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ABSTRACT: Paramagnetic relaxation enhancement (PRE) is
a widely used approach for measuring long-range distance
constraints in biomolecular solution NMR spectroscopy. In
this paper, we show that 31P PRE solid-state NMR spectros-
copy can be utilized to determine the immersion depth of spin-
labeled membrane peptides and proteins. Changes in the 31P
NMR PRE times coupled with modeling studies can be used to
describe the spin-label position/amino acid within the lipid
bilayer and the corresponding helical tilt. This method
provides valuable insight on protein−lipid interactions and
membrane protein structural topology. Solid-state 31P NMR
data on the 23 amino acid α-helical nicotinic acetylcholine
receptor nAChR M2δ transmembrane domain model peptide
followed predicted behavior of 31P PRE rates of the phospholipid headgroup as the spin-label moves from the membrane surface
toward the center of the membrane. Residue 11 showed the smallest changes in 31P PRE (center of the membrane), while
residue 22 shows the largest 31P PRE change (near the membrane surface), when compared to the diamagnetic control M2δ
sample. This PRE SS-NMR technique can be used as a molecular ruler to measure membrane immersion depth.

■ INTRODUCTION
Studying a membrane protein inside or on the surface of a lipid
membrane is a challenging task. The complexity of the
protein−lipid system, its dynamics and in most cases
experiment has to be performed under physiological conditions,
limit the use of conventional biophysical methods such as X-ray
crystallography. A great number of topologies that a protein can
adopt in a lipid environment are known already; e.g.,
membrane embedded helices can span through the bilayer or
form various loops, they can enter at different angles into the
membrane, they can be short or kinked or interrupted, etc.1

Exact protein location and topology within the membrane, its
orientation, and solvent exposure of its residues are crucial
pieces of information for both membrane embedded and
membrane anchored proteins. In the case of antimicrobial
peptides, whose activity can result in the rupture of lipid
membranes, it is important to characterize how exactly and at
which concentrations the peptides proceed from a surface
bound to a channel forming state.2 For membrane proteins, in
order to understand their functionality, it is also important to
follow their dynamic properties, as they may change both their
orientation and position in the membrane.3

Such detailed information, however, is challenging to access
with conventional methods like fluorescence,4−7 FTIR,8

EPR,9−12 or scanning cysteine accessibility mutagenesis
techniques.13−15 In the case of fluorescence and EPR, the
precision is limited to 1.5−3.0 Å due to the size of the
fluorescent probe or spin-label, respectively. In the case of EPR
distance measurement experiments like ESEEM16 or DEER,17 a
sample has to be cooled down to liquid nitrogen temperature

or lower, which brings it far away from physiological conditions
(some recent findings show that it is possible in some cases to
collect DEER measurements at room temperature18). In the
case of scanning cysteine accessibility mutagenesis, the
technique provides qualitative results on a protein embedding
by discrimination between the intra- and extracellular location
of a certain domain of the protein.
With 31P NMR data of phospholipids, however, it is possible

to conduct relaxation experiments at any temperature. In
addition, 31P nuclei are 100% naturally abundant and have a
relatively high gyromagnetic ratio. Thus, 31P NMR spectra can
be acquired relatively fast with an outstanding signal-to-noise
ratio, making it an excellent target isotope. Introducing strong
paramagnetic species into a sample helps to overcome the
problem of short distance interactions. A paramagnetic label
will interact with surrounding atoms via a dipole−dipole
coupling mechanism, which can be probed by a number of well-
established NMR techniques like PRE, PCS, etc.19−22 Distance
information can be determined from such coupling measure-
ments with potential limits up to 20 Å.19 Over the past decade,
inclusion of paramagnetic species in biological systems gained
increasing popularity in biochemical NMR research in three
directions: site-directed spin-labeling (SDSL), where in most
cases a nitroxide spin-label is attached to a molecule of interest
(applications include but are not limited to protein assignments
and fold determination),23−25 dissolution of paramagnetic
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species in order to study the surface properties of molecular
assemblies,26−31 and high-pressure 17O dissolution which is
known to enter and concentrate inside a lipid bilayer in a
gradient manner.32,33 Previous NMR studies showed a
possibility of protein depth estimation based on lipid 13C
PRE from dissolved Mn2+,27 but the dephasing curves were
nonlinear and challenging to analyze.
Thus, new experimental biophysical methods are needed that

will greatly facilitate the process of obtaining residue-specific
information on protein−membrane complexes. Most NMR
interactions are rather short ranged, and EPR spectroscopy
does not provide enough specificity. The right combination of
them, however, combines their strengths and can be utilized to
develop a technique that will successfully address both the
topology and immersion depth questions.
Here we present an extension of our previously published

work on phospholipids34 to a membrane peptide in a
phospholipid bilayer. We show that the lipid headgroup 31P
PRE induced by nitroxide spin-labels at different amino acid
positions of a protein can serve as a molecular ruler inside the
lipid bilayer for protein immersion depth calculations.
For our purposes, we have chosen the δ-subunit of the

transmembrane segment M2 of nicotinic acetylcholine receptor
(M2δ nAChR), as it is well studied35−41 and is often used as a
model membrane protein system (Figure 1). Opella et al.
report a 12° tilt of the protein inside DMPC bilayers that has
been measured with PISEMA NMR and oriented bilayers
deposited on the glass slides which was in agreement with the
structure from the electron diffraction map.42 No other
published result on the tilt angle in different lipid environments
is available at the moment. However, the depth of insertion has
not been directly tested. In order to measure it, we have
synthesized a wild-type sample as well as a set of mutants with
Cys-substituted amino acids at positions 3, 5, 6, 9, 11, 12, 16,
18, 20, 21, and 22. The Cys mutants were spin-labeled with
MTSL and reconstituted into POPC multilamellar vesicles
(MLVs). Measured 31P PRE NMR rates showed a smooth and
predictable behavior over the whole range of immersion depths,
making it easy to map the relaxation enhancements to
immersion depths. Another set of samples was prepared to
verify how sensitive the relaxation data are to exact the sample
preparation conditions.

■ MATERIALS AND METHODS

nAChR M2δ peptide samples were synthesized with a CEM
Liberty Microwave-Enhanced Peptide Synthesizer using Fmoc-
protection chemistry.34,43,44 Each sample, except for the wild
type, had one of its amino acids replaced with a cysteine. Nine
different positions along the amino acid sequence were selected
for Cys mutations: 3, 6, 9, 11, 14, 16, 18, 20, and 22. The
peptides were cleaved from the resin by a 20 mL cleavage
solution containing 85% TFA (trifluoroacetic acid), 5% water,
5% anisole, and 5% triisopropylensilane. A CEM Discovery
Microwave unit and CEM Accent accelerated the cleavage
process by running for 30 min at 38 °C with a stir bar at high
speeds.

The peptide−resin mixture was filtered. Excess TFA was
gently evaporated off by passing pure N2 gas over it for 2−3 h.
To remove the rest of the solvents, ice-cold methyl tert-butyl
ether was added, ice bathed for 30 min, centrifuged for 10 min,
and the supernatant poured off. The ether wash was repeated
three times in total, and then, the resulting precipitate was
lyophilized overnight.
The crude protein was purified with a GE AKTA HPLC

system using a reverse-phase preparation size C4 column
(Vydac cat. # 214TP1022). The solvent system consisted of
H2O with 0.1% TFA (solvent A) and a mixture of 90%
acetonitrile and 10% water with 0.1% TFA (solvent B).
Fractions collected from the corresponding HPLC peaks were
lyophilized to yield pure protein. MALDI-TOF data were
collected to confirm that the sample had the correct molecular
weight.
In order to label with MTSL, the protein was dissolved in

DMSO (dimethyl sulfoxide). MTSL (S-(2,2,5,5-tetramethyl-
2,5-dihydro-1H-pyrrol-3-yl)methylmethanesulfonothioate spin-
label) purchased from Toronto Research Chemicals was added
with 10 molar excess to the peptide solution. The sample was
sonicated, then stirred for 24 h at room temperature, and
lyophilized until full removal of DMSO. HPLC was run to
purify the labeled protein, and MALDI-TOF data was used to
confirm the resultant molecular weight of the peptide.
Each multilamellar vesicle sample was prepared with 5 wt %

protein/lipids and vacuum-dried overnight. POPC (1-palmi-
toyl-2-oleoylphosphatidylcholine) lipids were purchased from
Avanti Polar Lipids Inc. A buffer solution was prepared with
1.17 mg of NaCl, 7.15 mg of HEPES, and 1 mL of deuterium
depleted H2O, resulting in a 20 mM solution of salt and a 30
mM buffer. The pH was then adjusted to 7 with NaOH. The
buffer was added to the sample in a ratio of 20 μL for each 1 mg
of protein. Five freeze/thaw cycles were performed consisting
of 1 min of freezing in liquid nitrogen, 3 min of thawing at 50
°C, and 2 min of vortexing.
The quality of MLVs was assessed by dynamic light

scattering (DLS) and static 31P direct acquisition single pulse
experiments, producing the well-known powder pattern
without any sign of isotropic component.45 Typical vesicle
sizes by DLS results were around 400 nm in diameter.
Four reference samples with wild-type protein and DOXYL-

labeled lipids were made with 5 mol % protein/lipid and 5 mol
% spin-labeled lipid/lipid. The lipids in these samples were
Avanti DOXYL PC lipids, each labeled at a different carbon
number: 5, 7, 10, or 12. The same sample protocol was used as
described for the MTSL labeled protein samples. Two wild-
type samples and three unlabeled cysteine-mutated samples at
position 18 were made to demonstrate the reproducibility of
relaxation results.
All samples were centrifuged into standard 4 mm Bruker

rotors. All NMR data were collected on a Bruker AVANCE 500
MHz wide-bore NMR spectrometer equipped with a BRUKER
triple CP-MAS probe. 31P longitudinal relaxation times (T1)
were measured at 5 kHz MAS speed using a standard quasi-2D
direct 31P saturation recovery pulse sequence with 64 saturation
loops, 10 ms saturation delay, and 7 μs 90° pulses. 32 T1 points

Figure 1. nAChR M2δ amino acid sequence. Spin-labeled positions are marked with the blue color.
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in indirect dimension were collected for each sample with
variable delay ranging from 1 ms to 5 s. The data were fitted
with one exponent model in standard Bruker Topspin software.
Several samples were made in duplicate, while a total of six
samples were prepared and measured for the wild-type case to
establish the uncertainty in the relaxation measurements. PRE
relaxation curves were measured with saturation recovery pulse
sequence, and the resulting curves were fitted in Igor Pro with a
single exponential model.
Theoretical Description. A very good description of the

relaxation processes occurring within the lipid membranes is
given in the literature.46 Klauda et al. have shown that for
strong magnetic fields (>2 T) longitudinal relaxation rates for
31P of lipids are dominated by CSA relaxation, rather than by
dipolar coupling with the proton bath. However, the situation
changes when we incorporate a large magnetic dipole such as a
spin-label. The strong dipolar coupling (657 times stronger
than protons) in this case adds another relaxation mechanism
to the system that depends on the distance between
phosphorus atoms and the spin-label.
PRE in NMR is well studied19−21,23,31,34 and is a widely used

phenomenon. Most applications, however, are more qualitative
rather than quantitative, e.g., obtaining structural constraints
and topology information from 1H or 13C PRE in NMR of
proteins,47 resonance assignments,48,49 protein−protein and
protein−ligand interactions,50−52 conformational heterogeneity
and exchange,53 etc. Other paramagnetically induced phenom-
ena like pseudocontact shifts (PCS) and residual dipolar
couplings (RDC) work better in the liquid state NMR than in
the solid state due to moderate line broadening and restricted
mobility in the latter case. Spin−lattice relaxation enhancement,
however, does not depend on the spectral line width or
mobility of the system, making it an excellent candidate for
quantitative studies.
The general theory of paramagnetic relaxation enhancement

in materials with paramagnetic impurities was founded by
Blumberg54 and Goldman55 in 1959−1965 following works of
Bloembergen56 and van Vleck.57 They calculated the transition
probability of a nucleus at a certain distance from the
paramagnetic center (averaged over the angular dependence):
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where γP and γn are gyromagnetic ratios of the paramagnetic
center and the corresponding nucleus, r is the distance between
the two, S is the spin of the paramagnetic center, τ is the
electron correlation time of the paramagnetic center, and ω is
the nuclear Larmor frequency.
The total relaxation rate of the nuclei can be defined as

= +R R Rref PRE (2)

where Rref is the relaxation rate of a diamagnetic (no spin-label)
control sample and RPRE is the actual paramagnetically induced
relaxation enhancement. RPRE can be separated into two
components: the actual PRE of an atom at a certain distance
from the paramagnetic center (RPRE

a) and the relaxation
enhancement rate due to spin duffusion (RSD). RPRE

a can be
described in terms of the transition probability of a nucleus at a
certain distance from the paramagnetic center given in eq 1 and
will be used for calculations of the spin-label depths inside the
membrane, while RSD can be calculated for a set of samples
prepared in the same way and measured under the same

conditions so their spin-label concentration, lipid vesicle
architecture, and mobility are the same.
Blumberg in his works has distinguished three modes of

impurity controlled relaxations based on spin-diffusion speed:
(i) no spin diffusion, (ii) limited spin diffusion, and (iii) rapid
spin diffusion. This theory was developed for rigid crystalline
samples, and in the case of phospholipid vesicles was found to
be quite rapid (compared to typical 31P spin−lattice relaxation
time), where lipid lateral diffusion up to 8.6 × 10−8 cm2/s
occurs.58 Without any kind of diffusion, the 31P NMR spin−
lattice relaxation of a lipid sample (independently of protein
presence) should yield a curve representing several compo-
nents, resulting from lipid head groups placed at different
distances from the paramagnetic center governed by eq 1. Such
curves would be very hard to analyze due to a complex
multiexponent behavior. MLVs at room temperature, however,
do show very nice single-exponential behavior (Figure 2) that

clearly shows the effect of the diffusion processes. Such an
averaging can also be exploited in order to estimate the strength
of lipid−protein interactions; e.g., in the case of strong
interactions when nearby lipids cannot diffuse at the common
rate, a second, fast-relaxing component can appear in the T1
graph. In our case, the NMR experiments indicate that the lipid
lateral diffusion speed is enough to produce just one relaxation
component.
When no spin-label is present in the sample, the 31P spin

diffusion also helps to average the relaxation rate. However, in
spin-labeled samples, it also helps to increase the overall
relaxation rate by “draining” the polarization toward the 31P
atom that is closest to the paramagnetic center. The value of
the nuclear spin diffusivity was estimated by Bloembergen:56

≅D
a

T50

2

2 (3)

where a is the typical 31P−31P internuclear distance, which is
estimated to be (67)1/2 Å for POPC lipids at room
temperature,59 and T2 is the transverse relaxation time of the
nuclei. The T2 value can be measured with Hahn echo or

Figure 2. An example of 31P T1 PRE fit. 32 time increments were used
for all samples. The fit for the M2δ11 sample is shown with τ = 0.603
± 0.006 s as squares and the M2δ22 sample with τ = 0.384 ± 0.008 s
as triangles with corresponding single-exponential fits.

The Journal of Physical Chemistry B Article

dx.doi.org/10.1021/jp500267y | J. Phys. Chem. B 2014, 118, 4370−43774372



CPMG experiments. In order to calculate the corresponding
relaxation rate correction factor, first we have to calculate the
“exclusion radius”55 defined by Khutsishvili60 as

= ⎜ ⎟
⎛
⎝

⎞
⎠b

C
D

0.68
1/4

(4)

where C is the constant in eq 1 and D is the nuclear spin
diffusivity from eq 3. Thus, the relaxation rate correction is

π=R NbD4SD (5)

where N is the spin-label concentration. For a typical value of
T2 = 200 μs and 5 mol % spin-label concentration in POPC
lipids, RSD is 0.2 Hz.
The equation for the nuclear spin magnetization density is

given by
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where rn is the location of the nth phosphorus atom around the
paramagnetic center positioned at r and ρ0 is the equilibrium
value of ρ. In general, the total nuclear magnetization after time
t is obtained by integration of the solution of eq 6 by sample
volume. On short intermolecular distances, however, we have
to take into account real 31P spin-label distance distributions,
rather than averaged by the sample volume phosphorus atom
density which will give a singularity at the spin-label position.
From geometric considerations based on lipid headgroup size
and spin-label depth, it can be estimated how much the PRE
effect will be for the nearest, second nearest, and other
phosphorus atoms. Such calculations for the cases of the
protein labeled at positions 3 and 11 are presented in Figure 3.
It is clearly seen that the error of the PRE calculation drops fast
as more atoms are included in the calculation and it is generally
safe to consider the first five nearest atoms even for the case of
a spin-label very close to the surface for the theoretical
calculation of the PRE curve with 2% accuracy. In the case of
experimentally measured values, the result indicates that RPRE

a

contains mostly information about only several closest
phosphorus atoms and can be utilized to study protein−lipid
interactions. From this, it is easy to deduce the immersion
depth of the spin-label inside the lipid bilayer:
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To calculate the corresponding backbone position from the
PRE data, it is also necessary to know the size of the spin-label
and the protein tilt angle. Protein tilt, however, as well as
protein shift inside the bilayer can be calculated from a set of
PRE measurements with different spin-labeled positions.
In order to get relaxation rates from molecular dynamics

simulations, a PRE effect was calculated for every 31P atom of
every simulation frame and then averaged for the number of
frames. Due to the rapid lateral diffusion of the lipid molecules
when compared to the NMR experimental time, a simplifying
assumption was made that during the course of the experiment
every lipid molecule can be found at any other lipid molecule’s
position in the simulation. First, such a simplification allows the
simulation time to be significantly decreased, and second, it is
reasonable because at diffusion rates of around 10 μm2/s58 the
simulation time of 10 ns is enough to sample the local
movements of most lipid molecules. It has to be taken into
account, however, that 10 ns is not enough to sample all of the
molecular motions and motional states, and therefore
simulation results have to be considered with care.
The total relaxation rate following eq 1 can be calculated as

∑ ∑= + +R R R
N

P rConc
1

( )
N N

nsim ref SD
Frames

P Frames (8)

where Conc is the spin-label concentration relative to the
amount of lipid molecules, NFrames is the number of frames in
the simulation, NP is the number of all

31P atoms present in the
simulation, and rn is the distance between the nth phosphorus
atom and the spin-label.

■ RESULTS AND DISCUSSION
31P is an excellent NMR probe of biomolecules due to its
relatively high gyromagnetic ratio, 100% natural abundance,
location in the lipid headgroup region, and relatively fast T1
relaxation in lipids, usually on the order of seconds. 31P PRE
NMR membrane depth measurements were conducted on 24
M2δ protein samples incorporated into POPC MLVs. Samples
were spin-labeled at the following positions: 3, 5, 6, 9, 11, 12,
16, 18, 20, 21, and 22. A control wild-type sample was prepared
without a spin-label. The relaxation data for positions 11 and 22
are displayed in Figure 2. The M2δ sample spin-labeled at
position 22 has a shorter T1 value (384 ms, see Table 1) when
compared to position 11 (603 ms), because it is located closer
to the membrane surface. The M2δ sample spin-labeled at
position 11 is buried near the center of the membrane and still
has a T1 value smaller than the WT control sample (694 ms).
The 31P NMR relaxation data collected in this study were

well fit with a single exponential to glean out the corresponding
T1 values. This is surprising given the number of 31P nuclei in a
phospholipid bilayer poised at different positions and distances
relative to the spin-labeled protein. The overall position of a
spin-label relative to the 31P atoms and overall dynamics of the
system need to be considered. Figure 3 shows the theoretical/
computational 31P PRE effect calculated as a function of the

Figure 3. Theoretical PRE effect calculated for different numbers of
lipid molecules closest to the spin-labeled protein molecule. 100% is
calculated for the case when all lipid molecules are considered for PRE
calculation. When the spin-label is located close to the bilayer surface
(M2δ-3 case), the same number of neighboring lipids produces a
bigger error than for the case of a centrally located spin-label (M2δ-
11). On the basis of reproducibility of experimental results, 2−3%
error in PRE calculation in general can be achieved with less than five
lipid molecules taken for the calculation.
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number of 31P lipid molecules with spin-labeled M2δ at
positions 3 and 11. A total of 32 data points per relaxation
curve were calculated in order to eliminate possible issues with
the number of relaxation components. Taking lipid lateral
diffusion into account, which is on the order of 10−6−10−7
cm2/s,46,58 it becomes clear that, unless a lipid molecule is
strongly attached to a protein so it does not diffuse, their
natural diffusion within the bilayer will effectively average out
all the relaxation differences during the course of the NMR
measurement, which takes on the order of a fraction of a
second to several seconds. This explains why the data were
easily fit with a single exponential.
Resulting 31P NMR PRE values for several mutated positions

of the M2δ protein are presented in Figure 4A in a bar graph
format. The green bars show the 31P T1 PRE % when compared
to a control sample, while the blue bars represent the best
structural modeling results with a 12° helical tilt of M2δ with
respect to the membrane. For comparison, Figure 4B shows the
same modeling procedure used for the M2δ protein with a 0°
helical tilt with respect to the lipid bilayer (perpendicular to the
bilayer surface). Figure 4B is a good example of what relaxation
behavior can be expected at different immersion depths. It is
clearly seen in this case that the relaxation enhancement is a
smooth function of the spin-label depth inside the bilayer and
has enough sensitivity to pinpoint spin-label positions clearly
discriminating different labeling sites or residues. Due to the
natural nonlinearity of the PRE effect, the most sensitivity is
achieved for the labeled positions close to the membrane
surface, whereas the difference between most immersed spin-
labels is somewhat diminished.
In order to probe the structural properties of the protein

within the lipid bilayer and their effect on PRE, we developed a
straightforward model that describes the whole complex. An α-
helix of the protein was taken as a rigid cylinder of
corresponding size (the Cα−Cα diameter was set at 5.4 and
34 Å length), and all MTSL labels were placed perpendicular to
the cylinder axis with 8 Å length (equal to the distance between
Cα and N of MTSL) (Figure 5). This model worked well for
predicting the corresponding 31P PRE lipid relaxation times.46

A pentamer of protein models was placed in a lipid bilayer, and
the PRE effect was calculated for all labeled positions.
Parameters to fit were the tilt angle α, roll angle β, vertical
shift S inside the membrane, and electron correlation time τc.
The phospolipids were modeled as a sparse network of 15 31P
atoms around the protein on both sides of the bilayer. The
number 15 was chosen on the basis of the error estimation
coming from the fact that at the same time several 31P atoms

will be affected by the spin-label and therefore will have
different momentary relaxation rates. Figure 3 shows how the
error in PRE calculations depends on the number of lipid
molecules considered and the spin-label position. In order to

Table 1. 31P Experimental PRE Data Fitting Results

spin-label position relaxation time (s)

3 0.490 ± 0.008
5 0.459 ± 0.006
6 0.531 ± 0.007
9 0.566 ± 0.008
11 0.603 ± 0.006
12 0.570 ± 0.007
16 0.528 ± 0.008
18 0.531 ± 0.006
20 0.473 ± 0.008
21 0.503 ± 0.008
22 0.384 ± 0.008
wild type (average of five samples) 0.694 ± 0.002

Figure 4. Relaxation enhancement of the M2δ−MTSL complex.
Experimental results (green) and model fitting (blue): (A) case of 12°
protein tilt inside the bilayer; (B) modeled 0° protein tilt
(experimental green bars are the same as in part A).

Figure 5. Protein in the lipid bilayer model. All experimentally
available spin-labels were put on the model protein to be fitted
simultaneously. For details, see the text.
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account for the diffusion processes, a simple assumption was
made that all lipids are equally mobile during the course of the
NMR experiment (i.e., have the same lateral diffusion speed
and the incorporation of the peptide does not affect it). This
assumption basically means that all lipid molecules will find
themselves in all of the accounted 15 lipid positions equally,
which allows us to easily calculate a single relaxation rate. Such
an assumption should be valid for the majority of the protein/
lipid systems.61

Experimental results from all spin-labeled positions to the 31P
atoms were fit globally. The results of the fitting are presented
in Figure 4A. As seen from the graph, this simple model fits
very well with the experimental results and agrees well with the
results from the literature: a tilt angle of 12° is known for
nAChR M2δ,42 and the N-terminus side of the peptide is
shifted closer to the membrane headgroup (1.5 Å shift
estimated) due to a higher concentration of polar amino
acids at that end and was theoretically predicted by Amit Kessel
et al.62

No deviation from the straight helix was observed on the
basis of fitting results, which corresponds to the majority of the
results for nAChR M2δ in POPC vesicles from the
literature.35,42,63,64 The M2δ helix is known to rotate rapidly
along its helical axis65 when in monomeric form. It is known
that under physiological peptide concentrations it tends to form
pentamers and this type of rotation is hindered due to the
interaction of neighboring helices which results in “kinky”
rather than smooth behavior of the relaxation curve in Figure
4A, when compared to Figure 4B. This can be seen as indirect
evidence for pentamerization of the peptide at higher
concentrations.
An area of uncertainty in these membrane depth measure-

ments lies in an estimation of the electron correlation time τc.
Several methodologies have been used to determine τc. First, it
is temperature dependent and can be obtained from several T1
measurements at different temperatures. In this case, however,
it is also necessary to consider the temperature dependence of
Rref and RSD as well as lipid mobility changes and phase
transitions. Also, it can be obtained with a combination of both
T1 and T2 measurements,19 but lipid samples usually have very
short T2 values that are not easy to measure precisely and in the
static case it tends to be anisotropic consisting of several
different components. MAS measurements of T2 are also not a
good option because short T2 values have to be measured at
very high spinning speeds to get reasonable resolution and
several points on the corresponding relaxation curve. Third, τc
can be deduced from measurements of the same sample at
different magnetic fields. All of these methods, however, can be
used to give approximate values of the correlation time for our
model fitting. Our method proposes another way to calculate τc
based on fitting RSD and RPRE

a simultaneously. Indeed, both of
them depend on τc, but while RSD governs the size of the gap,
RPRE

a governs the incline of the “wings”. Such simultaneous
fitting gives high precision and is straightforward. The
calculated value for τc of 12 ns was found to be well in the
range for nitroxide spin-labels.66 It is, however, for the first time
that τc was calculated for a real biologically relevant sample
using this technique.

■ CONCLUSIONS
We have presented a novel method for membrane protein
topology and immersion depth based on site-directed spin-
labeling and paramagnetic relaxation enhancement 31P NMR.

The method can be utilized as a molecular ruler to measure
positions of labeled amino acids within the lipid membrane. It
allows precise determination of the spin-label immersion depth,
and hence, membrane protein structural and topological
properties can be measured under physiological conditions.
The method shows predictable behavior of the relaxation rate
enhancements depending on the paramagnetic center immer-
sion depth, making it easy to interpret the data. It also allows
for an easy and precise calculation of the electronic correlation
time, which is otherwise an elusive quantity that can be useful
in other experiments: some PRE based spectroscopic distance
measurement methods rely on precise knowledge of the
electronic correlation time. The NMR data are presented for a
set of samples with nAChR M2δ protein mutated at different
positions, showing the applicability of the method to complex
biological systems. Particularly, it was shown that the peptide
tends to take a shifted position within the bilayer with the N-
terminus shifted 1.5 Å closer to the lipid surface than the other
C-terminus. A theoretical background is given describing the
phenomena and their relevance behind the PRE in lipid vesicles
as well as error estimation from different sources for calculation.
This method can be further explored by replacing PCs by PEs.
The stronger lateral interaction between the PEs may reflect
how the interfacial process is involved. Another possibility is to
test lipid in the gel phase in which the water amount and lateral
interactions of the head groups are considerably altered with
respect to the liquid crystal.
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