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Abstract

In this article, we focus on several types of interactions between lipid mem@be@nd -
helical peptides, based on the distribution of hydrophobic and hydropbgidues along the
helix. We employ a recently proposed coarse grained model MARTINkestdhe ability of
the model to capture diverse types of behavior. MARTINI providesuligesights on the for-
mation of barrel-stave and toroidal pores and on the relation betweentit@seechanisms.
Amphipathic non-spanning peptides are also described with sufficiemtaayc The picture is
not as clear for fusion and transmembrane peptides. For each clagstioigs we calculate the
potential of mean force (PMF) for peptide translocation across the lipid Ioixyg demon-
strate that each class has a distinct shape of PMF. The reliability of thies¢atians, as well

as wider implications of the results, are discussed.
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| ntroduction

Peptide-membrane interactions play an important role imnalrer of biological processes, such as
antimicrobial defence mechanisms, viral translocatioamirane fusion and functions of mem-
brane proteins. Naturally, there is a significant on-goimgpotetical and experimental effort to
understand and elucidate these interactions.

Peptide-membrane interactions are complex and beaytdiviérse phenomena. A membrane,
interacting with a peptide, may experience a number of ptesstructural transitions, includ-
ing stretching, reorganization of lipid molecules, formoatof defects, transient and stable pores,
vesicles and so on. In principle, computer simulation is\aqytul research tool to study peptide-
membrane interactions, as it is able to provide a detailedrg®ion of these processes on a molec-
ular level. However, a model operating on an appropriate &imd length scale is imperative in this
description. For example, self-assembly of a trans-men@pare from several peptide molecules
may take microseconds to complete. Recently, several diomim®lecular simulation studies
attempted to address peptide-membrane interactionsimfitlecomplexity. For example, Leon-
tiadou and co-workers captured toroidal pore formationimugtions of antimicrobial peptide
magainin-H2 and a model phospholipid membrargtudies of toroidal pore formation and their
structural characteristics have been further extendedemg@ta and co-workefsin another
example, Herce and Garcia applied fully atomistic simalaito propose a complex multistage
mechanism of HIV-1 TAT peptide translocation across the twame3 Formation of a transient
pore was observed, with the peptides diffusing on the sarédi¢he pore to cross the membrane.
An alternative mechanism, based on micropinocytosis, kas lsuggested for TAT translocation
in fully atomistic studies by Yesylevskyy and co-workensnicropinocytosis a cluster of peptides
wraps the membrane around itself to form a small veiddesimilar mechanism of translocation
was reported by the same group for another cell-penetrpéptide, Penetratin. None of these sim-
ulations however spanned timescale beyond several hudre@hoseconds, and in many cases
the runs were limited to tens of nanoseconds. Routine operati longer time scale still remains

prohibitively expensive in atomistic simulations. Thisitation imposed by atomistic simulations
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led to the development of coarse-grained approaches tg studplex biomolecular phenomena.

Coarse-grained approaches are based on the idea of sys@imaidducing the level of detail
in the way the system is represented, and thus increasininteéength scale of the simulation.
One way of doing this is by modeling the system as a group ete¥e particles (‘beads’). Each
of these beads represents an ensemble of atoms whose at@egiees of freedom do not play
an important role in the process under consideration antheegrated out. This leads to several
implications. First of all, it results in the expected impement in computational efficiency of
the model due to the reduced number of degrees of freedonerfde on the level of coarse-
graining). Furthermore, as has been noted in a number olestusimoothing out of fine-grained
degrees of freedom in CG models reduces the effective fnidietween the molecules. As a
result, many complex processes such as biomolecular s&dfrgbly occur on a shorter effective
time scale. This peculiar feature of GC models often pravitdhe only opportunity to observe a
complete self-assembly evolution within reasonable satnoh time. Finally, the computational
efficiency of CG models makes it possible to routinely cal®ilmany important properties of
biomolecular systems, that are usually inaccessible @cudlif to obtain in atomistic simulations.
One of these properties is the Potential of Mean Force (PMigiwprovides an estimate of the
free energy change along the chosen reaction coordinatiee simulations of peptide-membrane
interactions, this reaction coordinate is simply the diseabetween the peptide and the center of
the lipid bilayer. The free energy profile along the bilayermal provides a direct measure of the
energy required to transfer the peptide between diffegions of the system, such as bulk water
phase, water-bilayer interface and bilayer core.

Several strategies to construct CG models have been offesrdle years. For example, the
interactions between coarse-grained beads can be calibi@reproduce the forces between the
corresponding groups of atoms in atomistic simulatidédternatively, the coarse-grained model
can be calibrated to reproduce certain physical charatiteriof the system of interest, such as
density, phase transitions and structfifeor an excellent review of the current developments and

achievements in this field we refer the reader to the artighedmturoli and co-workerg.State-of-
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the-art in atomistic and CG simulation studies of lipid meam®&s, including peptide-membrane
interactions, has also been recently reviewed by Marrird. &t Another recent review on the
advances in the area of multiscale modeling is the one bydWuet al?

One of these models was introduced by Marrink and co-workdesv years ago, to describe
properties of lipid-water systenfsin their model every four heavy atoms (i.e. not hydrogens) ar
represented by one effective bead. Four major types of beddeveral variants were introduced
to describe different levels of polarity and charge. Fomegke, within this model a molecule of
butane would be represented as a single apolar bead, wheuveaster molecules are represented
as a single polar bead. The model has been validated agauestbprocesses, such as lipid phase
transitions, micellar and vesicle behavior as well as llgldyer formation, clearly demonstrating
that such complex processes are within its sctp&?

Several attempts have been made to extend the original noddérrink and co-workers to
proteins, peptides and other biological entities. One e$¢hextended models was recently pro-
posed by Bond and Sansofhl* They introduced a model for proteins, where a represenmtatio
for each amino acid was based on its properties (tendenoyrio fiydrogen bonds, hydropho-
bicity/hydrophilicity and charge). The same level of c@agsaining was followed (i.e. about four
atoms represented as one effective bead), with the amide amdeled by one, two or three beads,
one representing the backbone of the amino acid and thesdteside chain. For more informa-
tion about the model, we refer the reader to the original ipatibn.1® Within this protocol, the
authors investigated different peptides in lipid bilayeapturing, among other effects, the inser-
tion and dimerization of Glycophorin A (GpA), the insertiohEscherichia coli outer membrane
protein OmpA and WALPs into a lipid bilayer and the inter&d@rientation of a monomeric LS3
peptide®14 The model has also been used for the prediction of severaégses such as the in-
sertion of DNA in a lipid bilayer, the interaction of membeaenzymes with lipid bilayers and
the dependence of peptide-membrane interactions on tied giructure of the peptide in different
lipid environmentst>17

Recently, a new version of the force field proposed by Marriné eo-workers has been de-
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veloped, with an extension to proteit&1® The proposed model, MARTINI, features a larger
number of bead types and interactions, and has been optinazeproduce some key properties
of amino acids, such as oil/water partition coefficients aaslociation constants between differ-
ent amino acids. Moreover, the model has been shown to debucapture peptide-membrane
interactions for several helical peptid¥sand to correctly reproduce the formation of a toroidal
pore by magainin-H2, confirming earlier atomistic simuat! Other applications of MARTINI
include the effect of temperature and membrane compositiche properties of liposomes in the
limit of high curvature? the self assembly of cyclic peptides near or within memtsahand the
formation of a barrel-stave pore by LS3 synthetic pepttle.

In this study, we aim to test the scope of the MARTINI model @adhpplicability to a wider
range of systems and modes of interactions betwed&elical peptides and lipid bilayers, adopted
here as simplified models of lipid membranes. In this prqogeswill be guided by a general clas-
sification of possible modes of peptide-membrane intesastemployed in a series of works by
Brasseur and co-workefS—2° This classification is based on a viewafhelical peptides as am-
phiphilic entities with a well defined geometry. The ide&hiattthe distribution of hydrophobic and
hydrophilic residues along thee-helix plays a central role in the partition of the peptidévieen
the hydrophilic aqueous media and the hydrophobic coresfipid membrane. Thus, depending
on this distribution, several possible scenarios can betiftesd and are schematically depicted in
Figure 1. In these schematiashelices are represented as cylinders with their hydrojgirelgions
shaded blue. The top part of the figure provides a side-vietheotylinders. From this side-view,
one can observe the difference in the hydrophobicity distion among various classes of pep-
tides. At the bottom of the figure, we present the proposeztaction mechanism for each class.
The helices are represented as cylinders colored orangf@wgh this is a simplified description,
and not all of thea-helical peptides feature a well-defined distribution oflfgphobic groups,
there are manyr-helical peptides whose structure and behavior does infidleith one of these
general classes. Let us briefly review some of the examples he

Typical representatives of Type | class are théelical peptides forming (and derived from)
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Figure 1: Schematic view of the different classegadielical peptides according to their hydropho-
bicity distribution along the axis. Top: side-view of tbehelices. The helices are represented as
cylinders with their hydrophobic regions blue. Bottom: preed interaction mechanism for each
class. The helices are represented as cylinders coloragaréAdapted from figures 3, 4 and 5 in
reference 23.)

protein ion-conducting channels (Figure 1, Type |). Theskchs usually consist of two strands
of hydrophobic and hydrophilic residues along their helgoas, with the hydrophobic region be-
ing dominant. In the membrane, several peptides form a bumwdth the hydrophobic groups
facing the core of the membrane. During the past two decadesmber of model channel sys-
tems, consisting of synthetic helices of this type, havenbstadied. The ‘synporins’, synthetic
peptides developed by Montal and co-worké&t=28as well as the ‘template-assembled synthetic
proteins’(TASPs) used by Mutter and co-worké?s'® are two examples of ion channels formed
by synthetic peptides in lipid bilayers. Moreover, Lear et synthesized three model peptides
containing only leucine and serine residues, in order testigate the mechanism by which these
helices associate into transmembrane buntfi€ar example, one of these synthetic peptides, LS3,
features all the characteristics of a membrane spannimgdseWell as the necessary amphiphilic-
ity to provide the desired aggregation of polar faces, tleasling to spontaneous formation of
well-defined transmembrane ion channels. In the bundleddrihy LS3 helices, the peptides are
tightly aligned with the tails of the neighboring lipids etiching along them. This kind of bundle
is often classified as a barrel-stave pore (Figure 1, Typp.l (a

The formation of transmembrane pores is also one of the cortynmwoposed mechanism
of antimicrobial peptide action. In addition to the barsékve mechanism, antimicrobial peptides
may also form transient toroidal pores, and we thus incliubdisdnechanism in the classification in

Figure 1 as Type | (b). (We also note here that several othehamsms of antimicrobial peptide



Paraskevi Gkeka et al. Interactions of phospholipid bilaye.

interactions, such as carpet mechanism, or various typesadd- and pinocytosis are governed
by the peptide charge rather than distribution of hydrojtith they are not included in this
classification and will not be considered in this study). homidal pore the peptides are shorter
than the thickness of the bilayer, and they impose a posstiveature strain on the bilayer, that
leads to a toroidal structure formed by lipid leaflets andeced by peptide molecules (Figure 1,
Type | (b)). Recent atomistic simulation studies of toroigate self-assembly reveal that the final
structures are very disorderédsrom this point of view, the schematics presented in Figuie 1
grossly oversimplified and is meant to highlight the curviedcdure of the lipid surface only. The
coarse-grained MARTINI model is able to capture both theddatave (for LS3 peptidé$ and
toroidal mechanisms (for magaini¥)of pore formation. In this study, we will explore whether
there is a link between these two processes.

The peptides whose hydrophobic region is either the samenatlex than the hydrophilic
region do not have the ability to span the membrane. Exangflésese peptides are provided
by the synthetic lipid-associating peptide, LAP20 and tpel{associating peptides of the plasma
apolipoproteins, apoA-I. It has been shown that these gepiinteract with the membrane such
that the contact area of the helices with the agueous phagbés comparable in size with that for
the lipid phase (LAP20, Figure 1, Type I1), or larger (apoi&t This leads to either an interfacial
orientation of the peptide or formation of discoidal pdesc(included in the original Brasseur
classification, but not considered here).

In the case of fusion peptides (Figure 1, Type Ill), there ia-uniform distribution of hy-
drophobic residues along the helical axis. This charatierhas been suggested as one of the
main reasons behind the oblique orientation of fusion plegtrelative to the bilaye&?-2°More-
over, several studies linked this particular mode of pepiigertion to the fusogenic activity of
these peptide$*32-34The fusion peptides of Simian Immunodeficiency Virus (SKF2-36New-
castle Disease Virus (NDVY and Human Immunodeficiency Virus (HI¥38 were some of the
first representatives of this class to be identified.

Those helices that are long enough to span the hydropholdawmeof the membrane, with
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most or all of their residues being hydrophobic, tend to adofransmembrane position in a
lipid bilayer (Figure 1, Type IV). These transmembrane dedihave a uniform distribution of
hydrophobic residues both around and along their helidal @&mong this kind of helices are the
Glycophorin A (GpA)133°the pHLIP peptidé®“*3as well as the TMX-1 synthetic peptidé.

Thus, the idea of this study is to select representativagegpirom each class of behavior de-
picted in Figure 1 and probe the ability of the MARTINI modeldapture these diverse scenarios.
The selected peptides satisfy one or more of the followintgrnta: there should be well-reported
experimental data on their behavior, they should be suffilsiesimple (short), have a confirmed
a-helical structure in the presence of the membranes and&eeatain technological importance.

In the result section we will review some of the key propartéeach peptide under consideration.
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M ethodology

Coarse grained model and simulation parameters

In this study, all species are described using the modepmidiand peptides recently proposed by
Marrink and co-workers (MARTINI%81°|n MARTINI, every four heavy atoms (i.e. not hydro-
gens) are represented by one effective bead, with an erceptde for ring structures. There are
four main types of beads representing different levels w@#raction: polar (P), apolar (C), nonpo-
lar (N), and charged (Q). Apart from these main types, eael eassigned a further subtype, in
order to describe more accurately the overall chemicalreaitithe represented group of atoms.
In this description, hydrogen-bonding capability andetént levels of polarity are included. Each
effective bead is assigned a mass of m=72 amu (four watercmes), and an effective size of
0=0.47 nm (this value is slightly smaller=0.43 nm for the ringlike structures). The van der

Waals interactions are described using the Lennard-Jdégpbtential

UL (rij) = 4e [(%)12— (%)6] , (1)

wherei and j are the atoms, located atandr; respectively and;j = ri —r; andrjj = ||rij]|.
Ten different values of are available to represent possible interactions amongusbead types
(these values are scaled to 75% to describe interactiomgebptparticles belonging to a ring
molecule). The bonds between the CG sites are described bymhia spring potential. For the
description of angles a harmonic cosine potential is uskd.farce field has been validated against
several key properties of different amino acids, such dsvaiér partition coefficients and free
energy profiles of amino acid insertion into a model lipichigiér 12 For a more detailed description
of the force field parameters, we refer the reader to thelattic Monticelli et al1®

The coarse grained simulations presented in this puliicadre performed with the GRO-
MACS simulation package, version 3.3"2nitially, we perform molecular dynamics simula-
tions of lipid and water components, in order to obtain thahbilayer structures that are used

in our studies. These preliminary simulations are up to 200ong depending on the size of

9
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the bilayer. The protocol and the simulation parametersl e have previously been em-
ployed by Marrink and co-workefd Three different lipid bilayer systems are considered: 1,2-
Dipalmitoyl-sn-Glycero-3-phosphocholine or DPPC (25tids, 3228 waters), 1,2-Dioleoyl-sn-
Glycero-3-phosphocholine or DOPC (128 lipids, 1500 waserd 512 lipids,12000 waters) and
1-Palmitoyl,2-oleoyl-sn-Glycero-3-phosphocholine ddARC (512 lipids, 6000 waters and 512
lipids,12000 waters). We choose different lipid systemsroter to have a direct comparison with
the corresponding experimental studies for each peptide.

The atomistic structures of the peptides are generated) tibjperChem 8.0 softwar® To
coarse-grain these structures, we apply the script prdwddProf. Marrink’s research group web-
page?’ All the peptides are capped at their termini apart from th8 p8ptide. After minimizing
the energy of individual peptide molecules, we randomlgihthem in the system of interest. In
the cases where the peptides under study are charged, ®@msarted in the system to maintain
the overall system electroneutrality. For each systemher perform energy minimization using
the steepest descent method. Finally, molecular dynarify €imulations with constant pres-
sure, temperature and number of particles (NPT ensemigglesformed. The temperature is kept
constant for each group, at 323 K for the DPPC/peptides sygsamah 300 K for the DOPC/peptide
and POPC/peptide systems, using the Berendsen thermodiat veitaxation time of 1 p& The
pressure of the system is semi-isotropically coupled anidtaiaed at 1 bar using the Berendsen
algorithm with a time constant of 5 ps and a compressibili§.6 x 10-° bar-1.48 The nonbonded
potential energy functions are cut off and shifted at 12 Ahviorces smoothly decaying between
9 A and 12 A for van der Waals forces and throughout the whaézaation range for the treatment
of electrostatic forces. The simulations are performedgiai25-fs integration time step. The sim-
ulation parameters applied in our membrane-peptide stuthge previously been proposed and

used by other groups:18

10
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Atomistic Smulations

For the specific case of the SIV fusion peptide we perform &termolecular dynamics simula-
tions in a DOPC bilayer. We use the united atom lipid pararsdtetially developed by Berger

et al.*® and modified for DOPC lipids by Siu et &%°! combined with the GROMOS96 force
field and Simple Point Charge (SPC) model for water proposed bgridser?? We assume that
the peptide is in am-helical secondary structure, apart from its C-terminuscilis left flexible,

in agreement with previous observatioisTo maintain the secondary structure, we put restraints
between thé"-(it" + 4) a-carbons, starting from the third residue of the peptide.

From a number of preliminary simulations, up to 100-ns-langy a few resulted in the actual
lipid bilayer formation. From these, we choose a system dD@PC molecules and 4947 water
molecules. We then randomly insert the SIV fusion peptidénéwater phase of the system, and
perform NPT molecular dynamics simulations. All simulasoare carried out using the GRO-
MACS simulation packagé® following the approach proposed by de Vries etalat T = 300 K,

P = 1 bar, with a timestep of.3 fs, using the Berendsen thermostat and bard8tat.

Potential of M ean Force Calculations

We are interested in the Potential of Mean Force (PMF) as eifumof the distance between the
peptide and the lipid bilayer. In this study the PMF is caltetl using the Umbrella sampling
protocol>® The total separation distance between the peptide and tierasf the bilayer (5 nm)

is divided into 50 small windows of 0.1 nm each. In each wind@®400-ns-long simulation is per-
formed, with the biasing potential applied to restrain teeter of mass of the peptide at a required
distance from the center of the bilayer. Thus, a single PME&utation requires 50 simulations,
covering the whole separation range of interest, with thal wimulation time of 5us. A force
constant of 1000 kJ mol nm~2 is applied, following the approach by Monticelli et ¥i.The
system used in the case of the longer peptides, TMX-1 and BHeatures a large enough water
phase to avoid possible effects associated with the systraad peptide-peptide interactions

over periodic boundaries. All the peptides are left freedtate around their restrained center of

11
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mass. The sampling histograms overlap sufficiently showhagthe helices move around into the
neighboring windows. Moreover, all histograms containgtdy the same number of data points
(4-10° each). Finally, in order to obtain the unbiased PMFs, we lisevieighted histogram anal-
ysis method (WHAM)?6 with 50 bins and a tolerance of 18T for the convergence of WHAM

equations.

12
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Results

The goal of this study is to test the scope and applicabifity @cently introduced coarse-grained
model, MARTINI, to peptides with different characterist@nd different behavior in a lipid bilayer.
Below, in Table 1, we summarize the peptides considered snwibrk and the class of behavior
they belong to.

Table 1. Summary of the peptides under study and their pyis@guences.

Peptide  Sequence Type Ref.
LS3 (LSSLLSL) I 31
LAP20 VSSLLSSLKEYWSSLKESFS Il 57
SIvV GVFVLGFLGFLA 11l 53
TMX-1  WNALAAVAAALAAVAAALAAVAASKSKSKSK v 44
N-pHLIP  ACEQNPIYWARYANWLFTTPLLLLNLALLVDADEGTG IV 40

In Figure 2, we present the side and top view of the peptidegmustudy. For simplicity, we
represent the backbone beads of the helices with orangsidinehain beads of all the hydrophilic
residues with light blue and all the side chain beads of tldrdphobic residues with dark blue.
Alanine is represented by one bead colored dark blue as &atmah of its hydrophobic nature.
In the top view of the helices, the hydrophilic beads havenbrgnoved in order to show the

distribution of the hydrophobic beads around the helica.ax

13
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TMX-1 pHLIP

Figure 2: Side and top views of LS3, LAP20, SIV, TMX-1 and pRLpeptides. Their backbone
beads are shown in orange, their hydrophobic residues kldiae and their hydrophilic residues
in light blue. Alanine is represented by one dark blue bead.

14
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Por e-for ming peptides

The conduction of ions across a membrane is an importanddicd! process performed by ion
channel proteins. Itis therefore of a great interest to tstdad how these structures form and func-
tion. The synthetic peptides suggested by Lear et al. are@illent model system for this study,
since they are simple, and there is experimental evideratehiry form bundles with properties
similar to that of the ion channel proteif$One of these model peptides, LS3, is a 21-residue am-
phiphilic peptide with a repeating motif (LSSLLS{(Figure 2). Its hydrophobic residues (leucine,
L) and its hydrophilic residues (serine, S) form two patdii@nds on the surface of the helix, as
shown in Figure 2. Due to its amphiphilic nature, LS3 showsraléncy to hide its hydrophobic
residues either by adopting an interfacial orientation nvhr@nomeric, or by taking part in the
formation of pores. The formation of ion conducting bundbgsapproximately six LS3 helices
has been confirmed in a number of studi&s®-61Thus, LS3 can be classified as a pore-forming
peptide (Figure 1, Type I). It has also been reported thaagipdication of transmembrane voltage
significantly enhances the pore formation, due to asymmelrarge distribution within the helix
(the N-terminus is positive and the C-terminus is negatfe).

We perform a range of molecular dynamics simulations witptipe/lipid ratios from 6/256
to 12/256, in a DPPC membrane. We randomly put the peptidasystem with a preassembled
DPPC lipid bilayer, and run MD simulations for several mggoonds. We observe the formation
of different complexes as well as the interfacial oriemtatof the peptides. The formation of
complexes and pores seems to be initiated when some of thelgeadopt a transmembrane
orientation. The formation of dimers or trimers appearstoiore favorable than a transmembrane
orientation of a single peptide. Regarding the orientatibthe termini of the helices within the
bilayer, there seems to be no particular preference in therade of the transmembrane potential.
It is also worth mentioning that at higher concentrationshef peptide, the propensity to form
large complexes and pores is higher, while at smaller cdretgons dimers and trimers are more
common. However, a high concentration of peptides doeset#ssarily lead to a pore formation.

In Table 2, we present a summary of the simulations performed

15
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Table 2: Summary of the performed simulations and key olasiemns for LS3 peptide. In the cases
where complexes or pores are formed, the remaining pepiges interfacial orientation.

Concentration Duration Behavior

(Us)
5.0 interfacial

6 peptides 5.4 trimer
6.3 interfacial

7 peptides 55 dimer, trimer
6.0 interfacial

8 peptides 6.2 trimer
17.0 2 trimers
59 interfacial

9 peptides 6.0 interfacial
6.2 trimer
5.8 dimer
5.8 interfacial

10 peptides 11.2 pentamer
17.2 hexamer
18.7 trimers/hexamer
51 tetramer

11 peptides 5.6 tetramer, dimer
5.9 tetramer

12 peptides 5.2 interfacial
6.2 trimer/tetramer

From the observed complexes, the dimers and trimers arestbahdifferent concentrations

and are stable for several microseconds. The tetramerdsargeay stable (for more than 10 mi-

croseconds in some cases) with some of them having the shap®ce. A complex of five helices

has been observed once, without however resembling a pbreeh@xameric bundle observed in

one of our simulations can be classified as a barrel-stave lpsed on its shape and structure of

the lipids around i€? The internal diameter of the pore is about 5.2 A, and is in gagreeement

16
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with previous experimental studi€&>8 It is also important to note that the pore is filled with
water during the whole simulation time since the formatidrihe pore (Figure 3). A complex
consisting of six helices, without the formation of an atfuare has also been observed. In Fig-
ure 4, we present the top view of complexes of different sizZ&s shown in the figure, most of
the hydrophilic residues of the peptides are lying at theirsurface of the complexes while the

hydrophobic particles at the outer surface.

Figure 3: A barrel-stave transmembrane pore formed by s&p&ptides. During the whole sim-
ulation time after its formation the pore is filled with wat@olors: cyan=water, orange=peptides’
backbone beads, purple=phospholipid heads. For reasararity the lipid tails are not shown.
The beads are not to scale.

Computer visualization of the dynamics of the system whesehttxameric barrel-stave pore
is formed shows that the mobility of the peptides within thandle is quite limited; however,
the bundle as a whole is able to freely move within the bilgylane. To estimate the lateral
self-diffusion coefficient of the bundle within the lipidlayer, we perform seven 360-ns-long
simulations starting from different initial configuraten We then compute the average mean-

square bundle displacement from the seven runs. The latdiadion coefficient,D 4, is given

by
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Figure 4: Top view of different types of complexes observedd $3 simulations. The backbone
beads are presented in orange and the hydrophilic residugsn. Other groups are omitted for
clarity.

MSD = 4D 4t. (2)

Thus, we can extract the lateral self-diffusion coefficieynfitting a straight line to the mean-
square displacement (MSD) of the bundle (Figure 5). The rsqaare displacement as a function
of time is shown in Figure 5, and it seems that two distinctimeg of behavior can be identified.
Specifically, below 100 nanoseconds the slope of the curekegsly steeper than that for longer
times. In molecular dynamics simulation, a mixture of Isaiti and linear Einstein diffusion mech-
anisms is sometimes observed on short time scales. Thusnwéhe data up to 100 nanoseconds
and fit a straight line using the data between 100 ns and 360t s been noted in previous
studies that the effective dynamics appear to be fasterarseegrained simulations because of the
smoothed potential®’ To take this into account, we scale the calculated selfsiifin coefficient

by a factor of 4, as suggested in earlier studiz¥ve finally have,
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7.3x10°°
Diat = — 16 nne / ps

= 0.45 un?/s.

Remarkably, this value is close to reported values for mengpoteins. For example, for
tetraspanin CD9, that consists of 229 amino acids (LS3 ponsists of 126 amino acids), the
lateral diffusion coefficient was calculated to be 0/28¢/s,%3 whereas for bacteriorhodopsin,
which is formed by seven transmembrandielices, the diffusion is 0.3fnm? /s.54

It is also worth mentioning that the relative angles betwienhelices are very small (a few
degrees), as the helices are strongly aligned, whereasoé#oh helices adopts an orientation of
around 20 relative to the bilayer normal, resulting in an similar oiigion (of 20) of the bundle

as a whole relative to the bilayer normal, which is also indjagreement with previous studiés.

w
o

= [Nl
[ 3] Noo» w
T T T T

Mean Square Displacement (nmz)
o
[l

OO 50 100 150 200 250 300 350
Time (ns)

Figure 5: Mean square displacement versus time (solid &ind)fitted line (dashed line). The fitis
applied to the data beyond the first 100 ns and has the unssiafselof 7.3 10° nm?/ps.

Another notable case from our simulations is the formatiba llkexameric complex when two
trimers approach each other and merge into one big structinetrimers are stable for about 10
us and when their relative distance becomes small, a hexani@mned. In Figure 6, we present
top view snapshots from the formation of the hexamer. In ther@, the backbone beads are

colored orange and water is colored blue.
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Figure 6: Snapshots from the formation of a hexameric coxipten two trimers.

In Figure 7, we present the potential of mean force (PMF) ffier transfer of LS3 peptide
across a DPPC lipid bilayer. The PMF is represented by amonitis line whereas the dashed
lines correspond to the averaged location of the phospddiipads. The peptide seems to have
two favorable positions in the lipid bilayer; one close te tipid heads and one in the hydrophobic
core of the membrane, with the first minimum most likely agsied with the interfacial position
of LS3 as a monomer. The first minimum (at the bilayer intexjas about -43 kTs compared to
the water phase, while the minimum in the center of the biles/another 6kTs lower compared to
the first minimum. It is worth mentioning that a similar PMFshaeen reported for the WALP23
peptide, with the first minimum being about -60kTs compatethé water phase and -70 kTs for

the minimum in the center of the bilay&?.

0
z (nm)

Figure 7: Potential of mean force for the transfer of the L8Isetic peptide from the water phase
across a DPPC lipid bilayer.
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(LSSLLSL),

A smaller version of LS3 has also been studied through theraxents®® In this peptide, the
heptad of leucines and serines (LSSLLSL) is repeated twistead of three times. In the study by
Akerfeldt et al., there was no evidence for a discrete chidnraation by (LSSLLSL).%® Here, as

in the case of LS3, we perform long MD simulations (up to al8usg) of (LSSLLSL) in a DPPC
lipid bilayer for different concentrations of the peptideo(n 6 to 12 peptides in a lipid bilayer of
256 lipids). In Table 3, we present a summary of the simutatiperformed with (LSSLLSL)
Generally, an interfacial orientation is preferred. In gooases, when a number of the helices
are initially placed in the bilayer rather than in the aquepbase, we observe the formation of
bundles of different size, but no dimers or trimers. The thraf (LSSLLSL), is less than the
thickness of the bilayer. As a result, in order to positianhydrophilic residues away from the
hydrophobic lipid tails, it creates complexes that invdbgh peptides inserted in the bilayer and
located at the bilayer interface. In general, these comeglaxe much less ordered compared to the
barrel-stave structures. A similar structure has beenrebddor antimicrobial peptide magainin-
H2 (as well as melittin), both via atomistic simulations &@ simulations with MARTINI, and
has been classified as a toroidal pdfé.In an effort to compare these observations, we repeat
the simulations with magainin-H2 and manage to reprodueddimation of a toroidal pore. In
Figure 8, we show a snapshot from a simulation with (LSSLLSith a pore consisting three
inserted and three tilted helices (right) and a snapshat imnulations with magainin-H2 (left).
Although the two pores have considerably different sizesicvis due to the difference in the
length of the helices, one can observe that they share someon features, for example in both

cases there are peptides at the bilayer/water interfatseka to stabilize the pore.
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Table 3: Summary of the simulations for (LSSLLSLpeptide. For each toroidal pore we re-
port a pair of numbers that correspond to the fully insertegtipes in perpendicular orienta-
tion(first number) and the peptides that are inserted atjoblangle close to the bilayer-water
interface(second number).

Concentration Duration Behavior

(us)

2.8 interfacial
6 peptides 2.8 interfacial

3.0 interfacial
7 peptides 2.9 interfacial

3.2 interfacial
8 peptides 2.6 interfacial

3.8 interfacial

6.0 4-6 toroidal
9 peptides 8.2 4-8 toroidal
8.2 4-8 toroidal

3.2 interfacial
10 peptides 3.5 interfacial
6.9 3-6 toroidal
11 peptides 3.0 interfacial
3.3 interfacial
3.1 interfacial
12 peptides 3.2 interfacial
3.3 interfacial

Several variations of this toroidal self-assembly are pleskin (LSSLLSL) simulations. Typ-
ically, the complexes consist of three or four peptides mtigdrophobic area of the lipids with
another three to four peptides close to the membrane/watenface, creating a toroidal-shaped
structure. Because of the size of the internal diameter obtmelles, no water has been observed
in these bundles. Moreover, they appear to be less staliidltraones observed for LS3. In some

cases, they initially consist of three peptides inside tleeniorane and three at an oblique angle
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close to the interface, and after some hundreds of nanodetio@ir size may change (they become
smaller or bigger). In one of the simulations, the pore iss&mbled after about a microsecond,
whereas in the case of LS3 all the formed complexes are datdeveral microseconds until the

end of the simulations.
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Figure 8: Snapshot of a simulation with magainin-H&tf and (LSSLLSL) peptide (ight) form-
ing toroidal pores.

From the free energy calculations for (LSSLLSLdne can observe a remarkable difference
of the PMF profiles for (LSSLLSLy) and (LSSLLSL) (Figure 9 and Figure 7). The PMF for
(LSSLLSL), features strongly pronounced minima at the interfacialitmrs (about -30 KTs,
compared to the water phase), while the center of the bilsyaot a preferred location (+3.5
kTs compared to the water phase). This is consistent witbliservations from the other molecu-
lar dynamics simulations, where (LSSLLSLstrongly prefers the interfacial orientation, and can
be positioned inside the bilayer only as part of a largertgniiith these entities being quite un-
stable. Thus, by changing the length of the peptide (in otlwds by changing the hydrophobic

match), we can drastically affect the type of the observdthber.
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Figure 9: Potential of mean force for the transfer of (LL.S®ptide from the water phase across a
DPPC lipid bilayer.

Amphipathic non-spanning helices

The second class of peptides under study is the amphipathispanning helices. In this work, we
focus on LAP-20 as a typical representative of this clas?128 (VSSLLSSLKEYWSSLKESFS)
is a synthetic lipid-associating peptide with a behaviamikir to that of apolipoproteing’ This
peptide adopts ao-helical secondary structure in the vicinity of a lipid lyi&. In Figure 2, we
can see that LAP-20 has most of its hydrophobic residuepgibtogether on the same side along
its helix. Because of this distribution of its hydrophobiddrydrophilic residues, LAP-20 adopts
an interfacial orientation relative to a lipid bilayer (Eig 1, Type I1)2°

We perform MD simulations of one LAP-20 peptide in a DOPCdipilayer to match experi-
mental studies. During the (1s of our simulations, LAP-20 adopts an interfacial orieiotatvith
most of its hydrophobic residues hidden in the phospholyadds (Figure 10). Furthermore, we
calculate the angle distribution of the peptide relativéhie bilayer normal (Figure 11). For this
we calculate the principal axes of inertia for the LAP@éhelix and identify the one associated
with the longer dimension of the helix. The peptide orieptats calculated as the angle between
this axis and the bilayer normal, defined as a line perpefatita the plane formed by the lipid
heads. From the figure, it is evident that LAP20 has a preteréor an interfacial orientation as

expected from the previous studi€s.
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Figure 10: Snapshot from the MD simulation of the LAP20 setithpeptide. The backbone beads
of the peptide are colored orange, the hydrophobic sidenshaillow, the water light blue and the
phospholipid heads purple. For reasons of clarity the hylifiz side chains and the lipid tails are
not shown. The beads are not to scale.
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Figure 11: Angle distribution for the LAP-20 peptide. Subfig: schematic representation of the
angle definition.

The PMF profile of the LAP20 synthetic peptide is consisteitit ¥he behavior seen in the MD
simulations (Figure 12). This PMF has a minimum, about -4§, laf the membrane/water interface
in agreement with the observed location and orientatiomefaeptide. The center of the bilayer

is an energetically unfavorable location with a maximum afrenthan 35 kTs compared to the

water phase. Furthermore, there are clear similaritiesdet this PMF and the PMF calculated
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for (LSSLLSL),, with the features of the LSSLLS:PMF magnified in the LAP20’s case. Thus,
it seems that from this point of view the two peptides belamghe same class of non-spanning
peptides. Whether or not under certain circumstances LARBbis self-assembly behavior

similar to the toroidal structures of (LSSLLSipemains an open question.

PMF (KT)

0
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Figure 12: Potential of mean force for the transfer of LAPg@tketic peptide from the water
phase across the DOPC lipid bilayer.

Fusion peptides

In general, most of the fusion peptides share some commeurésathey are short, about 10 to 20
residues long and-helical in the presence of a lipid membrane, with a gradi¢htydrophobicity
along their axis. It has been proposed in a number of studashis disbalance of hydrophobicity
along thea-helix leads to an oblique orientation of the peptide witthiea membrane and this ori-
entation is intimately linked to the ability of the peptideihduce and facilitate membrane fusion.
Efremov et al. further noted that most of the fusion peptitese access to a wide conformational
space in a membrane, which also may be one of the key factmtgbgto the perturbation of the
membrane and ultimately fusidH.

In our studies, we focus on one of the most studied fusiongegtthe fusion peptide of Simian
Immunodeficiency Virus (SIV). This peptide features twelesidues (GVFVLGFLGFLA) and is
a-helical in the presence of lipid bilayers (Figure 2). Aki@gues of the SIV peptide are hydropho-

bic (except for the small, weakly hydrophilic glycine) arktdisbalance in the hydrophobicity
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characteristic for fusion peptides arises from the arcoatigs of three phenylalanine residues
aligned and grouped together on one side of the helix. Bradsa co-workers have performed
a series of important studies on SIV fusion pepttd€8:5°In one of them, the authors carried out
neutron diffraction measurements from stacked multilgypEDOPC and determined the location
and orientation of specifically deuterated SIV fusion paggiwithin the bilayeP® The results from
this study showed that there are two different populatidneeptides; one major population close
to the bilayer surface, and a smaller population hiddenerhdrophobic core. Two equally plau-
sible orientations at $5and 78 with respect to the bilayer normal, were found consistett thie
experimental observations. However, based on the additloRlR data from previous studi€s,
the oblique orientation at 35vas accepted as the most probable one.

We perform coarse-grained MD simulations with SIV fusioptde in a DOPC lipid bilayer.
To calculate the average orientation of the peptide raddtivthe bilayer normal, we perform an
analysis of the angle distribution similar to that emploj@d_AP20. In order to closely reflect the
experimental evidence which indicates that the C-termiril&\é tends to be more disorderéd,
we excluded the first two residues at the C-terminus fromgpéiion in thea —helical secondary
structure. (This is achieved simply by removing secondancture constraints imposed by MAR-
TINI for the beads of the first two residues). The principlesf inertia are then calculated based
on the residues in the —helical formation only. The results are presented in FidgiBe SIV
prefers to be at Mrelative to the bilayer normal, but a wide range of anglesmfabout 48 to
almost completely horizontal orientation is explored bg peptide. This last observation seems
to be consistent with the ability of fusion peptides to asca@svide range of configuratiof$.’*
However, the actual preferred orientation does not seera to agreement with the oblique angle
of 55° suggested by Bradshaw and co-worketdo test the reliability of this result we perform
a fully atomistic simulation of the SIV peptide, interagiwith a DOPC bilayer (see Methodol-
ogy for the details of the forcefield). The orientation of {heptide is assessed using the same
technique as in the coarse-grained simulations (agairfjrétéwo residues at the C-terminus do

not participate in thex-helix and are not included in the angle distribution anialysFrom the
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results presented in Figure 13, it is clear that a similatribigtion of angles is observed in atom-
istic simulations and thus the source of the discrepanclyexfd results with the experiments must
lie elsewhere. Figure 14 shows a typical orientation of theé g&ptides in the atomistic and CG

simulations.
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Figure 13: Angle distribution for the SIV peptide from atatne (solid line) and coarse-grained
simulations (dashed line).

Figure 14: Snapshots from atomisfieft) and coarse-graineftight) simulations of SIV fusion
peptide in a DOPC lipid bilayer. The backbone of the peptidefiown in orange, water is shown
in blue and the phospholipid heads in purple. The side chafiise helices are not shown for
clarity. The beads are not shown to scale.

To further extend qualitative comparison of the SIV behawith the experimental results,
we calculate the density profiles of different residues @ pleptide in a lipid bilayer. In the

original publication by Bradshaw and co-workers, densityfifgs for deuterated valine 2, leucine
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8 and leucine 11 are presented and serve as the main evidahestwo possible locations of the
peptide within the bilayeP? The double pick is particularly evident for leucine 8 andrétiere we
focus here on this residue. In Figure 15, we present the tyemsifile for leucine 8 of the SIV
fusion peptide from both the atomistic and the coarse gdagmulations. Since the thickness
of the bilayer is somewhat different in the atomistic andrseagrained representations, the z-
axis is given in dimensionless units with the lipid lengthaiparticular representation being the
scaling parameter. The atomistic simulations predict peegositioning of leucine 8 in the bilayer
whereas in the CG simulations the peptide lies closer to tlsgitolipid heads. Neither of the

simulations generates a double pick in density as obsenviiexperiments.
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Figure 15: Density profiles of leucine 8 as a function of thetatice from the center of the bilayer
z. z has been normalized with the appropriate lipid lengtinesponding to the atomistic and the
coarse-grained simulations. Solid line corresponds tatbmistic simulation and the dashed line
to the coarse-grained simulation, respectively.

Finally, to complete the analysis we present the PMF calicuia for the SIV peptide in Fig-
ure 16. Note, that the shape of the PMF is quite different ftloose observed for the other classes
of peptides. We believe the PMF presented in Figure 16 isistamé with the MD behavior of
the SIV peptide. Specifically, the two minima in the PMF cepend to the interfacial location,
whereas the center of the bilayer is a less preferred latétin not fully excluded (particularly,

when compared with LAP20 or even (LSSLLSlpeptides).
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Figure 16: Potential of mean force for the transfer of the &ison peptide from the water phase
across a DOPC lipid bilayer.

Transmembrane helices

In the original description of various classes of peptidesided in Figure 1, transmembrane he-
lices span the lipid bilayer due to the match between thedpfbic region of ther-helix and the
width of the hydrophobic core of the lipid bilayer. Alternagly, one could employ a functional
definition of transmembrane peptides as structures capébjgntaneous insertion in the bilayer,
leading to a characteristic transmembrane orientations dlbility of transmembrane peptides to
cross lipid membranes (or bilayers) is of great intereshendevelopment of novel drug vectors
and other applications. However, the details of the tramaglon mechanisms are not yet under-
stood. Studies of these peptides have been carried outhotingh experiments and simulations.
For example, Bond and Sansom captured the spontaneousansariGpA helix by means of
CG simulations'® Another peptide, that has been widely studied in a seriespdréments by the
group of Engelman, is pH (low) insertion peptide, known ad [fH*%~43pHLIP (ACEQNPIY-
WARYADWLFTTPLLLLDLALLVDADEGTG) is a peptide derived fromhe integral membrane
protein bacteriorhodopsin C. It exhibits high solubilitynautral pH in a nonhelical conformation,
however, at lower pH (g, of 6.0), the peptide adopts a transmembrane position ia-aelical
conformation. It has been proposed that this pH-dependeahamism of translocation can be ex-
ploited in the early detection of pathological conditiongells. In one of their studies, Engleman

and co-workers, designed two variants of pHLIP in order tecttthe specificity of the function of
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the peptide in tumors and test its mechanism of insertionknof the variants, N-pHLIP (ACE-
QNPIYWARYANWLFTTPLLLLNLALLVDADEGTG), the Asp residues are replaced by Asn.
This peptide remains am-helical structure in the presence of liposomes over a witlegmge and
adopts a transmembrane position in a lipid bilayer.

In our studies, we choose N-pHLIP as a characteristic exauwiph transmembrane helix and
as a technologically important case. We perform MD simafetiwith two different systems: N-
pHLIP in a DOPC and in a POPC bilayer. Both membranes conskl fipids and 6000 waters.
The simulation time is Jus for each system and the simulation parameters are as o ani
the Methodology section. The peptide is initially placedhe water phase and quickly adopts
an interfacial position. For both systems N-pHLIP remams ihorizontal interfacial orientation
during the whole length of the simulations. We also perforr® Bimulations with N-pHLIP
initially half-inserted in a POPC lipid bilayer. Snapshotshe simulations are shown in Figure 17.
In the figure, water is represented by blue beads, lipid hbggsirple beads and the backbone of
the peptide is colored orange. The hydrophilic side chafinth® peptide are shown in green.
Initially half-inserted in the bilayer, the peptide create pertubation to the bilayer after a few
nanoseconds and finally adopts a transmembrane orientatwimich it stays until the end of the

simulation (350 ns).

Ons 13 ns 15 ns 25ns 100 ns

Figure 17: Snapshots from the N-pHLIP simulation. The mkpis initially half-inserted in the
lipid bilayer (eft). As the simulation evolves the peptide perturbs the bildgenter), adopts a
transmembrane orientation and stays there until the enldeo$itnulation ight). The backbone
beads are colored orange, water is colored blue, the phiysichlweads are represented by purple
beads and the hydrophilic side chains beads of N-pHLIP greesented by green beads. The
hydrophilic residues are not presented for clarity. Thedsesae not to scale.
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TMX-1 is another interesting example of transmembranexhélhas been synthesized to test
to what extent it is possible to design helices that inseshsmeously in a lipid bilayet* TMX-1
(WNALAAVAAALAAVAAALAAVAASKSKSKSK), has a 21-residue non-olar core, N- and C-
caps, and a highly polar C-terminus. It has been shown to ashapthelical secondary structure in
the lipid environment and insert spontaneously acrossipieerhembranes with 50% probability.
Here, we carry out MD simulations with TMX-1 in a DOPC lipiddoyer (128 lipids, 1500 waters,

4 CI-). The total simulation time is 2.8s, and the peptide maintains an interfacial orientation
during the whole simulation. In Figure 18, we present a attersstic position of TMX-1 during
our simulation: the polar C-terminus of the helix remainsantact with water and the non-polar
central part is hidden in the lipid heads area. The N-tersalsio appears to prefer a position close

to the bilayer/water interface probably due to its tryptapiesidue.
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Figure 18: Snapshot from the TMX-1 simulation. The peptides an interfacial orientation
with a characteristic orientation where its polar C-termnsinemains in contact with water and its
non-polar central part is hidden in the lipid heads area. Bdwkbone beads are colored orange,
water is colored blue, the phospholipid heads are repreddayt purple beads and the hydrophilic
side chains beads are represented by green beads. The Ihlidnagsidues are not presented for
clarity. The beads are not to scale.

We perform umbrella sampling simulations for both N-pHLIRIaTMX-1 peptides. The lipid
bilayers used for these simulations are a POPC lipid bileyred-pHLIP and a DOPC lipid bilayer
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for TMX-1. Both membranes consist of 512 lipids and 12000 watelecules as well as chloride
ions to maintain the system neutrality. In Figure 19, we @néshe resulting PMFs. Again, the
generated curves seem to exhibit shape specific for thikplart class of peptides. Both peptides
show very strong preference for the transmembrane pogittdh minima at the center of the bi-
layer at -80kTs and almost -120kTs for pHLIP and TMX-1 respety) and both PMFs are quite
similar, indicating that indeed N-pHLIP and TMX-1 must bedpto the same class of peptides.
Moreover, these PMFs indicate that one would expect to ebseispontaneous, seamless inser-
tion of those peptides in a lipid bilayer in a MD simulatiorhi3 however is not the case. Although
peptides, whose orientation is steered into a transmernalma®, remain quite stable in this orien-
tation, we never observe a spontaneous insertion of N-ptlLPMX-1. This discrepancy in our

observation will be addressed in more detail in the Discussection.

33



Paraskevi Gkeka et al. Interactions of phospholipid bilaye.

0
z (nm)

() pHLIP

-5 -4 -3 -2 -1 0 1 2 3 4 5
z (nm)

(b) TMX-1

Figure 19: Potential of mean force for the transfer of N-pPlahd TMX-1 transmembrane helices
across POPC and DOPC lipid bilayers respectively.
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Discussion

The results reported in this study suggest that the MARTIbArse-grained model is able to
describe several classes of interactions betwedrelical peptides and lipid bilayers. The self-
assembly of barrel-stave and toroidal pores, the dynanhit®se structures within the bilayer, and
the behavior of interfacial non-spanning peptides areiwitine scope of MARTINI. Furthermore,
the model is able to provide new important insights regaydie details of peptide self-assembly
in the vicinity of a lipid bilayer. Specifically, using thigpproach we establish an interesting re-
lation between the barrel-stave and toroidal mechanisnpoid formation. LS3 peptide, being
sufficiently long to span the membrane and adopt a transnasmalorientation, is able to form
well-defined barrel-stave pores within the bilayer. The hanof helices constituting the pore as
well as its effective diameter predicted from our simulasidgs in agreement with previous exper-
imental studies:°8 An estimate of the lateral self-diffusion coefficient of there gives a value
of Djg = 0.45 un? /s, which is very reasonable, especially taking into accoeported values for
membrane proteins, such as bacteriorhodopSRemarkably, the simulations of a shorter version
of this peptide, (LSSLLSLy), show that this peptide has a much lower propensity for porand,
when a complex does form, it has a toroidal structure. Magegahe toroidal pores formed by
(LSSLLSL), are less stable than the complexes formed by LS3. This lihkd®n the length of
the peptides and their ability to form pores of certain shasbstability is important for the design
of pore-forming peptides with specific properties. It will blso of a great interest to establish how
these mechanisms depend on other parameters of the systRrassdior example, composition of
the lipid bilayer. To establish this link a series of ext@assimulations was required (totaling to
more than 20Qus of simulation time). Clearly, this task could not easily bhiaved using a fully
atomistic approach.

We perform potential of mean force (PMF) calculations focte@eptide considered in this
article. In Figure 20, we present a summary of the differéiEB. The PMF provides an estimate
of the free energy profile as the peptide crosses the bilapercan be used directly to calculate

the partition of the peptide between the water phase andpigephase. We show that each class
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of peptide-bilayer interaction has a very distinct form MmP(Figure 20). For example, the PMF
for LS3 features a deep energy minimum at the center of tlagdailwith two additional minima
at the interfaces of the bilayer. This PMF is very similariattobserved by Bond and co-workers
for WALP23.56 The PMF for (LSSLLSL) is dramatically different with the energy minima at
the bilayer interfaces and the core of the bilayer being davamable location of the peptide. In
the light of this PMF, the strong propensity of (LSSLLSlpr the interfacial orientation in MD
simulations is not surprising. The features of the PMF pedfir (LSSLLSL) are even further
magnified for non-spanning LAP20 peptides, that shows evenger preference for the interfacial
location. A very distinct PMF is observed for the fusion Sigppide, with the energy minimum
corresponding to the lipid interface and the energetic M@ SIV’'s location in the center of
the bilayer of about 10 KT. Finally, the pHLIP and TMX-1 pejs exhibit barrier-less PMFs
with -80 kT and -120 kT minima respectively at the center @f lilayer, signifying a very strong
preference for the transmembrane orientation. Althoughresult agrees with our expectations
and experimental observations, it contradicts MD studidgere no spontaneous insertion of the

peptides in the bilayer is observed. Let us briefly exploresfime sources of the discrepancy.

Figure 20: Map of PMF types for the different classesrefelical peptides.

First, we would like to ensure that the observed PMF is not rdifaet resulting from the
technical limitations of the applied methods. Specificdtye system features large enough water
phase to eliminate possible periodic boundary conditiéeces. In the original setup, we use the
Berendsen thermostat to control the temperature of therayatel this method has been criticized

for not being able to provide correct distribution of veltes. For one of the smaller peptides,
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we repeat the simulations with the Nosé-Hoover thermosidibdserve marginal differences. We
apply a simple cut-off and shift procedure to electrostetieractions and this could possibly be
viewed as inaccurate. Thus, we recalculate the PMF for otteecdmaller peptides, using Particle
Mesh Ewald method (PME) to treat electrostatics interastiand observe rather small effects on
the final results (see Supporting Information). Moreouvee, length of sampling for each window
in the Umbrella protocol is important. Most likely the engngyofiles reported for large pHLIP
and TMX-1 peptides are reflections of a few preferentialrieagons of the peptides, rather than
a result of properly sampled configurational space. Whethisri$ the case is currently under
investigation. However, striking similarity between PMis pHLIP and TMX-1 suggests that at
least the shape of these energy profiles is characteristibifoparticular class.

With these reservations regarding the last two PMFs, werttesless believe that the PMF
analysis can be used to complement the original classdicati peptide-membrane interactions
shown in Figure 1 as well as to reveal new types of behavior.stNtaportantly, it is evident
that the PMF analysis is an indispensable tool to elucidateexplain intimate links between
different classes of peptides and an exhaustive study sétlireks would be impossible in atomistic
simulations.

Despite several clear successes of MARTINI in applicatmthe aforementioned classes of
peptide-membrane interactions, direct extension of thg@ach (or any other CG approach) to
new classes of peptides should be approached with cautsluré-of MARTINI and many other
variations of this forcefield to describe the behavior oidageptides is just one example of po-
tential difficulties. It seems application of a CG approach teew class of peptide-membrane in-
teraction should involve careful validation (and if ne@gge-calibration) of the approach against
known experimental observations for several referenceesyswithin the class. Once the appli-
cability of the CG model is established, the CG approach cageidgrovide a number of valuable
insights on the behavior of the system as a function of vargystem parameters.

Other issues with MARTINI-like approaches have been disedelsewhef®® and we should

merely reiterate some of these concerns in the light of newltie MARTINI forcefield implies
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that the secondary structure of the peptides is known ansl Watechange in the process of inter-
est. For example, in this study all the peptides are assumbdd-helical. For many classes of
peptides this description is not adequate, as complex omafional evolution of a peptide is often
an integral part of the peptide-membrane interaction masha To a significant extent this is
also a challenge for fully atomistic models, where accudatcription of peptide conformational
dynamics in various environments still remains a subjedht#nse development. Furthermore,
the CG treatment of water where several disjoint degreesetifrm are fused together in a single
Lennard-Jones site also presents a well recognized fsi#¢Structureless’ and chargeless water
is unable to describe water ordering in the vicinity of hymhrobic surfaces or orientation of wa-
ter molecules in electric fields. This leaves a number of irgt peptide-membrane processes
beyond the scope of MARTINI. For example, the higher propggres LS3 to form barrel-stave
pores in the presence of a weak transmembrane potentiallikelgtwill not be adequately de-
scribed by MARTINI. Translocation of cationic peptideschuas many examples from the family
of cell-penetrating peptides, also requires accuraterigti®n of water properties. Thus, mem-
brane bending and micropinocytosis, observed for catidAilc and Penetratin peptides in recent
atomistic studies presents a challenge for MARTINI. Howger®re sophisticated models of CG
water started to emerge recently and may provide a solutiahleast some of these issués’*
Even with these limitations, MARTINI-like CG approachesyid® a computationally power-
ful tool to identify and elucidate mechanisms of peptideatheane interactions and self-assembly
processes. The potential structures identified in the CGlations can then serve as a starting
point and be refined in more detailed atomistic studies. @éwtudies have already addressed
a possibility of consistent and systematic multiscale nmdehere different levels of detail are
employed as required at specific stages of the simulatiahtlas will undoubtedly be one of the

most promising areas of development in the fut(ié®
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