
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bilayer thickness and the hydrophobic thickness were estimated to be
50±2 Å and 34±2 Å in the gel-phase and 43±2 Å and 27±2 Å in
the perforated lamellar phase (Lα-phase), respectively [13]. The phos-
pholipid bilayer thickness increases by ~7 Å as the morphology of the
bicelle transforms from the perforated lamellar phase to the gel phase
[13]. The hydrophilic thickness of the bicelle system is 8±2 Å [13].
The five C\C bonds are assumed for the 5-doxylsteric acid because
the carbon from the carboxyl carbon is assumed to be the starting
point of the lipid bilayer for this study. Thus the 5 C\C bonds in 5-
DSA etc. are assumed to be the lipid depths. The data indicates that
the immersion depth of C\C bond in the stearic acid hydrocarbon
chain is ~1 Å and ~0.75 Å in the gel phase and the liquid crystalline
phase, respectively. Accordingly, the immersion depth values of 5, 7,
12, and 16-DSA are calculated in Table 1 with an error of ±2 Å
along with the SANS study error.

The dynamic and permeability properties of the spin label in the
bicelle system are revealed by examining the corresponding rate con-
stants. The decay rate constant (k) is dependent on the depth of pen-
etration of the paramagnetic nitroxide group into the bicelle system.
Therefore, k decreases as the nitroxide group is located deeper within
the lipid bilayer, (CLS, 5-DSA, 7-DSA, and 16-DSA), respectively. It is
documented in the literature that ascorbic acid molecules permeate
from the aqueous phase toward the membrane embedded spin-
labels and the reduction rate of nitroxide spin-labels is dependent
on the depth of penetration [16]. Dixon et al. have employed this
method to confirm that the paramagnetic nitroxide group attached
to the ATPase inhibitors is buried in the membrane [23]. Kostetski
et al. have also utilized the reduction kinetics of nitroxides by ascorbic
acid to illustrate the molecular interactions between pacitaxel, anti-
neoplastic drugs, cholesterol, and lipid bilayer membranes [24].
Therefore, the bicelle results shown in Fig. 3 and in Table 1 are in a
good agreement with previous studies on different membrane sys-
tems and can be used as a complementary technique to quantitatively
investigate the immersion depth of transmembrane peptides incor-
porated into the model bicelle system.

The reduction rate constants displayed in Table 1 indicate that the
nitroxide spin-labels in DMPC/DHPC bicelles are reduced faster in the
Lα-phase than in the gel-phase. Bicelles are in the form of bicelle discs
or perforated lamellar sheets in the gel or Lα-phases, respectively
[25,26]. The reduction decay curves and rate constants reveal that
the bicelle system in the Lα-phase possesses higher reducing ability
than in the gel-phase. The gel phase is characterized by a rigid-like
phase with a considerable hydrocarbon chain order and a phospho-
lipid bilayer thickness of ~50 Å [26,27]. However, the Lα-phase is
characterized by a mobile-like phase with a considerable hydrocar-
bon chain disorder and a phospholipid bilayer thickness of ~43 Å
[26,27]. Therefore, the bicelle system in the Lα-phase has higher mo-
bility that induces the accessibility of ascorbic acid into the phospho-
lipid bilayers, in addition to that the bicelle system in the perforated
lamellar sheets in the Lα-phase has a smaller phospholipid bilayer
thickness (~7 Å less) when compared to the bicelles in the gel-phase.

Previous biophysical studies have estimated the immersion depths
of different spin-labeled phospholipids along the phospholipid bilayers
as a control to evaluate the immersion depths of transmembrane pro-
teins incorporated into membrane systems [2,4,5,11,16]. An EPR
power saturation study revealed that the immersion depths of the
spin probes of 5 and 7-doxyl-PCs, 1-palmitoyl-2-stearoyl-(n-doxyl)-PC
(n=5 and 7), in POPC/POPG phospholipid bilayers are 13.5±2 Å and
16±2 Å, respectively [11]. In addition, EPR spectroscopic methods
have been utilized to study immersion depths based upon the dipolar
interactions of the nitroxide with paramagnetic reagents, which are
dominated by Mn2+ or other paramagnetic ions bound to the surface
of phospholipid vesicles [5]. The estimated distances from the mem-
brane surface in that study for 5, 7, 12, and 16-doxyl-PCs are 13.6,
15.2, 18.8, and 20.3 Å, respectively, with an error of ±1.5 Å due to the
uncertainty in the value taken for the spin-lattice relaxation time of
the paramagnetic ion [5]. Additionally, fluorescence quenching experi-
ments have shown that the 5 and 12 spin-labeled PCs' distances from
the spin-label to the hydrocarbon chain-head group interface are
2.85±1.0 Å and 9.15±1.0 Å, respectively [4]. The hydrophilic thick-
ness is approximately 8 Å [26]. Therefore, the estimated distances
from the membrane surface for 5 and 12-doxyl-PCs are 10.9 and
17.2 Å, respectively, with an error of ±1.0 Å.

Small-angle neutron scattering (SANS) experiments of the struc-
tural phases of the bicelle system revealed that the phospholipid bi-
layer thickness and the hydrophobic thickness were estimated to be
50±2 Å and 34±2 Å in the gel-phase and 43±2 Å and 27±2 Å in
the perforated lamellar phase (Lα-phase), respectively [26]. The phos-
pholipid bilayer thickness increases by ~7 Å as the morphology of the
bicelle transforms from the perforated lamellar phase to the gel phase
[26]. The hydrophilic thickness of the bicelle system is 8±2 Å [26].
The five C\C bonds are assumed for the 5-doxylsteric acid because
the carbon from the carboxyl carbon is assumed to be the starting
point of the lipid bilayer for this study. Thus the 5 C\C bonds in
5-DSA etc. are assumed to be the lipid depths. The data indicates
that the immersion depth of C\C bond in the stearic acid hydrocar-
bon chain is ~1 Å and ~0.75 Å in the gel phase and the liquid crystal-
line phase, respectively. Accordingly, the immersion depth values of
5, 7, 12, and 16-DSA are calculated in Table 1 with an error of ±2 Å
along with the SANS study error.

As discussed previously, the calculated depth values of 5, 7, 12, and
16-DSA spin-labels used in this study (Table 1) are consistent with var-
ious studies that have estimated the immersion depths of different
spin-labeled phospholipids along various membrane systems within
the experimental errors [4,5,11]. Different bicelle systemmorphologies,
that are highly dependent on temperature and gel or Lα-phases, can af-
fect the dynamics and permeability properties of the phospholipid bila-
yers and as a result will influence the membrane-bound peptides
immersion depth assessment. Consequently, the calculated depth
values of spin-labels obtained through the SANS study on bicelles are
more favorable for comparison to be used in this study.

3.2. Immersion depth studies of bicelle-bound spin-labeled M2δ AChR

The purpose of this study is to develop a methodology to deter-
mine the immersion depth of site-specific spin-labeled residues of
membrane-bound peptides or proteins based on the kinetic analysis
of the reaction of the ascorbic acid molecule with the paramagnetic
nitroxide group of the different spin probes incorporated into the
bicelles by EPR spectroscopy. The decay rate constant is inversely de-
pendent upon the depth of the spin-label in the membrane [16].
Therefore, the inverse rate constants are plotted as a function of the
observed depths for the nitroxide spin-labels (CLS and n-DSA, n=5,
7, 12, and 16) incorporated into bicelle samples in the gel-phase
(298 K) and Lα-phase (318 K) in Fig. 4(A)and (B), respectively. The
depth can be determined directly from the slope by plotting the ki-
netic rate vs. inverse depth (plot not shown). The rate constant values
and the observed depth values were obtained from the fits as dis-
played in Table 1. These graphs represent calibration curves to deter-
mine the depth of immersion of spin-labeled peptides in the gel and
Lα-phases. Inspection of Fig. 4 clearly indicates that the plots are lin-
ear and that the inverse constant k is directly proportional to the
depth.

The depth of CLS (6 Å) was obtained by extrapolation of the best-
fit profile obtained with n-DSA spin-labels in Fig. 4(A) and (B). It is as-
sumed that the hydrophilic thickness does not change at different
temperatures and bicelle morphologies [26]. This fact explains the
similarity in the depths of nitroxide groups of the CLS spin-labels in
the gel-phase (298 K) and Lα-phase (318 K) in the bicelle system.
Schreier-Muccillo et al. have followed the same procedure in deter-
mining the CLS spin-label depth [16]. Molecular dynamic simulations
have indicated that the cholesterol hydroxyl group is located in the



Fig. 4. EPR rate constant is plotted as a function of depth of the nitroxide spin-labels (■,
CLS), (▲, 5-DSA), (●, 7-DSA), ( , 12-DSA), and (♦, 16-DSA) incorporated into bicelle
system in (A) the gel-phase at 298 K and (B) the Lα-phase at 318 K. The observed im-
mersion depths for the nitroxide spin-labels are demonstrated in Table 1. The linear re-
gression lines ( ̶ ) represent the best-fit line in the graphs.

Fig. 5. The slope (Å/min) is plotted as a function of [asc]/[SL] molar ratios. The slope
values are obtained from plotting the reduction rate constants of CLS and n-DSA
(n=5, 7, 12, and 16) spin-labels as a function of inverse depths in the gel-phase. The
linear line ( ̶ ) represents the best-fit line in the graph.
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polar head group-hydrocarbon chain interface in the phospholipid bi-
layers and experiences hydrogen bonding with the PC oxygen atoms
which makes this hydroxyl group to be located in the bottom part
of the polar head group region [28]. Another molecular dynamics
study has shown that the cholesterol hydroxyl group is equally split
between the phosphate and carbonyl groups of phospholipid head
groups. The cholesterol ring system is situated such that C3 (to
which the hydroxyl is attached) is at the same distance from the bi-
layer surface (5 Å) as C2 in the DPPC acyl chains [29]. The CLS spin-
label is a cholesterol-like structure except that the nitroxide group
on the CLS spin-label replaces the hydroxyl group in cholesterol as
shown in Fig. 1. It is proposed in the literature that the CLS spin-
label possesses a similar location as the cholesterol in the phospholip-
id bilayers. Then, the nitroxide group of CLS spin-label will presum-
ably be located in the bottom part of the polar head group region.
Therefore, a 6 Å depth value obtained for the nitroxide group of CLS
spin-label through extrapolation of the best-fit lines in Fig. 4(A) and
(B) agrees well with the assumption driven through the molecular
simulation results.

The EPR decay curves and the corresponding rate constants dis-
played in Fig. 3 and Table 1 are directly dependent upon the relative
concentration of ascorbate and the spin-label ([asc]/[SL]). Thus, the
slopes depend upon the corresponding [asc]/[SL] ratio. The reduction
rate constants (k) of the different spin-labels (CLS and n-DSA, n=5,
7, 12, and 16) have been determined as a function of inverse depth
(1/Depth) for different [asc]/[SL] ratios (data not shown). Subsequent-
ly, the observed slopes are plotted as a function of [asc]/[SL] in Fig. 5.
The data fit in Fig. 5 is linear according to the following equation:

Slope A
�
=min

� � ¼ m � asc½ �= SL½ �ð Þ þ b ð3Þ

where the slope (Å/min) is the y-axis (obtained through k vs. 1/Depth
for different [asc]/[SL] ratios), m is the slope of the function (slope vs.
[asc]/[SL]), [asc]/[SL] is the x-axis, and b is the intercept. Fig. 5 fits to
the following expression:

Slope ¼ 0:614 � asc½ �= SL½ �ð Þ–0:684 ð4Þ

where m=0.614±0.026. Therefore, the slope obtained is dependent
upon the [asc]/[SL] molar ratio and varies according to Eq. (4). This
equation can be used to calculate the slope for only the range of
[asc]/[SL] ratio shown in this paper (1.5:1, 2:1, and 3:1). This equation
can be applied to a protein of interest with a known spin label concen-
tration. The protein spin label concentration can be easily determined
through spin quantitation on the CW-EPR spectrometer. The applicabil-
ity of this method over a wider [asc]/[SL] ratio range and whether it is
pertinent to other phospholipid bilayer systems will be explored in fu-
ture work. Eq. (4) provides a means for determining the immersion
depth of spin-labeled transmembrane peptides within a range of
[asc]/[SL] molar ratios.

Similar time-resolved EPR kinetic data was collected for the reac-
tion of the ascorbic acid molecule with the paramagnetic nitroxide
group of the spin-labeled SL-M2δ AChR [1] and SL-M2δ AChR trans-
membrane peptides [12] incorporated into bicelles to determine their
corresponding rate constants (data not shown). The corresponding
SL-M2δ AChR [1] and SL-M2δ AChR transmembrane peptides reduction
rate constants [12] are displayed in Table 1. Fig. 4(A) and (B) has been
used to determine the inverse depth of SL-M2δ AChR [1] and SL-M2δ
AChR transmembrane peptides [12]; thus, their depth of immersion
into the bicelles. Based upon the data in Figs. 4 and 5, the calculated im-
mersion depths of Glu-1 of spin-labeled M2δ AChR peptide was 5.8 Å
and 3 Å in the gel-phase (298 K) and Lα-phase (318 K), respectively.
Similarly, the spin-labeled M2δ AChR peptide at Ala-12 is buried at
21.7 Å and 19 Å in the gel and Lα-phases, respectively.

The structural models displayed in Fig. 6 indicate the locations of
the nitroxide (NO•) spin-labels attached to site-specific (Glu-1 and
Ala-12) spin-labeled M2δ AChR peptides incorporated into the DMPC/
DHPC bicelle system in the gel and Lα-phases. As shown in Fig. 6(A),
the (NO•) spin-label attached to Glu-1 of the M2δ AChR peptide with
an immersion depth of 5.8 Å is located in the hydrophilic-
hydrophobic interface region in the gel-phase. However, the (NO•)
spin-label attached to SL-M2δ AChR peptide [1] with an immersion

image of Fig.�5


Fig. 6. Structural models of [1] SL-M2δ AChR peptides in the (A) gel-phase and (B) Lα-phase and [12] SL-M2δ AChR peptides in the (C) gel-phase and (D) Lα-phase incorporated into
the DMPC/DHPC bicelle system. The locations of the nitroxide (NO•) attached to site-specific spin-labeled peptides are represented in blue and red balls. The phospholipid bilayer
thicknesses are 50 Å and 43 Å, the hydrophobic thicknesses are 34 Å and 27 Å, and the polar head group thickness is 8 Å, respectively, in the gel and Lα-phases with an error of ±
2 Å.
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depth of (3.0 Å) is located in the middle of the hydrophilic head group
region in the Lα-phase as illustrated in Fig. 6(B). Conversely, the (NO•)
spin-label attached to Ala-12 of the M2δ AChR peptide is located in
the interior of the hydrophobic region of the membrane in the gel
and Lα-phases as illustrated in Fig. 6(C) and (D), respectively. The
SL-M2δ AChR peptide [12] is buried at the same position in the
bicelle system regardless of the bicelle phases (gel or Lα-phases).
The different immersion depths (21.7 Å in the gel-phase and
19.0 Å in the Lα-phase) are attributed to the different phospholipid
bilayer thicknesses in the two different bicelle phases.

Assuming that the number of amino acids per turn in an α-helix
peptide is 3.6 residues and the pitch is 5.4 Å, then the translation
per residue along the α-helical peptide will be 1.5 Å. Thus, the length
of the M2δ AChR peptide segment containing 23 amino acid residues
and inserted into the bicelle system at an angle of 12°, with respect to
the bilayer normal, is ~34 Å [12]. According to the phospholipid bilay-
er, hydrophobic, and hydrophilic thickness values of the bicelle system
mentioned earlier in this report, the theoretical immersion depth
values of Glu-1 should be 8.0±2.0 Å and 4.5±2.0 Å and 25.0±2.0 Å
and 21.5±2.0 Å for Ala-12 for the M2δ AChR peptide incorporated
into DMPC/DHPC bicelles in the gel and Lα-phases, respectively. The
immersion depth results obtained in this kinetic EPR study are consis-
tent with the results reached from the theoretical pitch calculations.

It is apparent that the theoretical pitch immersion depth values for
Glu-1 and Ala-12 of M2δ AChR peptide are approximately 2–3 Å
higher when compared to the observed immersion depth values
obtained through this EPR kinetic study in the gel and Lα-phases. In
the continuum-solvent model study, the free energy of association
of M2δ AChR with lipid bilayers with different widths has been calcu-
lated [30].

4. Discussion

The results have suggested a reduction in the phospholipid bilayer
thickness in response to peptide insertion to stabilize the interactions
between the polar terminus of the peptide and the polar lipid head
groups as illustrated by Monte Carlo simulations [30]. In addition,
the stability of the amphiphilic M2δ AChR peptide can be achieved
when its hydrophobic core interacts with the hydrocarbon region of
the phopholipid bilayer and its hydrophilic terminal amino acid resi-
dues interact with the polar head group region of the phospholipid
bilayer. Therefore, molecular dynamic simulations of the M2δ AChR
peptide inserted into phospholipid bilayers suggest that the apparent
mismatch between the helix length and phospholipid bilayer
thickness is compensated by the C-terminal arginine side chain
which reaches up to form hydrogen bonds with the polar head
group atoms of the phospholipid molecules [31]. Therefore, the
small difference between the observed and theoretical immersion
depth values can be accounted for by the reduction in phospholipid
bilayer thickness induced by the incorporation of M2δ AChR peptide
into the phospholipid bilayers, as well as, a compensation for the
mismatch between the helix length and the phospholipid bilayer
thickness.

Interestingly, amphiphilic peptides like M2δ AChR may adsorb
onto the bilayer surface or insert into the bilayer and assume a trans-
membrane orientation [12,30]. The immersion depth values of spin-
labeled [12] SL-M2δ AChR peptide attained in this kinetics study are
21.7 Å and 19.0 Å in the gel and Lα-phases, respectively. These results
imply that the peptide segment is inserted into the bicelle and does
not lay on the surface of the membrane. Therefore, the transmem-
brane orientation is the most favorable orientation of the peptide in
the phospholipid bilayer. The proposed structural model of the
bicelle-bound M2δ AChR peptide agrees well with structural models
of the M2δ AChR peptide segment inserted into lipid bilayers
obtained utilizing solid-state NMR spectroscopy, continuum-solvent
model calculations, Monte Carlo simulations, andmolecular dynamics
simulations studies [12,30–33]. Therefore, this new kinetic technique
using bicelles can be successfully employed to estimate the immer-
sion depth of site-specific spin-labeled residues of membrane-
bound peptides utilizing EPR spectroscopy.

The presence of transmembrane proteins can change the mem-
brane permeability of the lipid environment and thus may need to
be investigated for each system individually. The M2δ AChR peptide
represents a proof of concept. This system has been studied exten-
sively by various spectroscopic techniques: flourescence, NMR, and
pulsed EPR to address this issue specifically. In the current work,
small changes in concentration of labeled or non-labeled peptide
did not affect the distance measurements. Future work will explore
using MTSL labeled peptides at various sites titrated with unlabeled
protein, which would give us a more accurate ruler in this membrane
system.

It should be noted that while our technique can be successfully
employed our experimental times are lengthened because the spin
label is prone to reduction. Additionally the degree of penetration of
the ascorbate into the bilayer is also known to change depending on
the lipid architecture and membrane phase state. Finally, ascorbic
acid may have a difficult time interacting with some spin-labeled res-
idues that are buried in a cluster or one that forms an oligomer.
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In the current study, the structural characteristics and behaviors of
the M2δ AChR peptide have been explored to assist in investigating
the biological implications and function of the entire acetylcholine re-
ceptor. In addition, the M2δ AChR segment has been used as a model
for membrane-bound peptides and proteins to test the validity of the
discussed kinetic technique in estimating the immersion depth of
site-specific membrane-bound peptides utilizing EPR spectroscopy.
The excellent exponential fits attained in the reduction decay curves
reveal the high precision in rate constants; thus, revealing the corre-
sponding immersion depth values. This novel technique should be
applicable to a wide range of integral membrane proteins via EPR
spectroscopy. These membrane depth EPR kinetic measurements uti-
lize a standard CW-EPR resonator and not a specialized loop gap res-
onator for power saturation measurements.
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