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We present a new approach to obtain details on the distribution and average structure and locations of
membrane-associated peptides. The approach combines (i) pulse double electron-electron resonance (DEER)
to determine intramolecular distances between residues in spin labeled peptides, (ii) electron spin echo envelope
modulation (ESEEM) experiments to measure water exposure and the direct interaction of spin labeled peptides
with deuterium nuclei on the phospholipid molecules, and (iii) Monte Carlo (MC) simulations to derive the
peptide-membrane populations, energetics, and average conformation of the native peptide and mutants
mimicking the spin labeling. To demonstrate the approach, we investigated the membrane-bound and solution
state of the well-known antimicrobial peptide melittin, used as a model system. A good agreement was obtained
between the experimental results and the MC simulations regarding the distribution of distances between the
labeled amino acids, the side chain mobility, and the peptide’s orientation. A good agreement in the extent
of membrane penetration of amino acids in the peptide core was obtained as well, but the EPR data reported
a somewhat deeper membrane penetration of the termini compared to the simulations. Overall, melittin adsorbed
on the membrane surface, in a monomeric state, as an amphipatic helix with its hydrophobic residues in the
hydrocarbon region of the membrane and its charged and polar residues in the lipid headgroup region.

Introduction

Key biological processes involve interactions between pep-
tides and the cell membrane, and many biophysical approaches
have been used to characterize these interactions. One of the
prominent methods used to this end is electron paramagnetic
resonance (EPR) spectroscopy. The EPR measurements are
based on site directed spin labeling,1-3 where a nitroxide side
chain, like methanethiosulfonate (MTSL), is introduced at a
desired site in the protein/peptide via cysteine substitution
mutagenesis. Spin labels can also be attached to phospholipid
molecules, thus allowing the examination of changes in
membrane ordering and fluidity upon the introduction of a
peptide/protein.4 The line shape of the EPR spectrum of
nitroxide radicals is highly sensitive to the degree of the side
chain mobility, whereas the nitrogen hyperfine coupling and
the g-values, particularly the gxx component, sense the polarity2,3

and proticity of its close environment.5 In addition, increased
relaxation rates due to the presence of paramagnetic quenchers
provide information about the solvent accessibility and the
insertion depth in membranes.2,6-8 Additional broadening due

to the introduction of a second spin label provides distance
information in the range 7-20 Å.3,9,10 The analysis of the
accessibility, mobility, and polarity measurements is well
established and can be used to reveal the secondary structure
and the general location and orientation of the peptide relative
to the membrane.2,11

Pulse double electron-electron resonance (DEER) measure-
ments extend the distances accessible by EPR methods to 70
Å,12-14 and have been applied in a number of investigations of
peptide/protein-membrane interactions.15-20 Electron spin echo
envelope modulation (ESEEM) is yet another well established
technique designed to measure weak hyperfine interactions
between unpaired electrons and nearby nuclei that can be further
interpreted in terms of distances.21-23 Although it is a technique
commonly used in studies of the coordination shells of metal
ions, it has been scarcely applied in the context of protein/
peptide-membrane interactions. Recently, ESEEM has been
used to derive the water penetration depth in membranes.16,24,25

We have previously shown that peptide-membrane interactions
can be identified by combining ESEEM induced by D2O and
2H in specifically labeled lipid molecules.26 In that preliminary
study, which was a proof of principle, the peptides were labeled
in one position only.

While EPR techniques provide a wealth of structural informa-
tion, they do not give directly the atomic level structure but
rather provide constraints that can be correlated or combined
with modeling techniques. Monte Carlo (MC) simulations have
been previously demonstrated to be an important tool in the
investigation of peptide-membrane interactions.27-34 Typically,
the MC methods are based on a reduced representation, which
enables comprehensive sampling of peptide conformations and
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locations in the membrane in an accelerated manner. This
approach allows overcoming the current limited computer
power, which often restricts molecular dynamics (MD) simula-
tions, another computational tool often used in the research of
the interactions of peptides with lipid bilayers.

In this work, we combined EPR experiments, CW-EPR,
ESEEM, and DEER with MC simulations to explore peptide-
membrane interactions in molecular detail. To demonstrate the
effectiveness of the new approach, we chose melittin, a
commonly used model for the investigation of peptide-membrane
interactions. We studied its interactions with large unilamellar
vesicles (LUVs), consisting of the zwitterionic dipalmitoylphos-
phatidylcholine (DPPC) and monovalent ion phosphatidylglyc-
erol (PG) at 7:3 molecular ratio. The MC simulations were used
to rationalize the experimental results and help in their
interpretation on the one hand, and the experimental results
served as tests for the predictive power of the simulations on
the other. The MC protocol we employed has been developed,
tested, and used to study the membrane interactions of peptides,
such as magainin2, penetratine,35 and the M2δ transmembrane
segment from the acetylcholine receptor subunit.36 The simula-
tions were carried out both on native and mutated melittin,
corresponding to the experiments, in order to determine their
structure and orientation in both water and membrane and to
elucidate any effect of the spin labeling on the structure.

Melittin, a 26-residue antimicrobial peptide, is the major
component of honeybee (Apis mellifera) venom.37 The structure
of melittin has been investigated under various conditions using
X-ray crystallography38,39 and NMR (nuclear magnetic reso-
nance) techniques.40-43 The crystal structure shows that the
peptide forms a tetramer, with each subunit comprising two
R-helical segments connected by a hinge at residues 11 and 12
with a kink of ∼120°.39 Apolar residues forming the core of
the tetramer are almost completely shielded from the solvent
by the hydrophilic side chains and the polypeptide backbones.
NMR studies of melittin bound to dodecylphosphocholine (DPC)
micelles revealed a rod-like R-helical conformation similar to
the crystal structure.40,41

In spite of the significant number of studies examining the
orientation of melittin within the membrane, it is still a
controversial subject. It was observed that melittin’s orientation
is affected by various factors. Melittin can be oriented either
perpendicular or parallel to the membrane surface, depending
on pH, temperature, phospholipid composition, and peptide
concentration.44 Several studies showed that melittin can adopt
a surface-parallel, transmembrane, or pseudotransmembrane
orientation in neutral membranes (discussed in ref 44). By
contrast, only surface orientation was observed in membranes
containing negatively charged lipids.44 The surface orientation
of melittin is characterized by apolar residues facing the
hydrophobic core of the membrane and polar residues facing
the aqueous phase.40,41

Our results showed that, upon membrane binding, melittin
undergoes conformational changes from a primarily random coil,
with some helical content at the C-terminus, to a helical
structure. We also show that at low concentrations melittin is
oriented parallel to the membrane surface. Examination of
specific residue location revealed that all the charged (and highly
polar) residues are exposed to the aqueous phase, while
hydrophobic amino acids are immersed in the membrane, as
anticipated on the basis of empirical data. The distances between
the labels measured by DEER and the membrane-penetration
depth of the residues in the peptide core, determined by ESEEM,
correlated well with the MC simulations. However, melittin’s

termini were found to penetrate somewhat deeper into the
membrane than predicted by the MC simulations.

Experimental Methods

Materials. The phospholipids dipalmitoylphosphatidylcholine
(DPPC) (Sigma) and egg phosphatidylglycerol (PG) (Lipid
products) were used as is. 1,2-Dipalmitoyl-sn-glycero-3-phos-
phocholine-N,N,N-trimethyl-d9 (DPPC-d9) was synthesized as
reported earlier, and the isotopic purity was found to be better
than 98%.45 Per-deuterated alkyl chain DPPC (DPPC-d62) was
purchased from Avanti Polar Lipids Inc. MTSL (1-oxyl-2,2,5,5-
tetramethyl-3-pyrroline-3-methyl) methanethiosulfonate was
from Toronto Research Chemicals, Ontario, CA. The spin probes
3-(carboxy)-2,2,5, 5-tetramethyl-1-pyrrolidinyloxy (Proxy) and
5-doxyl-stearic acid (5DSA) were purchased from Aldrich. 1,2-
dipalmitoyl-sn-glycero-3-phospho (TEMPO) choline (HPCSP)
and 1-palmitoyl-2-stearoyl-(10-DOXYL)-sn-glycero-3-phospho-
choline (10PCSP) were purchased from Avanti Polar Lipids Inc.
1-Palmitoyl-2-stearoyl-(5-DOXYL)-sn-glycero-3-phosphocho-
line (5PCSP) was synthesized according to the procedure
described earlier.46 Materials for peptide synthesis and purifica-
tion appear in the Supporting Information.

Peptide Synthesis and Labeling. Peptides were synthesized
by a solid phase method on rink amide MBHA resin (0.68
mequiv) by using an ABI 433A automatic peptide synthesizer.
The principles of peptide-resin cleavage and peptide purification
have been described elsewhere,26 and detailed information
appears in the Supporting Information. The peptides were
labeled with MTSL as reported earlier.2 Labeled peptides were
shown to be homogeneous by analytical HPLC (>97%, by
weight) and were analyzed by electrospray mass spectroscopy.
Table 1 lists all of the spin labeled peptides prepared and their
designations.

Sample Preparation. A dry phospholipid mixture of DPPC/
PG (7:3 w/w), DPPC-d9/PG (7:3 w/w), or DPPC-d62/PG (7:3
w/w) was dissolved in a CHCl3/MeOH mixture (2:1, v/v). Each
of the spin labeled phospholipids 5, 10, HPCSP, 5DSA, or Proxy
were added from a stock solution to the DPPC/PG (7:3 w/w)
or the DPPC-d9/PG (7:3 w/w) solution to give 1% by weight.
The solvents were evaporated under a nitrogen stream. A lipid
suspension was prepared by vortex and sonication of the lipids
in deuterated or nondeuterated phosphate buffer to give a final
concentration of 5 mg/mL. Once the sample is fully hydrated,
large unilamellar vesicles (LUVs) were prepared by extrusion
with an Avastin LiposoFast extruder.47 The peptides were added
to the LUV solution to give a peptide concentration of 0.16
mM and a peptide-lipid molar ratio of 1/200 in order to ensure
maximum binding of the peptides to the LUVs, as determined
previously.48 The concentration of spin labeled peptides in the
water-glycerol (30%) solution was 0.35 mM. All samples for

TABLE 1: Peptide Designations and Sequencesa

sequence peptide designation

GIGAVLKVLTTGLPALISWIKRKRQQ Melittin
CGIGAVLKVLTTGLPALISWIKRKRQQ mel-N
GICAVLKVLTTGLPALISWIKRKRQQ mel-C3

GIGAVLKVLTTGLPCLISWIKRKRQQ mel-C15

GIGAVLKVLTTGLPALICWIKRKRQQ mel-C18

GIGAVLKVLTTGLPALISWIKRKRQQC mel-C27

CGIGAVLKVLTTGLPCLISWIKRKRQQ mel-NC15

GIGAVLKVLTTGLPCLISWIKRKRQQC mel-C15C27

GICAVLKVLTTGLPALICWIKRKRQQ mel-C3C18

CGIGAVLKVLTTGLPALISWIKRKRQQC mel-NC27

a The position of the spin label is indicated by C.
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DEER measurements were prepared in D2O solutions to extend
the phase memory time. Samples for DEER and ESEEM
measurements were prepared as follows: after equilibration,
approximately 30-40 µl of each were rapidly frozen by insertion
of the EPR tube (2.7 mm i.d. and 3.7 mm o.d.) into liquid
nitrogen. Thereafter, the samples remained frozen.

Spectroscopic Measurements. All CW X-band (9.5 GHz)
measurements were performed at room temperature (23-25 °C)
on a Bruker ELEXSYS 500 spectrometer, using flat cells or a
couple of round quartz capillaries (0.6 i.d. × 0.84 o.d., VitroCom
Inc.). ESEEM and DEER experiments were carried out at 50 K
on a Bruker ELEXSYS E580 spectrometer (9.5 GHz) using the
ER4118X-MS-5X probehead with a split ring resonator (5 mm
sample access). The constant time four-pulse DEER experi-
ment49 was employed, and the experimental details are given
in the Supporting Information. Distance distributions were
obtained from the dipolar time evolution data by DeerAnaly-
sis2008 software.50 Tikhonov regularization was performed with
L curve computation, and the regularization parameter was set
to 10, 100, or 1000.

The ESEEM experiments were done using the three-pulse
pulse sequence π/2-τ-π/2-T π/2-τ-echo, with a repetition rate
of 3 ms and four-step phase cycle.51 All measurements were
performed at a field corresponding to the maximum echo
intensity, and the π/2 and π microwave pulse lengths were 16
and 32 ns, respectively. The τ-value was optimized for
maximum modulation depth (τ ) 1/(2νI) ∼ 224 ns, where νI is
the 2H Larmor frequency). The time interval T was incremented
in 20 ns steps starting at 40 ns. Fourier transformation of the
ESEEM (FT-ESEEM) trace was carried out as follows: after
phase correction and normalization, the background decay of
the normalized data was subtracted using a polynomial fit; then,
the data was apodized with a Hamming window, and zero filling
to 512 points was performed followed by FT and cross-term
averaging.52 All ESEEM traces were treated identically. The
number of accumulations was 30-300 depending on the
modulation depth.

We have chosen the intensity of the 2H peak, I(2H), in the
FT-ESEEM as a measure for the modulation depth. The 2H peak
is composed of a narrow component due to remote deuterium
nuclei and a broad component due to water molecules that form
H-bonds with the NO group.25 The data analysis in the present
study took into account only the narrow spectral constituent.

Computational Methods

MC simulations of melittin in water and membrane were
performed as described previously.35,36,53 In brief, melittin was
described in a reduced way, in which each amino acid was
represented by two sites, corresponding to its R-carbon and side
chain. The hydrocarbon region of the membrane was represented
as a smooth profile of 30 Å width. A negative surface charge,
representing the molecular fraction of PG, was located on both
sides of the membrane at a distance of 20 Å from the midplane,
corresponding to the location of the lipid phosphate groups.35

To calculate the free energy of the peptide in water and in the
membrane, four simulations consisting of 900 000 Monte Carlo
cycles were conducted. The total free energy of membrane
association (∆Gtotal) was calculated as the difference between
the free energies of a peptide in the aqueous phase and in the
membrane, using the following equation.35

In eq 1, ∆Gcon stands for the change in the free energy due
to membrane-induced conformational changes, ∆Gsol is the free
energy of transfer of the peptide from the aqueous environment
to the membrane, ∆Gimm accounts for immobilization of the
peptide in the membrane, ∆Glip accounts for the free energy
due to the change in the conformational freedom of the lipid
chains, ∆Gdef accounts for the membrane deformation associated
with peptide incorporation into the membrane, and ∆Gcoul stands
for Coulombic attraction between charged amino acids and the
(negative) membrane surface charge. The data of each simula-
tion was used to calculate the tilt angle and penetration depth
of the peptide with respect to the membrane plane, and the free
energy of membrane association, by averaging over the values
obtained in all of the cycles. The penetration depth was
calculated as the average over conformations of the distance
between the geometric center of the peptide and the membrane
midplane. The tilt angle was estimated on the basis of the angle
between the peptide’s end-to-end vector and the membrane’s
surface. The reported values are the averages over all of the
simulations ( standard deviations among the values of the
different runs.

Melittin’s initial structure was taken from Protein Data Bank
(PDB) entry 2MLT. Labeling of melittin with MTSL at different
positions (Table 1) was mimicked by leucine. This is based on
the observation that MTSL is hydrophobic and its free energy
of transfer from water into the membrane is very similar to that
of leucine.36,54 The initial structures of the labeled peptides were
obtained by modifying the native structure using the NEST
methodology,55 with default parameters. The simulations were
performed in 30% acidic membranes unless stated otherwise.
The helical content of the peptides was calculated as in ref 53.

Experimental Results

CW-EPR Measurements. Figure 1 presents the room
temperature CW EPR spectra of the melittin singly labeled
mutants in the presence of LUVs. It shows that in the presence
of LUVs the label’s mobility decreases from the ends of the
peptide to its center, with mel-C18 being the most rigid and the
N- and C-terminus labels being the most mobile. Comparison
of these spectra and the spectra in solution (Figure S1,
Supporting Information) shows that the spectra with the LUVs
are always considerably broader due to slower tumbling rates,
confirming that melittin is bound to the membrane. The spectra
of the doubly labeled peptide were approximately a superposi-
tion of the spectra of the corresponding singly labeled peptides
(Figure S1, Supporting Information).

DEER MeasurementssThe Reference System. DEER
measurements, in the presence and absence of LUVs, were
carried out for four double mutants (Table 1). To ensure that

∆Gtotal ) ∆Gcon + ∆Gsol + ∆Gimm + ∆Glip + ∆Gdef +
∆Gcoul (1)

Figure 1. X-band EPR spectra of melittin that is labeled in various
positions along the peptide in the presence of LUVs.

Peptide-Membrane Interactions J. Phys. Chem. B, Vol. 113, No. 38, 2009 12689
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the DEER decay (excluding the background decay) obtained
from the LUV solutions is owing to intra- and not inter-peptide
interactions due to aggregation, we have compared the DEER
trace obtained from a singly labeled melittin, mel-C15, with that
of a doubly labeled melittin, mel-C15C27 (Figure S2, Supporting
Information). The DEER kinetics of mel-C15 could be best fitted
with an exponential decay of a dimensionality of 2.14, which
is consistent with a two-dimensional distribution of peptide on
the LUV surface. The difference between the time domain traces
of the singly and doubly labeled peptides clearly showed that,
for peptide/phospholipids ) 1/200, the dipolar interactions,
determined after background subtraction, are intramolecular and
that melittin is in a monomeric state.

The time-domain DEER traces of the doubly labeled melittin
in solutions with and without LUVs are shown in Figure 2. In
all cases, the background decay was significantly faster in the
presence of LUVs, although the peptide concentration was lower
(0.35 mM vs 0.16 mM, respectively). This is expected because
the peptides are not distributed isotropically throughout the
solution but are concentrated on the LUVs such that the local
concentration is higher than the bulk concentration.56 The
enhanced contribution of the background decay affected also
the signal-to-noise ratio and prevented measurements at long
times (Figure S3, Supporting Information).

Figure 3 shows the distance distribution obtained from the
DEER measurements in the aqueous phase and in LUV
solutions. The fine structures (peaks) appearing in some of the
distance distributions are most probably artifacts of the regu-
larization due to noise and should be considered as part of the
total width of the distribution. It is evident that, on average,
the membrane-bound peptide is shorter than in the aqueous
phase, and the overall distance distribution is narrower. The
smallest difference was observed for mel-C15C27, where the
distance distributions with and without the LUVs are very close.
Single-peak distributions were observed in both cases, which
are centered on distances of 20 and 22.5 Å, respectively. The
distances are similar to the distance between the corresponding
R-carbons of Ala15 and Gln26 in the X-ray structure,38,39

suggesting that the peptide core is helical even in the aqueous
solution. The similarity between the center of the distance
distribution of the bound peptides and the corresponding
distances in the overall crystal structure (Figure 3) suggests that
the average conformation is helical.

While the DEER measurements report the average conforma-
tion of melittin in the aqueous phase and in association with
LUVs, they do not reveal the penetration depth into the
membrane and the orientation of the peptide in the membrane.
This information was derived from the ESEEM experiments
described next.

ESEEM MeasurementssThe Reference System. Figure 4
shows examples of time domain ESEEM traces and FT-ESEEM
spectra of mel-C27 in a D2O buffer, with LUVs in a deuterated
buffer and with deuterated LUVs. These show the range of 2H
modulation depth that can be observed. The modulation depth
is expressed in the intensity of the 2H peak in the FT-ESEEM
spectrum, given by I(2H). In general, the larger I(2H) is, the
higher is the 2H density around the spin label. To correlate I(2H)
with the insertion depth of the spin label in the peptide, a proper
reference is required.

The reference chosen was spin labeled phospholipid mol-
ecules (Figure 5). The spin label in HPCSP senses the polar
headgroup region, 5PCSP probes the region below the phosphate
group toward the membrane, and 10PCSP the hydrocarbon
region. These spin probes were introduced in minute amounts
to the phospholipid solutions prior to the preparation of the
LUVs. Earlier reports showed that the addition of melittin to
DPPC/PG model membranes changed the modulation depth
experienced by 5, 7, and 16DSA (doxyl-stearic acid spin

Figure 2. Normalized DEER decays for the doubly labeled melittin
peptides within DPPC/PG/D2O LUVs (black) and in D2O/30% glycerol
solution (blue). The corresponding distance distributions are shown in
Figure 3.

Figure 3. Distance distribution obtained from the DEER traces (black)
shown in Figure 2 for the four double mutants studied with (solid) and
without (dashed) LUVs. The experimental results were normalized to
the maximum of the MC results. The blue (solid and dashed) lines are
the results of the MC simulations obtained from the corresponding Leu
double mutants. The vertical green line represents the corresponding
distance between R-carbons in the crystal structure.38,39

Figure 4. Three-pulse ESEEM time domain traces of mel-C27 in (A)
70% D2O /30% glycerol, (B) DPPC/PG/D2O LUVs, (C) DPPC-d62/PG
LUVs, and (D) DPPC-d9/PG LUVs and their corresponding FT-ESEEM
spectra.

12690 J. Phys. Chem. B, Vol. 113, No. 38, 2009 Gordon-Grossman et al.
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labels).26 Accordingly, we compared the I(2H) values of the
PCSP spin probes in the various types of deuterated LUV
solutions with and without melittin (Figure S4, Supporting
Information). Due to a small, but significant observed difference
we used the results of the samples with melittin as the reference.

Figure 6 shows the dependence of I(2H) on the spin-label
position in the phospholipids in samples of LUVs/D2O and
DPPC-d9/PG LUVs with melittin (non-labeled). Earlier calcula-
tions showed that I(2H) should exhibit an approximate linear
dependence down (or up) to ∼10 Å from the deuterated layer
in DPPC-d9/PG LUVs.25 For the deuterated LUVs, the trend
I(2H)HPCSP ∼ I(2H)5PCSP . I(2H)10PCSP ∼0 is observed. The
similar values for HPCSP and 5PCSP confirm the bend of
the polar headgroup region with respect to the alkyl chain.57

For the LUV/D2O samples, the trend of I(2H) is I(2H)HPCSP

I(2H)5PCSP > I(2H)10PCSP (Figure 6B). The close I(2H) values
for 5PCSP and 10PCSP are a consequence of the sigmoid
shape of the polarity profile within the membrane.25

Orientation and Location of Melittin within the Mem-
brane. A plot of I(2H) vs the spin label position in the peptide
in DPPC-d9/PG LUVs is presented in Figure 6A. It shows that

labels in the center of the peptide, attached to C15 and C18, have
the highest I(2H) values, while those at the ends show lower
values. These results on their own are not sufficient for locating
the peptide relative to the membrane because low values of I(2H)
could arise from a residue that is buried in the hydrophobic
region of the membrane or is situated in the aqueous phase,
not interacting with the membrane at all. Therefore, the I(2H)
values of the spin labeled peptides in LUVs/D2O are essential
to complement the picture and differentiate these two options.
The results are depicted in Figure 6b, demonstrating a trend
very similar to that observed with the DPPC-d9/PG LUVs.

Figure 6B also shows the dependence of the I(2H) values of
the spin labeled peptides in a D2O buffer along with that of a
free MTSL, which represents the highest possible I(2H) value.
The scatter of the points is much larger than the experimental
error and reveals that different residues experience a different
water exposure in solution. Here, mel-C18 experiences the largest
exposure to water, while mel-C3, the lowest. The difference
between the degrees of water exposure of the amino acids might
indicate that melittin is partially structured even in solution.
Alternatively, the differences can also be due to exchangeable
protons in amino acids in the close vicinity of the label. Upon
the addition of LUVs, all peptides exhibit a considerable
reduction in I(2H) of D2O, confirming the binding to the LUVs.

The combined D2O, DPPC-d9 ESEEM results indicate that
the spin labels in mel-C18 and mel-C15 are exposed to the solvent,
whereas the N- and C-termini are somewhat deeper in the
membrane. In order to substantiate this observation, ESEEM
measurements were carried out also with DPPC-d62. The results
presented in Figure 6A show that, among the labeled peptides,
mel-C18 is the furthest away from the hydrophobic region, while
the termini are the closest.

Computational Results

Free Energy of Melittin-Membrane Association. We first
examinedthedependenceof thefreeenergyofmelittin-membrane
association on the lipid composition and the ionic strength. We
performed MC simulations of the interaction of melittin with
membranes containing different proportions of anionic lipids
(Figure S5A, Supporting Information). As anticipated, increasing
the fraction of the acidic lipids increased the Coulombic
interaction between them and melittin’s basic residues and the
magnitude of the free energy of melittin-membrane association,
i.e., increased affinity. In contrast, increasing the ionic strength
decreased the magnitude of the association free energy of
melittin with the membrane, due to the shielding effect of the
cations (Figure S5B, Supporting Information).

We then compared the experimentally obtained association
free energy of melittin58 with unilamellar phosphocholine
(zwitterionic) vesicles with the corresponding calculated value
of melittin interaction with a neutral membrane. The computed
value of -15.1 ( 0.6 kT (Figure S5A, Supporting Information)
is slightly lower than the experimental value of about -11.8 to
-13.6 kT.58 We also compared our results to MD simulations
of melittin within a membrane containing 10% anionic (and
90% zwitterionic) lipids.59 The free energy value of melittin-
membrane association of the MD simulation was -21.7kT in
excellent agreement with the -21.1 ( 0.6 kT value of our MC
calculations (Figure S5A, Supporting Information).

It is noteworthy that changes in the proportion of anionic
lipids and the ionic strength did not affect melittin’s helicity,
penetration depth, and orientation relative to the membrane
(Figure S6, Supporting Information).

Figure 5. Structures of the HPCSP and 5PCSP spin labeled phos-
pholipids. The 10PCSP probe is similar to 5PCSP with the nitroxide
spin label in the position marked by the arrow.

Figure 6. I(2H) value of labeled melittin within (A) DPPC-d9/PG (black
squares) and DPPC-d62/PG (blue squares). (B) DPPC/PG/D2O LUVs
(black squares) compared to the unbound labeled melittin and free
MTSL, in 70%D2O/30% glycerol (blue squares). The spin labeled
phospholipids reference in the presence of melittin (gray squares) is
also shown for comparison in DPPC-d9/PG and DPPC/PG/D2O LUVs.
The dotted lines indicate the I(2H) n-PCSP (n ) H, 5, 10) values. The
standard errors are marked, but sometimes they are smaller than the
symbols.
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Native vs Labeled Melittin. We conducted MC simulations
of the interactions of native and mutant melittin peptides with
model membranes, composed of 30% acidic lipids, and cor-
related the results with the experimental data presented above
(Table 2). In the MC simulations, the interactions between pairs
of amino acids are described using statistical (knowledge-based)
potentials, derived from known protein structures.60 Since there
is no data that enables the derivation of similar potential terms
for the spin probe, we were forced to represent it as an amino
acid. Fortunately, the probe and leucine share very similar
polarity and membrane partitioning.54,61 Thus, the cysteine side
chains with the nitroxide probes, positioned as designated in
Table 1, were substituted by leucine in the simulations.

Overall, the native and “labeled” melittin peptides showed
the same membrane behavior. They all adsorbed onto the
membrane surface at an angle of 93-103° with respect to the
membrane normal (Table 2) at an approximately helical
conformation (Figure 7), and penetrated into the membrane to
the same extent (distance of 17.2-18.5 Å from the bilayer
midplane; Table 2). Additionally, they all assumed conforma-
tions in which the hydrophobic amino acids were embedded in
the hydrocarbon region of the membrane and the polar and
charged residues interacted with the aqueous phase or the
water-membrane interface (Figure 8). Thus, the leucine muta-
tion, representing the spin label, did not appear to alter melittin’s
mode of interaction with the membrane significantly.

However, along with the similarities, there are some differ-
ences between certain modified peptides and native melittin.
For example, the free energy of membrane association of the
mel-NC15 and mel-NC27 peptides was larger in magnitude than
that of native melittin (Table 2). This is attributed to the free
energy change due to membrane-induced conformational changes
in the peptide, ∆Gconf, while other energetical terms were similar.
We therefore investigated the helicity of native melittin and the
mutants.

We calculated the helical content of the native and modified
peptides in the aqueous phase and in the membrane (Figure 7).
As anticipated, the peptides exhibited a significant increase in
their helical content upon membrane association. The native
and “labeled” peptides sampled similar conformations in the
aqueous phase. However, the N-terminus of mel-NC15 and mel-
NC27 had higher helical content in the membrane than the rest
of the peptides (Figure 7). Since these were the only peptides
with an N-terminal “label”, we concluded that the incorporation
of a hydrophobic “label” (i.e., a leucine residue) at this position
in melittin pulled the N-terminal deeper into the membrane and
increased the helicity. This led to an increase of the magnitude
of the free energy change due to membrane-induced confor-
mational changes (in the peptide) and the total association free
energy of these two peptides in comparison to the rest (Table
2). The analysis of the prevalent conformations of the melittin
mutants, presented below, supports this conclusion. In contrast,
the incorporation of the “label” into the C-terminus of melittin
did not increase the helicity. This is attributed, in part, to the
fact that the C-terminus is too polar to partition into the
membrane even after the addition of the hydrophobic “probe”.

Melittin Structure, Orientation, and Penetration Depth.
Figure 3 shows the distribution of distances between the
R-carbon atoms of the “labeled” residues observed in the MC
simulations in comparison with the DEER experiments of the
various melittin mutants. The experimental and computational
results correlate well. The distance distribution is wider in water
than in membrane in all cases, which is consistent with the
anticipation that, roughly speaking, melittin is a random coil in
solution and it becomes ordered upon membrane interaction
(Figure 7). Mel-C15C27 showed the least significant broadening
of the distance distribution in water relative to membrane, similar
to the experiment. This is probably due to the fact that the helical
content of the C-terminal is high in water (Figure 7). In general,
the agreement between the DEER results and the MC simula-

TABLE 2: Thermodynamic Parameters for the Membrane
Association of Native and Modified Melittin, Calculated on
the Basis of the MC Simulationsa

peptide
designation z (Å) tilt (deg) ∆Gtotal (kT) ∆Gconf (kT)

melittin 18.5 ( 0.1 93 ( (<1) -29 ( (<1) -1 ( (<1)
mel-NC15 17.4 ( 0.1 96 ( (<1) -38 ( (<1) -5 ( (<1)
mel-C15C27 18.2 ( (<0.1) 95 ( 1 -29 ( (<1) 2 ( (<1)
mel-C3C18 17.2 ( 0.1 104 ( 1 -29 ( (<1) 1 ( (<1)
mel-NC27 18.5 ( (<0.1) 95 ( (<1) -37 ( (<1) -6 ( (<1)

a Each value is represented as an average ( standard deviation.
The penetration depth, z, is calculated as the average distance
between the peptide’s R-carbon and the membrane midplane. The
title angle, tilt, is calculated as the angle between the peptide’s
end-to-end vector and the membrane normal. ∆Gtotal is the total free
energy change upon membrane association; ∆Gconf stands for the
free energy change due to the membrane-induced conformational
changes in the peptide (eq 1).

Figure 7. Calculated helical content of native and Leu-modified
melittin. The dotted curves show the results of simulations in the
aqueous phase, and the continuous curves refer to the membrane
simulations. The results obtained with the label (represented as Leu)
at different amino acids are plotted using different colors according to
the legend.

Figure 8. Location of native and mutant melittin near the membrane.
The average distance of the R-carbon atoms from the membrane
midplane in the MC simulations is shown for each residue. The gray
arrows refer to the location of the NO group of the probe (see text).
The corresponding rms fluctuations (Figure S7, Supporting Information)
indicate that the termini are more flexible than the core, as anticipated.
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tions is better for the membrane-associated peptide than for the
peptide in solution.

Figure 8 shows the average location of the R-carbon atoms
of the amino acids of native and modified melittin within the
membrane. As mentioned above, all peptides adsorbed onto the
membrane surface in similar conformation, orientation, and
location. The C-terminus, containing some charged residues, is
exposed to water. In native and in most of the modified melittin
peptides, the N-terminus is located in the membrane-water
interface. The only exception is mel-C3C18, for which the
incorporation of the “label” (leucine) instead of Gly3 caused
deeper penetration of the N-terminus into the membrane as
compared to the rest of the peptides. Overall, the MC simulations
are qualitatively consistent with the experiments concerning the
locations of C3, C15, and C18 (Figure 6). However, it appears
that the termini penetrate deeper into the membrane according
to the ESEEM experiments than in the simulations. This
discrepancy will be discussed next.

Discussion

In the following, we first discuss the implications and current
limitations of the ESEEM techniques for deriving peptide
insertion depth in membranes. This is followed by a discussion
of the restrictions of the MC simulations. We then depict the
results of the combined approach that helps to reduce the
limitations of each technique separately.

Implications and Limitations of the ESEEM Technique.
In order to estimate the insertion depth of the peptide into the
membrane from the I(2H) values, we used references based on
spin labeled phospholipids. The comparison of the reference
spin probes in LUVs/D2O and DPPC-d9 LUVs leads to
conflicting results regarding the insertion depth. The DPPC-d9

LUV measurements suggest a deeper penetration depth than the
D2O results (Figure 6), although overall, both give the same
melittin conformation. It is worth mentioning that a similar
conflict was observed in our earlier study that focused on mel-N
only.26 To reconcile the discrepancy, we then suggested that
the N-terminus is close to the membrane surface region and
adapts a conformation where the spin label at the N-terminus
has limited water exposure. However, this explanation is
inconsistent with the more complete data set presented above.
We think that the reason for this inconsistency is that spin
labeled phospholipids are not a proper reference system for
deuterated LUVs. Problems in using labeled lipids in acces-
sibility studies were previously pointed out by Nielsen et al.6

These were associated with wide variations in the probe
conformation that complicated interpretation, and the disorder
that may be introduced by the label, especially near the bilayer
midplane. In addition, spin labeled lipids cannot account for
the changes in the modulation depth associated with the volume
of the peptide and the excluded volume associated with it. The
volume of spin labeled melittin may change the number of
phospholipid molecules in the vicinity of its spin label, thus
effectively reducing their local density in this region. This would
lead to lower I(2H) values, which are misinterpreted as a deeper
penetration. D2O molecules, on the other hand, are small and
mobile, and they should be less affected by the excluded volume.
We therefore consider the D2O reference to be more reliable.
Accordingly, the spin labels in mel-C15 and mel-C18 are not
buried deeper than position 5 of the phospholipid (Figure 6).
This is also supported by the MC simulation. The simulation
shows that the R-carbon of Ser18 is ∼18 Å from the membrane
midplane (Figure 8), which is above the fifth position in the
alkyl chain. Although we have accounted for changes in D2O

distribution in the membrane due to the insertion of melittin by
using as a reference spin labeled phospholipids in LUVs in the
presence of melittin, possible contributions to the modulation
depth from exchangeable protons of the backbone and in side
chains were not considered. For example, in a recent study,
modulations due to D2O were observed for a buried residue in
a membrane protein.62 The above reservations call for a search
for a better reference system, free from the above concerns.
One possibility would be a transmembrane helix, as used by
Nielsen et al.6

The penetration depth of spin labeled peptides/proteins into
membranes is commonly obtained by the combined effect of
paramagnetic quenchers situated selectively in the solvent and
hydrophobic regions.6,20,63 In principle, the ESEEM methodology
presented here provides the same type of information. However,
there are two principal advantages. First, the data is derived
directly from interactions between peptides and deuterated
membrane and not through the effect of a “third party”, namely,
the quencher. While per-deuterated lipids may differ from the
protonated counterpart,64 the use of specifically deuterated lipids,
like DPPC-d9, is more innocent because only a few protons are
replaced. A second advantage is that the modulation depth can
be analyzed quantitatively. We have already reported a simple
model for such an analysis,26 but it should be tested against a
known good reference system for calibration. Two disadvantages
of the ESEEM approach are that it requires frozen solutions,
similar to DEER, and the use of specifically deuterated
membranes, which is costly and requires special synthetic
efforts.

The secondary structure of peptides/proteins in membranes,
particularly helices, can be determined by solid state NMR of
aligned samples using the PISEMA method.65 The major
advantage of this method is that it is label free; namely, no
chemical modifications are involved, and one sample provides
the information needed as opposed to the EPR methodology
that requires the preparation of many mutants. Some disadvan-
tages relative to the DEER/ESEEM approach are the much lower
sensitivity, 3-9 mM of protein are required in NMR66 as
compared to 0.1-0.2 mM in EPR, and the need for well oriented
samples which complicates sample preparation.

Limitations of the MC Simulations. The free energy
component that described the (membrane-induced) conforma-
tional changes in the peptide is derived from the proteins’ three-
dimensional structures, and includes only native amino acids.60

However, the EPR techniques included labeling of melittin with
MTSL. As the spin probe could not have been taken into
account, it was approximated by a leucine residue of comparable
hydrophobicity.54,61 Consequently, the length of the probe and
its other unique characteristics were not taken into consideration
in the model.

An additional limitation of the model is related to the implicit
description of the peptide, where each residue is represented
by two interaction sites. The simplicity makes the simulations
computationally feasible. However, it involves inaccuracies in
the calculations, especially those related to the solvation free
energy (eq 1), which strongly depends on the location of each
atom. Moreover, the reduced representation leads to undefined
torsion angles of the two residues at both ends of the peptide.
This results in an increased flexibility of the chain ends and
reduction of the stability of the R-helical conformation in the
terminal segments. Accordingly, the helical content is reduced,
causing desolvation of the termini. This limitation could be the
reason for the discrepancy between experiment and computation
regarding the peptide termini (see below).
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Experimental vs Computational Results. There is good
correlation between the EPR results and the MC simulations
concerning the mobility. Both methods show that in the
membrane-associated state the peptide ends are significantly
more mobile than the core (see Figure S7 (Supporting Informa-
tion), which shows the rms fluctuations of the R-carbon atoms).

The experimentally obtained distance distributions correlated
well with those of the MC simulations (Figure 3). Both show a
considerable narrowing of the distributions upon membrane bind-
ing. For mel-C15C27, however, the change was relatively small.
There is also good agreement between the experimental data and
simulation concerning the average distance between the R-carbon
atoms (Figure 3). However, in the aqueous phase, the experimen-
tally determined average distances are somewhat higher than the
predicted values (Figure 3). Naturally, the distance measured
between two MTSL labels is not the same as that determined from
the R- (or �-) carbon atoms in the native peptide due to the length
and the motional freedom of the label. A recent comparison of
distances measured by EPR and the corresponding distances
between the �-carbon atoms obtained from the crystal structures
of T4-lysozyme and a comparative model of RA-crystallin showed
that the difference may vary between -4 and 12 Å with an average
of about 0-4 Å.67 Thus, the anticipation is that the measured
distances between labels would appear inflated in the aqueous
solution compared to the membrane, where the peptide is, in
essence, restricted to the helical state.

The experimental distance distribution of mel-C3C18 is high
at r ) 15-20 Å (Figure 3) which is not reproduced by the MC
simulation. This sample was the hardest to measure in terms of
signal-to-noise ratio, and therefore, it was acquired for the
shortest decay time. It could be that the short distances observed
are artifacts due to difficulties associated with the removal of
background.

Finally, we discuss the peptide orientation and location within
the membrane. The MC simulations yielded an average structure
of a continuous R-helix with relatively disrupted termini (Figure
7). The overall conformation is “banana-shaped” with the helix
core embedded in the membrane and the termini exposed to the
water/lipid polar headgroups (Figure 8). There is a rather good
agreement with the ESEEM results in the relative penetration depth
of mel-C3, C15, and C18, while there is some disagreement regarding
the N- and C-termini. In comparison to the MC simulations, the
ESEEM results suggest a deeper penetration of the termini.

An earlier molecular dynamics simulation showed that MTSL
has a clear hydrophobic bias.68 Thus, when facing the membrane,
the nitrogen of the probe protrudes about 5-6 Å deeper than
the R-carbon atom of the labeled residue.68 Conversely, because
of steric hindrance, a probe that is introduced at the water-
accessible side of the helix would insert only about 2 Å deeper
into the membrane than the R-carbon atom. Accordingly, to
account for this hydrophobic bias, we added 2-6 Å to the
predicted depth of the R-carbon atoms depending on their
location on the helix (Figure 8, gray arrows). Nevertheless, this
correction was not sufficient to account for the discrepancy
regarding the location of the N- and C-termini spin labels. The
discrepancy can be due to either some uncertainties in the MC
simulation regarding the peptide ends, as discussed above, or
some additional bias of the spin labeling at the peptide ends.
This suggests that spin labeling at the ends of the peptide may
not be as innocent as desired.

Since the termini appeared to be mobile both in experiment
and in simulation, and because of the high energy penalty
associated with the transfer of the polar/charged termini from
the aqueous phase into the membrane, we suggest that in the

native peptide they reside somewhere in the polar headgroup
region of the membrane.

Conclusions

We have presented an approach that combines pulse EPR
techniques and MC simulations to obtain the population and
prevalent conformation, location, and orientation of membrane-
bound peptides. The approach was demonstrated on melittin within
a negatively charged membrane. We found that at the peptide/
phospholipids ratio of 1:200 melittin is in a monomeric state and
adapts an R-helical conformation, primarily parallel to the mem-
brane surface. The obtained configuration of melittin in the
membrane is characterized by polar and charged residues facing
the solvent, whereas the hydrophobic amino acids penetrate deeper
into the membrane. In solution, melittin is mostly disordered,
though its C-terminus does have some helical character. We
obtained a very good agreement between the distance distributions
and the penetration depth of the residues in the peptide core.
However, the experimental results showed deeper membrane
penetration of the N- and C-termini than predicted by the MC
simulations. This could arise from specific effects of the spin labels
or from inaccuracies of the MC simulations in the peptide ends.
Nevertheless, the experimental results and simulations correlate
very well. Their combination provides detailed and more inclusive
results that are in agreement with previous findings. Therefore, this
approach can be used for further investigation of peptide-membrane
interactions. Furthermore, MC simulations may be used to guide
the design of EPR experiments both for phrasing of testable
hypotheses regarding the structure of the peptide in the aqueous
phase and the membrane, and by suggesting the optimal residues
for spin labeling.
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