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Abstract: Molecular dynamics simulations of the magainin MG-H2 peptide interacting with a model
phospholipid membrane have been used to investigate the mechanism by which antimicrobial peptides
act. Multiple copies of the peptide were randomly placed in solution close to the membrane. The peptide
readily bound to the membrane, and above a certain concentration, the peptide was observed to
cooperatively induce the formation of a nanometer-sized, toroidally shaped pore in the bilayer. In sharp
contrast with the commonly accepted model of a toroidal pore, only one peptide was typically found near
the center of the pore. The remaining peptides lay close to the edge of the pore, maintaining a predominantly
parallel orientation with respect to the membrane.

Introduction regarding the mechanism of pore formation or the structure of
the pore itself.

Here, we present the results of atomistic molecular dynamics
(MD) simulations of magainin peptide interacting with a
dipalmitoylphosphatidylcholine (DPPC) phospholipid bilayer.

Magainins are peptides found in the skin of the African
clawed frog Xenopus lagis! that exhibit a wide range of
antimicrobial and antifungal activity. They are cationic and

amph?pathic peptides that b.ind o the msembrgne Surface’The specific peptide used in this study is the 23 amino acid
adopting a predominantlg-helical structuré:® At high con- (aa) MG-H2 peptide, an analogue of the well-studied anti-
centrations they permeabilize the lipid mattiforming water- microbial peptide magainin-2 (MG-29. MG-H2 (IIKKF-
filled, nanometer-sized poréshat lead to cell death. Experi- LHSIWKFGKAFVGEIMNI) is positively charged 43) at
men.tally', |F is observed that as the cc').nce'ntratlon of bound physiological pH (see Figure 1) and was chosen for this study
peptide is increased past the permeabilization threshold there,¢" nlike other members of the magainin family MG-H2 has a
is a change in the orientation from the peptides being essentiallyhigh affinity for neutral phospholipids such as DPPC. Besides
parallel® to at least a proportion of the peptides having a the advantage that MG-H2 can be used in combination with
perpendicular orientatichThis is associated with an increase  the well-modeled lipid DPPC, it forms pores more easily than
in lipid flip-flops and the translocation of peptide across the the parent magainin. This is attributed to its higher hydrophobic
membrané. On the basis of these findings, it is commonly momenti® Note that the chargecharge interactions between
accepted that magainins (as well as many other antimicrobial the peptide and the anionic lipids are not directly involved in
peptides) form toroidal porés>® The main characteristic of a  pore formation; it is hypothesized that they only provide the
toroidal pore is that it is hydrophilic. The peptides are believed |ong-range attraction needed to bring the peptides close to the
to stabilize the pore by interacting strongly with the lipid syrfacell

headgroups that line the pore. In fact, despite being very

intensively studied experimentally, relatively little is known Methods

Setup.The systems simulated contained 1, 2, or 4 MG-H2 peptides,

University of Groningen. 128 DPPC lipids, and 6000 water molecules. The corresponding peptide/
* University of Queensland. S . : . )

(1) Zasloff, M. Proc. Natl. Acad. Sci. U.S.A987, 84, 5449-5453. lipid (P/L) ratios are 1/128, 2/128, or 4/128. Multiple simulations were
(2) Marion, D.; Zasloff, M.; Bax, AFEBS Lett.1988 227, 21—26. performed for each system, starting from different initial random
®) z%'&eﬂéifeémw"’ J. H.; Morell, J. L.; Huang, C. MEBS Lett1988 velocity distributions. Initially, the peptides are in am-helical
(4) Ludtke, S. J.; He, K.; Heller, W. T.; Harroun, T. A.; Yang, L.; Huang, H.  configuration and are solvated in the water phase close to one of the

W. Biochemistryl996 35, 13723-13728. monolayers of an equilibrated bilayer (see Figure 1). The asymmetric
(5) Matsuzaki, K.; Murase, O.; Fuijii, N.; Miyajima, KBiochemistry1996 L y q . - yer ( " 9 ) . Y .

35, 11361 11368. distribution of the peptides mimics the addition of peptide to a solution
(6) He, K.; Ludtke, S.; Huang, H. W.; Worcester, D. Biochemistry1995 containing cells or liposomes, in which peptides adsorb to one

34, 5614-5618.
(7) Ludtke, S. J.; He, K.; Wu, Y.; Huang, H. VBiochim. Biophys. Acta994

119Q 181-184. (10) Tachi, T.; Epand, R. F.; Epand, R. M.; Matsuzaki Bfochemistry2002
(8) Matsuzaki, K.; Murase, O.; Tokuda, H.; Funakoshi, S.; Fuijii, N.; Miyajima, 41, 10723-10731.

K. Biochemistryl994 33, 3342-3349. (11) Hallock, K. J.; Lee, D. K.; Ramamoorthy, Biophys. J2003 84, 3052—
(9) Epand, R. M.; Vogel, H. JBiochim. Biophys. Actd999 1462 11-28. 3060.
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taken from a previous study (setupg®E The GROMOS force field
43a2* was used to describe the peptide interactions. Both force fields
were parametrized for use with a group-based twin range cutoff scheme
(using cutoffs of 1.0/1.4 nm and a pairlist update frequency of once
per 10 steps) including a reaction field correctfowith ¢ = 78 to

ph eftrp account for long-range electrostatic interactions. The water was modeled
as SPC* A time step of 2 fs was used. Bond lengths were constrained
using the LINCS algorithmd’ The simulations were performed in the
@ choline NRP,T erlllsemblell;(sgirgg perliodic bougciary)co;ditiggg.P‘(I'hebtempirature
p was weakly coupledd (coupling time 0.1 ps) td@ = , above the
phosphate main-phase transition temperature of DPPC. The pressure was also
pal mitoyl weakly couple#f (coupling time 0.5 ps, compressibility>6 1075 bar %)

using a semiisotropic coupling scheme in which the latefPgl &nd
perpendicular R,) pressures are coupled independently. Two sets of
simulations were performed, one in which bd#h = P, = 1 bar,
resulting in a bilayer under stress-free conditions<0), and another
Figure 1. Snapshot of the starting configuration of a system containing 4 Set usingP, = —30 andP, = 1 bar, which correspond to a bilayer
magainin (MG-H2) peptides and 128 lipid (DPPC) molecules. The lipid under a lateral tension of 20 mN/m. Although the first set more
headgroups are represented as blue (choline) and purple (phosphate) spheregalistically models the stress-free conditions in typical experimental

The lipid tails are gray, and water is blue. The backbones of the different setups. the second set was (wrongly) anticipated to speed up the pore
peptides are shown in yellow, orange, red, and white. The image to the left PS, ( aly) P P P P

shows key functional side chains in green (hydrophobic residues) or brown formation procgss. Se_e Table 1 for an overview of the.conditions used
(charged lysines and N-terminal). in each of the simulations performed. Note that a tension of 20 mN/m
is actually larger than a phospholipid membrane would be able to
withstand in an experimental situation. Rupture typically occurs around

Table 1. Overview of Simulations Performed?

no. of aggregation simulation  pore formation a few millinewtons per metéf:? However, pore formation preceding
label  peptides  conditions state time (ns) time (ns) membrane rupture is a kinetic process and therefore depends on the
Al 1 stress-free  monomeric 80 loading rate of the applied tensiéhin MD simulations the effective
A2 2 stress-free monomeric 113 loading rate is high enough to prevent pore formation in pure DPPC
gg g ?t:‘;zzg&ee mgﬂgmg‘i‘é 131 membranes up to tensions 00 mN/m?2!
D2 2 stressed cluster 134 Analysis. The lipid bilayer was characterized by analysis of the
E2 2 stressed cluster 152 membrane thickness, interfacial width, and lipid tail order parameters.
F2 2 stressed  cluster 88 44 The thickness was defined as the average phosppatesphate
gi j ittﬁzizeez gﬁjrélérclustered 25?(? 35 distance. The inter.fac.ial \(vidth was measured by the standard deviation
c4 4 stress-free  cluster 20 17 of the phosphate distribution. Lipid tail order parameters were computed
D4 4 stress-free  cluster 122 63 with respect to the membrane normal &3he size of the pore was
E4 4 stress-free  cluster 250 55 estimated from the diameter of a circle fitted to the glycerol/water
(F;L i zggzzzg Eﬁg%flusmed 15?3? interface of the pore (see Figure 4, lower panel). Taking the limits of
H4 4 stressed cluster 220 107 the pore to be the region lying between the two planes corresponding
R1 1 random 60 unstable to the glycerol/water interfaces, the average number of water molecules
R2 2 random 134 unstable and lipid headgroups in the pore could be estimated. The permeation
R3 3 random 144 stable

rate of water through the pores was estimated by counting the amount
aThe number of peptides in the system is varied between 1 and 4. of water molecules that crossed both of the interfacial planes during

Simulations were performed at either stress-fyee=(0 mN/m) or stressed the simul.ation. Lipid flip-flops were monitored t.)y‘ crossing of the
(y = 20 mN/m) conditions. The total simulation time is indicated, plus the bilayer midplane of the phosphate moiety of the lipid headgroup. The

time required for a pore to form. The aggregation state of the peptides on helicity of the peptides was determined using the DSSP critéfiae
the surface at the time of pore formation or at the end of the simulation
when no pore was formed is indicated as monomeric for peptides that do
not strongly interact or clustered if all peptides are aggregated together. (13) Anezo, C.; de Vries, A. H.; Hitie, H. D.; Tieleman, D. P.; Marrink, S. J.
Partly clustered denotes that only two out of four peptides aggregated. A J. Phys. Chem. B003 107, 9424-9433. o

few simulations were performed starting from a random mixture of the (14) van Gunsteren, W. F.; Rger, P.; Billeter, S. R.; Mark, A. E.; Eising, A.
components. During the spontaneous aggregation of lipids into a bilayer, a A Scott W. R. P.; Huoeberger, P. H.; Tironi, |. GBiomolecular

pore always forms as a metastable intermed@@nly in the case of three fmﬁgﬂg&z Aghgn%EPEM%S%?EMag?g:]iiggntfsggf ti'g;%r_ms’ Hochs-

peptides the pore remained stable throughout the simulation. (15) Tironi, I. G.; Sperb, R.; Smith, P. E.; van Gunsteren, WJFChem.
Phys.1995 102 5451-5459.

. (16) Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.; Hermans, J.
monolayer only. To test whether the pores obtained were fully Interaction models for water in relation to protein hydrationldtermo-

equilibrated, three additional simulations were performed starting from lecular Forces Pullman, B., Ed.; Reidel: Dordrecht, The Netherlands, 1981;
istributi ini i pp 331-342.
a random distribution of Ilp!ds, peptlde§, anq water at Ftll_’l./l.28,. Hess, B.; Bekker, H.; Berendsen, H. J. C.; Fraaije, J. G. E.[@omput.
2/128, and 3/128. An overview of the simulations performed is given Chem.1997 18, 1463-1472.
in Table 1. Most systems were run between 20 and 100 ns, depending(18 HBerEnjisg} l-é.hJ. C-:;f’siggﬁ-}f-Sl\élg“\i%%ggunsteren, W. F.; DiNola, A.;
. . . aak, J. . Chem. Phy , .
on when, and if, a pore was actually formed. Two simulations were (1) Zheley, D. V.; Needham, Miochim. Biophys. Acta993 1147, 89-104.
extended to 250 ns to study the long-time behavior of the pore. (20) Evans, E.; Heinrich, VCompte Rendu2003 4, 265-274.
Simulation Parameters.The GROMACS software packatjevas (21
used to perform all the MD simulations. The force field for DPPC was (22

Leontiadou, H. Mark, A. E.; Marrink, S. Biophys. J2004 86, 2156—
2164.

Marrink, S. J.; Lindahl, E.; Edholm, O.; Mark, A. B. Am. Chem. Soc.
2001, 123 8638-8639.

Egberts, E.; Marrink, S. J.; Berendsen, H. JEGr. Biophys. J1994 22,
423-426.

Kabsch, W.; Sander, Giopolymers1983 22, 25772637.

23

=
N
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(12) Lindahl, E.; Hess, B.; van der Spoel, . Mol. Model.2001, 7, 306—
317. (24
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Figure 2. Antimicrobial action in atomic detail: Snapshots from a simulation showing the spontaneous formation of a pore in a DPPC lipid bilayer by the
antimicrobial magainin peptide MG-H2. The peptide/lipid ratio was £/4/128= 1/32. Initially placed in the aqueous phase=(0 ns; see Figure 1), the

peptides aggregate during binding to the membrane interfacelQ ns). After binding, one peptide moves toward the bilayer intetier 80 ns). This

induces stress in the membrane, resulting in the sudden formation of at pe#0(ns). The pore rapidly adopts a toroidal shape. One peptide can be seen
penetrating through the membrane; the other peptides line the mouth of the o868 (1s). This structure remains stable for the remainder of the simulation

(t = 250 ns). The backbones of the different peptides are shown in yellow, orange, red, and white. Key functional side chains are highlighted (upper panel)
The lipid tails are gray, and water is cyan. The headgroups are represented as blue (choline) and purple (phosphate) spheres in the upper panel or as
pink/purple spheres (phospate) in the lower panel depending on whether the group was initially located in the monolayer to which the peptides bound.

aggregation of peptides on the bilayer interface was monitored by visual with the peptide, a contiguous pore opens rapidly (within a few
inspection. All visual analysis and graphical images were made using nanoseconds). During this process, the peptide together with
VMD.? some lipid molecules moves across the membrane (snapshots
att = 40 and 60 ns). The final stage of the process involves
the relaxation of the pore toward a toroidal shajpe @50 ns).
Antimicrobial Peptides in Action. Figure 2 shows a series This basic sequence of events (i.e., the initial embedding of
of snapshots from a simulation (B4) in which four copies of 3 single peptide deep within the bilayer and increased structural
the magainin MG-H2 peptide spontaneously induce the forma- fiyctuations leading to translocation and relaxation to a toroidal
tion of a stable transmembrane water pore. Initially placed pore) was observed in six independent simulations (see Table
randomly in solution close to the surface of the membrane, the 1). The time required for pore formation varied between 10 and
peptides rapidly (within 10 ns) bind to the lipid interface. Upon 100 ns, indicating that it is a stochastic event. Although the
binding to the membrane, the peptides aggregate and orient sucltatistics obtained from the set of simulations are limited,
that the hydrOphObiC side chains of the peptide, in particular spontaneous pore formation appears to be favored by two
the phenylalanine and the tryptophan side chains, interact with conditions: (i) a critical concentration is required, and (ii) the
the interior of the membrane. Shortly after binding to the peptides need to be aggregated.
membrane, one of the peptides begins to embed deep into the pyre Formation is Concentration Dependent.The first
interface (snapshot at = 30 ns). This appears to be a congition is apparently met for systems containing more than
cooperative process resulting from the interaction of the g copies of the peptide. When only one or two peptides are
overlying peptides with the lipid headgroups. Although the paced in the simulation box, the peptides bind to the interface
peptide is embedded quite deeply within the membrane, the ;1 except for one case, do not induce pore formation.
charged lysine residues remain hydrogen bonded with the gxperimentally, magainin peptides only induce pore formation

glycerol and phosphate moieties of the lipid headgroups. The ghove a specific threshold concentration, 1/180P/L <
system is metastable in this state fet0 ns until a fluctuation 1,304,726 27\\hile this is similar to the concentration at which

in the membrane/water interface leads to solvent molecules from e formation was observed in the simulations (P/11/32),

the peptide-free interface interacting with hydrophilic groups 4 girect comparison is not possible, as we cannot rule out the
of the embedded peptide. Once solvent molecules make contact

(26) Dempsey, C. L.; Ueno, S.; Avison, M. Biochemistry2003 42, 402—
409

Results and Discussion

(25) Humphrey, W. Dalke, A.; Schulten, K. Mol. Graphics1996 14, 33— .
38. (27) Bechinger, BBiochim. Biophys. Actd999 1462 157—183.
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possibility that pores form on time scales beyond those 0.3
accessible in the simulations. The absence of pore formation
on the time scale of the simulations is not proof that interfacially [
adsorbed peptides are the true equilibrium state at low concen- 0.2 F
trations. The system might be kinetically trapped. Besides, in
the macroscopic system local fluctuations in concentration exist N
which are absent in the microscopic simulation box. Neverthe- —=~ associaled “~-~-—_
. . . : . : . 01 fF ----- non-associated
less, pore formation in the simulations, like in experiments, — peptide free
requires a certain threshold concentration. One mechanism of ~.
pore formation which would give rise to a threshold concentra-
tion and for which there is some theoretical justifica#fot?is 0.3 ’ * t y ’
based on the proposition that the adsorption of peptide induces
tension within the membrane which is relieved by pore T
formation. According to this model, only when the membrane 0.2 |
tension reaches a critical value (corresponding to the threshold
peptide concentration) is the opposing line tension overcome. cns
At this point pore formation becomes favorable.

Our results indicate that the binding of the peptide to the
membrane creates a local tension. The tension being induced
is, however, asymmetric and differs in nature between the two 0 . . . . ‘
monolayers. The tension, or stress, experienced in the monolayer 2 4 6 8 10 12 14
to which the peptides are binding is of compressive nature. The carbon number
excluded volume of the peptides forces the lipids to be squeezedFigure 3. Lipid tail order parameters of the Snl chain obtained from a
more tightly together. Due to the intrinsic coupling between simulation with two peptides bound to the interface (A2). The upper panel
the two |eaﬂetsy the tension experienced by the other’ peptide_distinguishes be_tween |Ip|dS in the pe'pt'ide-free monolaygr and in'the
free, monolayer is of opposite nature: i.e., the lipid area increasesmonolayer to which the peptides bind, divided between peptide-associated

= . i and nonassociated lipids. The lower panel compares the averaged order
beyond the equilibrium area. The maximum expansion in area parameter profile for all lipids with and without peptides bound.

is observed in the simulations where four peptides bind. The presence of the peptides occurs at a much lower effective tension
area expands from 0.655 Arfor the pure membrane to 0.675  thus points to a specific role of the peptides themselves.

nn¥ when the peptides are fully bound but a pore has not yet  peptide Aggregation Favors Pore FormationOur simula-
formed. Comparison to previous simulations in which the effect tions further indicate that an aggregate involving multiple
of external stress on DPPC bilayers was studied reveals that ameptides promotes pore formation. Clustering occurred some-
area expansion 0¢3% is also obtained when an external tension times during binding to the interface, as indicated in Table 1.
of ~15 mN/m is applied! The expansive stress on the peptide- |n all cases where pore formation was observed, the peptides
free monolayer is thus on this order. Under stress-free externalwere clustered together. There is some controversy in the
conditions { = 0), the stress in the monolayer to which the literature regarding whether the direct interaction between
peptides bind will be of the same magnitude but of compressive peptides as observed in the simulations is required for pore
nature. Simulations were performed alsg at 20 mN/m (see formation. Certainly, experimental measurements suggest pep-
Table 1). Application of external stress does not seem to enhancetide aggregation is favorable. For example, a dimerized magainin
pore formation, implying that it is the difference in stress created analogué® shows enhanced activity. Nevertheless, theoretical
between the monolayers upon peptide binding that is important. arguments both in favor of aggregati®mand against # have

This might explain why pore formation has not been observed been proposed. Aggregation would favor the hypothesis that
in previous MD simulations of antimicrobial peptide binding pore formation by charged peptides is essentially similar to
which have focused on isolated peptides and/or a symmetric electroporatior$#3° Accordingly, the strong local electrostatic
distribution of the peptide on both sides of the bila§fe?f2 Note field induced by an aggregated cluster of peptides suffices to
that the effective tension of 15 mN/m experienced by the trigger pore formation. The importance of the charged residues
peptide-free monolayer is already larger than the experimentalis further implicated by preliminary results which show that
rupture limit of phospholipid membrané%2° The straightfor- pore formation is less favorable at increased salt concentrations.
ward conclusion stating that the geometric effect of peptide Our simulations are insufficient to determine whether aggrega-
binding alone is sufficient to explain the action of the peptides tion is essential. Nevertheless, our results indicate that aggrega-
is an oversimplification, however. On the time scales employed tion at the interface enhances pore formation. On the basis of
by the simulations, membranes can withstand much higher the two observations that (i) a threshold concentration is required
tensions (up to 90 mN/#) due to energy barriers involved in  to create enough stress in the membrane and (ii) pore formation

pore formatiort® The observation that pore formation in the is facilitated by aggregation of the peptides on the membrane
interface, we conclude that pore formation, at least for the

monolayer

sCD

peplide free

LA peptide bound

(28) Huang, H. W.; Chen, F. Y.; Lee, M. Phys. Re. Lett.2004 92, 198304. magainin analogue studied here, is a cooperative process.
(29) Zemel, A.; Ben-Shaul, A.; May, Eur. Biophys. J2005 34, 230-242.
(30) Shepherd, C. M.; Vogel, H. J.; Tieleman, D.Btochem. J2003 370, (33) Huang, H. WBiochemistry200Q 39, 8347-8352.
233-243. (34) Miteva, M.; Andersson, M.; Karshikoff, A.; Ottig, GEBS Lett.1999
(31) Kandasamy, S.; Larson, R. Ghem. Phys. LetR004 132 113-132. 462, 155-158.
(32) Appelt, C.; Eisenmenger, F.;"Koe, R.; Schmieder, P.;"8erhd, J. A. (35) Gurtovenko, A. A.; Vattulainen, 0. Am. Chem. So2005 127, 17570~
Biophys. J2005 89, 2296-2306. 17571.
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formed under stress-free external conditions, (D) pore formed in a bilayer=a20 mN/m, (E) pore formed by the aggregation of an initially random

mixture of water, lipid, and peptide. Color code: The backbones of the peptides are shown in yellow, orange, red, and white. Lipid tails are gray. The
phosphate atoms of the headgroups are pink spheres or purple depending on whether they initially resided in the monolayer to which the peptides adsorb
The upper panel shows cross-sections through the bilayer. The lower panel shows a top view. The water above the bilayer and the lipid headgroups have
been removed for clarity. The gray spheres represent the glycerol moieties.

Bilayer Order Changes Asymmetrically upon Peptide fluctuations facilitate the formation of the pore. Once the pore
Binding. The differential effect of peptide binding on the two forms, the stress difference is rapidly released.
monolayers is also reflected in asymmetric perturbation of lipid  Peptide Conformation and Orientation Show a Large
order. This is illustrated in Figure 3, which shows the order Spread.Another aspect which is apparent from the simulations
parameter profile for lipid tails in the peptide-free monolayer is that the peptides are not highly structured and that a helical
and in the peptide-binding monolayer. In the latter case a conformation is not required for pore formation. The peptides
distinction is made between lipids in direct contact with the were initially placed in solution in a helical conformation.
peptides and lipids not in direct contact. In comparison to that Unfolding takes place while the peptides are still in the aqueous
of the peptide-free bilayer, the lipid order is increased for the phase. CD measurements suggest that magainin peptides are
lipids that are in the peptide-bound monolayer when not in direct not structured in solutioff whereas bound to PC bilayers MG-
contact with the peptides. For the lipids adjacent to the peptidesH2 is approximately 50%-helicall® In the simulations the
the order is decreased. In the peptide-free monolayer the lipid average helicity is somewhat lower (250%), although it is
tails are also more disordered in comparison with those in a not possible to make a direct quantitative comparison between
peptide-free bilayer. Averaged over the two monolayers, the the two measures. It also cannot be ruled out that the refolding
total order of the lipids does not change significantly. The takes place over longer time scales. However, it is clear from
thickness of the bilayer also shows no apparent shift on peptideour results thati-helicity is not a prerequisite for pore formation.
binding in our simulations. The phosphatehosphate distance In fact, as experimental studies involving stabilizechelical
remains at 0.375 0.005. Experimentally, both disorderifig peptides have shown reduced antimicrobial actifAtpartial
and ordering’ of lipid tails in the presence of magainin have unfolding might facilitate pore formation. Note that the amphi-
been measured. A small decrease in thickness, between 0.1 angaticity is retained even when MG-H2 is largely unfolded.
0.2 nm, has been reporté8iPrevious MD simulations report Figure 4 shows the final equilibrated structure of pores
mixed observatior®§ 32 with respect to both lipid order and  obtained from four independent simulations of peptide-induced
bilayer thickness. It therefore appears that the effect of peptide pore formation (B4, D4, E4, H4), plus an additonal pore
binding on the structural properties of bilayers is subtle and obtained through spontaneous aggregation of the components
system dependent. The clear difference in order between thestarting from a random distribution (R3). In all cases the pores
two monolayers is in line with recent simulation resdftsA are toroidal in shape, with an internal diameter af 2.5 nm,
concomitant result of the local stress experienced by the peptide-and 3+ 1 nm at the rim. The size of the pores observed in the
free monolayer is an increase in structural fluctuations within simulations closely matches the estimated size-68 2m on
the water-lipid interface. Such fluctuations of the interface are the basis of experimental measureménibe pores contain on
reflected in, for example, the width of the phosphate distribution average 7 1 headgroups and 98 10 water molecules. In no
of the peptide-free monolayer, which increases from 0.33 to simulation do we find an arrangement of peptides that is similar
0.47 nm in the case of four peptides binding. The enhancedto that proposed in commonly accepted models of a toroidal
poréetSin which multiple peptides line the central water channel

(36) Minster, C.; Spaar, A.; Bechinger, B.; Salditt, Biochim. Biophys. Acta in a perpendicular orientation. In contrast, only one or two
2002 1562 37—44.
(37) Boggs, J. M.; Jo, E.; Polozov, I. V.; Epand, R. F.; Anantharamaiah, G.

M.; Blazyk, J.; Epand, R. MBiochim. Biophys. Act2001, 1511, 28—41. (40) Bechinger, BCrit. Rev. Plant. Sci.2004 23, 271-292.
(38) Ludtke, S.J.; He, K.; Huang, H. VBiochemistryl995 34, 16764-16769. (41) Houston, M. E. Kondejewski, L. H.; Karunaratne, D. N.; Gough, M.; Fidai,
(39) Kandasamy, S.; Larson, R. 8iochim. Biophys. Actan press. S.; Hodges, R. S.; Hancock, R. E. \I.. Pept. Res1998 52, 81—-88.
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peptides are located near the center of the pore. The other
peptides remain bound at the surface of the membrane close to
the mouth of the pore. In addition, there is considerable variation
in the orientation of the peptides with respect to the membrane
surface. The orientation of the peptides is in general close to
parallel. The average angle of the peptide backbone with respect
to the membrane surface is 2®%ith a standard deviation of
20°. The primary difference between the pores formed by the
spontaneous aggregation of all components and pores formed
by the addition of peptide to a preformed bilayer is the
distribution of the peptide. Random aggregation results in the
peptide being distributed on both sides of the bilayer. As the
passage of peptide through the pore is slow on the time scale
of the simulations ¥ 100 ns), we do not achieve this state with
the preformed bilayers.

Pore Permeable to Lipids and Water.Although peptide
transport across the pore is too slow to be observed in the
simulations, redistribution of lipids is observed. This is clearly
evident in both Figures 2 and 4, where the headgroups of the
lipids are colored according to which monolayer the lipid was
in in the initial configuration. The number of flip-flops observed
in the simulations ranges from one to five, with an average rate
of two flip-flops per 100 ns. The flip-flops are always observed
to take place from the peptide-enriched monolayer to the
peptide-free monolayer. The number of water molecules that
are able to permeate the pore is much larger. During the final rigure 5. Disordered toroidal pore model. In the disordered toroidal pore
150 ns interval of a pore formed by four peptides under stress- model the peptides do not adopt a regular structure inside the pore, but
free conditions (B4), unidirectional fluxes of 475 and 480 water rather maintain a diffuse distribution across the pore. The final strudture (
molecules in each direction are observed. As expected in the: 250 ns) of a spontane_ously formed pore is shown. For the color code,

see the other figure captions.
absence of a driving force, the two unidirectional fluxes are of
equal magnitude and do not lead to a net flux. The unidirectional & fully perpendicular orientation has profound implications for
flux J can be used to estimate the single-pore permeability interpretation of CD spectra and the estimation of the fraction
coefficient P = J/C, where C = 55 mol/L denotes the Of peptides involved in pore formation. In this regard we note
concentration of pure water. With~ 3 waters/ns we obtaiR that the irregular structure observed in the simulations is in fact
~ 1 x 10713 cm¥/s. This is of the same magnitude as the single- in line with the conclusions drawn from recent NMR studies

channel permeability of aquaporin AQE%a channel with a  Of magainin?® To capture the irregularity of the pore structure

relatively high permeation rate. As far as we know, no obtained from the simulations, we coin the term “disordered

experimental measurements exist of single-pore permeability toroidal pore model” (DTP model), opposing the standard

in the case of pores formed by antimicrobial peptides. toroidal pore model. A representative snapshot illustrating this
Disordered Toroidal Pore Model. Experimentally, itis also ~ model is presented in Figure 5.

not possible to directly det(_armine the number of p(_aptides within' conclusions

the pore. The commonly cited number-e#—7 peptide$” has _ o S

been indirectly inferred from a combination of neutron scattering 1 "€ simulations in this work have for the first time allowed

data and oriented circular dichroism (OCD) measurements. Thethe elucidation of the mechanism by which a specific member

interpretation of these data is, however, dependent on two critical ©f the magainin family of antimicrobial peptides, MG-H2, can
sets of assumptions. The first is that the pores are cylindrical. induce a toroidal pore within a model phospholipid membrane.

The second is that the peptides are helical and that all peptidesThe significance of the work is that pore formation was observed

involved in pore formation are oriented perpendicular to the t© Occur spontaneously and was not induced by artificial
plane of the membrane. In light of our simulations, these constraints. Notably, the structure of the pore that formed in

assumptions must be reconsidered. First, the pore is far fromthe sim_ulationg W.h.ile compatible with theT available experimental
cylindrical. At the openings the pore is almost twice as wide as data differs significantly from current idealized models of a
at the center. Second, the peptides are largely disordered andoroidal pore. In particular, in the simulations the pore is
adopt a variety of orientations. The fact that the pores are not Stabilized by a diffuse distribution of peptides which bind to
cylindrical could alter the estimate of the total area covered by the rim of the pore, adopting a largely parallel orientation with
the pores. The findings regarding the orientation of the peptide "€SPect to the plane of the membrane.

are, however, more significant. Currently, the available CD data  acknowledgment. We thank Chris Chipot, Jesus Salgado,
are interpreted using a simple two-state (parallel/perpendicular)ang peter Tieleman for helpful discussions. This work was

model. The fact that in the simulations the peptides stabilize sypported by the NWO Molecule-to-Cell program and by the
the pore by binding close to the rim and do not necessarily adopt \aterial Science Center (MSK).
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