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Molecular Dynamics Simulation of Melittin in a
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ABSTRACT Molecular dynamics trajectories of melittin in an explicit dimyristoyl phosphatidylcholine (DMPC) bilayer are
generated to study the details of lipid-protein interactions at the microscopic level. Melittin, a small amphipathic peptide found
in bee venom, is known to have a pronounced effect on the lysis of membranes. The peptide is initially set parallel to the
membrane-solution interfacial region in an a-helical conformation with unprotonated N-terminus. Solid-state nuclear mag-
netic resonance (NMR) and polarized attenuated total internal reflectance Fourier transform infrared (PATIR-FTIR) properties
of melittin are calculated from the trajectory to characterize the orientation of the peptide relative to the bilayer. The residue
Lys” located in the hydrophobic moiety of the helix and residues Lys?3, Arg?4, GIn?®, and GIn2® at the C-terminus hydrophilic
form hydrogen bonds with water molecules and with the ester carbonyl groups of the lipids, suggesting their important
contribution to the stability of the helix in the bilayer. Lipid acyl chains are closely packed around melittin, contributing to the
stable association with the membrane. Calculated density profiles and order parameters of the lipid acyl chains averaged over
the molecular dynamics trajectory indicate that melittin has effects on both layers of the membrane. The presence of melittin
in the upper layer causes a local thinning of the bilayer that favors the penetration of water through the lower layer. The
energetic factors involved in the association of melittin at the membrane surface are characterized using an implicit mean-field
model in which the membrane and the surrounding solvent are represented as structureless continuum dielectric material.
The results obtained by solving the Poisson-Bolztmann equation numerically are in qualitative agreement with the detailed
dynamics. The influence of the protonation state of the N-terminus of melittin is examined. After 600 ps, the N-terminus of
melittin is protonated and the trajectory is continued for 400 ps, which leads to an important penetration of water molecules
into the bilayer. These observations provide insights into how melittin interacts with membranes and the mechanism by which
it enhances their lysis.

INTRODUCTION

Specific lipid-protein interactions involved in the anchoring the cell membrane (Habermann, 1972; Sessa et al., 1969).
and stabilization of membrane-bound proteins are of centralhe cationic amphiphilic polypeptide consists of 26 amino
importance in a large number of fundamental processeacids with the sequence (Habermann and Jentsch, 1967)
occurring at the surface of the cell. However, despite theGly*-lle-Gly*-Ala*-Val>-Lel’-Lys’-Val®-Leu®-Thr'®-Thr’-
development of powerful techniques such as x-ray crystalGly**Leu**-Pro**-Ala’*>-Leu'®-lle*’-Set8-Trp**-lle2°-Lys**-
lography (Deisenhofer and Michel, 1989), electron micros-Arg?%Lys?>-Arg®*-GIn®>-GIn?®. Its structure has been de-
copy (Henderson et al., 1990), and nuclear magnetic resdgermined to a high resolution by x-ray crystallography (Ter-
nance (NMR) (Cross and Opella, 1994), the characterizatiowilliger and Eisenberg, 1982a) and NMR spectroscopy. The
of lipid-protein interactions remains difficult because of the NMR structures were determined in detergent micelles (Ina-
complexity of the bilayer environment. At the present time,gaki, 1989) and in nonpolar solvent (Bazzo et al., 1988), in
even qualitative information gained by performing detailedwhich the protein is present as a monomeric form, whereas
computer simulations of protein-membrane complexes cathe crystals were grown from concentrated aqueous salt
be valuable, because only scarce information is availablgolutions in which melittin molecules form closely associ-
from experiments about the structure and dynamics of thesated tetramers through hydrophobic contacts (Terwilliger
systems. To begin to understand lipid-protein interactions aand Eisenberg, 1982a). Remarkably, these studies indicate
the microscopic level, we performed molecular dynamicsthat melittin adopts a very similar-helical conformation in
simulations of melittin in a dimyristoyl phosphatidylcholine those very different environments. The proline residue at
(DMPC) bilayer. position 14 is responsible for a bend separating two seg-

Melittin is the major protein component of the venom of ments of thea-helical structure: a hydrophobic segment,
the honey bedpis melliferathat is responsible for lysis of going from residue Gl to Leu™®, and an amphiphilic
segment, going from residue Afato GIn?®. Because no
significant structural variations are observed in the different

; . environments, it is likely that the-helical structure is a
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tural motif that plays a role in the anchoring of monotopic Pastor, 1994; Venable, 1993) as well as their interations
membrane proteins (Picot et al., 1994). with small solutes (Stouch, 1993) and proteins (Edholm et
The association of melittin with bilayers and the mecha-al., 1995; Huang and Loew, 1995; Woolf and Roux, 1994a,
nism involved in the initiation of membrane lysis have been1996; Shen et al., 1997; Tieleman and Berendsen, 1998; see
investigated by various approaches (Brown et al., 1982also Merz and Roux, 1996, and references therein). In
Dawson et al., 1978; Dempsey, 1988; Dempsey and Butleparticular, one dynamical simulation of an amphipathic
1992; Frey and Tamm, 1991; Smith et al., 1992; Vogel anchelical peptide bound to the surface of a dioleoyl phosphati-
Jahnig, 1983; Vogel et al., 1986). The large number ofdylcholine (DOPC) bilayer bilayer has been reported
studies shows that the interaction of melittin with mem-(Huang and Loew, 1995).
branes depends on the lipid composition, the peptide con- In the present work we specifically address questions
centration, the hydration level, and the membrane potentisdbout the interaction between a single melittin monomer
(Dempsey, 1990). The orientation of melittin in phospho-and a phospholipid bilayer. This paper reports the results of
lipid bilayer was shown to be dependent on pH, suggestingnolecular dynamics trajectories for a fully hydrated DMPC-
that the protonation state of the N-terminus of melittin melittin system. The initial configuration of the system was
influences its interaction with membranes (Bradshaw et al.assembled using a general approach developed previously
1994). The proline in position 14 as well as the polarfor constructing the starting configuration for molecular
residues 23-26 at the C-terminus have been shown to lsynamics simulations of membrane-bound proteins (Woolf
essential for the lysis activity (Otoda et al., 1992; Rivett etand Roux, 1994a, 1996). All atoms are explicitly included in
al., 1996; Werkmeister et al., 1993). Moreover, bilayersthe calculations. Melittin was assumed to be in dhleelical
consisting of lipids with longer acyl chains are less affectedconformation taken from the x-ray crystallographic struc-
by the lysis activity of melittin, illustrating the importance ture (Terwilliger and Eisenberg, 1982a). In accord with its
of the membrane composition (Bradrick et al., 1995). It wasamphipathic amino acid sequence, the helix was oriented
also shown that negatively charged membranes are legmrallel to the membrane-solution interface such that the
affected by melittin, suggesting that the peptide bindsapolar residues are facing the hydrophobic core of the
strongly at the membrane surface without penetrating thenembrane and the polar residues are facing the water bulk
bilayer (Ohki et al., 1994). Moreover, phosphorus NMR phase. This orientation, which corresponds to the “wedge”
spectroscopy showed that melittin penetrates more deeplyodel that has been described in the literature (Dawson et
into the bilayer of zwitterionic lipids, causing membrane al., 1978; Terwilliger et al., 1982), is consistent with exper-
lysis (Monette and Lafleur, 1995). imental observations of the orientation of melittin in bilay-
On the basis of those observations, different mechanismars (Bradshaw et al., 1994, Citra and Axelsen, 1996; Demp-
for the lytic activity of melittin have been proposed. One of sey and Butler, 1992). Two protonation states of the
the earliest hypotheses suggested that melittin increas@gterminus of melittin were simulated. For the first 600 ps
membrane permeability by partial penetration of the bilayerf simulation, the N-terminus of melittin was unprotonated.
(Ash et al., 1978). It was estimated that 250 melittin mol-At 600 ps, the N-terminus was protonated and the trajectory
ecules per unilamellar palmitoyloleoyl phosphatidylcholinewas pursued for 400 ps. As a control, the trajectory of the
(POPC) vesicle of 100 nm diameter (i.e5200 lipids/  unprotonated system was also continued for 400 ps. In the
monomer) were required to initiate the lysis, suggesting thahext section, the theoretical methods and the atomic models
this process is due to a collective membrane perturbation bgre described in detail. The results are then given and
monomeric bound peptides (Benachir and Lafleur, 1995). Irdiscussed. The paper concludes with a brief summary of the
contrast, some models involving the formation of a canaimain results.
structure by the aggregation of four transbilayer melittin
molecules have also been proposed (Smith et al., 1994;
Tosteson and Tosteson, 1981). Others suggested that agg@4EORY AND METHODS
gated melittin is involved in the solubilization of large lipid
disks, which would lead to cell lysis by leaving large holes Construction of the microscopic model
in the membrane (Dufourc et al., 1986). It has also beerrhe microscopic system consists of one melittin monomer (N-terminus
proposed that the binding of melittin to other membraneunprotonated), 41 DMPC (17 in the upper layer, which contains melittin,
proteins is involved in the initiation of the lytic mechanism and 24 in the lower layer), and 1595 water molecules, for a total of 10,056
(POI’t|OCk et al., 1990; Werkmeister et al., 1993)_ Clearly, aatoms'. This constitutes the central unit of a periodic system, the Qimensions
. . f which are 32x 48 x 60 A% The net charge of the protein with
Cha_ra,Cten_Zatlon at the mo_IECUIar level of the association 0unprotonated N-terminus is5e. The membrane normal is oriented along
melittin with membranes is necessary for a better underme ; axis, and the center of the bilayer isat 0. Periodic rectangular
standing of the microscopic factors playing an importantboundary conditions were applied in the directions to simulate an
role in its Iytic activity. Computer simulations of detailed infinite planar layer and in the direction to simulate a multilayer system.
atomic models represent a powerful approach to underl_n the simulation cell, melittin is deeply inserted into the upper monolayer,

tandi h | t | t it has b with its helical axis roughly parallel to thg axis. To avoid possible
standing such complex systems. In recent years It has e%ﬂﬁculties with constant pressure algorithms due to the significant anisot-

used to gain insight into the structure and dynamics of pureypy and inhomogeneity of the simulation cell, the trajectory was calcu-
lipid membranes (Berger et al., 1997; Chiu et al., 1995]ated in the microcanonical ensemble with constant number of particles,
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energy, and volume (NVE). The average temperature of the system was setsolution x-ray crystallographic structure (Terwilliger and Eisenberg,
to 330 K, above the gel-liquid phase transition of DMPC (Gennis, 1989).1982a). The helix was oriented parallel to the membrane-solution interface,
The potential energy function used for the calculations was the all-hydroin a position that left the hydrophilic residues in contact with the bulk water
gen PARAM 22 force field (MacKerell et al., 1998) of the biomolecular and the hydrophobic residues in contact with lipid acyl chains.
CHARMM program (Brooks et al., 1983), which includes phospholipids  The total cross-sectional area for the simulation of the protein-mem-
(Schlenkrich et al., 1996) and the TIP3P water potential (Jorgensen et algrane system must be carefully determined because it has an important
1983). influence on the state of the bilayer (Chiu et al., 1995; Heller et al., 1993;
The construction of such a complex system requires careful attention t&Voolf and Roux, 1996). The system shown in Fig. 1 has a marked
several details to get a meaningful trajectory. Because the simulations a@symmetry because of the amphipathic segment lying parallel to the
computationally very intensive, it is desirable to build a starting configu- membrane surface in the upper layer. It is necessary to account for the
ration that is as representative of the solvated protein-membrane system asoss-sectional area of melittin to determine the appropriate number of
possible, thereby limiting the required equilibration time. A general pro- lipids to include in the upper and lower halves of the bilayer at the
tocol developed by Woolf and Roux (1994a, 1996) was used to construaicroscopic model. Although the present simulations were carried out at
the initial configuration of the protein-membrane system. This method hagonstant volume, a reasonable estimate of the cross-sectional area of the
been used previously to generate configurations for the gramicidin channalystem and the asymmetrical number of lipids in the upper and lower
(Woolf and Roux, 1994a, 1996) and bacteriophage Pfl coat protein in lipichalves of the bilayer is also required, even with constant pressure algo-
bilayers (Roux and Woolf, 1996). The general strategy for creating arithms in which the membrane cross-sectional area is allowed to vary
representative starting configuration for the system consists of randomlyBerger et al., 1997; Chiu et al., 1995; Feller and Pastor, 1996). The
selecting lipids from a preequilibrated and prehydrated set, dispersing theroross-sectional area of melittin in the membrane-bound conformation is
around the protein, and reducing the number of core-core overlaps betweets0 A2 To surround the helix by a complete lipid environment, the
heavy atoms through systematic rigid-body rotations (around: ves) dimension of the system in they plane was set at 32 Ax 48 A,
and translations (in th&y plane) of the preequilibrated and prehydrated corresponding to an area of 1536./Because the average cross-sectional
lipid molecules. The initial melittin configuration was taken from the 2.0-A area of a single DMPC molecule is 64 AGennis, 1989; Nagle, 1993;

FIGURE 1 Configuration of the large effective lipid
spheres on the two layerstof) view from the side;
(bottom) view from above. The rectangle of 32 & 48

A indicates the central unit of the system. Molecules
outside the central box represent periodic images of the
molecules inside the central unit. Thehelical confor-
mation was taken from the crystallographic structure
(Terwilliger and Eisenberg, 1982).
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Pastor et al., 1991), this corresponds to a total of 24 DMPC moleculesadius of less tha8 A and zero at 11 A. The SHAKE algorithm (Ryckaert
(lower layer), or to one melittin and 17 DMPC molecules (upper layer). Toet al., 1977) was used to fix the length of all bonds involving hydrogen
determine the initial position of each lipid, the DMPC polar heads wereatoms. A number of energy restraints were used at the beginning of the
first represented by large effective spheres with a cross-sectional area of @fuilibration period to ensure a smooth relaxation of the system toward an
A2 The position of the large spheres was obtained through moleculaequilibrated configuration. Harmonic potentials were applied to the melit-
dynamics and energy minimization with the same periodic boundary contin backbone to prevent large spurious motions, the center of mass of the
ditions as those used in the simulation of the complete system. The spheréipid polar heads was kept arourd = =17 A by planar harmonic
were constrained a = 17 A andz = —17 A for the upper and lower  constraints to maintain the planarity of the membrane, and the penetration
layers, respectively. The resulting configuration is shown in Fig. 1. Theof water in the bilayer region was prevented witlziby the use of planar
effective lipid spheres were then substituted by full DMPC moleculespotentials. All of those restraints were gradually reduced to get a com-
randomly chosen from a library of 2000 preequilibrated phospholipidspletely free system after 100 ps of equilibration. During the production
(Venable et al., 1993). In this library, the polar headgroups of the DMPCtrajectory, the center of mass of the protein was restrained to the center of
are prehydrated by-20 water molecules constructed on the basis of athexy plane. For the first 600 ps of simulation, the N-terminus of melittin
molecular dynamics simulation af-phosphorylcholine ¢-PC) in bulk was unprotonated. At 600 ps, the N-terminus was protonated and, after 500
solution (Woolf and Roux, 1994b). Theyz coordinates of the different steps of energy minimization, the trajectory was continued for 400 ps. As
spheres were used to position the center of mass of the phosphorus aadontrol, the trajectory of the system with an unprotonated N-terminus was
nitrogen atoms of the lipid polar heads. Systematic rigid-body rotations ofalso continued for 400 ps. Detailed views of the system after 600 ps
the lipids around the axis and translations in they plane were then  (unprotonated N-terminus) and 850 ps (protonated N-terminus) are shown
performed to minimize the number of unfavorable contacts and atomidn Fig. 3, A andB.
overlaps. The remaining bad contacts were removed by energy minimiza-
tion. The system was then fully hydrated by overlaying a preequilibrated
water box of the appropriate dimensionxrandy. The resulting config-  Calculation of solid-state NMR and polarized
uration is shown in Fig. 2A. The system was further refined by energy FTIR properties
minimization before the dynamical simulation was started.

Solid-state NMR spectroscopy (Cross and Opella, 1994) and polarized

attenuated total internal reflectance Fourier transform infrared spectros-
Computational details: equilibration and copy (PATIR-FTIR) (Axelsen et al., 1995) are methods of increasing
dynamics procedures importance for studying the structure and orientation of membrane-bound

peptides and proteins. However, a direct structural interpretation of the
The system was equilibrated for 150 ps by molecular dynamics. Fig. 2measurements obtained from those techniques in terms of a peptide con-
A-D shows snapshots of the system through the equilibration period. Tdormation and orientation is often not straightforward. For this reason, it is
converge to an equilibrium state, the system was coupled for the first 12%f interest to examine the relationship of the observed data with the average
ps to a heat bath at 330 K by the use of Langevin dynamics. During the lasétructure and orientation on the basis of a molecular dynamics trajectory.
25 ps of equilibration the velocities were periodically rescaled to stabilizeThe time scale of solid-state NMR is much slower than that of rapid
the temperature. The equations of motion were integrated with a time stemolecular motions (Cross and Opella, 1985; Seelig and Seelig, 1980). For
of 2 fs, and the coordinates were saved every 0.1 ps. The list of nonbondeglis reason, observed properties such as the chemical shift and the deute-
interactions was truncated at 12 A by the use of a group-based cutoff. Thgum quadrupolar splitting (DQS) correspond to a time average over
nonbonded van der Waals and electrostatic interactions were smoothhapidly fluctuating quantities. To obtain the observed properties, an aver-
switched off over a distance of 3.0 A, the values being maximum for aage over instantaneous values must be performed. For example, the chem-
ical shift for a specifically*>N-labeled site is given by a time average over
a large number of configurations of the projection of the instantaneous
second-rank shielding tensor (Cross and Opella, 1985; Woolf and Roux,
1994a), i.e.,

3
Oobs = z- Eé(t)o'ii(t)é(t) '21 1)

i=1

where o;(t) and &(t) are, respectively, the instantaneous magnitude and
direction of the principal tensor components ahis a unit vector in the
direction of the bilayer normal. Similarly, the DQS order paramege,
for a specifically deuterated site is (Seelig and Seelig, 1980; Woolf and
Roux, 1994a)
3 cog(f(t) — 1
=) e

wheref(t) is the instantaneous angle between the director of the C-D bond
and the bilayer normal. The magnitude and orientation of the three com-
ponents of the">N backbone chemical shift tensor of polypeptides have
been determined experimentally from powder spectra (Cross and Opella,
1985; Teng and Cross, 1989). Typically, the largest component of the
FIGURE 2 Representation of the atomic system through the equilibratensor,o55 has a magnitude of 201 ppm and an orientation approximately
tion period. The deformation of the membrane in the lower layer isparallel to the N-H bond in the amide plane. The compomrent(perpen-
significant (it should be noted that only the central system is shown andlicular to the amide plane) has a magnitude of 55 ppm, and the component
that no significant vacuum exists because of the periodic boundary condie;, (in the amide plane) a magnitude of 28 ppm (Teng and Cross, 1989).
tions). The system shown at 150 ps corresponds to the beginning of th€o compute the instantaneous chemical shift for a backbone site, the tensor
production trajectory. components were built in the local molecular frame on the basis of the
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FIGURE 3 () Atomic system after 600 ps of dynamics. The hydrogens atoms of the acyl chains are not shown for the sake of clarity. The presence of
a small number of water molecules near the unprotonated N-terminus of melittin and the deformation of the bilayer is oByéeadic(melittin system
protonated N-terminus after 850 ps of dynamics. A large number of water molecules forming a continuous network across the membrane is observed.

atomic configurations taken from the trajectory. The principal axie-Qf that the transition moment is parallel to the=© backbone carbonyl bond
(201 ppm) was constructed in the H-N-C plane with an angle of 105°for the sake of simplicity.

relative to the N-C bond. The principal axis of, (55 ppm) was con-

structed perpendicular to the H-N-C plane, and thatrgf (28 ppm) was

obtained from a cross product of the second and third principal axes (i.e.,

&, = &, X &,). This rigid tensor approximation ignores the rapid fluctua- Continuum model for

tions of the tensor component magnitudes caused by variations in the locrotein-membrane association

backbone geometry (Woolf et al., 1995).

PATIR-FTIR measurements can also be used to determine the orients® mean-field potential based on a continuum electrostatic approximation
tion of membrane-bound helical peptides (Axelsen et al., 1995). In thiswas used to investigate the importance of thermodynamic and energetic
method, the absorption coefficients parallel and perpendicular to the interfactors in the membrane association of melittin. A similar approach has
face are measured and the orientational helical order is determined from tHeeen used by Ben-Tal et al. (1996) to examine the association of a
amide | dichroic ratio. Because the time scale of FTIR is much faster tharpolyalaninea-helix with a membrane. According to this approximation,
that of the slow reorientational movements, the observed orientation corthe total free energy of solvatiohG,,, is decomposed into an electrostatic
responds to an ensemble average. The observed order parSyeter contributionAG,.cand a nonpolar cavity formatiohG,,, (Ben-Tal et al.,

results from a superposition of the amide | band of all the residues, 1996; Gilson and Honig, 1988),
1./3cod(6) -1 AGyt = AGgiec + AGy, (4)
SoatiR = ﬁ 2(2), (3
The termAG,,.. accounts for the reaction field contribution to the free

i=1 elec

energy of charging the peptide in the polar medium. The electrostatic
wheres, is the angle between the amide | transition moment and the normafontribution to the free energy of transfer from water to the membrane
to the interface for theith residue. A structural interpretation of the &l0ng thezaxis was computed with the Poisson equation for macroscopic
experiments requires information about the orientation of the amide [cONtinuum electrostatics (Honig and Nicholls, 1995; Honig et al., 1993;
transition moment with respect to the peptide backbone. Although the/Varwicker and Watson, 1982),
amide | vibration arises from concerted displacements within the N-H-C-O
group (Krimm and Reisdorf, 1994), in the present treatment we assumed V- [er)V(r)] = —4mpP(r), (5)
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wheree(r) is the position-dependent dielectric constant afifi(r) is the  the order of the lipid acyl chains is decreasing in the upper
protein charge density. The protein was represented at the m|croscop|%1yer while it is increasing for those in the lower |ayer_ The

level with its associated atomic radii and charges. The atomic radii used tq;.~_, . . : :
define the protein-solvent dielectric interface were derived from radial(alsmbuuon of the carbons of the aCyI chains in the bottom

distribution functions calculated for the 20 standard amino acids froml@Y€Tr is shifted to the top layer. As a consequence, the acyl
molecular dynamics simulations and free energy perturbations with explicichains are more extended in the lower layer at the end of the
water molecules (Nina et al., 1997). The atomic charges were taken fronequilibration period relative to the initial configuration. The
the all-hydrogen parameters PARAM22 (MacKerell et al,, 1998). Theperturbation of the lipid configurations results in a local

membrane was represented by a planar slab 25 A thick corresponding . .
the width of the hydrocarbon core of the membrane (White and Wienert,(?l'lrvature and a reduction of the thickness of the membrane

1996). Dielectric constants were assigned according to the polarity of the(see Fig. 2). Because of this structural reorganization, the
medium:e = 80 for bulk water ¢ = 2 for the membrane, and= 1 forthe ~ hydrophobic core of the membrane is reduced-b§0%
protein. Because of the uncertainty of the continuum description of thefrom its original thickness near the center of the system.
water-lipid interface forming a transitional dielectric region, the slab of low However, no significant structural changes in the protein-
dlel_ectrlc was deflqed to represent the hydrocarbon chain region only. Thf"nembrane system are observed after the relatively short
region corresponding to the polar headgroups was assumed to have a = .. . . . . .

dielectric constant of 80. All calculations were performed with a cubic grid equilibration period of 150 ps. Test simulations with other
of 70 A with two grid points per A. The ionic strength was set to zero (no Starting lipid configurations resulted in very similar pertur-
counterions were included). The geometrical center of the membrane wdgations of the bilayer structure (not shown)_

set to—10 A along thez axis of a three-dimensional cubic grid. The protein To characterize the dominant structural features of the
was mapped onto the grid; the center of mass of the helix was P'ace&elittin-membrane system, the average density profile of
initially at the geometrical center of the membrane. For each position o

melittin, the electrostatic contribution to the free energy of transfer fromthe main components was calculated. The first 600 ps of the
the water to the membrane was calculated by subtracting the electrostati€ajectory in which the N-terminus of melittin is unproto-
energy computed in a continuous medium representative of wate8Q) nated was used. The result, shown in Fig. 4, indicates that
from the electrostatic energy computed in a membrane €) immersed  melittin is located roughly between the lipid-water interface
in a solvent regiond= 80), and the center of the membrane. The density of water
AGeleC:%Eqi[d)memk(ri) — K )], (6) molecules converges to the normal bulk density (0.033
i molecules/&) away from the membrane and decreases in
the membrane region. Water molecules go as deep as 5 A
whereg; is the charge of théth atom in the proteing™™r;) is the total  from the middle of the membrane. The phosphate and
electrostatic potential of the protein initially embedded in a membrane, an%holine groups are both located around +18 A. which
¢°UK(r,) is the total electrostatic potential of the protein immersed in the N
bulk region. The electrostatic potentia(r) was obtained by solving the reflects the fact that the polar heads are oriented .nearly
Poisson equation with the finite-difference algorithm of Klapper et al. parallel to the membrane-water interface. A broadening of
(1986), implemented in the PBEQ (Beglov and Roux, unpublished) facilitythe membrane structure was observed in a study of an
of CHARMM (Brooks et al., 1983). amphipathic helix bound to the surface of a DOPC mem-

The termAG,,, accounts for the nonpolar contributions and is assumedy .o o (Huang and Loew, 1995). As indicated by the distri-
to be related to the water-accessible surface of the peptide. A simple sum ’ ;

over the water-accessible surface of all atoms is used to approximate thUtlon of the headgroups, no significant difference in the

nonpolar contributions, width of the membrane-bulk interface is observed in the
e (zl-20%8z 5 |z,| =7,
= — p . !
AGyp =~y L §° X { 1 otherwise, ()
i 0.040 - . . .
wherez is thez position of atom (the membrane normal is oriented along 0.035 1

thez axis), S is the water-accessible surface of ftieatom, andy = 33

cal/mol/A2 is the surface tension coefficient obtained from experimental 0.030
free energies of transfer of hydrocarbons from the pure liquid alkane to Melittin
water (Hermann, 1972). The position of the interfagend its widthAz 0.025
were set at 10.0 A and 2.5 A, respectively, according to experimental data
on lipid bilayers (Jacobs and White, 1989; White and Wiener, 1996). TheZ
water-accessible surfa& was calculated by rolling a probe of 1.4 A on §
the protein van der Waals surface. Atomic radii were taken from the
all-hydrogen PARM22 parameters file (MacKerell et al., 1998). 0.010

ofile

0.020

0.015

0.005

RESULTS AND DISCUSSION

Average structure of the system

0.000
-30

Z (A

Fig. 2 shows the transformations taking place in the mem- . _ _
brane structure during the equilibration period. The initial "SURE 4 Average density profile of the main components of the

bil fi fi hich i fectly pl It fmeIittin-DMPC system. The density profile of the heavy atoms of melittin,
llayer configuration, which is periectly planar as a result o water, and the hydrocarbon chains, the ester oxygens of the glycerol region,

the anStrUCtion protocol, i.S 'progressively'modified' by VEr-and the headgroup phosphate and nitrogen of the DMPC lipid molecules
tical displacements of the lipids along thaxis. In addition,  are shown.



Bernéche et al. MD of Melittin 1609
present simulation. The density of the hydrocarbon chains ithose experimental techniques on the basis of the current
slightly reduced around = 2.5 A. In a pure membrane the theoretical model. Fig. @ shows the average solid-state
corresponding minimum is observed in the middle of theNMR backbone®N chemical shifts, computed from the
bilayer atz = 0 A (Berger et al., 1997; Pastor, 1994; White trajectory. There are large variations because of the helical
and Wiener, 1996). The displacement of the local minimunperiodicity. The residues of the amphipathic helical segment
from the center of the membrane toward the upper leaflet i§15-26) have the lowest chemical shift (between 50 and 80
due to the presence of melittin. ppm), in accord with a parallel orientation relative to the
membrane surface. The residues of the hydrophobic helical
segment (1-14), which is in a diagonal orientation relative
to the bilayer normal, have intermediate values (between 80
During the trajectory, the center of mass of melittin (with and 150 ppm). The C-terminal segment is disordered and
unprotonated N-terminus) drifted toward the center of thedeviates from thex-helical structure. For this reason, the
membrane, from 13.0 A to 11.0 A along tlzeaxis. To  chemical shift of the residues at the C-terminus differs from
characterize the global motions of melittin at the interface the value obtained for the other residues of the amphiphilic
its instantaneous configurations were reoriented relative thelix. The calculated deuterium;@ond order parameters
an average reference structure by minimizing the coordinatare shown in Fig. 8. As in the case of thé°N chemical
root mean squared (RMS) difference. The results indicatshift, there are large variations because of the helical peri-
that the helix is undergoing rocking motions with fluctua- odicity. The very high values observed for Ala/al?, and
tions on the order of 5-8°. On average, the rotation axis was

oriented parallel to the main helical axis. Nevertheless, as

Stability of the protein and macroscopic motion

shown in Fig. 5, the backbone conformation did not
changed significantly. The initial structure remained stable,
although there are small deviations from a pertettelical
configuration near the C-terminus. This is in qualitative
accord with circular dichroism (CD) data, which indicate
that the helical content of membrane-bound melittin is 72%§
(Vogel, 1987). It is likely that the initial helical conforma-
tion near the C-terminus of the peptide is not conserve
because its polar and charged residues?kpsg®*Lys?>-
Arg?*-GIn®>-GIn®®, are extensively solvated by water mol-
ecules (see below). In contrast, the helical conformation of
the nonpolar segment of the peptide, which is embedded in
the hydrocarbon core of the membrane, is very stable. The
average angle between the two helical segments (defined by
the two vectors joining the & of residues Val to Gly'?,

and Led® to Lys?, respectively) was-145°, with fluctu-
ations on the order of 5°.

Experimental techniques, such as solid-state NMR and
PATIR-FTIR, provide important information concerning
the conformation and orientation of a membrane-bound
peptide. However, interpretation of the data in terms of a
unigque microscopic structure may be difficult. Thus, even &

ChemicaPShiﬂ (l

though the data are not yet available, it is of interest to§ 0.4
examine how the conformation would be characterized bya
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FIGURE 6 NMR property calculationsA] Backbone™N chemical shift

for the 26 residues of the melittin. The values were calculated on the basis
FIGURE 5 Superposition of five configurations of the backbone of of Eq. 1. 8) Order parameter of thedzH bond for the 26 residues of the
melittin taken from the trajectory. The configurations are separated by 100 psnelittin.
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Ala’® (the order parameter is 0.8) suggest that they may b&om the radial distribution functions. The results are shown
well suited for future investigation of the orientation of in Fig. 8. On average, the solvation requirements imposed
melittin at the membrane surface by solid-state NMRby the amphipathicity of the protein are satisfied, because
experiments. polar side chains are exposed to water and the nonpolar side
The helical orientational order of melittin corresponding chains are exposed to hydrocarbon chains. A similar solva-
to PATIR-FTIR amide | experiments was examined. Thetion pattern was observed in a previous simulation of an
calculated distribution of the instantaneous values of themphipathic helix at a membrane surface (Huang and Loew,
angle between the carbony=€0 bond and the membrane 1995). However, some of the residues are exposed to a more
normal is shown in Fig. 7. The contributions of the two complex environment. For example, the nonpolar part of the
helical segments, corresponding to residues 1-13 and 14side chain of Ly$ is surrounded by hydrocarbon chains,
25, are shown separately. The distribution of the instantawhereas its positively charged nitrogen is in contact with
neous angle is very broad, reflecting the intramoleculawater molecules. Fig. & shows the hydrogen bond com-
fluctuations in the orientation of the carbonyl bonds. Theplex formed by the interaction of Lysvith interfacial water
maximum in the distribution is around 110°. Overall, the molecules. The environment of LY$s in accord with the
backbone carbonyl bonds are oriented parallel to the mem'Snorkel model” proposed by Segrest et al. (1990) to ac-
brane surface, although the hydrophobic helix formed bycount for the amphipathic character of lysine side chains.
residues 1-13 makes a larger angle with the membran€he interactions of TrpY with both the hydrocarbon chains
surface. Experimental values reported for melittin in phos-and water molecules also reflect the amphipathic character
pholipid monolayer or bilayer range from0.19 to—0.36  of the indole side chain. Fig.B shows one configuration of
(Citra and Axelsen, 1996). The average order parametefrp*® at the membrane-solution interface. The observed
S-atir Calculated from the trajectory is0.19, in excellent  environment of Trp® is in accord with data which suggest
agreement with the experimental result. Nevertheless, thehat it is limited in its motion by forming hydrogen bonds
significant spread in the distribution suggests that the dataith water molecules or lipid carbonyl groups (Chatto-
should be interpreted with caution in the case of a flexiblepadhyay and Rukmini, 1993). The amphiphilic nature of the
membrane-bound polypeptide. indole side chain is particularly well suited to stabilization
of the protein at the membrane-water interface. The charged
and polar residues LY$Arg®*-GIn®® at the C-terminus
contribute to the association of melittin with the membrane
The atomic density profile of the main components of theby interacting directly with the polar headgroups (see Fig.
system shown in Fig. 4 is in qualitative accord with the 8). Electrostatic interactions are important for the stability
amphipathic character of melittin, but it is not sufficient to of the protein at the membrane interface: experimental
give a detailed picture of the protein solvation. To betterstudies showed that charged lipids prevent cell lysis and that
characterize the environment of the protein, the averag@elittin has more affinity for charged lipids than zwitteri-
number of water molecules, acyl chain carbons, and lipicbnic lipids (Beschiaschvili and Seelig, 1990; Monette and
headgroups surrounding each side chain was calculatdcafleur, 1995). The present simulation indicates that elec-
trostatic interactions with the polar headgroups are impor-
tant, even if the bilayer is not constituted of charged lipids.

Solvation of melittin

Lipid conformations and dynamics

The association of melittin with membranes is thought to
depend partly on its affinity for the lipid hydrocarbon chains
(Terwilliger et al., 1982). Fig. 1@ shows a top view of the
protein-membrane system (water molecules are not shown
for the sake of clarity). The hydrophobic segment near the
N-terminus is embedded deep in the membrane hydrocar-
bon. Direct contacts between hydrophobic residues and the
acyl chains are observed (e.g., E&u_eu'®, and ll¢). The
amphiphilic moiety near the C-terminus occupies a large
. , , L area of the membrane surface. The lipids adopt particular
0 20 40 6O 80 100 120 140 160 180 conformations to avoid leaving a large cavity under the
Angle relative to Z-axis (degrees) helix. The marked asymmetry of the system is reflected in
o .. the carbon-deuterium order parameters of the acyl chains.
FIGURE 7 Distribution of the angle of the=€O bond of the melittin
backbone with respect to the bilayer normal. The two segments of meIittirFOr the upper leaflet, the average'order paramEterS are 0.119
(residues 1-13 and 14-25) are plotted separately (the C@@esidue 26 ~ and 0.179 for the &1 and $i-2 chains, respectively. For the
was not included). lower leaflet, the average order parameters are 0.151 and

Unnormalized Distribution
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0.224 for the 8-1 and $-2 chains, respectively. The order in the packing of the hydrocarbon chains in a previous
of the two layers differs by~20%, the lipids in the same simulation of an amphipathic helix at the surface of a DOPC
layer as the melittin being less ordered. Although it is notbilayer (Huang and Loew, 1995). These results suggest that
possible to distinguish the upper and lower leaflets experiphospholipid bilayers possess a considerable plasticity, al-
mentally, the overall decrease in lipid order indicated by thdowing them to adapt to the perturbation of an amphipathic
calculations is in qualitative agreement with the valueshelix. It is observed experimentally that bilayers formed by
observed by Dufourc et al. (1986) in the presence of melittiipids with short acyl chains are more susceptible to the
in DPPC membranes. perturbation of melittin (Bradrick et al., 1995). This sug-
The disorder in the lipids of the top layer induced by thegests that the short lipid chains may not have sufficient
presence of the amphipathic helix is illustrated in FigBLO plasticity to adapt to the large perturbation due to the
The organization of the hydrocarbon chains around theresence of melittin.
protein shown in the figure is strikingly reminiscent of the The dynamics of the hydrocarbon chains is affected by
model proposed by Terwilliger et al. (1982). The disorder inthe presence of melittin. Fig. 12 illustrates lipid conforma-
the top layer leads to the creation of vacant space in th&ons at different times along the trajectory. The superposi-
middle of the bilayer that the chains in the lower layer fill by tion of configurations shows that the movements of the acyl
adopting more extended configurations. Nevertheless, nohains close to the protein have a smaller amplitude than
empty space is left under the amphipathic helix, as indicatedthers on the opposite layer or farther from the protein.
by the distribution of free volume shown in Fig. 11. The Bradrick et al. (1995) observed that the presence of melittin
largest density of free volume accessible to a particle theauses a decrease in fluidity of the surrounding lipids over
size of a water molecule is in the center of the membranea large distance~50 A) at a temperature below the melting
This is in accord with the results obtained for pure mem-transition temperature of the lipids; the fluidity of the mem-
brane simulations (Marrink and Berendsen, 1994). Thérane did not seem to be affected at higher temperatures.
presence of melittin in the upper layer disturbs the bilayelEven though the present simulation was performed at a
by breaking the original symmetry of the membrane, and theemperature slightly above the melting transition, we note
maxima are shifted. The distribution of free empty volumethat melittin has an influence on the dynamics of the lipids.
shows that the membrane is well packed in the polar heatllo significant rotational or lateral translational motions of
region (around-17 A), because there is less vacuum spacethe lipids is observed, although there are important displace-
In contrast, the free volume fraction in the hydrocarbonments along the axis normal to the bilayer. As shown in Fig.
region is higher because it is less densely packed. Neve#, the distribution of the polar heads extends over a region
theless, the fraction of free volume is very similar to thatfromz = 13 Atoz = 21 A, i.e., a distane 4 A from their
observed in pure membranes (Marrink and Berendseripitial position (atz = 17 A). The spread was larger in the
1994). Similarly, no significant number of defects appearedottom layer, fromz = —12 A to z = —22 A. Different
studies have shown that the influence of melittin on the
polar headgroups is lipid dependent (Dempsey and Watts,

8 1987; Beschiaschvili and Seelig, 1990). It has been sug-
i gested that the presence of melittin in a PC bilayer alters the

! 5 Wa"é’f arbon ) — average orientation of the headgroup dipoles by shifting the
S 6 Phosphate N+ end of the PC headgroups toward the bulk water away
2 Choline 7%« from the membrane surface (Kuchinka and Seelig, 1989). In
2 5 - [ RN the present simulation, the PC headgroups remained
3 B < roughly parallel to the membrane surface, and their orien-
3 4 tation was not perturbed. Interestingly, it is observed that
= 3 the dipoles of the PC headgroups of the lipids surrounding
° the amphiphilic helix are mostly oriented parallel to the
é 2 protein surface, whereas no preferential orientation is ob-
3 1 served on the opposite layer.

0 = i - - Continuum mean-field model

1 6 11 16 21 26
The molecular dynamics simulation of the atomic model
provides a detailed view of the melittin-membrane system.
FIGURE 8 Contribution from the main components of the membraneNevertheless, no large movements of the peptide are ob-
system (water oxygens, acyl chain carbons, phosphate and choline polgierved during the trajectory because of the relatively short
headgroups) to the solvation of the side chains of melittin. The averaggime scale that can be simulated with current computer

solvation number was calculated by counting the number of nearest neigh- ; i few nan nds). In addition. information
bors within a distance of 4.5 A around each side chain. The number OF'GSOU ces ( €., ale anoseco S)' a !

neighbors was averaged by normalizing with respect to the total number (ﬁoncem'ing the ener_ge_tic and th?rmOdY_namiC factors in-
atoms in the side chains. volved in the association of melittin with a membrane

Residue Number
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FIGURE 9 Hydrogen bonds formed by the
side chain of A) Lys” and @) Trp*® with
water molecules during the simulation.

surface cannot be directly extracted from the trajectory. For To better characterize the melittin-membrane system, an
instance, the current dynamics cannot be used to assess tihgplicit mean-field model was used in which the membrane
global stability of the starting configuration: an amphipathicand the surrounding solvent were represented as structure-
a-helix roughly parallel to the membrane interface with theless continuum dielectric material. The model, which is
unprotonated N-terminus buried in the hydrocarbon coredescribed by Eqgs. 4, 6, and 7, is based on numerical solution
An important question is whether the starting configurationof the Poisson equation and is essentially the same as that
is consistent with the electrostatic solvation energy of theused previously by Ben-Tal et al. (1996). Although such a
backbone (the so-called helix dipole). mean-field model provides a simplified view of the mem-
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FIGURE 10 Packing of hydrocar-
bon chains around the melittinAY
Top view without water molecules.
(B) Side view of a few lipids sur-
rounding melittin.

brane environment, it is nevertheless useful for characterizirom 13 to 11 A during the trajectory). The calculations
ing the free energy of melittin at the interface between twaosuggest that melittin is stabilized by aboutl8 kcal/mol
media of different polarities. when its center of mass is located around 12-13 A along the
The solvation free energy surfadeG,,; was explored zaxis. The optimal position corresponds to a conformation
along two different rigid-body movements of the helix: a in which the hydrophobic residues are in the low dielectric
translation of melittin along theaxis, and a rocking motion region, whereas the hydrophilic residues are in the high
around the helical axis. The calculations were performedlielectric region. This is in accord with general ideas about
using a single configuration of melittin taken from the the association of amphipathic helices at the membrane-
trajectory att = 600 ps. From Fig. 13, it is observed that a water interface (Terwilliger and Eisenberg, 1982b; White
free energy minimum exists at the interfacial region, atand Wiener, 1996).
which point the amphipathic helix is partially inserted into  According to the mean-field model, the free energy well
the nonpolar region (the interface is located at 12.5 A in thecorresponding to the membrane-associated state is very
model). The results of the mean-field calculations differbroad, and there is no barrier opposing the association of the
slightly with the average position and orientation of thehelix with the interface. A translation of the center of mass
helix observed from the molecular dynamics simulation.from z = 13 toz = 15 and a global rocking of the helix on
The average position of the center of mass during thehe order of+10° correspond to small variations in the free
trajectory was around = 12 A (the center of mass shifted energy of association relative to the thermal enekgy.
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results with all atoms present in the system (—) and without the water 190 7
molecules {-) are plotted— — —, Thefraction of empty free volume with so | ]
all atoms present in the system. R Electrostatic
This suggests that spontaneous thermal fluctuations cad | |
affect the position and orientation of melittin at the mem- & 201 ., 1
brane-solution interface. Hints of such global movementsid ]
are observed during the trajectory; the center of mass of th@) 2l \N_/
helix fluctuates from 13 to 11 A along theaxis, and the
magnitude of the rocking motions is on the order of 5-10°. 0 Hydrophobic ] 1
This suggests that the association of melittin with the mem- | .- e e
brane surface involves significant fluctuations, in terms of ‘ , , , , L
both translation and orientation. Such fluctuations contrib- <40 30 20 10 0 10 20 30 40
ute to the association constant of the helix, with the mem- Angle (degrees)

brane as part of the translational and rotational entropy

(Ben-Tal et al., 1996). The mean-field calculations indicate"!/GURE 13 Solvation free energy of melitti) along thez axis and
(B) in rotation around an axis going through the center of mass of the

protein and parallel to the axis.

that the association of the amphipathic helix with the mem-
brane results from opposite variations in the electrostatic
and nonpolar free energy contributions. The unfavorable
electrostatic contribution increases as the helix is inserted
deeply into the membrane slab, reflecting the energy cost of
transferring the polar backbone from the high-dielectric
aqueous phase to the nonpolar hydrocarbon membrane re-
gion. Complete insertion of the helix & 0) is unfavorable
because of the large positive electrostatic contribution. Sim-
ilar trends have been observed previously in continuum
electrostatic calculations by Ben-Tal et al. (1996) in the free
energy of association of a polyalanine helix with a membrane.

Movements of water molecules and lytic activity

The lytic property of melittin is usually associated with an
increase in membrane permeability to water and other small

FIGURE 12 Superposition of five configurations of lipids surrounding Mmolecules (Dempsey, 1990). It is thl_JS important to analyz_e
melittin. The configurations taken from the trajectory are separated by 100 p¢he movements of water molecules in the system. Analysis
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of the solvation of the peptide as discussed above indicatazus. This suggests that rare excursions of a hydrated hydro-
that local interaction with specific residues is responsible, imium ion, which would provide a mechanism for the pro-
part, for the increased penetration of the membrane by watdonation of the N-terminus of melittin, may also be possible.
molecules. As shown in Fig. 8, a high penetration of watetMovements of ions near the membrane surface, although
molecules is generally observed in the neighborhood of alhot favorable, are energetically possible. For example, po-
of the hydrophilic residues near the C-terminus. This is intential of mean force calculations have shown that a hy-
accord with experimental data showing that water mole-drated potassium ion (similar in size to hydronium) can
cules more readily penetrate the hydrocarbon core of menpenetrate deep into the membrane surface (Gambu and
branes in the presence of membrane-bound proteins (Ho arRbux, 1997). The interconversion between the binding
Stubbs, 1992) or small peptides (Jacobs and White, 1989jnodes could be the pathway for a number of microscopic
More specifically, residues té-Sef®-Trp'® form a partic-  processes that would affect the membrane integrity signif-
ularly favorable region for the penetration of water mole-icantly and could subsequently cause membrane lysis (e.g.,
cules into the hydrophobic core of the membrane. Interesta large increase in water permeability, formation of chan-
ingly, Trp*® plays an important role in the lytic activity of nels by association of transmembrane-bound melittin). This
melittin; its omission results in a 124-fold decrease in ac-view is consistent with a mechanism proposed by Weaver et
tivity as compared to the wild type (Blondelle and al. (1992) in which a partial translocation of melittin bound
Houghten, 1991). In addition to local interactions, the largeparallel to the membrane surface would expose the hydro-
scale reorganization of the membrane induced by the preghilic residues to the hydrophobic core of the membrane.
ence of the amphipathic helix (i.e., the reduction of mem-The extensive water penetration after the protonation of the
brane thickness and the increased curvature) appears to Beterminus would ultimately disrupt the membrane. Recent
correlated with the penetration of the bilayer by waterworks have also suggested a similar hypothesis (Matsuzaki
molecules. As observed in Fig. 8, a larger number of etal., 1997). According to this proposed mechanism, melit-
water molecules are observed in the region where the bitin would first bind parallel to the membrane surface with
layer is the most distorted. The membrane reorganizationnprotonated N-terminus. The association step is followed
involves the upward movement of some lipids of the lowerby the protonation of the N-terminus, which leads to a
layer and the solvation of the polar heads of water moleconversion into a transbilayer orientation. To assess this
cules. From a dynamical point of view, it is observed duringproposed mechanism, it is of interest to better characterize
the trajectory that water molecules left the bulk region tothe microscopic processes after the protonation of the N-
make short transient excursions near the unprotonated Nerminus of melittin.
terminal group of the peptide in the middle of the mem- The influence of the protonation state of the N-terminus
brane. The permeating water molecules entered the bilayef melittin was examined using molecular dynamics simu-
from the region where the membrane deformation is thdations based on the current atomic model.tAt 600 ps,
greatest. Marrink and Berendsen (1994) showed that the rathe N-terminus of melittin was protonated, and the trajec-
of translocation of water through the bilayer is limited by tory was continued for 400 ps (note that an isolated water
the interfacial region in which the glycerol backbone andmolecule was transiently making an excursion near the
the acyl chains adjacent to the polar headgroups are closebynprotonated N-terminus at= 600 ps). For comparison,
packed. According to their analysis, the presence of defectthe trajectory of the unprotonated system was also contin-
and vacuum at the interface contributes to the increase in theed. According to the simulations, the behaviors of the two
diffusion of water molecules across the lipid bilayer. In thesystems are markedly different. Fig. 14 shows the number
present simulation, the membrane curvature induced by thef water molecules within a radius of 4.5 A from the
amphipathic helix in both the upper and lower layers resultsN-terminus (protonated or unprotonated) of melittin along
in a disordered and less densely packed interface, thuke two trajectories. Small peaks are observed ardund
facilitating the penetration of water molecules. 70,t = 580-600, and = 900 ps, corresponding to rare and
On the basis of neutron scattering measurements witlransient contacts of the unprotonated N-terminus of melit-
melittin in which the side chains of Afaand Ala® were  tin with water molecules. Aftet = 600 ps, the penetration
specifically deuterated, Bradshaw et al. (1994) proposeof water molecules increased rapidly in the neighborhood of
that the pH of the bulk solution affects the orientation of thethe protonated N-terminus. In contrast, the number of water
peptide in the membrane through the protonation of itsmolecules does not increase during the corresponding pe-
N-terminus. According to these observations, melittin withriod for the system with an unprotonated N-terminus. At the
unprotonated N-terminus binds parallel to the membranend of the simulation period, water molecules are observed
surface, whereas melittin with protonated N-terminus bindsall across the membrane near the protonated N-terminal
in a transbilayer way. Interconversion between the twogroup, forming a continuous cluster of water. A configura-
binding modes appears to be possible under equilibriuntion of the system with protonated N-terminus is shown in
conditions. These observations have implications concerrig. 3 B. Approximatively 15-25 water molecules were in
ing the mechanism of membrane lysis. The current simulathe hydrophobic core of the bilayer frotm= 700 ps to the
tion shows that water molecules can penetrate transientlgnd of the simulation. This is in accord with the observation
into the membrane interior near the unprotonated N-termiof Bradshaw et al. (1994), who estimated that the number of
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imental assays of melittin and other amphipathic peptides.
The order of the lipid acyl chains is smaller in the upper
layer, whereas it is larger for those in the lower layer. The
perturbation of the bilayer results in a local curvature and a
reduction of the thickness of the membrane. Because of the
presence of melittin, the hydrophobic core of the membrane
is reduced by~30% from its original thickness near the
center of the system. However, the acyl chains of the lipids
adopt particular conformations to avoid leaving a large
cavity under the amphipathic helix. The organization of the
hydrocarbon chains in the neighborhood of melittin is very
” similar to the picture proposed by Terwilliger et al. (1982)
Unprotonated nearly 15 years ago. The analysis of the membrane structure
. = o p -~ 500 shovys.that thg phospholipid bilayer possesses a remakable
Time (ps) plasticity and is able to adapt to the significant perturbation
caused by the presence of melittin.
FIGURE 14 Number of water molecules near the N-terminus of melittin.  To characterize the thermodynamic and energetics of
Values were computed by counting the number of waters at a radius of 4.pnembrane association, a S|mp||f|ed mean-field free energy
A from the nitrogen of the N-terminus group. model, based on continuum electrostatics, was used. The
results of the mean-field model suggest that the free energy
well corresponding to the membrane-associated state is very
water molecules or hydrated protons in the hydrophobitroad and that the association of melittin with a membrane
region of the membrane for each melittin wa20-30. As  involves significant fluctuations. Although such a mean-
a consequence of the penetration of water molecules nedield model provides only a simplified view of the mem-
the protonated N-terminus, the residues‘GtyVvVal® form-  brane environment, it is very useful for characterizing the
ing the N-terminal segment lost tlehelical structure. The energetics of melittin at the interface between two media of
N-terminal group moved toward the opposite side of thedifferent polarities. The molecular dynamics trajectory pro-
bilayer (fromz = 2 A att = 600 ps taz = —6 A att = 1000  vides more atomic detail, but it is limited by the time scale
ps). The computer experiment shows that the protonation ahat can be simulated with current resources. The mean-field
the N-terminus of melittin can have profound effects on themodel is computationally inexpensive and does not suffer
membrane structure. from the same limitations.
The present calculations do not, by far, represent a de-
CONCLUSION finitivg study of the complex interactipns of melittip with
biological membranes. Only one starting configuration cor-
The interaction of melittin with a fully hydrated DMPC responding to one particular position and orientation of
bilayer was examined by molecular dynamics simulationsmelittin was used to generate a trajectory, whereas a quan-
The initial configuration of the system was constructed fromtitative characterization of the bilayer structure would re-
preequilibrated and prehydrated phospholipid moleculesquire extensive ensemble and time averaging. Furthermore,
The approach was previously shown to be general anbecause a single melittin molecule is included in the atomic
applicable to different proteins of arbitrary shape and sizesystem, the present simulations do not allow us to draw
(Woolf and Roux, 1994a, 1996; Roux and Woolf, 1996).conclusions on mechanisms involving protein-protein asso-
The initial configuration of the system was constructed withciation, e.g., channel formation (Smith et al., 1994; Toste-
melittin in an a-helical conformation bound parallel to the son and Tosteson, 1981) and soluble lipid disk (Dufourc et
membrane-solution interface. This corresponds to thal., 1986). However, the present results support the hypoth-
wedge model that has been described previously (Dawson esis of a collective perturbation of the bilayer by monomeric
al., 1978; Terwilliger et al., 1982). Because melittin per-melittin molecules. The presence of a single melittin has
turbs the bilayer significantly, the current application rep-both local and global effects on a bilayer. The space under
resents a challenging problem for the methodology. Inthe amphipathic helix is filled by the acyl chains of the
strong support of the present approach, the initial configuupper layer, and the acyl chains of the bottom layer are
ration converged rapidly to a stable simulation, despite thextended. The perturbation results in a local curvature and a
marked asymmetry of the system caused by the presence mdduction of the thickness of the membrane, which is cor-
melittin. related with an increase in water penetration of the hydro-
The simulation provides a detailed view of a membranephobic core of the membrane. Although an exhaustive ex-
bound amphipathic helix at the atomic level. Observableploration of the Iytic mechanisms of cell is beyond the scope
order parameters have been calculated on the basis of solidf the current simulations, the simulations provide insights
state NMR and PATIR-FTIR spectroscopy techniquesinto the interaction of melittin with a membrane, illustrating
Such analysis may be helpful in the interpretation of experthe mechanism by which a single membrane-bound melittin
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disturbs the phospholipid bilayer. It also suggests mechacross, T. A, and S. J. Opella. 1994. Solid-state NMR structural studies of

nisms by which melittin increases the penetration of water p%‘;tjldessﬁa”d proteins in membraneurr. Opin. Struct. Biol.

molecules in the membrane, which may be an Importanbawson C. R, A. F. Drake, J. Helliwell, and R. C. Hider. 1978. The
step in the lytic mechanism. Obviously, much remains to be |nteraction of bee melittin with lipid bilayer membraneBiochim.
done to elucidate the interactions of melittin with lipid Biophys. Acta510:75-86.

bilayers. Future studies will address questions about th@eisenhofer, J., and H. Michel. 1989. The photosynthetic reaction center
influence of amino acid substitutions and the different states oM the_purple bacterium rhodopseudomonas virid@isience.245:

. - . . 1463-1473.
of aggregation of melittin multimers in the membrane. Dempsey, C. E. 1988. pH dependence of hydrogen exchange from back-
bone peptide amides of melittin in methand@iochemistry.27:
6893-6901.
. . Dempsey, C. E. 1990. The actions of melittin on membraBéschim.
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