-

P
brought to you by i CORE

View metadata, citation and similar papers at core.ac.uk

provided by RERO DOC Digital Library

phys 0
DOI 10.1007/s00249-005-0033-7

ARTICLE

Alice Glittli + Indira Chandrasekhar
Wilfred F. van. Gunsteren

A molecular dynamics study of the bee venom melittin in aqueous
solution, in methanol, and inserted in a phospholipid bilayer

Received: 27 June 2005/ Revised: 5 October 2005/ Accepted: 8 October 2005 / Published online: 2 December 2005

© EBSA 2005

Abstract The structural properties of melittin, a small
amphipathic peptide found in the bee venom, are
investigated in three different environments by molecu-
lar dynamics simulation. Long simulations have been
performed for monomeric melittin solvated in water, in
methanol, and shorter ones for melittin inserted in a
dimyristoylphosphatidylcholine bilayer. The resulting
trajectories were analysed in terms of structural prop-
erties of the peptide and compared to the available
NMR data. While in water and methanol solution me-
littin is observed to partly unfold, the peptide retains its
structure when embedded in a lipid bilayer. The latter
simulation shows good agreement with the experimen-
tally derived *J-coupling constants. Generally, it appears
that higher the stability of the helical conformation of
melittin, lower is the dielectric permittivity of the envi-
ronment. In addition, peptide-lipid interactions were
investigated showing that the C-terminus of the peptide
provides an anchor to the lipid bilayer by forming
hydrogen bonds with the lipid head groups.

Introduction

Small, mostly amphiphilic, a-helical peptides accomplish
simple antimicrobial defence tasks in a number of
organisms [1]. Most of these host-defence peptides, such
as toxins and antimicrobial peptides, exert their action
through permeabilisation of cellular membranes by
association with the lipid headgroups [2-5]. They ini-
tially adsorb onto the membrane surface adopting a
parallel orientation to the bilayer surface and cause an
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increase in membrane permeability through disruption
of the packing of lipid molecules, which is called the
“carpet effect” [6, 7]. However, they may also reorient to
adopt an orientation perpendicular to the bilayer sur-
face, a so-called transmembrane orientation, and then
associate to form either barrel-stave pores [§] or toroidal
pores [9, 10] within the bilayer causing size-selective
leakage and eventually membrane-lysis [4, 11]. The
mode and effectiveness of the disruption of the mem-
brane barrier function depends on the one hand on the
peptide concentration and on the other hand on the
membrane lipid composition, but also on factors like
hydration level and pH [2, 12]. The characteristics and
biological activity of some of these peptides is not only
of great interest per se, but they also provide model
systems for large membrane proteins. As the majority of
membrane proteins appears to be composed of amphi-
philic transmembrane helices, the investigation of
membrane-active peptides that form single membrane-
spanning helices contributes to the understanding of the
lipid—protein interactions and the factors that stabilise
the structure of membrane proteins.

Melittin, is one of the best studied membrane-inter-
active polypeptides. It is the major component in the
venom of the European honey bee Apis mellifera, has a
powerful hemolytic activity [13] and is reported to acti-
vate phospholipase A, found in the bee venom [14, 15].
Furthermore, melittin can induce bilayer fusion [16].
The cationic amphiphilic polypeptide consists of 26
amino acids with the sequence [17]

Gly!-1le>-Gly*-Ala*-Val*-Leu®-Lys’-Val®-Leu’-
Thr'®-Thr'!-Gly'2-Leu'3-Pro'*-Ala'®>-Leu'®-Ile!"-Ser 8-
Trp'’-Ile®-Lys®'-Arg?-Lys*-Arg**-GIn*-GIn®.
Its structure has been determined to high-resolution by
X-ray diffraction [18] and NMR spectroscopy. The
NMR structure of melittin has been determined in

methanol solution [19] and when bound to dod-
ecylphosphocholine micelles [20, 21]. In both media, the
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peptide is monomeric [19, 22-24], whereas the crystals
were grown from aqueous solution of high ionic
strength, in which melittin forms tetrameric aggregates
through hydrophobic contacts [13, 18, 25]. These crys-
tallographic and NMR studies indicate that melittin
adopts an a-helical conformation in these rather differ-
ent environments. The proline residue at position 14
causes a kink in the structure separating two a-helical
segments, a mostly hydrophobic helix from Gly(1) to
Leu(13) (helix 1) and an amphiphilic, positively charged
helix from Pro(14) to GIn(26) (helix 2) (Fig. 1). From
high-resolution 'H-NMR experiments of monomeric
melittin in aqueous solution it was concluded that the
peptide does not adopt a regular structure in the absence
of salt [26, 27].

With the aim to elucidate the mechanism of the lytic
activity of melittin, the association of melittin with lipid
bilayers and the initiation mechanisms of membrane
lysis, the association of melittin with bilayers was
investigated in a large number of studies using different
approaches [12, 20, 22, 23, 28-39]. This led to mainly
two views of how melittin interacts with lipid bilayers
causing their lysis. On the one side, it is suggested that
the peptide increases the permeability by binding par-
allel to the membrane surface with partial penetration of
the bilayer, while on the other side experimental evi-
dence has been put forward that melittin adopts a
transmembrane orientation and forms water pores by
aggregation of four peptide molecules. Yet, other studies
suggest that melittin solubilises large lipid disks which
would lead to cell lysis by leaving large holes in the
membrane. The variety of proposed actions of melittin
on membranes reflects the view that the underlying
mechanism varies with a number of factors, such as
peptide concentration, lipid composition, and the
hydration level of the membrane [2, 38, 40].

In an attempt to describe the association of melittin
with membranes and to elucidate the structural charac-
teristics of melittin in different environments at the

Fig. 1 a Crystallographic a
structure of melittin [18, 57]
used as a starting structure in
the simulations. b Melittin
inserted in a DMPC bilayer (62
lipids per leaflet). The lipid
headgroups are shown as
spheres with the phosphorus
atoms in orange, the oxygen
atoms in yellow the nitrogen
atoms in cyan and the CH;
groups in blue

N-terminus

atomic level, a number of molecular dynamics (MD)
simulation studies on melittin and also on other anti-
microbial peptides have been performed. They have
been reviewed La Rocca et al. [41] and by Biggin and
Sansom [11]. The structural and hydrogen-bonding
properties of melittin and alamethicin in methanol have
been analysed from short (0.5—1 ns) molecular dynamics
simulations and compared to the results from amide
hydrogen exchange analysis [42]. More recently the
conformational stability of melittin at different temper-
atures and in different solvent environments was inves-
tigated by short simulations (200 ps) using the the
temperature jump technique [43] showing that low
dielectric media stabilise the secondary structure of
melittin. In a similar vein Roccatano et al. [44] have
shown that the secondary structure of melittin is well
preserved in 2,2 2-trifluoroethanol (TFE)/water mix-
tures over the entire 20 ns of simulation. The TFE
molecules are observed to aggregate around the peptide
forming a matrix that partly excludes water, and thus
favours intramolecular, local interactions such as back-
bone-backbone hydrogen-bonding, which is in line with
experimental findings from NMR studies [45]. In a series
of simulations the effect of melittin on lipid bilayers was
investigated when adsorbed to the membrane surface
[46-49], inserted as a single transmembrane helix in a
bilayer [50], and as a tetrameric water pore in a lipid
bilayer [S1]. When absorbed on the bilayer surface me-
littin is found to have an effect on both leaflets of the
membrane. It causes thinning of the upper layer, which
in turn favours water penetration through the lower
layer [46]. Bachar and Becker [50] reported simulations
of a single melittin molecule inserted in a dipal-
mitoylphosphatidylcholine (DPPC) bilayer in a trans-
membrane orientation and observed local disorder of
the lipids in vicinity of the peptide. In the melittin pore
simulation described by Lin and Baumgértner [51], the
individual helices in the tetrameric aggregate repelled
each other due to their highly positively charged C-ter-

b extracellular

periplasm



minus causing a disruption of the lipid bilayer within
4 ns. Whether this represents a realistic description of
the mechanism of cytolytic activity of melittin or is ra-
ther due to simulation artefacts is questionable.

The aim of the study presented here is not to elucidate
by simulation the mechanisms of membrane lysis caused
by melittin, but to investigate the structural properties of
melittin in three different environments from which
mechanistic insights may be derived. The peptide was
simulated in aqueous solution, in methanol solution and
as a transmembrane helix inserted in a dimyristoyl-
phosphatidylcholine bilayer (Table 1, Fig. 1). Due to the
different computational costs of simulating these three
environments, the lengths of the three simulations are
different: 30 ns in water, 60 ns in methanol, and
10+ 17 ns in the lipid bilayer. This should be kept in
mind when interpreting the results. The simulation tra-
jectories are analysed in terms of structural properties of
the peptide such as secondary structure content and
hydrogen bonding and with respect to the level of
agreement with experimental NMR data (*J-coupling
constants). In addition intermolecular hydrogen bond-
ing between melittin and the surrounding lipids is
investigated. The present study differs from earlier sim-
ulation studies of melittin with the respect to the force
field used, the simulation set-up, comparison with NMR
data and analysis of melittin-environment hydrogen
bonding.

Methods

Table 1 gives an overview over the performed simula-
tions. All simulations were carried out using the GRO-
MOS96 simulation software [52, 53]. The peptide was
modeled using the GROMOS force field, version 45A3
[52, 54]. The same force field under the conditions elu-
cidated in reference [55] was used for the lipids, where
the phosphatidylcholine (PC) head group parameters for
the partial charges are taken from Chiu et al. [56]. The
set-up of the protein—lipid systems, the simulation set-
up, and the type analysis performed are described here.

Table 1 Overview over the simulations performed
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Molecular model
Peptide model and solvent models

The X-ray structure (PDB entry: 2MLT) [18, 57] was
used as a starting structure for all four simulations. The
ionisable groups were set to their protonated or de-
protonated state according to the standard pK, values
of amino acids and a pH of 7.0. Consequently, the lysine
and the arginine side-chains, as well as the N-terminus
are protonated, resulting in a net charge of + 6e. The C-
terminus is amidated. Water and methanol were mod-
elled as rigid three-point molecules using the SPC water
model [58] and the standard GROMOS96 methanol
model [52], respectively.

For simulations melittin-h2o0 and melittin-meoh, the
peptide was solvated in a truncated-octahedron-shaped
box. The size of the box was chosen such that the initial
minimum distance between peptide atoms and the
square walls of the truncated octahedron was 1.6 nm.
Periodic boundary conditions were applied. After an
energy minimisation using steepest descent to relax the
solvent, the six water molecules experiencing the largest
positive Coulomb potential were replaced by six chlorine
ions to neutralise the system.

Peptide-bilayer model

Melittin was inserted in a dimyristoyl-phosphatidyl-
choline (DMPC) bilayer, consisting of 2x8x8 lipids. The
hydrocarbon core of DMPC bilayers is measured to be
2.6 nm thick at room temperature [59], which is
approximately comparable to the thickness of biological
membranes. The pure bilayer (without peptide) was pre-
equilibrated in a 5 ns simulation following the simula-
tion protocol described in reference [55]. Subsequently,
the peptide was placed in the middle of the bilayer and in
each bilayer leaflet the two lipid molecules with the
largest number of atom—atom overlaps with the peptide
were removed. The total mass of the four removed lipids
corresponds approximately to the mass of melittin. One

System/simulation name

Melittin-h20

Melittin-meoh

Melittin-dmpc-1 Melittin-dmpc-2

Solvent Water

Number of solvent molecules 5,465

Number of lipids -

number of counter-ions 6 Cl™

Total number of atoms 16,663

Type of box Truncated octahedron
Box lengths (nm) 6.9-6.9-6.9
Equilibration time (ns) 0.1

Simulation (production) time (ns) 30

Methanol Water Water
2,430 4,884 4,738

- 124 124

6 Cl™ 6 Cl™ 6 Cl™

7,558 20,624 20,186
Truncated octahedron Rectangular Rectangular
6.9-6.9-6.9 5.8x6.2x8.0 5.6x6.2x8.0
0.1 0.2 1.6

60 10 17

For the four simulations, melittin-h2o0, melittin-meoh, melittin-dmpc-1, and melittin-dmpc-2, the most important simulation details are
given. All four simulations were started from the crystal-structure (PDB entry: 2MLT) [18, 57]. Simulation melittin-dmpc-2 was started
from the configuration after 1.5 ns of simulating melittin-dmpc-1 after readjusting the helix axis parallel to the z-axis of the membrane (see
text for details). The box lengths for the truncated octahedron are indicated as the distances between the square planes
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of the ubiquitous features of membrane protein and
peptides is that aromatic residues (Trp, Tyr in particu-
lar) interact with the hydrophobic—hydrophilic interface
of membranes [60]. In addition, from fluorescence
quenching measurements on melittin it was concluded
that the C-terminus of melittin remains at the outer
surface of the membrane, i.e. at the extracellular side [61,
28]. Accordingly, the melittin was inserted in the mem-
brane with the C-terminus at the upper (extracellular)
side of the membrane (Fig. 1b) such that the Trp(19) is
approximately at the average z-position of the C2-atoms
of the DMPC lipids.

The resulting peptide-bilayer system was energy
minimised to remove the remaining bad lipid—protein
contacts using the steepest descent method while keeping
the peptide atoms positionally restrained. The system
was then solvated in a (periodic) box using a pre-equil-
ibrated box of SPC water. All water molecules that were
placed on the lipid phase in the process of solvation were
subsequently removed resulting in a system size of more
than 20000 atoms (Table 1). The water was relaxed in a
further energy minimisation with the lipids and the
peptide  positionally  restrained (force constant
2.5x107* kJ mol™' nm™?) and in a first equilibration
simulation of 100 ps with only the peptide restrained
following the simulation protocol outlined below.
Thereafter six randomly chosen water molecules were
replaced by six chlorine ions to neutralise the system and
a third energy minimisation was performed with the
peptide positionally restrained.

The simulation melittin-dmpc-2 was started from the
conformation obtained after 1.5 ns of simulating melit-
tin-dmpc-1, realigning the peptide in parallel to the bi-
layer normal. The same set-up and equilibration
procedure was applied as for simulation melittin-dmpc-
1. The reason for this second simulation starting with a
reoriented peptide is the following: for simulation me-
littin-dmpc-1 the transmembrane orientation, parallel to
the membrane normal, of the initial melittin helix, the X-
ray structure, was conducted with respect to helix 2. In
the course of simulation it was observed that the helical
kink became less pronounced and the structure adopted
a diagonal orientation within the membrane. In order to
test whether this is an artefact resulting from the fact
that the initial X-ray structure does not necessarily need
to be identical to the structure of melittin in a mem-
brane, melittin was reoriented in simulation melittin-
dmpc-2.

Simulation protocol

The MD simulations were started by taking the initial
velocities from Maxwellian distributions at 50 K for the
melittin in solution and at 300 K for the bilayer systems.
Solvent and solute (peptide or peptide-lipid system)
were independently coupled to a temperature bath with
a relaxation time of 0.1 ps [62]. The pressure was cal-
culated with a molecular virial and held constant by

weak coupling to a pressure bath with a relaxation time
of 0.5 ps and using an isothermal compressibility of
4.575x10"%kJ mol~' nm>)"!. Note that for all the
equilibration simulations where the protein was posi-
tionally restrained, the simulations were performed at
constant volume (NVT). Thus no pressure coupling was
applied under these conditions. Bond lengths were
constrained using the SHAKE algorithm [63] with a
geometric tolerance of 10~*. The equations of motion
were integrated using the leap-frog algorithm and a time
step of 2 fs. The interaction between atoms in so-called
charge groups [52] was calculated according to a
spherical triple-range cutoff scheme: short-range van der
Waals and electrostatic interactions were evaluated at
every time step by using a charge-group pair list that was
generated with a short-range cutoff radius of 0.8 nm
between the centers of geometry of the charge groups.
Long-range van der Waals and electrostatic interactions,
between pairs at a distance greater than 0.8 nm and
shorter than a long-range cutoff of 1.4 nm, were evalu-
ated every fifth time step, at which point the pair list was
also updated, and were kept unchanged between these
updates. To approximate the electrostatic interactions
beyond the long-range cutoff, a Poisson—Boltzmann
reaction-field force was used. In simulation melittin-h20
and melittin-meoh the value for the dielectric permit-
tivity of the continuum outside the long-range cutoff was
set to 62 and 32, respectively. For the peptide-bilayer
this value was set to 54, following the protocol stan-
dardly used for lipid bilayer simulations [55].

For the two simulations of melittin in solution, the
equilibration process was as follows. After addition of
the counter-ions, the system was equilibrated for 80 ps
during which the temperature was stepwise increased to
300 K and the restraining force decreased until the
atoms of the peptide were unrestrained. After this initial
equilibration, the pressure coupling was switched on and
a further equilibration simulation of 120 ps was per-
formed before entering the production phase.

For the two simulations of melittin in a DMPC bi-
layer, the atoms of the peptide were positionally re-
strained using a harmonic restraining force with a force
constant of 2.5x10% kJ mol~! nm~? during the 110 ps of
equilibration before adding the counter-ions. After the
addition of counter-ions as described above, the system
was further equilibrated for 110 ps, while the force
constant of the restraining force was reduced step-wise
to zero. At this point the pressure coupling was switched
on and another equilibration period of 100 ps was added
before saving configurations for analysis. This results in
a total equilibration time of 320 ps.

Analysis

The analyses were performed on the ensemble of system
configurations extracted at 0.5 ps time intervals from the
simulations. Least-squares fitting of atomic coordinates
for the calculation of structural properties of the peptide



Fig. 2 Atom-positional root-
mean-square deviation (rmsd)
of melittin with respect to the
initial X-ray structure for the
simulations melittin-h20 (a),
melittin-meoh (b), melittin-
dmpec-1 (¢), and melittin-dmpc-
2 (d). The different lines show
the rmsd of the backbone atoms
(N, C,, C) of residues 2-25

(black), of the backbone atoms 0 i } } { i } } } } } }
of helix 1 (residues 2-13, grey), 08}l-b =
and of the backbone atoms of N Jl
helix 2 (residues 14-25, light- —_—
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25 from the conformation E - f
obtained after 1.5 ns of 0.2 ‘M -
simulation melittin-dmpc-1, w A
from which the second 0 { 1 1 ] 1 1 1 | 1 1 1
simulation in a DMPC bilayer 0 10 20 30 40 50 60
has been started, is additionally time [ns]
shown (drak-grey line in d).
Note that the time scale differs 0.4 T T T I T T T
between the upper and the lower . C -
panels 0.3 il
E i .
=
g 02 ‘ m .
WM ]
0.1 ! -
0.4 —— t + } + f t
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&
- 0.2 -
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E -
0.1 -
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0 5 10 15 20
time [ns]

such as the atom-positional root-mean-square deviation
or difference (rmsd) was based on the backbone atoms
(N, Ca, C) of all residues but the first and the last one
(residues 2-25). For the calculation of the rmsd of the
first helix the backbone atoms of residues 2-13 were
used and for the rmsd of the second helix the backbone
atoms of residues 14-25 were employed. The root-mean-
square fluctuations (rmsf) were calculated for the Co-
atoms.

The helical kink induced by the proline residue at
position 14 in melittin was measured by calculating the
intersecting angle of the helical axis of helix 1 (residues
1-13) and helix 2 (residues 14-26). To determine the axis
of a helix the “Kahn” method described by Christopher
et al. [64] was applied. This approach uses the fact that
the angle between three consecutive, evenly spaced
atoms is bisected by a vector, perpendicular to the

helical axis. From the cross-product of two such vectors
the helical axis can be determined.

The secondary structure assignment of melittin for
the set structures extracted every 50 ps from the simu-
lation trajectories was done according to the DSSP rules
proposed by Kabsch and Sander [65]. The hydrogen
bonds were calculated using a geometric criterion. A
hydrogen bond is defined by a minimum donor-hydro-
gen-acceptor angle of 135° and a maximum hydrogen-
acceptor distance of 0.25 nm.

3J-coupling constants were calculated from the
simulation using the Karplus relation [66],

3J(H, H) = a cos* 0 + b cos 0 + c, (1)

where a, b and ¢ were chosen equal to 6.4, —1.4, and
1.9 Hz, respectively, for the calculation of *J(HN, HC)
[67].
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Fig. 3 Helix kink of melittin 180
induced by the proline residue
in position 14 as a function of — 170
simulation time. The proline E’ 160
kink corresponds to the =
intersection angle between the £ 450
two helical axis of helix 1 Py
(residues 1-13) and helix 2 % 140
(residues 14-26) following the 5
method described by 130
Christopher et al. [64]. The
dashed line corresponds to the 180
proline kink calculated from the 170
X-ray structure [18, 57]. a =
Simulation melittin-dmpc-1; b S 160
Simulation melittin-dmpc-2 ")

£ 150

g

§ 140

s

130

120

Results and discussion

Figure 2 shows the rmsd from the crystal structure[18],
from which all four simulations have been started, as a
function of time for the simulations melittin-h20
(Fig. 2a), melittin-meoh (Fig. 2b), melittin-dmpc-1
(Fig. 2¢) and melittin-dmpc-2 (panel D). The black lines
correspond to the rmsd of the entire peptide (residues 2—
25), the grey lines correspond to the rmsd of helix 1
(residues 2—13) before the proline-kink, and the light-
grey lines show the rmsd of helix 2 (residues 14-25), after
the proline-kink. For the simulation melittin-dmpc-2, the
rmsd calculated from the melittin structure used to start
the melittin-dmpc-2 simulation (dark-grey line in panel C
of Fig. 2) was additionally calculated. There is a clear
difference in the stability of the structure of melittin be-
tween the solution and the bilayer simulations. In water,
the peptide rapidly unfolds. Both helices show relatively
large rmsd-values with respect to the X-ray structure,
although the positively charged helix 2 (light grey line)
seems to partly refold during the last 10 ns of simulation.
In methanol, the overall structure appears to be stable for
the first 10 ns of simulation, after which the helix is ob-
served to unfold. The rmsd values for the individual
helices show that helix 1 (grey line) unfolds and essen-
tially remains unfolded for the remaining 50 ns of sim-
ulation, while helix 2 (light-grey line) remains stable over
the entire 60 ns of simulation. When embedded in a lipid
bilayer melittin appears to be more stable. In both sim-
ulations, melittin-dmpc-1 and melittin-dmpc-2, the rms-
deviation from the X-ray structure is low compared to
the simulations in solution (< 0.3 nm for melittin-dmpc-
1 and less than 0.25 nm for melittin-dmpc-2). Helix 2
(light-gray line) appears to stay closer to the helical
conformation than helix 1 (grey line), which is a com-
parable to the observation made in the simulations in

5 10 15 20
time [ns]

solution. In simulation melittin-dmpc-2, the rmsd from
the X-ray structure is on average 0.07 nm larger than the
rmsd from the melittin structure the simulation has been
started from. This is probably due to the more pro-
nounced helix kink of the X-ray structure compared to
the melittin-dmpc-2 starting structure (see Fig. 3). The
latter corresponds to the conformation obtained after
1.5 ns of simulation melittin-dmpc-1 (see Methods sec-
tion for details). The proline kink of melittin appears to
be less pronounced in a lipid bilayer environment than
found in the X-ray structure of the tetrameric aggregate.
In simulation melittin-dmpc-2 the relative orientation of
the two helices (helix 1: residues 1-13 and helix 2: resi-
dues 14-26) seems to converge close to 180°.

The secondary structure assignment according to the
rules by Kabsch and Sander [65] presented in Fig. 4 and
in Table 2 confirm the conclusions drawn from the
atom-positional rmsd analysis. In water (Fig. 4a-1) the
overall structure of the peptide is relatively unstable,
while in methanol (Fig. 4b-1) unfolding is only observed
from the N-terminus to Pro-13. Helix 2 (residues 14-26)
shows a higher stability in both solvent environments
than the hydrophobic helix 1. When inserted in a DMPC
bilayer, the secondary structure of melittin is well pre-
served over the entire simulation (Fig. 4cl1-c2) showing
an average o-helical content of 86 and 84% (Table 2).
According to the atom-positional rms fluctuation and
the varying degree of secondary structure conservation
in the simulations, it is clear that the peptide shows a
larger structural mobility when solvated in water or
methanol than as a transmembrane helix in a DMPC
bilayer (Fig. 4a-2—d-2).

Figure 5 shows the final melittin conformation of
each of the four simulations and gives an impression of
the different behaviour of melittin in aqueous solution,
in methanol and in the DMPC membrane. In water



(Fig. 5a) the peptide has collapsed burying some of the
hydrophobic residues with part of the a-helical structure
intact. In methanol (Fig. 5b) the N-terminal part is
practically extended, while the secondary structure of
helix 2 is retained. In order to compare the compactness
of the structures in the two different solvent environ-
ments over the entire simulation, the radius of gyration
of the peptide is presented as a function of time for the
simulations melittin-h20 and melittin-meoh in Fig. 6. In
water, the radius of gyration fluctuates between the
initial value of 1.2 and 0.8 nm (black line in Fig. 6),
while in methanol, the radius of gyration is observed to
increase after 10 ns from 1.2 up to 1.6 nm (grey-line in
Fig. 6) reflecting the more extended conformation of the
N-terminal part of melittin in methanol. In stark
contrast, the structures in the DMPC bilayer retain their
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o-helical character. Consistent with the rms deviation
shown in Fig. 2, helix 2 (residues 14-26) is more intact
than helix 1 (residues 1-13). The relative orientation of
the helices appears to vary slightly between the two
simulations (melittin-dmpc-1 and melittin-dmpc-2) as
also illustrated by the difference in helix tilt in Fig. 3).
The analysis of the intramolecular backbone hydro-
gen bonds basically reflects the observations made in the
conformational analysis of the simulations (see Table 3).
Hydrogen bonds characteristic for the a-helical confor-
mation are largely populated in the simulations melittin-
dmpc-1 and melittin-dmpc-2, while in methanol only
residues 12-24 show large hydrogen-bond populations
of more than 70%. In water, the o-helical hydrogen
bonds appear to be less populated in this region of the
peptide, while the hydrogen-bond populations in the
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as a function of time in the . - — »
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Table 2 Secondary structure content in melittin

Secondary structure content in melittin (%)

Secondary structure element X-ray Melittin-h2o0 Melittin-meoh Melittin-dmpc-1 Melittin-dmpc-2
o-Helix 92 42 51 86 84

310-HCIiX - 2 - 2 1

n-Helix - 3 3 - -

Bend - 15 6 1 1

Turn 4 9 5 5

“Random coil” 4 29 35 6 10

The Table indicates the percentage of amino acid residues to which a certain secondary structure element has been assigned according to
the rules defined by Kabsch and Sander [65] in the Xray structure and in the structures extracted at 50 ps intervals from the four
simulations melittin-h20, melittin-meoh, melittin-dmpc-1, melittin-dmpc-2

Fig. 5 Final conformations of C-terminus
melittin in the simulations
melittin-h20 (a, 30 ns), melittin- a
meoh (b, 60 ns), melittin-dmpc-

1 (¢, 10 ns), and melittin-dmpc-

2(d, 17 ns)

N-terminus

Fig. 6 Radius of gyration of 2 T T T T T
melittin as a function of time
for the simulation melittin-h20

(black) and melittin-meoh 1.8 -
(grey). L 4
_ 16F _ o
E n -
& .
_S 14— 1]
E L " - ! ,
> | |
8 120l | =
5 2l d
w T .
2
k=] 1 —
e
08 =
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Table 3 Intramolecular hydrogen-bond populations
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Intramolecular backbone-backbone hydrogen bond populations (%)

Hydrogen-bond-donor — Hydrogen-bond-acceptor Melittin-h20 Melittin-meoh Melittin-dmpc-1 Melittin-dmpc-2
NH(i)-O(i-4) [o-helical]

Val(5)-Gly(1) 2 4(7) 10 -
Leu(6)—11e(2): 11 15 (31) 68 65
Lys(7)-Gly(3) 36 18 (32) 76 85
Val(8)-Ala(4)" 41 16 (31) 31 48
Leu(9)-Val(5)" 37 15 (30) 59 86
Thr(10)-Leu(6)" 39 15 (30) 41 70
Thr(11)-Lys(7) 15 10 (19) 4 8
Gly(12)-Val(8) 7 5(11) 56 69
Leu(13)-Leu(9) 2 5() 66 78
Ala(15)-Thr(11) 15 39 (42) 76 59
Leu(16)-Gly(12) 78 81 (81) 85 89
lle(17)-Leu(13) 75 82 (80) 39 83
Ser(18)-Pro(14) 44 83 (83) 75 91
Trp(19)—A1a(152* 51 87 (88) 86 79
Tle(20)-Leu(16) 46 80 (82) 78 78
Lys(21)-Ile(17)" 66 83 (88) 84 93
Arg(22)-Ser(18)" 53 84 (91) 86 93
Lys(23)—Trp(192* 48 79 (88) 88 79
Arg(24)-11e(20) 3 73 (74) 57 67
GIn(25)-Lys(21) 3 44 (69) 82 78
GIn(26)-Arg(22) 1 38 (62) 68 5
NH(1)-O(i-3) [310-helical]

Ala(4)-Gly(1) <1 <1() 4 9
Val(5)-Ile(2) 2 2 (4) 7 10
Leu(6)-Gly(3) 11 1(2) 4 2
Lys(7)-Ala(4) 8 1(2) 10 6
Val(8)-Val(5) 8 2(4) 20 12
Leu(9)-Leu(6) 11 2 (4) 17 3
Thr(10)-Lys(7) 4 2(4) 16 4
Thr(11)-Val(8)" 1 1 (1) 6 16
Gly(12)-Leu(9) 4 3(2) 11 1
Leu(13)-Thr(10) <1 303) 8 1
Ala(15)-Gly(12) 8 303 2 2
Leu(16)-Leu(13) 4 2(2) 3 1
Tle(17)-Pro(14) 4 303) 14 3
Ser(18)-Ala(15) 4 303) 2 2
Trp(19)-Leu(16) 2 2(2) 2 3
Tle(20)-Tle(17) 15 1 (1) 1 1
Lys(21)-Ser(18) 11 2(2) 1 2
Arg(22)-Trp(19) 11 3(2 3 3
Lys(23)-11e(20) 2 7(3) 3 3
Arg(24)-Lys(21) 2 10 (10) 14 14
GIn(25)-Arg(22) 1 9 (12) 6 6
GIn(26)-Lys(23)" 5 509) 5 1
NH(i)-O(i-5) [n-helical]

Val(8)-Gly(3) 2 - - -
Thr(10)-Val(5) 2 -0 - -
Gly(12)-Lys(7) 10 6 (12) - -
Leu(13)-Val(8)" 12 9 (18) - -
Ala(15)-Thr(10) 5 <1l(-) - -
Lys(23)-Ser(18) 4 305 - -
GIn(25)-11e(20) 2 <1() - -

Only backbone-backbone hydrogen bonds with a population larger than 2% in at least one of the simulations are shown. A hydrogen

bond is considered to exist when the donor-hydrogen—acceptor angle

is larger than 135° and the hydrogen-acceptor distance is smaller

than 0.25 nm. The hydrogen bonds are grouped according the secondary structure element they are characteristic of (a-helix, 3,(-helix, n-
helix). The hydrogen bonds marked with an asterix correspond to hydrogen bonds detected in the crystallographic structure. The values
between parentheses for the simulation melittin-meoh correspond to hydrogen-bond populations averaged over the first 30 ns of the

simulation

region of helix 1 are larger than in the simulation in
methanol. Apart from the hydrogen bonds typical for a-
helices, hydrogen bonds characteristic for 3,¢-helical and
n-helical conformations are observed. In solution, both

types occur at populations up to 15%, while melittin
inserted in a lipid bilayer only exhibits 3(-helical
hydrogen bonds. Recently it has been discussed that the
sampling of z-helical conformations, which are rather
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Table 4 *J(NH-CoH)-coupling constants for melittin in methanol extracted from the '"H-NMR spectrum (CD30OH, 500 MHz, room
temperature) [19] and calculated for all recorded structures in the simulations melittin-h20, melittin-meoh, melittin-dmpc-1, and melittin-
dmpc-2 according to the Karplus relation [66], using a=6.4 Hz, b=—1.4 Hz, and ¢=1.9 Hz [67].

Residue 3Jexp < 3J > melittin-h20 < 3J > melittin-meoh < 3J > melittin-dmpc-1 < 3J > melittin-dmpc-2
1-30 ns 1-60ns 1-30ns 1-10ns 1-10 ns 1-17 ns

Ile(2) 4.1 7.7 7.6 7.2 6.1 5.8 8.2
Gly(3) 52/58  5.8/5.5 55/59  5.0/60 3.9/62  3.5/6.3 3.8/6.4
Ala(4) 4.3 53 6.6 5.8 3.6 3.5 4.2
Val(5) 5.5 5.5 7.1 6.3 4.5 4.9 4.5
Leu(6) 4.0 5.6 6.6 6.0 43 4.4 4.3
Lys(7) 44 53 6.8 6.2 42 3.9 42
Val(8) 5.1 6.6 7.3 6.7 4.9 5.5 5.8
Leu(9) 4.8 6.3 7.1 6.6 52 4.6 4.4
Thr(10) 6.6 6.7 6.7 6.6 59 3.8 4.4
Thr(11) 7.3 7.0 7.3 7.4 7.6 6.4 7.6
Gly(12) 5.5/55  5.5/6.2 50/55  5.0/56 3.6/6.1  3.6/6.3 3.8/6.5
Leu(13) 3.7 4.0 4.2 4.1 4.1 4.7 4.5
Ala(15) 5.3 4.6 4.1 4.1 4.1 4.1 4.1
Leu(16) 5.0 4.5 4.0 3.9 4.0 3.7 43
Tle(17) 4.6 6.2 4.6 4.6 4.6 5.0 4.7
Ser(18) 29" 43 43 42 43 45 41
Trp(19) 4.5 4.3 4.4 4.4 4.2 4.1 4.1
1le(20) 4.4 5.6 4.6 4.5 4.4 4.3 4.5
Lys21) 4.1 6.1 44 42 42 4.6 42
Arg(22) 47 68 4.6 42 43 4.6 48
Lys(23) 47 18 5.1 45 45 4.1 44
Arg(24) 4.8 6.8 6.6 5.4 5.5 5.7 5.8
GIn(25) 6.1 7.6 6.3 6.2 6.1 5.5 8.0
GIn(26) 7.4 8.2 8.1 7.7 7.5 8.7 7.9
Average absolute deviation (nm) 1.1 1.0 0.8 0.6 0.9 0.9

For simulation melittin-meoh the *J-coupling constants are also calculated over the first 10 ns, where the full o-helix was retained, and
over the first 30 ns of the simulation for ease of comparison with the simulation melittin-h20. The experimental *J-values marked with an
asterix are less precise due to overlaps which could not be resolved [19]

rarely observed in X-ray structures of peptides and
proteins, may be an artefact of empirical biomolecular
force fields [68]. Although we observe part of melittin to
adopt a m-helical conformation for short periods of time,
no overall transition from an o-helix to a w-helix is ob-
served in the simulations presented here in contrast to
other MD studies [68, 69].

In Table 4 the *J-coupling constants calculated from
the simulation trajectories are compared to the values
extracted from the 'H-NMR spectrum in methanol
solution [19]. There is good agreement between the
simulated *J-coupling constants and the experimental
values for the simulations melittin-dmpc-1 and melittin-
dmpc-2. For the simulation in water and in methanol,
averaged over the 30 or 60 ns of simulation respectively,
the deviations from the experimental values are rather
large in the region of helix 1, the part of melittin that is
observed to unfold in both simulations. Certainly, the
3J-coupling constants averaged over the first 10 ns of the
simulation in methanol where the full a-helix was re-
tained show a high level of agreement with the experi-
mental values. The average absolute deviation of the
calculated *J-coupling constants from experiment lies
between 0.6 Hz, for the average over the first 10 ns of
the methanol simulation, and 1.1 Hz for the simulation
in water. A variation of 1 Hz was observed when cal-

culating *J(NH, C, H) values from one set of molecular
structures using four different sets of commonly used
parameters a, b and ¢ for the Karplus relation [70]. This
indicates that the (dis)agreement obtained here between
simulation and experiment is satisfactory, considering
the empirical nature of the Karplus parameters.
Summarising, the simulations presented here show
that the helical conformation of melittin appears to be
very stable when inserted in lipid bilayer in a trans-
membrane orientation, while in solution, either in wa-
ter or in methanol, the peptide is observed to unfold
and to loose part of its secondary structure. Generally
helix 2 (residues 14-26) appears to be more stable than
helix 1 (residues 1-13). Especially in methanol solution,
helix 2 shows a remarkable stability over the entire
60 ns of simulation. The observation that only part of
the o-helical conformation in melittin is stable in
methanol stands in contrast to the results from NMR
studies reporting an overall o-helical conformation in
methanol [19, 24, 71]. Apart from the possibility that
the force field is not able to correctly reproduce the
conformational distribution of melittin in methanol,
the N-terminal part of the peptide might eventually
refold when extending the simulation to longer time-
scales. It is certainly more probable for the peptide to
refold in methanol than in water considering that the



Table 5 Intermolecular peptide-lipid hydrogen-bond populations

Intermolecular peptide-lipid hydrogen bond populations [%]

HB-donor — HB-acceptor Melittin-dmpe-1 Melittin-dmpc-2

Gly(1)-NH-DMPC(19)-012 39
Gly(1)-NH-DMPC(23)-012 47
Ile(2)-NH-DMPC(25)-022 21

Tle(2)-NH-DMPC(29)-033 22
Gly(3)-NH-DMPC(29)-033 17
Val(5)-NH-DMPC(23)-034 49
Lys(7)-N;H-DMPC(13)-012 45

Lys(7)-N;H-DMPC(23)-022 69
Lys(7)-N;H-DMPC(26)-022 75
Lys(7)-N;H-DMPC(26)-021 42
Thr(11)-0,;H-DMPC(93)-012 28
Ser(18)-0,H-DMPC(93)-022 89

Ser(18)-0,H-DMPC(93)-012 98
Trp(19)-N,;H-DMPC(83)-033 38

Trp(19)-N, H-DMPC(112)-022 20
Lys(21)-N;H-DMPC(85)-022 28
Lys(21)-N;H-DMPC(86)-021 59

Arg(22)-N,;H-DMPC(72)-032 15
Arg(22)-N,;H-DMPC(72)-033 20
Arg(22)-N,;H-DMPC(87)-012 26
Arg(22)-N,;H-DMPC(93)-022 73
Arg(22)-N,,H-DMPC(93)-022 64

Arg(22)-N,H-DMPC(87)-022 20
Arg(22)-N,,H-DMPC(87)-022 44
Lys(23)-N;H-DMPC(112)-022 45

GIn(25)-N,H-DMPC(72)-034 14
GIn(25)-N,H-DMPC(77)-033 13
GIn(25)-NH-DMPC(87)-034 14
Gln(25)-N,H-DMPC(87)-033 44
GIn(25)-N,,H-DMPC(87)-031 18
GIn(26)-NH-DMPC(86)-012 16
Gln(26)-N,H-DMPC(93)-034 28

Only hydrogen bonds with a population larger than 10% in at least
one of the simulations are shown. The sequence numbers of the
DMPC molecules are given between parentheses, the (standard)
atom nomenclature for DMPC is according to reference 55. For
more information see caption of Table 3

N-terminus in the methanol solution is observed to be
mainly extended, while in water the peptide showed a
hydrophobic collapse (Figs. 5 and 6). On the other
hand, it is not surprising that melittin partly unfolds in
solution as it contains a proline residue in the middle.
Proline is considered to be the classic helix breaker [72].
Due to its inability to act as a backbone hydrogen
bond donor, it can only be tolerated in the three N-
terminal positions of a-helices. Not surprisingly, only a
handful of a-helices containing internal proline residues
are found in globular, water soluble proteins [73].
However, in apolar or amphiphilic transmembrane,
helices of integral membrane proteins proline is fre-
quently found in the middle of a TM-helix [74, 75]. The
cis-trans isomerization of proline was suggested to play
a key role in transport membrane proteins [76, 74, 77].
The experimental evidence that helices with a proline
residue in the middle would partly be unfolded in
solution, but would retain their full «-helicity as a
transmembrane helix embedded in a lipid bilayer sup-
ports the observations made in the simulations pre-
sented here. The increased stability of melittin inserted
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in a DMPC bilayer is certainly due to the absence of
competing hydrogen bond donors and acceptors and is
also reflected by the less pronounced helix tilt of me-
littin when inserted in a DMPC bilayer (Fig. 3).

The investigation of intermolecular peptide-lipid
hydrogen bonds, presented in Table 5, gives partial in-
sight into the anchoring of melittin in the DMPC bi-
layer. Residues at the N- and C-termini are observed to
form hydrogen bonds with the lipid head-groups of the
surrounding lipids. In particular the positively charged
C-terminus [i.e. side-chains of Arg(22) and GIn(25)]
provides an “anchor” to the bilayer via formation of
multiple hydrogen bonds that persist throughout the
simulation. The observation of hydrogen bonds between
the side-chain of Lys(7) and the lipid head groups of
DMPC deserves a special mention. The side-chain of
Lys(7), located in the hydrophobic part of the bilayer,
reaches along the transmembrane helix allowing the
charged moiety of the side-chain to interact with lipid
head-groups, while the aliphatic part of the lysine side-
chain favourably interacts with the lipid tails. The ex-
tended nature of Lys(7) in DMPC is evident from Fig. 5,
particularly in Panel C. This effect has also been ob-
served in glycosylation mapping experiments to investi-
gate the effects of single charged residues in
transmembrane helices and was referred to as the
“snorkel-effect” [78, 79]. It was found that charged
residues with very long side-chains can snorkel down to
interact with the lipid head-group region of the mem-
brane.

Conclusion

We performed relatively long molecular dynamics sim-
ulations of the membrane active, a-helical peptide me-
littin in three different environments, in aqueous
solution (30 ns), in methanol (60 ns) and as a trans-
membrane helix embedded in a DMPC bilayer
(10+ 17 ns). While the peptide is observed in water to
collapse into a partly random, partly helical structure
within the first 5 ns, the peptide appears to be stable in
methanol for 10 ns and is then observed to partly unfold
from the N-terminus to the proline residue at position
14. The remaining 13-residue long «-helix is stable over
the entire 60 ns of simulation. No refolding of the N-
terminal part of the peptide is observed, it remains in a
rather extended conformation throughout the simula-
tion, which is somewhat contradictory to findings from
NMR studies of melittin in methanol solution [19, 24].
In contrast to the simulations in solution, the o-helical
structure of melittin appears to be very stable when in-
serted in a DMPC-bilayer in a transmembrane orienta-
tion. Thus, the stability of melittin seems to increase
when going from polar to apolar media as also observed
by Liu and Hsu [43]. The investigation of peptide-lipid
hydrogen bonds shows that the C-terminus of melittin
forms multiple hydrogen bonds with the surrounding
lipids, thus providing an anchor to the bilayer.
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Furthermore, interactions between the lysine side-chain
of residue 7 and the lipid head group region are observed
confirming the ‘“‘snorkel” model of lysine residues in
transmembrane helices introduced by Segrest et al. [78].
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