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Abstract

An EPR membrane alignment technique was applied to measure distance and relative orientations 

between two spin labels on a protein oriented along the surface of the membrane. Previously we 

demonstrated an EPR membrane alignment technique for measuring distances and relative 

orientations between two spin labels using a dual TOAC-labeled integral transmembrane peptide 

(M2δ segment of Acetylcholine receptor) as a test system. In this study we further utilized this 

technique and successfully measured the distance and relative orientations between two spin labels 

on a membrane peripheral peptide (antimicrobial peptide magainin-2). The TOAC-labeled 

magainin-2 peptides were mechanically aligned using DMPC lipids on a planar quartz support, 

and CW-EPR spectra were recorded at specific orientations. Global analysis in combination with 

rigorous spectral simulation was used to simultaneously analyze data from two different sample 

orientations for both single-and double-labeled peptides. We measured an internitroxide distance 

of 15.3 Å from a dual TOAC-labeled magainin-2 peptide at positions 8 and 14 that closely 

matches with the 13.3 Å distance obtained from a model of the labeled magainin peptide. In 

addition, the angles determining the relative orientations of the two nitroxides have been 

determined, and the results compare favorably with molecular modeling. This study demonstrates 

the utility of the technique for proteins oriented along the surface of the membrane in addition to 

the previous results for proteins situated within the membrane bilayer.
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1. Introduction

In this study, an EPR membrane alignment technique previously shown to be able to 

measure distances and relative orientations between spin labels on an integral membrane 

protein is applied to a protein oriented along the surface of the membrane [1]. Membrane-

bound proteins play important roles in controlling physiological function in organisms. 

However, it can often be difficult to obtain the detail structural information needed to 

determine how these important proteins function. Electron paramagnetic resonance (EPR) 

spectroscopy in association with site-directed spin labeling (SDSL) can provide unique 

structural and dynamic information for membrane protein systems [1–7]. Intermediate range 

distances (8 – 25 Å) can be obtained by measuring line broadening due to dipolar coupling 

using continuous wave (CW)-EPR [8–10], while longer range distances (20 - 80 Å) can be 

obtained using the pulsed EPR technique Double Electron Electron Resonance (DEER) [11–

16]. Recently, we demonstrated the utility of EPR membrane alignment techniques for 

measuring both the distance and relative orientation between two TOAC spin labels on the 

M2δ segment of the Acetylcholine receptor, an integral transmembrane peptide [1]. In this 

study, we successfully applied this approach for the doubly TOAC labeled antimicrobial 

peptide magainin-2, a membrane peripheral peptide. In general, for dipolar line broadening 

experiments on randomly dispersed samples, the distances can be estimated by spectral 

analysis based on Fourier convolution/deconvolution methods [10, 17–19]. Here we used a 

method of rigorous spectral simulations taking into account both the interspin distance and 

the relative orientations between the nitroxide spin labels [1, 8, 9, 20, 21].

The EPR membrane alignment technique in this study utilizes a glass cover slip for the 

support of a lipid and peptide dispersion. To reduce the freedom of movement of the spin 

labels, the rigid spin label TOAC (2,2,6,6-tetramethyl-piperidine-1-oxyl-4-amino-4-

carboxylic acid), which is directly coupled to the protein backbone, was employed. TOAC 

has been shown to give less disorder in the distance and relative orientation between the two 

nitroxides without disturbing the structure and function of helices in the case of a soluble 

and membrane peptide [1, 8]. 15N solid-state NMR alignment techniques can be used to 

probe membrane protein/peptide topology [22–26]. However, due to its lower sensitivity and 

conformational heterogeneity in membrane protein samples, a large amount of purification 

and tedious sample preparation is needed to obtain high quality NMR results. EPR can 

provide high quality data with small amount of sample (microgram scale) without utilizing 

expensive isotopic labels. Anisotropic EPR spectra of aligned samples reveal linewidths that 

are sharper than powder spectra of randomly dispersed samples, allowing distance and 

orientation information to be obtained more reliably and accurately when data from two 

different sample orientations are globally analyzed [1].

Antimicrobial peptides (AMPs) are an important class of peripheral peptides having an 

increased prevalence within drug-resistant species [27]. AMPs are also promising agents for 

anticancer therapy [28, 29]. Here, we investigate one of the more potent surface 

antimicrobial peptides magainin-2. Magainin-2 is known to lie on the membrane surface, 

roughly perpendicular to the bilayer normal, and serves a critical role for pore formation in 

bacterial membranes [23]. It has been well investigated for its antiaction on various 

microorganisms and tumor cells [30–33]. It is a 23-residue peptide, which forms an α-
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helical structure in phospholipid bilayers with a helical tilt of 81° with respect to the 

membrane normal [5, 34].

The experimental distance and the relative orientations of the TOAC nitroxides were 

compared with unoriented spectra and molecular modeling studies of dual TOAC-labeled 

magainin-2 peptide. The results revealed that the relative geometry between TOAC labels 

can be measured more accurately and precisely when the samples are aligned with respect to 

the magnetic field. The successful demonstration of the utilization of EPR membrane 

alignment technique on the membrane peripheral peptide (current study) and integral 

membrane peptide (previous study) [1] suggests that this EPR membrane alignment 

technique will become an important biophysical tool to answer pertinent structural questions 

on membrane associated biological systems.

2. Experimental Methods

Materials

1, 2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC) pre-dissolved in chloroform was 

obtained from Avanti Polar Lipids (Alabaster, AL). Fmoc-Arg (Pbf)-Nova Syn TGA resin 

(0.23 mmol/g), 9-Fluorenylmethyl-oxycarbonyl-O-succinimide (Fmoc-OSu) and all amino 

acids were purchased from Novabiochem, San Diego, CA. Triisopropylsilane (TIS), anisole, 

hexafluro-2-propanol (HFIP), 30% ammonium hydroxide [NH3 (aq.)], piperidine were 

purchased from Sigma-Aldrich, St. Louis, MO. 2,2,6,6-Tetramethylpiperidine-1-oxyl-4-

carboxylic acid (TOAC) was purchased from Acros Organics, Belgium. Trifluoroacetic acid 

(TFA), 1-hydroxybenzo-triazole (HOBt), (2-(7-Aza-1H-benzotriazole-1-yl)-1,1,3,3-

tetramethyluronium hexafluorophosphate (HATU), diisopropylethylamine (DIEA), M-

methyl-pyrrolidone (NMP), and dichloromethane (DCM) were purchased from Applied 

Biosystems, Foster City, CA. Acetic anhydride (Ac2O) and methyl-tert-butyl ether were 

purchased from Fisher Scientific, Pittsburgh, PA.

Peptide synthesis and purification

Solid-phase peptide synthesis was carried out on a ABI 433A peptide synthesizer (Applied 

Biosystems Inc., Foster City, CA) using Fmoc-protection chemistry. The following are the 

amino acid sequences of the membrane peripheral Magainin-2 peptide used in this study:

1GIGKFLHSAKKFGKAFVGEIMN23S wild-type (WT)

1GIGKFLH8XAKKFGKAFVGEIMN23S singly-labeled TOAC8

1GIGKFLHSAKKFG14XAFVGEIMN23S singly-labeled TOAC14

1GIGKFLH8XAKKFG14XAFVGEIMN23S doubly-labeled

doubly-labeled where, X represents the location of the TOAC spin label.

The 433A peptide synthesizer connected with a UV-detector (wavelength 301 nm) was used 

to monitor the removal of the Fmoc-group from the N-terminus of the growing peptide. A 

modified version of 0.1 mmol Fmoc chemistry protocol in the SynthAssist 2.0 software from 
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Applied Biosystems was used for peptide synthesis. Software modifications were made to 

include special functions such as double coupling, increased reaction times, and 

incorporation of unnatural amino acids in order to facilitate the optimal synthesis of 

peptides. All amino acids purchased were of the Fmoc-protected and side-chain-protected 

form to minimize the unnecessary reactions during peptide synthesis. For site-specific 

TOAC labeling by solid-phase peptide synthesis, the amino terminal of the TOAC was 

protected with an Fmoc group. The synthesis of Fmoc-TOAC was carried out following 

standard procedures from the literature [35, 36]. The TOAC-7 labeled magainin peptides 

were synthesized following the standard protocol published in the literature [1, 5, 37–39]. To 

optimize the peptide synthesis, the superior coupling agent HATU/HOAt [40] was used for 

attaching the TOAC spin label and surrounding amino acids (2 preceding the TOAC and 3–4 

subsequent) with extended coupling times. This step was necessary to ensure the attachment 

of the TOAC spin label and to prevent the peptide truncation just after the TOAC attachment 

due to the low nucleophilicity reaction of the TOAC amino group in a peptide chain [37, 41]. 

The rest of the amino acids were attached using HBTU/HOBt coupling reagent.

About 150 mg of peptide resin was treated with a cleavage mixture [8.5 mL TFA 

(trifluoroacetic acid), 0.5 mL TIS (triisopropyl silane), 0.5 mL anisole, and 0.5 mL distilled 

water] for 3 hours to remove the side chain protecting groups and detach peptides from the 

resin beads. The peptide mixture was filtered, and the resins were rinsed with TFA and 

removed. The filtrate was concentrated and precipitated in ice-cold methyl tert-butyl ether. 

The peptides were collected by centrifugation and vacuum dried overnight. The crude 

peptides were purified on Amersham Pharmacia Biotech AKTA Explorer 10S HPLC system 

using a reversed phase C-18 semiprep column (Vydac cat. # 218TP1010, 10µm, 10 mm 

×250 mm). The HPLC solvent system for peptide purification contained H2O with 0.1% 

TFA as solvent A and the mixture of 90% acetonitrile (MeCN), and 10% water with 0.1% 

TFA as solvent B. The TOAC8 peptide was double purified with a slightly modified solvent 

system on a reversed phase C-4 semiprep column (Vydac cat. # 214TP1010, 10µm, 10mm 

×250 mm) to obtain high purity. Since trifluoroacetic acid converts the nitroxide spin label 

into hydroxylamine form during peptide cleavage and purification, the purified peptides 

were dissolved in 70:30 n-propanol:water mixture and treated with a few drops of 10% aq. 

ammonia (pH=9.5) for 3 hours to regenerate the radical signal of the TOAC nitroxide. The 

purity of the peptides were confirmed by matrix assisted laser desorption ionization time of 

flight (MALDI-TOF) mass spectrometry to be ~ 95%.

Sample Preparation

The mechanically aligned glass plate samples were made following the standard procedures 

described in the literature [1, 5, 42, 43]. Briefly, approximately 75 µg of labeled peptide was 

dissolved in 50 µL, 1:1 mixture of TFE and chloroform and mixed with 5 mg of DMPC 

phospholipid pre-dissolved in chloroform (250 µL, conc. 20 mg/mL). The lipid peptide 

mixture was subjected to a slow stream of N2-gas to reduce the final volume to 50–60 µL 

and then 10 µL of this peptide lipid mixture was uniformly plated on 5 glass plates 

(dimension: 5.7 ×12 mm, Marienfeld GmbH & Co.KG, Germany). The lipids on the glass 

plates were air-dried for approximately 10 minutes and then vacuum dried overnight in a 

desiccator. The glass plates were then hydrated with 4 µL of purified water and mounted in a 
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stack. The stacked glass plates were kept for 12 hr in a hydration chamber of saturated 

ammonium phosphate monobasic solution (temperature 42°C, relative humidity 93%). The 

next day, the stacked glass plates were covered by double-sided tape and mounted on a glass 

rod with a flat quartz end and inserted into an EPR cavity to record CW-EPR spectra. 

Multilamellar vesicles were prepared from the same composition of peptide-lipid mixture in 

a glass tube (12 ×75 mm) and drying the sample completely in a stream of nitrogen gas 

followed by overnight drying in vacuum pump desiccators. Subsequently, 100 µL of purified 

water was added to the tube, and the sample was vortexed constantly. Periodic sample 

heating was applied by immersing the tube into a hot water bath at 60 °C to achieve 

complete dissolution of the lipids. The multilamellar vesicles suspension was drawn into a 

capillary tube, sealed and CW-EPR spectra were recorded in standard quartz EPR tube 

(Wilmad, 707-SQ-250M).

EPR Spectroscopy

EPR experiments were performed on a Bruker EMX X-band CW-EPR spectrometer 

consisting of an ER041xG microwave bridge and ER4119-HS cavity coupled with a BVT 

3000 nitrogen gas temperature controller (temperature stability ± 0.2K) at 9.434 GHz 

microwave frequency, 10 mW microwave power, 100 kHz modulation frequency, and 1.0 G 

modulation amplitude. EPR spectra were recorded aligning the glass plate samples with the 

membrane normal, n⃗, either parallel (ε = 0°) or perpendicular (ε= 90°) to the direction of the 

static magnetic field, B0. A 42-s field sweep scan with sweep-width of 100 G was applied. 

All EPR spectra were collected at 318 K. At 318 K, DMPC exists in the liquid crystalline 

phase and the alignment of the DMPC bilayers is optimal [38].

Analysis of EPR Spectra

All EPR data were analyzed using the methods described previously[1]. A global data 

analysis program was used to fit all the EPR spectra [1, 8, 9, 20, 44]. This program uses our 

recently developed algorithms for the non-linear least-squares analysis of multiple data sets 

utilizing the Levenberg-Marquardt algorithm to find the optimal set of parameters[1]. This 

approach allows the simultaneous fitting of data sets obtained at two different sample 

orientations (ε = 0° and ε= 90°). Figure 1 shows all the angles used in this study.

The EPR spectra of randomly-dispersed singly-labeled peptides were analyzed to determine 

the values of the diagonalized A- and g-tensors for the TOAC label at the two sites. These 

tensor values were then used as starting values in all subsequent analyses.

For the case of singly-labeled aligned peptides the fit parameters are the angles θ, ϕ, ψ0, and 

σψ along with A and g components, where the angles θ and ϕ determine the orientation of 

the nitroxide with respect to the helix axis, A is the hyperfine interaction tensor, and g is the 

g-tensor. For the surface helix used in this study, a previously determined helix tilt (ν = 81°) 

[5] was used as a fixed parameter during the fit. The rotation of the peptide about the helix 

axis is determined by ψ. Better fits to the data presented in this study were obtained when 

spectra were calculated for a Gaussian distribution of ψ values centered at ψ0 with standard 

deviation σψ. Thus, spectra were generated for Nψ values of ψ and the final result 

calculated as the sum weighted by the probability of a given ψ value.
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For the case of the doubly-labeled peptides, the values of θ, ϕ, ψ0, and σψ were fixed to 

those obtained for the singly-labeled peptides at 14th position (nitroxide 1), while the values 

of the angles α, β, γ, ξ, and η together with the interelectron distance R were varied to 

optimize the fit to the data, where α, β, and γ are three Euler’s angles and ξ and η determine 

the orientation of R⃗ with respect to nitroxide at 14th position. In both cases, the Lorentzian 

components of the linewidths were allowed to vary independently for the two different 

sample orientations. A variable fraction, fiso, of a non-aligned isotropic component is 

included in each fit. Confidence intervals for the various fit parameters were obtained by 

fixing each particular parameter to a linear sequence of values and allowing all of the other 

fit parameters to vary to find the optimal fit. This determines how χ2 varies as a function of 

a particular parameter and thus gives a measure of the uncertainty in the parameter value.

Modeling studies of TOAC labeled peptides

The modeling study of magainin-2 peptides was carried out using previously described 

methods [1]. The NMR structure of the magainin-2 peptide (PDB ID: 2MAG) was used as 

the starting coordinates for molecular modeling studies [34]. The TOAC spin label was 

incorporated into the specific sites of the peptide using AMBER94 force field parameters 

within the MolMol program [1, 45]. The TOAC-labeled magainin peptides were modeled 

using visual molecular dynamics modeling (VMD) software[46]. From these models, 

estimates of the angles (θ, ϕ, ξ, η α, β, and γ) and interelectron distance (R) were obtained 

for comparison with the experimental results.

All the calculations were performed using a Mathematica [47] script. In order to more 

directly compare the nitroxide axes in Cartesian space, the results from fitting the EPR data 

to the model of the doubly-labeled peptide were used to reverse these procedures so that for 

a given set of R, ξ, η α, β, and γ values the corresponding x-, y-, and z-axes of nitroxide 2 

(TOAC8) can be calculated relative to nitroxide 1 (TOAC 14).

Molecular Dynamics Simulation on Wild-type Magainin-2 in DMPC Bilayers

The molecular dynamics simulations on wild-type magainin-2 peptide (PDB ID: 2MAG) in 

DMPC bilayers and water were performed using NAMD [48] version 2.9 with the 

CHARMM36 force field [49, 50]. CHARMM-GUI [51] (http://www.charmm-gui.org) was 

used for simulation set up and input generation, and Visual Molecular Dynamics software, 

VMD [46] version 1.9.1 was used for MD trajectory analysis. The equilibration and 

minimization was performed under NAMD using the input files generated by CHARM-GUI. 

The final NAMD production run was collected out to ~ 6 ns following similar simulation 

conditions described in the literature [52]. The details of the simulation methods are 

described in the supporting information.

3. Results and Discussions

Figure 2 shows the CW-EPR spectra of singly-labeled magainin-2 peptides labeled with 

TOAC at residue 8 (TOAC8) and residue 14 (TOAC14). The upper panels contain the 

spectra (black) of the randomly dispersed samples which are well-fit as rigid-limit powder 
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patterns (red lines) to give the g- and A-tensor values (Table 1) used in all subsequent 

analyses as starting values.

The middle panels of Figure 2 show the spectra (black) of the mechanically aligned samples 

in the parallel orientation, while the lower panels are the spectra of the perpendicularly-

orientated samples. The aligned EPR spectra clearly show the orientation dependent 

hyperfine splitting, where the hyperfine splitting is at a minimum (7.3 G for TOAC8 and 9.6 

G for TOAC14) at the parallel orientation (n||Bo), and becomes maximum (29.3 G for 

TOAC8 and 30.0 G for TOAC14) at the perpendicular orientation (n⊥Bo) [5]. This type of 

orientation dependent hyperfine splitting arises because the molecular axis i.e. the z-axis of 

the TOAC nitroxide lies nearly perpendicular to the static magnetic field (Bo) when the glass 

plates are aligned parallel, which results in a minimal hyperfine splitting value. On the other 

hand, for the surface peptide magainin-2 used in this study, the nitroxide z-axis adopts the 

full range of orientations relative to B0 when glass plates are aligned perpendicular because 

the protein is oriented randomly with respect to the membrane surface (0<ζ<360°). The 

resulting spectra show a broad range of hyperfine splittings.

The fits obtained from the non-linear least-squares analyses of the data from the singly-

labeled aligned samples are shown in Figure 2 (red lines) and the best-fit parameters are 

given in Table 2. These fits were obtained by simultaneously fitting the two spectra for a 

given sample obtained at different sample alignments. A helix tilt angle, ν, of 81° was 

assumed as reported in the previous study [5]. The best-fit angle between the nitroxide Z-

axis and the helix axis, θ, was determined to be 43° for TOAC8 and 18° for TOAC14 while 

modeling of the TOAC-labeled magainin peptides yielded the values of 11° for TOAC8 and 

13° for TOAC14. The value of the angle θ for TOAC14 agrees well with the experiment and 

modeling. The disagreement in the value of angle θ for TOAC8 may be due to the fact that 

the N–terminus of the helix is interacting strongly with the surface of the membrane causing 

slight influence in the orientation of the nitroxide z-axis. Additional efforts were made to 

model these data assuming that there were two populations with different values for the 

angles θ and ϕ. These efforts did not result in significantly better fits. It is possible that at the 

relatively high temperatures employed (318 K), there is rapid intraconversion between two 

conformers of the TOAC ring. The values of θ obtained in the current study favorably agree 

with the value of 21° previously reported for the twist boat conformer of the TOAC label [8]. 

The A and g tensor values for the aligned samples were found to be slightly deviated from 

the randomly dispersed samples to obtain better fit.

The EPR magnetic tensor (g and A) anisotropies are sensitive to local polar environments, 

site specific molecular motion and temperature of the system [53–58]. The inspection of the 

root mean square deviation (RMSD) profiles (Figure S1) obtained from the molecular 

dynamics simulation of wild-type magainin-2 peptide in the presence of DMPC bilayers 

indicated that the residue at the 14th position is more mobile and flexible when compared to 

the residue at the 8th position. The deviation in the A and g parameters may arise due to the 

difference in local polarity and dielectric constants caused by a variation in lipid surface 

hydration level. The dynamic variation of residue sites in magainin-2 may have also 

contributed in the artifacts introduced in the experimental spectra of the aligned samples 
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causing discrepancies in the static magnetic parameters while obtaining the best fits of the 

experimental data.

Figure 3 shows the CW-EPR spectra of the dual TOAC-labeled magainin-2 peptide. The 

upper panel (A) shows the spectrum of the randomly-dispersed sample. Figures 3(B) and 

3(C) reveal parallel-aligned, and the perpendicular-aligned spectra of doubly-labeled 

magainin-2 peptide in planar quartz-supported DMPC bilayers. Line broadening due to 

electron-electron dipolar interactions is clearly observed in all three spectra in comparison to 

the corresponding spectra of the singly-labeled peptides in Figure 2.

The fit overlaid on the randomly dispersed sample (Figure 3A) assumes a single distance 

and orientation between the two TOAC labels. The best-fit distance was obtained as R= 14.3 

Å. There are a number of different sets of angles that are symmetry-related and give 

equivalent fits to the data. One such set of angles is given in Table 3a. Alternatively, a fit to 

this spectrum using a convolution approach which assumes an isotropic distribution in the 

relative orientation of the two angles (results not shown) gave a poor fit.

The parameters for the best global fit to the spectra of the parallel-aligned (Figure 3B) and 

the perpendicular-aligned samples (Figure 3C) are also given in Table 3b. The global fit was 

performed with the label at site 14 as a reference and the values of ψ0, σψ, θ, and ϕ were 

taken from the fit of the data in Figures 2E and 2F (Table 2). The best-fit inter-electron 

distance was found to be 15.3 Å. Again, there are a number of sets of angles which are 

symmetry related and given equivalent fits to the data. For one such set of angles, the two 

angles defining the inter-electron vector are ξ = 64° and η = 176°. The Euler angles that 

orient TOAC8 nitroxide with respect to the TOAC14 (first nitroxide) are α = 21°, β = 6°, 

and γ = 295°.

A number of factors influence the precision with which the various parameters defining the 

geometry between two dipolar-coupled labels can be determined [59]. In order to assess 

whether the global analysis of the spectra from aligned samples offers advantages over the 

analysis of a single spectrum from a randomly dispersed sample, confidence intervals were 

calculated for the various parameters. Representative confidence intervals for the Euler 

angles α, β, and γ are shown in Figure 4. From these plots, the uncertainty in a given 

parameter can be estimated from the range of values which fall below the horizontal dashed 

lines. These results demonstrate that the global analysis of the aligned data gives much more 

precise estimates of the angles α, β, and γ than that can be obtained from the analysis of the 

randomly dispersed data. The confidence intervals for the remaining angles ξ and η, and 

distance R are given in Figure S2 (see Supporting Information).

Given the conditions that were employed (i.e. temperature 318 K) we would not expect that 

we could get good fits to the data using rigid-limit tensors without explicitly including 

dynamics in the model used for the simulations. Explicitly including dynamics in the 

simulation model is beyond the scope of this work. Instead, given that the labeled peptides 

are in a membrane environment we would expect that the most significant motions of the 

labels are local rather than global. Our strategy is to assume that these local motions are 
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rapid and to fit the data using partially motionally-averaged tensors to account for these 

rapid local motions. We successfully used this strategy in the previous M2δ paper.1

The tensor values for the two sites may be slightly different from each other. Small 

differences may be due to differences in polarity, dielectric or to differences in local 

dynamics. While we still would expect that we could fit the isotropic and aligned data with 

the same tensor values it is important to remember that the fits using partially motionally-

averaged tensors are approximations. The local dynamics and thus the apparent best-fit 

tensor values would be somewhat different in isotropic versus aligned samples. Also, it is 

possible that there are significant differences in the local dynamics for the two samples. In 

any event, unlike for the M2δ1 it is apparent just from looking at the spectra that the Azz 

values are different for the aligned versus isotropic singly labeled samples. In order to justify 

the use of these altered tensor values, simulations of the aligned data using a fixed values of 

g and A-tensors obtained from the best fit unoriented singly labeled spectra were performed 

(see Figure S3). These fits are clearly not as good as those presented in Figure 2, however, 

the fit parameters obtained are similar (θ= 30° versus 43° and φ = 210° versus 225° for site 

8, and θ= 14° versus 18° and φ = 243° versus 235° for site 14). This suggests that the use of 

altered tensor values in the simulation procedure didn’t significantly influence the reported 

fit angles but greatly improved the quality of spectral fits. The isotropic values 

((gx+gy+gz)/3) for all the samples are consistent.

The EPR membrane alignment is challenging for surface peptides especially doubly spin 

labeled peptides. Since the dynamics and fluctuations of different sites of the peptide are 

different, data analysis is also very complicated. This method of data analysis can be further 

extended to account for spin label dynamics, and include all the single and double labeled 

aligned data in a global fitting procedure to extract all the fitting parameters (distance/

angles) simultaneously.

Molecular modeling studies on the magainin-2 peptide were conducted using MolMol and 

Visual molecular dynamics programs (see Material and Method section for details). The 

various parameters that define the geometry and distance of the two TOAC spin probes in 

magainin-2 peptides were calculated. The distance between two TOAC nitroxides and their 

orientation angles obtained from the spectral simulations were found comparable with the 

molecular modeling studies. Using the coordinates of the nitroxide nitrogen and oxygen 

atoms in a dual-labeled magainin-2 peptide, we calculated an internitroxide distance of 13.3 

Å, which is close to the 15.3 Å distance obtained from the aligned CW-EPR spectra 

simulations. The rotational Euler angles that define the relative orientation of TOAC14 

nitroxide with respect to TOAC8 nitroxide also agreed well (except the third angle) α = 21°, 

β = 6°, and γ = 295° with EPR spectral simulations and α = 27°, β = 12°, and γ = 212° 

from modeling studies.

In order to directly compare the results from fitting the aligned EPR spectra to those from 

the modeling studies, a set of x-, y-, and z-axes were calculated from the distance and angles 

given in Table 3b and overlaid on the model peptide. The results are shown in three different 

views in Figure 5.
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Conclusion

The internitroxide distance and relative orientation of two TOAC nitroxides of dual TOAC-

labeled magainin-2 peptide have been successfully determined by orienting dual TOAC-

labeled magainin-2 peptide in mechanically aligned glass plates, applying rigorous spectral 

simulation techniques, and simultaneously analyzing data at two sample orientations (0° and 

90°). This is an important technique as samples are easy to prepare and the system provides 

adequate lipid hydration maintaining the rigidity of the nitroxide side chain leading to more 

accurate distance and orientation measurements. Distance measurements can be performed 

at conventional X-band (~9 GHz) EPR room temperature or even higher (i.e. 318K) and 

sample orientations can be adjusted from 0° to 90° or any angles in between to get detailed 

structural parameters needed for distance measurements.
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Highlights

1) An EPR membrane alignment technique is applied to membrane peripheral 

protein

2) Distance and relative orientations were measured on peripheral membrane 

peptide

3) Aligned membrane protein samples provide better structure data than random 

samples
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Figure 1. 
Angles used in this study. (A) Two different sample orientations (parallel (ε=0°) and 

perpendicular (ε=90µ)) with respect to magnetic field (B0), (B) Helix tilt angle () and 

rotational angle of peptide about the helix axis (ψ), (C) Orientations of nitroxide with 

respect to helix axis (θ and φ), and (D) Three Euler angles of rotation (α, β and γ) and 

orientations (η and ξ) of interelectron distance (R) with respect to nitroxide position.
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Figure 2. 
CW-EPR spectra (black lines) of TOAC8 (left) and TOAC14 (right) magainin- 2 peptides in 

DMPC bilayers at 318 K together with the best-fit simulations (red lines). The upper panels 

(A) and (D) contain spectra of randomly dispersed samples. The middle panels (B) and (E) 

contain spectra from parallel-aligned samples. The lower panels (C) and (F) contain spectra 

from the perpendicular-aligned samples. For each site, the n||B0 and n⊥Bo were 

simultaneously analyzed to determine the best fit values of ψ0, σψ, θ, ϕ, components of A 

and g tensors (Table 2). n represents the membrane normal.
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Figure 3. 
CW-EPR spectra for the doubly labeled magainin-2 peptide in DMPC bilayers at 318 K for 

the randomly-dispersed sample (A), n||Bo sample (B), and n⊥Bo sample (C). The black lines 

represent experimental data and the red lines represent the best fit simulations. The n||B0 and 

n⊥Bo data were simultaneously analyzed to determine the best fit values of α, β, γ, ξ, η, 

and R (Table 3). A similar analysis was performed on the randomly-dispersed spectrum 

(Table 3).
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Figure 4. 
Confidence intervals for the angles γ (A), β (B), and α (C). The best-fit χ2 values obtained 

from fitting the two oriented spectra (black solid squares) and the isotropic spectrum (black 

solid line) are plotted for a linear sequence of values for the particular angle. The horizontal 

dashed lines are drawn at the χ2 value corresponding to an approximate 95% confidence 

level calculated using the F-statistic.
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Figure 5. 
Three different views comparing the best-fit results to the predicted model of the doubly-

labeled peptide. For the predicted model, the helix is shown in black. The nitrogen, oxygen, 

and adjacent carbon atoms of the TOAC nitroxides are shown as stick models. The TOACs 

at residues 8 and 14 are colored in black. Overlaid on the TOAC for the model are the 

calculated x-, y-, and z-axes of the TOAC nitroxides in red, green, and blue respectively. The 

set of additional axes represent the position and orientation of TOAC8 relative to TOAC14 

as back calculated for the best-fit values of the distance and angles determined in Figure 3. 

Three different views are shown each rotated by 90°.
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