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Abstract

Peptide-membrane interactions play an important role in a n umber of biological pro-

cesses, such as antimicrobial defence mechanisms, viral tanslocation, membrane fu-
sion and functions of membrane proteins. In particular, amp hipathic a-helical peptides
comprise a large family of membrane-active peptides that co uld exhibit a broad range

of biological activities. A membrane, interacting with an a mphipathic a-helical pep-
tide, may experience a number of possible structural transi tions, including stretching,

reorganization of lipid molecules, formation of defects, t ransient and stable pores, for-
mation of vesicles, endo- and pinocytosis and other phenome na. Naturally, theoretical

and experimental studies of these interactions have been an intense on-going area of
research. However, complete understanding of the relation ship between the structure
of the peptide and the mechanism of interaction it induces, a s well as molecular details
of this process, still remain elusive. Lack of this knowledg e is a key challenge in our
efforts to elucidate some of the biological functions of mem brane active peptides or to
design peptides with tailored functionalities that can be e xploited in drug delivery or

antimicrobial strategies.



In principle, molecular dynamics is a powerful research too |to study peptide-membrane
interactions, which can provide a detailed description of t hese processes on molecular
level. However, a model operating on the appropriate time an d length scale is imper-
ative in this description. In this study, we adopt a coarse-g rained approach where the
accessible simulation time and length scales reach microseonds and tens of nanome-
ters, respectively. Thus, the two key objectives of this study are to validate the ap-
plicability of the adopted coarse-grained approach to the s tudy of peptide-membrane
interactions and to provide a systematic description of the se interactions as a function

of peptide structure and surface chemistry.

We applied the adopted strategy to a range of peptide systems, whose behaviour has
been well established in either experiments or detailed ato mistic simulations and out-
lined the scope and applicability of the coarse-grained mod el. We generated some
useful insights on the relationship between the structure o fthe peptides and the mech-
anism of peptide-membrane interactions. Particularly int eresting results have been
obtained for LS3, a membrane spanning peptide, with a propen sity to self-assembly
into ion-conducting channels. Firstly, we captured, for th e rst time, the complete
process of self-assembly of LS3 into a hexameric ion-conduding channel and explored
its properties. The channel has structure of a barrel-stave pore with peptides aligned
along the lipid tails. However, we discovered that a shorter version of the peptide
leads to a more disordered, less stable structure often classi ed as a toroidal pore.
This link between two types of pores has been established for the rst time and opens
interesting opportunities in tuning peptide structures fo r a particular pore-inducing
mechanism. We also established that different classes of petides can be uniquely
characterized by the distinct energy pro le as they cross th e membrane. Finally, we
extended this investigation to the internalization mechan isms of more complex enti-
ties such as peptide complexes and nanoparticles. Coarse-gained steered molecular
dynamics simulations of these model systems are performed and some preliminary

results are presented in this thesis.

To summarize, in this thesis, we demonstrate that coarse-grained models can be suc-
cessfully used to underpin peptide interaction and self-as sembly processes in the pres-
ence of membranes in their full complexity. We believe that t hese simulations can

be used to guide the design of peptides with tailored functio nalities for applications



such as drug delivery vectors and antimicrobial systems. Thi s study also suggests that
coarse-grained simulations can be used as an ef cient way to generate initial con gu-
rations for more detailed atomistic simulations. These mult iscale simulation ideas will

be a natural future extension of this work.
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CHAPTERL

Introduction

In this thesis, | apply coarse-grained molecular models to e lucidate mechanisms of
peptide-membrane interactions. The objective of this chapter is to introduce the com-
ponents of the system (peptides, lipid membranes and bilaye rs), and their key char-
acteristics. | will elaborate on why it is important to study and understand peptide-
membrane interactions, how computer simulations and molec ular modelling can be
instrumental in gaining this knowledge and review the state of the art in this eld.

Finally, I will formulate the scope and objectives of this th esis and provide an outline

of its structure.
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1.1 Biological background

1.1.1 The biological membranes and lipid bilayers

The cell membrane is the basic structural part of the cell that encapsulates its contents
and de nes the intra- and extra- cellular space. It provides the integrity of the cell
structure, preventing contents of the cell from leaking out , it regulates the transport
of molecules across the cell (ions, nutrients etc.) and maintains the cell potential. Fur-
thermore, the cell membrane serves as a protective barrier, which prevents transport
of undesired molecules and pathogens into the cell. Molecul ar recognition mecha-
nisms at the membrane surface, which allow the cell to detect a pathogen, also play an

important role in cell signalling, and other forms of cell-c ell interactions.

The most accepted representation of biological membranes, which was introduced by

Singer and Nicolson in 1972, is the uid mosaic model (Figure 1 .1) [1]. In this descrip-
tion, a membrane is composed mainly of lipids and proteins th at form a thin (from

6 nm to 10 nm width) bilayer Im with membrane proteins either embedded in this
structure or located at the surface of the membrane. Cell membranes consisting of
several layers of this type are also possible. Other components of the cell membrane
may include cholesterol, sugars and other organic species. The membrane structure is

highly exible and allows the lateral diffusion of both prote ins and lipids.

outer face - Mydrophilic (polary head
: (nonpolar
fatty ackd tai

of phospholipid  ¥drophobic
of phospholipid

sugar side chain 5 \ 7 Y
r" MG

- i -

intagral (intrinsic) proteins peripherat (extrinsic) protein

inner face

Figure 1.1:The uid mosaic model . The membrane is composed of a bilayer structure,
integral and peripheral proteins and several other organatecules. The membrane proteins
and the lipids are free to diuse laterally in the bilayer. ®hgure was adapted from
Encyclopedia Britannica web page [2].
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Although most of the speci ¢ membrane functions (such as regu lated ion conduction,

molecular recognition, signalling etc.) are performed by me mbrane proteins, a num-
ber of membrane properties (such as mechanical elasticity, defects formation, phase
behaviour and passive transport) are de ned by the lipid bil ayer. As a cell membrane
is dif cult to obtain in its full complexity in vitro, a lipid bilayer often serves as a model

cell membrane in the studies of various membrane properties and functions.

Let us review the key characteristics of lipid bilayers, whi ch one can view as cell mem-
branes, with membrane proteins and other biomolecules that are usually incorporated

in them removed. Even in this reduced form the lipid bilayer i s a complex structure.
Membrane lipids are small amphipathic molecules, made of tw 0 major components:
fatty acids and a phosphate group. The fatty acids are the hydr ophobic tails and the
phosphates are the polar head-groups of the lipids. There are several different types of
lipids including phosphatidyleserine (PS), phosphatidyl glycerol (PG), phosphatidyl-

choline (PC) and phosphatidylethanolamine (PE). In the case of PS and PG lipids the

head-group is negatively charged.

Due to this amphipathic nature, lipids are able to spontaneo usly form lamellar struc-
tures, such as lipid bilayers, at speci c environmental con ditions and lipid-water com-
positions. Other than lipid bilayers, lipids can form micel les or vesicles. In Figure 1.2,
| present a phase diagram of the lipid phase transitions. Int his study we are interested

in lipid bilayers.

The lipid tails of the lipid bilayer are normally highly uid. | n the liquid crystal state,
the lipid tails are disordered and in constant motion. At lowe r temperature, the lipid
bilayer undergoes transition to a crystalline state in whic h fatty acid tails are fully
extended, packing is highly ordered, and the van der Waals in teractions between ad-
jacent chains are maximal. Different types of lipid bilayer s have different transition
temperatures. For example, a DPPC lipid bilayer has a transition temperature of 325

K whereas DOPC has a transition temperature of 300 K.

In the uid state, the hydrophobic core of the lipid bilayer is  about 3-4 nm thick, de-
pending on the type of lipids it has. Other key characteristi cs of a lipid bilayer include
the area per lipid and the order parameters of the lipid con g uration. These two char-

acteristics are often used to compare simulation results wi th experiments. For exam-
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Figure 1.2:Lipid phase diagram. The gure was adapted from [3].

ple, a DOPC lipid bilayer has an area per lipid of 72.2 A? [4] and this value can be used
to validate a force eld or as a point of reference for a simula tion result. The order
parameter is a measure of ordering of the lipids. It can indic ate possible structural

deformations of a lipid bilayer and thus it constitutes an im portant characteristic.

The composition of real cell membranes is complex, but quite o ften, at least as a start-
ing point, in membrane studies and membrane-protein studie s, a model system of a
bilayer consisting of one speci c lipid (usually DOPC and DP PC) is employed. A sim-

ilar approach will be adopted here.

1.1.2 Peptides

A peptide is composed of amino acids. In general, there are 20 different amino acids
commonly found in peptides and proteins. Each of themis form ed by an amino group,
a carboxyl group, a central CH group (the carbon of this centr al CH group is usu-
ally called a-carbon or C;) and a speci ¢ side chain (Figure A.1, Appendix A). The
sequence of C, atoms connected through covalent peptide bonds, including the N-
terminus (free NH2 initial group) and C-terminus (free COOH  nal group) is called
the peptide backbone. It is the main structural part of the pe ptide that determines

its overall geometric properties. The side-chains of a pepti de de ne its physical and
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chemical properties.

The structure of a peptide or a protein can be described at diff erent levels (Figure A.2,
Appendix A). The primary structure of the peptide describes the actual sequence of
amino acids, or residues, within the peptide. The term secondary structure refers to the
geometry or conformational behaviour of this primary seque nce. A disordered pep-
tide chain is often called a random coil. However, many pepti des have well-de ned
three-dimensional secondary structure. Three of the most fr equently occurring struc-
tures are the a-helix, the b-sheetand b-turns. In a larger protein, the three dimensional
arrangement, or packing of secondary units, is characteriz ed by the tertiary structure ,

whereas assemblies of several proteins are classi ed asquaternary structures.

A common secondary structural motif in biologically active peptides is the amphi-
pathic a-helix. An a-helix is formed when a chain of amino acids twists around its elf
in a well-ordered way (Figure 1.3(a)). This helical structure is stabilized by a network
of backbone hydrogen bonds between the backbone carbonyl oxygen of residue i and
the amide proton of residue i+4, with the side groups of the am ino acid residues pro-
truding outward from the helical backbone. The rise along the helical axis for every
two successive a-carbons is 1.5A and the respective rotation is about 100 degrees.
Moreover, each helical turn extends for about 5.4 A along the long axis of the helix,
resulting in 3.6 residues per turn (Figure 1.3(a)). Another imp ortant feature of an a-
helical peptide is the inherent net dipole that exists along its axis due to the synergy
of each of the small dipoles that exist in each peptide bond (Figure 1.3(b)). The helical
dipole plays an important role in pore formation and stabili zation and ion transport

across membranes.

An a-helix is called amphipathic when it has both hydrophobic an d hydrophilic residues
positioned along its axis. This distribution of hydrophobic ity has been shown to play
an important role in the way with which the amphipathic  a-helical peptides interact
with the biological membranes [6]. Amphipathic a-helices are the peptides of interest

in this study and more details about their function will be gi  ven in the next chapters.
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(a) Ball-and-stick representation of an a-helix. (b) Helix dipole.

Figure 1.3: The a-helix. (a) Ball-and-stick representation of am-helix, showing the
hydrogen bonds between th# iand " + 4 residues. (b) A helical dipole is created by the
transmission of the electric dipole of the peptide bonds aldhe helical axis. The gure
has been adapted from [5].

1.2 Peptide-membrane interactions

Peptide-membrane interactions are at the heart of a number of important biological
processes. For example, antimicrobial peptides are a family of peptides with a partic-
ular propensity to recognize and disintegrate bacterial pa thogens. A number of these
peptides have been identi ed as key components of the natura | immune defence sys-
tem [7]. A related family of peptides is the so-called cell-p enetrating peptides (CPPs)
capable of ef cient translocation through the cell membran e, either by themselves or
together with a molecular cargo [8]. These peptides are being explored as potential
programmable drug delivery vectors. As a part of larger prote ins, ion-conducting
channel peptides form well-organized transmembrane bundl es capable of selective

transport of ions. Other peptides are believed to play a key r ole in mediation of various
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complex cellular processes, such as membrane fusion. It is dear that a better under-
standing of peptide-membrane interactions on molecular le vel not only is important
in the elucidation of various biological processes, but als o could be instrumental in
designing peptides with tailored functionalities, for exa mple, for antibiotic and drug

delivery applications.

Peptide-membrane interactions are complex and beautifull y diverse phenomena. De-
pending on their composition, charge, and structure differ ent peptides evoke different

interaction mechanisms with the membrane. Here, | present some of the most com-
monly seen scenarios in the studies of peptide-membrane int eractions. In this analysis,
| exclusively focus on a-helical peptides. There are two reasons for this. First, a-helical
secondary structure is abundant among membrane active peptides. Second, develop-
ment of a fully comprehensive description of peptide-membr ane interactions is a chal-
lenging task. Having the peptide in a well-de ned structure  eliminates at least one
additional degree of complexity associated with the confor mational behaviour of the

peptide itself. Thus, a-helical peptides are a natural starting point in the constr uction

of this description.

Let us rst consider different peptide internalization mec hanisms. These mechanisms
can be categorized into endocytosis mediated entry and dire ct penetration in the mem-
brane. Endocytosis is an important biological process, used by the cell for tran sport of
various molecular species across the cell membrane. In the @ase of peptide transport,
its mechanism can be described as follows; rst, several peptides form an aggregate in
the aqueous phase, then the cell absorbs the aggregate from lhe outside environment
by engul ng it with its cell membrane and nally, a vesicle (¢ ndosome) is formed
and released on the inner side of the membrane (Figure 1.4(a)) In principle, sponta-
neous formation of an endosome is possible as a result of membrane uctuation and
budding. However, more commonly, endocytosis is a receptor mediated and energy
dependent process. Several classes of cell-penetrating pptides are believed to induce

this mechanism.

Direct penetration mechanisms, on the other hand, are receptor and energy indepen-
dent, and may also be classi ed in several distinct scenario s. One of these mechanisms
is the sinking raft model . In this model, the peptides form aggregates of limited size

and associate with one of the faces of the membrane. The mass inbalance of the lipid
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bilayer due to this association induces curvature that prov ides the driving force for
the translocation of peptides across the bilayer [14] (Figure 1.4(b)). This mechanism
has been proposed for several antimicrobial peptides, for e xample delta-Lysin [10] .
Another scenario of direct penetration is the formation of an inverted micelle . In this
case, a peptide interacts with the negatively charged phospholipids, inducing the for-
mation of an inverted micelle inside the lipid bilayer (Figu re 1.4(c)). Then, either the
peptide is entrapped within the micelle and then released in to the cell, or the forma-
tion of the micelle perturbs locally the membrane and induce s a new peptide insertion

event.

The formation of transmembrane pores is another way of intera ction between a-helical
peptides and membranes. Three different pore structures, th e barrel-stave, the carpet
and the toroidal pore model, have been proposed and investig ated. The main differ-
ences between these models lie in the lipid structure around the pores and the pore
stability. In the barrel-stave model, the lipids are parall el to each other and the pep-
tides form a well-de ned, very stable bundle, which, ifitis  of a suf cient diameter, can
serve as a pore. This is believed to be the structure of the peptides in ion-conducting
channels, either as a part of a larger protein, or formed thro ugh a self-assembly pro-
cess. In the case of the toroidal model, the lipids create a toroidal-shaped (or donut-
shaped) opening covered with the peptides in different orie ntations. Toroidal pores
are generally less stable (i.e. they are transient) than the karrel-stave pores. Some stud-
ies suggest that this mechanism is involved in membrane disr uption action of some

antimicrobial peptides, leading to cell leaking out its con tents [15].

In the carpet model, peptides accumulate on the membrane unt il its integrity is breached
and transient holes are formed. These holes, when the peptides are in high concentra-
tions, may result into the complete collapse of the membrane . Again, this mechanism

has been proposed, among others, as permeabilization mechanism of a-helical antimi-

crobial peptides (AMPs) (Figure 1.4(d)).

Several peptide-membrane interaction mechanisms involve a peptide inserted in the
membrane. In membrane fusion, the fusion peptides, short hy drophobic parts of fu-
sion proteins, destabilize the lipid bilayer structure by a dopting an oblique orienta-
tion within the membrane [6]. This orientation has been linke d to the gradient of

hydrophobicity along the helical axis of the peptides. In Fi gure 1.4(e), | show one of
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the proposed scenarios, as presented in [12]. Other peptides, with different distribu-
tion of hydrophobicity, adopt interfacial or transmembran e orientations relative to the

membrane.

Many mechanisms include several stages of interaction between peptides and mem-
brane or between different peptides. For example, in the case of Pep-1, a cell-penetrating
peptide with high ef ciency as drug-delivery vector, one of the proposed internaliza-
tion mechanisms consists of four steps: a number of Pep-1 heices form a complex
with the cargo, other helices form a pore, the cargo-peptide complex passes through

the pore and nally it is released into the cytoplasmic side [ 13] (Figure 1.4(f)).

The mechanisms mentioned above have been validated for some geci ¢ peptides. For
example, the formation of pores can be con rmed from the obse rvation of leaking cell
contents (marked with uorescent agents). The role of endocyt osis can be probed by
blocking speci ¢ receptors responsible for some of the stag es of the process. Properties
of ion-conducting bundles (such as for example, their inner diameter) have been inves-
tigated through ion-conduction experiments [16—20]. Form ation of a complex of sev-
eral peptides with a cargo, as a requirement for a successful membrane translocation
has also been con rmed, in the studies where translocation e f ciency was measured

as a function of peptide concentration [13].

However, the exact manner in which the peptides interact wit h membranes and molec-
ular details of this process are still an area of active research and a matter of extensive
debate and controversy. Different peptides utilize differ ent interaction mechanisms or
combinations of mechanisms that are not limited in one class of peptides or the other.
Furthermore, the mechanisms of interaction can change depending on the conditions
of the system, such as pH, temperature and concentration of peptide. The principal
challenge remains as follows: in order to understand the bio logical processes, based on
peptide-membrane interactions, or to design peptides with tailored functionalities for
speci ¢ applications, we need to establish, with molecular resolution, the link between
the structure and physical characteristics (for example hy drophobicity distribution or

charge) of the peptide and the particular interaction mecha nism it induces.

In the next section, | will brie y review some of the experimen tal techniques that can

be used to acquire this knowledge.
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Figure 1.4:Schematic of possible peptide-membrane interactions . (a) Endocytosis.
Figure adapted from [9] (b) The sinking-raft model, adaptedin [10]. (c)The inverted
micelle model. Figure adapted from [9]. (d) Di erent pore foriti@ns proposed foa-helical
antimicrobial peptides, adapted from [11]. (e) One of the pased mechanisms for fusion,
adapted from [12]. (f) Proposed schematic model for the intalination of the Pep-1/cargo
complex through the membrane, adapted from [13].



1.3. Experimental techniques and limitations 11

1.3 Experimental techniques and limitations

During the last decades, several experimental techniques have been developed and
applied to biological systems. These techniques differ in th e nature (alive, preserved
or sectioned) and the size of the sample they can be used for, their sensitivity and the
type and resolution of information they can provide. Inthis  section, | will present some
of the most recent and the most signi cant methods and studie s and | will discuss their

limitations.

The location and orientation of a peptide relative to a lipid b ilayer as well as lipids
rearrangement in the presence of a peptide are two important structural characteris-
tics of peptide-membrane interactions. Experimental tech niques that have been used
to get structural information include Fourier Transform Infrared Spectroscopy (FTIR)
[21-27], X-ray and Neutron Diffraction methods [28, 29] as well as Nuclear Magnetic
Resonance(NMR) [30—38]. However, the possibilities of using for exam ple X-ray or
neutron diffraction to gain detailed insights into peptide -membrane systems are lim-
ited, since these systems lack long-range crystalline order. NMR and speci cally solid-
state NMR has numerous applications in peptide systems over the last years [33-39].
A series of NMR studies by Opella and co-workers has provided important insights in
peptide orientation [40-42]. Atomic Force Microscopy (AFM) has also been used for
the structural characterization of peptide-membrane syst ems. Ripple phases in lipid
bilayers induced by lipopeptides, destabilization of a bil ayer due to fusion peptides,
and restructuring of the membrane in the presence of specic peptides are some of
the examples where AFM has been used to get information about p eptide-membrane
interactions [43-45]. On the other hand, however detailed are the structural charac-
teristics captured by AFM, the method generally does not prov ide any chemical in-
formation of the system under study. A recentimprovement in this area is the use of
functionalized AFM tip [46].

There are also experimental technigues that can be used in order to map the position
of different molecules in a peptide-lipid bilayer system. Imaging Mass Spectrometry
(IMS), like MALDI ! imaging and secondary ion mass spectrometry (SIMS), is one of

the latest techniques to be developed and among the most powerful ones [47-49]. An-

IMALDI: matrix-assisted laser desorption ionization
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other promising imaging technique is Surface Plasma ResonancdSPR) spectroscopy,
that allows for the real-time observation of peptide bindin g to phospholipid bilayers

[50,51] and membrane-mediated cell signalling [52]. Other imaging techniques used
in peptide-lipid studies are Light Scattering Spectroscopy (SLS (static) or DLS (dy-

namic)) [53], Fluorescence Spectroscopy54].

Even with this broad arsenal of experimental techniques it i s still dif cult to obtain

complete and detailed information about the modes of peptid e-membrane interac-
tions. Let us illustrate the challenges in some of the experimental techniques using
an example of a direct relevance to the current study. Bradshaw and co-workers
have performed a series of important experimental studies o n the SIV fusion peptide
[29, 55, 56]. In one of them, the authors carried out neutron diffraction measurements
from stacked multilayers of DOPC and determined the locatio n and orientation of
speci cally deuterated SIV fusion peptides within the bila yer. The results from this
study showed that there are two different populations of pep tides. One major popula-
tion close to the bilayer surface, and a smaller population h idden in the hydrophobic

core. Two equally plausible orientations at 55° and 78° with respect to the bilayer
normal, were found consistent with the experimental observ ations. However, based
on the additional FTIR data from previous studies, the obliqu e orientation at 55° was

accepted as the most probable one.

This illustration also highlights several issues, characteristic for most of the experimen-
tal techniques. First and foremost, the obtained data corresponds to an equilibrium
average over multiple peptide-membrane con gurations (in  this speci c case, average
over various angle and location distributions). Thus, detai led information about a par-
ticular con guration of interest or the detailed informati  on about dynamics of peptide-
membrane assembly is beyond the scope of this approach. Furthermore, to interpret
the obtained data, a model is required, construction or cont emplation of which may
be a challenge in itself. Unambiguous behaviour, quite often , can be derived only us-
ing several complementary experimental techniques (in thi s case, additional data from
FTIR were required). Finally, although as | have already ment ioned, some of the exper-
imental methods are now able to provide a more detailed and dy namic information, it
is also important to remember that in general experimental s tudies are expensive and

time consuming.
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Thus, we still need a description of peptide-membrane intera ctions which would con-
sider behaviour of an individual or several peptide molecul es, elucidate the dynam-
ics of the peptide-membrane assembly process, provide a link between the observed
behaviour and the data measured in experiments and be suf ci ently modest in the re-
sources required to systematically explore a large number of systems. | believe these
issues can be addressed within computer simulations, and speci cally molecular dy-
namics. | will review recent progress in the area with a focus on peptide-membrane

interactions in the next section.

1.4 Molecular modelling and computer simulations
of peptide-membrane interactions

Over the years, a number of theoretical and computer simulat ion approaches have
been developed to describe membrane behaviour and peptide-membrane interactions.
These approaches vary in the way the peptide-membrane system is modelled and
what type of information can be obtained from this model. For example, a lipid bi-
layer can be modelled as essentially an in nite hydrophobic slab (with varying degree
of complexity) through some effective eld function. Thisap proach is usually adopted
in various mean- eld models developed over the years. Quite often, to reduce the
computational load, solvent is not included in the model exp licitly, and its presence is

accounted for through some effective interactions between the remaining components.

In its general form, a mean- eld method indicates that the li pid bilayer and the sur-
rounding water are described by an empirical energy functio n. In Figure 1.5 there
is a schematic of the lipid bilayer and the water phase and one of the possible en-
ergy functions f(z) used in the mean- eld methods to de ne the different levels o f
hydrophobicity in the system. When a peptide or protein is co nsidered (represented
by a cylinder in the schematic), a hydrophobic term is includ ed in the potential en-
ergy function. This term shows the contribution of each resid ue of the peptide in the

peptide-membrane interactions.

An approach based on the mean- eld theory is the self-consistent eld (SCF) theory.

In SCF theory the van der Waals-type interactions are used for the different types of
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Figure 1.5:Mean- eld model for the treatment of peptide-membrane inte ractions.
The lipid bilayer is represented by a hydrophobic slab.

particles as well as the con gurational entropy of the lipid tails. Leermakers and co-
workers have applied SCF theory in a series of membrane and membrane-peptide
studies [57-59]. In a recent study, SCF theory was also used ly Liang and Ma to study
the effects of inclusions in supported mixed lipid bilayers [60]. In [61] and [62], the
same authors combined SCF theory and density functional the ory to investigate the
structural organization of membrane proteins in lipid bila yers as well as the effect of
nanosized hydrophobic inclusions in lipid bilayers. Mean- eld theory was also used
by Lague and co-workers [63—65]. The authors employed a mean- eld approach based
on results from fully detailed atomistic simulations, to de velop a theory for de ning
the structure of the lipid chains around a model membrane pro tein and to study the
lipid-mediated protein-protein interactions. Also, La Roc ca et al. used mean- eld
theory to determine the optimal orientation of a helical pep tide in a lipid bilayer [66,
67].

Another implicit-solvent approach is the generalized Born/  surface area (GB/SA) mod-
els [68]. Im et al. in a series of studies have used the GB/SA approach to study me m-
brane peptides [69, 70]. Also, Ulmschneider and co-workers developed an implicit-

membrane representation and applied it in in uenza M2 peptid e and glycophorin A

dimer [71, 72].

One of the most important limitations of mean- eld based app roaches are the sim-
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pli cations that need to be made in order to develop feasible analytical theories. The
description of the lipid bilayer by a free energy functional cannot capture the complex-
ity that lies at the molecular level of the membrane. Moreove r, the dif culty in linking

the parameters used in these models with physical propertie s constitutes an important

disadvantage.

In order to select an appropriate approach from a huge number of models and methods
developed over the last 40-50 years, it is important to formu late the long term goals of
this study. | would like to develop a capability to describe p eptide-membrane interac-
tion processes in their entire complexity, from the dynamic s of the self-assembly pro-
cesses to equilibrium properties of peptide-membrane syst ems. This objective imposes
several key restrictions on our choice of methods. Itis evid ent, that peptide-membrane
self-assembly processes, such as formation of trans-membane pores, requires signi -
cant structural rearrangement of both peptides and the memb rane. This process also
seems to be mediated (at least to some extent) by the solvent. Thus, our description
must be based on a reasonably detailed model of all the components of the system, i.e.
solvent, peptides, lipid bilayer. This restriction exclude s the models based on mem-
brane as an effective hydrophobic medium and implicit solve nt models. Next, | am
interested not only in the nal equilibrium properties of th e system, but in the actual
process of self-assembly. Therefore, it seems that most of the conventional Monte Carlo
approaches would not be appropriate here. On the other hand, Molecular Dynamics
seems to satisfy all the required conditions and, therefore, in the review of the recent
studies of peptide-membrane interactions | will mostly foc us on this approach, with

occasional diversion into other methods.

There has been signi cant progress in the eld of molecular dy namics simulations
of biomolecular systems since the rst simulation of a prote in in vacuum, reported

33 years ago [73] (see Table A, Appendix A). Some of the rst studi es of membrane-
peptide interactions employing molecular dynamics simula tions on a sub-nanosecond
timescale include the study of a model peptide designed to an chor to bilayer surfaces

[74], amphipathic a-helices [75] and the bee venom peptide melittin [76].

Recently, several atomistic molecular simulation studies attempted to address long-
scale peptide-membrane phenomena in their full complexity . In one of these studies,

Leontiadou and co-workers captured toroidal pore formatio n in simulations of an-
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timicrobial peptide magainin-H2 and a model phospholipid m embrane [77]. Studies
of toroidal pore formation and its structural characterist ics have been further extended
by Sengupta and co-workers [78]. In another example, Herce and Garcia applied
fully atomistic simulations to propose a complex multistag e mechanism of HIV-1 TAT
peptide translocation across the membrane [79]. Formation of a transient pore was
observed, with the peptides diffusing on the surface of the p ore to cross the mem-
brane. An alternative mechanism, based on micropinocytosis, has been suggested for
TAT translocation in fully atomistic studies by Yesylevsky y and co-workers. In mi-
cropinocytosis a cluster of peptides wraps the membrane aro und itself to form a small
vesicle [80]. A similar mechanism of translocation was repo rted by the same group
for another cell-penetrating peptide, Penetratin. None of these simulations however
spanned timescale beyond several hundred of nhanoseconds, axd in many cases the
simulations were limited to tens of nanoseconds. Routine op eration on longer time
scale still remains prohibitively expensive in atomistic s imulations. This limitation im-
posed by atomistic simulations led to the development of coa rse-grained approaches

to study complex biomolecular phenomena.

Coarse-grained approaches are based on the idea of systemdtally reducing the level
of detail in the way the system is represented, and thus incre asing the time/length
scale of the simulation. One way of doing this is by modelling the system as a group
of effective particles ("beads'). Each of these beads represets an ensemble of atoms
whose atomistic degrees of freedom do not play an important r ole in the process under
consideration and are integrated out. This leads to several implications. First of all, it
results in the expected improvement in computational ef ci ency of the model due to
the reduced number of degrees of freedom (depending on the le vel of coarse-graining).
Furthermore, as has been noted in a number of studies, smoothing out of ne-grained
degrees of freedom in CG models reduces the effective friction between the molecules.
As a result, many complex processes such as biomolecular selfassembly occur on a

shorter effective time scale.

Several strategies to construct CG models have been offeredover the years. For exam-
ple, the interactions between coarse-grained beads can be alibrated to reproduce the
forces between the corresponding groups of atoms in atomistic simulations [81]. Al-

ternatively, the coarse-grained model can be calibrated to reproduce certain physical



1.4. Molecular modelling and computer simulations of peptid e-membrane
interactions 17

characteristics of the system of interest, such as density,phase transitions and structure
[82]. In Figure 1.6, some representative coarse-grained mocels for lipids are shown. he
article by Venturoli and co-workers is an excellent review o fthe current developments
and achievements in this eld [83]. State-of-the-art in ato mistic and CG simulation
studies of lipid membranes, including peptide-membrane in teractions, has also been
recently reviewed by [84]. Another recent review on the advan ces in the area of multi-

scale modelling is the one by Murtola et al.[85].

Figure 1.6:Coarse-grained models for lipids. (a) Atomistic representation. (b) Group
of 4-5 atoms is represented as a 'bead’ [82]. (c) Every lipid igespnted as a Gay-Berne
particle [86].

Using coarse-grained models, it has been possible to investigate a number of processes
related to biomembrane physics, which have been dif cultto  study by MD simulation
methods on all-atom models. In the early 90's, Smit and co-wor kers developed a CG
model of oil/water/surfactant system. Two types of particl  es are de ned, labeled with
the letters o0 and w. In this model, oil molecules are represented by a single o particle,
water molecules by a single w particle and surfactant molecules are represented by
a chain of two w particles followed by ve o particles, each bound to its neighbour
by a strong harmonic force. Simulations showed for the rstt ime the spontaneous

formation of micelles [87, 88].
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Some years later, Groot and Warren introduced the Dissipati ve Particle Dynamics
(DPD) technique into the eld of biological systems [89]. In this technique, the forces
are grouped together to yield an effective friction and a uct uating force between the
interacting sites. Kranenburg et al. employed DPD combined with a Monte Carlo

scheme to achieve the natural state of a tensionless bilayerand managed to describe
the phase behaviour of phospholipid bilayers [90]. Smit mod el has also been extended
to study the structural changes resulting from the inclusio n of a rod-like objects serv-
ing as an idealized protein [91]. Recently, this approach wa s used to systematically
compute the potential of mean force (PMF) between two protei ns as a function of the

hydrophobic mismatch of the proteins [92, 93].

In the late 90's, a different kind of coarse-grained model was proposed. Goetz and
Lipowsky, introduced an even simpler, idealised CG bilayer model, capable of qual-
itatively describing some fundamental membrane character istics [94]. In this model,
only two types of Lennard-Jones sites are included: hydroph ilic sites, used to describe
both solvent and lipid-head particles, and hydrophobic sit es to model lipid-tail seg-
ments. Some of the phenomena captured by this model were bilayer self-aggregation,

diffusion, and area compressibility.

Klein and co-workers developed a different coarse-grained m odel for simulating hy-
drated DMPC lipid bilayers which was one of the rst attempts to include an explicit,
but simpli ed, treatment of electrostatic interactions in a CG model. In this model, 118
atoms of a DMPC lipid are represented by a 13 CG sites. The two choline and phos-
phate head-groups were assigned +e and -e charges, respectiely, and the potentials
were parameterised in order to mimic structural properties obtained from atomistic
simulations and experimental data. Water was modelled as sp herically symmetric
sites each representing a group of three water molecules. In 2001, Shelley et. al, using
this model, studied the self-assembly of phospholipids int o various phases, both in the

absence and in the presence of biomolecules such as anaesthies and alkanes [95, 96].

In 2004, Marrink et al. introduced a very simple, exible and ef cient CG model for

lipid simulations [82], to describe properties of lipid-wa ter systems. In their model, ev-
ery four heavy atoms (i.e. not hydrogens) are represented by one effective bead. Four
major types of beads and several variants were introduced to describe different levels

of polarity and charge. The parameters used in this model were optimized using a trial
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and error procedure, in order to satisfactorily reproduce t he experimental densities of
pure water and alkane at room temperature and other experime ntally obtained phys-
ical parameters. The model has been validated against severd processes, such as lipid
phase transitions, micellar and vesicle behaviour as well as lipid bilayer formation,

clearly demonstrating that such complex processes are within its scope [97-99].

In the following years several attempts have been made to extend the original model
of Marrink and co-workers to proteins, peptides and other bi ological entities. One of
these extended models was recently proposed by Bond and Sansom [100, 101]. They
introduced a model of proteins, where a representation for e ach amino acid was based
on its properties (tendency to form hydrogen bonds, hydroph obicity/hydrophilicity
and charge). The same idea of a four-to-one mapping was follow ed, with the amino
acids modelled by one, two or three beads, one representing the backbone of the amino
acid and the others the side chain. More information about th e model can be found
in the original publication [100]. With this protocol, the a uthors investigated different
peptides in membranes, capturing, among other effects, the insertion and dimeriza-
tion of Glycophorin A (GpA) [100], the insertion of OmpA prote in and WALPs into
a lipid bilayer [100] and the interfacial orientation of LS3 peptide in monomeric form
[101]. The model has also been used for the prediction of several processes such as
the insertion of DNA in a lipid bilayer [102], the interactio n of membrane enzymes
with lipid bilayers [103] and the dependence of peptide-mem brane interactions on the

initial structure of the peptide in different lipid environ  ments [104].

Recently, a new version of the force eld proposed by Marrink and co-workers has
been developed, with an extension to proteins [105, 106]. The proposed model, MAR-
TINI, features a larger number of bead types and interactions , and has been optimized
to reproduce some key properties of amino acids, such as oil/ water partition coef -

cients and association constants between different amino acids. Moreover, the model
has been shown to accurately capture peptide-membrane interactions for several he-
lical peptides [105], and to correctly reproduce the format ion of a toroidal pore by

magainin-H2, con rming earlier atomistic simulations [77 ]. Other applications of the
MARTINI include the effect of temperature and membrane compos ition on the prop-

erties of liposomes in the limit of high curvature [107], the self assembly of cyclic pep-

tides near or within membranes [108] and the formation of a ba rrel-stave pore by LS3
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synthetic peptide [109].

Several other studies and approaches should also be mentioned. An innovative mul-
tiscale approach was followed by Izvekov and Voth in [110]. Th e authors developed a
CG model for hydrated DMPC bilayers using a multiscale appro ach in which explicit
atomistic forces are propagated in scale to the coarse-graned level. This method is not
dependent on the matching of selected thermodynamic data, b ut it makes use of the
calculated atomic forces from an underlying atomic level (AL ) model. An improved
version of this model was recently introduced and applied to studies of two peptides,
Ala-15 and VsPGVs, and it exhibited good agreement with the structural proper ties of
the peptides [111].

Another promising approach is the introduction of a new, very simple CG model
for lipids proposed by Michel and Cleaver (Figure 1.6(c)). The model is a combina-
tion of spherical Lennard-Jones beads (for the choline and phosphate moieties) with
Gay-Berne soft uniaxial ellipsoids (for the glycerol and hy drocarbon tails). In [86],
the authors examined the ability of the model to exhibit amph iphilicity by studying

the behaviour of appropriately tuned Gay-Berne particles i mmersed in a solvent of
Lennard-Jones particles. The model is proved to be suitable for studying the effects
of molecular interaction parameters on a range of self-assembly processes. A similar
approach has been employed by Essex and co-workers in an effat to include different
levels of detail in the system [112-114]. For example, in [114], the authors have studied
the permeability of small molecules in atomistic represent ation across a lipid bilayer

represented by Gay-Berne and LJ potentials.

Taken together, the aforementioned simulation studies dem onstrate the power of molec-
ular simulations in investigating the membrane-peptide in teractions. In particular,
molecular dynamics simulations have provided us with impor tant information about
the different interaction mechanisms at a molecular level. The overall strategy of this
study is based on coarse-grained MD simulations combined, w hen necessary, with
more detailed information taken from atomistic simulation s as well as free energy cal-

culations by means of umbrella sampling.
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1.5 Nanoparticle membrane interactions

Because of the wide use of nanoparticles in a variety of produ cts, varying from drug
and gene delivery materials to consumer products like paint s, it is important to un-
derstand how these materials interact with cell membranes [ 115-117]. In particular,
the cytoxicity of these materials is one of the parameters th at needs to be further stud-
ied, as it can either lead to a hazardous event or be used as tageted drug delivery, for

example in cancer therapy.

There are numerous studies about the membrane internalizati on mechanisms and the
cytoxicity of different types of nanoparticles [118]. In ar ecent study, Verma et al used
gold nanoparticles, coated with anionic and hydrophobic gr oups either at random

positions or at striations of alternating groups [119]. The r adius of the nanopatrticles
was approximately 6 nm. This study showed that the “striped' na noparticles were able
to cross the cell membrane without bilayer disruption, wher eas the other nanopatrticles

followed an endocytic pathway and were trapped in endosomes (Figure 1.7).

Figure 1.7:Dierent uptake mechanisms of nanoparticles with dierent ¢  oatings.
The “striped' nanoparticles are able to cross the cell membraither directly without
bilayer disruption(left) or by endocytosigcentre), whereas the other nanopatrticles follow
an endocytic pathway and are mostly trapped in endosorfraght). Figure adapted from
[120].
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In another study, Leroueil et al used nanoparticles of different sizes injected onto sup-
ported lipid bilayers [121]. They found that cationic nanopa rticles with a diameter of
about 5-6 nm induced membrane disruption. Nanoparticles of a 50 nm size led to the

formation of holes in the lipid bilayers.

Recently, a study with nanoparticles with sizes ranging fro m 1 nm to 140 nm was car-
ried out by Roiter and co-workers [122]. In this work, the aut hors used AFM to capture
the structural differences of a lipid bilayer after interac ting with silica nanopatrticles of
different sizes. The results are shown in Figure 1.8. The lipid b ilayer forms uniformly
in the case of nanoparticles with diameter less than 1.2 nm. For nanoparticles larger
than 1.2 nm or smaller than 22 nm thinning of the bilayer and for mation of pores are
observed. For nanoparticles larger than 22 nm, with and with out bumps, coverage or
incomplete coverage due to the bumps is observed. A similar study was performed
by Ahmed and Wunder [123]. In this work, nanoparticles with a d iameter of 5 nm

induced the transition of the lipid bilayer from the lamella r to an interdigitated state.

Simulation studies have also been performed in the area of nanoparticle-membrane
interactions. In [124], the authors captured the formation of holes in lipid bilayers

induced by clusters of dendrimers at their surface. They used coarse-grained MD
simulations, and in particular the MARTINI force eld. Water a nd ions could pass
through the pores which had diameters of 1-5 nm. In another st udy, the authors used
DPD method in a stretched bilayer and observed the formation of holes under the
dendrimer cluster as well as at other points of the bilayer [1 25]. In the case where
a “not stretched' bilayer was used, the dendrimers seemed to diffuse in the lipid bi-

layer and the clusters were deformed. Also, D'Rozario et al performed coarse-grained
MD simulations with particles of a diameter about 1.1 nm to stu dy the interactions of

pristine C gp and its derivatives with lipid bilayers [126]. The nanopartic les were repre-
sented as spheres with 20 evenly spaced coarse-grained paticles of different types on

their surfaces. Pristine was represented only by hydrophob ic coarse-grained beads.
Its derivatives Cgo(OH) n, with N =5, 10, 15 or 20, were constructed by replacingN
number of hydrophobic beads with polar ones. This replacemen t was either done
at a patch of the nanoparticle, or at random positions. The aut hors performed MD

simulations and they showed that the apolar and amphipathic fullerenes are mainly

within the lipid bilayer, with the amphipathic nanoparticl es being closer to the lipid
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Figure 1.8:Lipid bilayer fusion on rough surfaces. For nanoparticles larger than 1.2
nm or smaller than 22 nm the formation of pores is obserytp). The lipid bilayer has
the same topography with the nanoparticles with diameter lésan 1.2 nm(centre, left).
For nanoparticles larger than 22 nm, with and without bumps,vecage(centre, right) or
incomplete coveragébottom) due to the bumps is observed. Figure adapted from [122].

heads. PMF calculations were also carried out and were in good agreement with the
simulation observations. Recently, Li and Gu presented a simulation study of inter-
actions between charged nanoparticles and charge-neutral phospholipid membranes
[127]. They employed the MARTINI force eld and showed that due t o the increase
of the electrostatic energy, the charged nanoparticle can be partially wrapped by the

membrane.

In this study, an effort to get insights of the interaction of nanoparticles of different

sizes and surface chemistry with lipid bilayer has been made .
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1.6 Objectives and scope of the thesis

The main objective of this work is to test the scope and applica bility of coarse-grained
models to capture peptide interaction and self-assembly pr ocesses in the presence of
membranes as well as to provide a systematic description of these interactions as a
function of peptide structure and surface chemistry. The bul k of this thesis is devoted
to the interactions of a-helical peptides with lipid bilayers. In the last part of th e the-
sis, | employed CG MD simulations to study the interactions o f nanoparticles with

membranes. Short chapter summaries are given below.

Chapter 2 / Methodology : Description of the methods used in this work. An introduc-

tion to statistical mechanics and the link to molecular dyna mics simulations is given.
This introduction includes potential of mean force calculat ions, implementation issues,
pressure and temperature control methods and other concepts needed in MD simula-
tions. In the second part of the chapter, a description of the model used is provided.
| close the chapter with the simulation parameters used in th is work and the analysis

tools developed for the analysis of our results.

Chapter 3 / Coarse-grained model validation in application  to different classes of
amphipatic peptides : MD simulations of different a-helical peptides in a lipid bilayer
are performed. The MARTINI CG force eld is employed and the resu Its are compared
with the available experimental or atomistic simulation da ta. Potential of mean force
calculations are also performed by means of the umbrella sampling method. Different
PMF patterns are calculated for the peptides, leading to a po ssible classi cation linked

to their hydrophobicity.

Chapter 4 / Pore formation by synthetic peptides : MD simulations of LS3 pore form-
ing peptide are carried out. The MARTINI CG force eld is employe d in extensive
MD simulations with different concentrations of peptides i n lipid bilayers. Different
complexes are observed, including the formation of a hexameric barrel-stave pore.
Structural and dynamical details of the pore are calculated . Simulations are also per-
formed for a shorter version of LS3 peptide. This peptide seem s to form complexes
of different shape, toroidal-like bundles, smaller in size and unstable. A link between
the length of the peptides and their ability to induce the for mation of different types

of pore is established.
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Chapter 6 / Cell-penetrating peptides : A study on the interaction of two cell-penetrating
peptides with a lipid bilayer. Coarse-grained molecular dy namics simulations are per-
formed. Formation of complexes of different sizes and membr ane perturbation are
two of the main results in this chapter. Steered MD simulatio ns are also performed in

an effort to capture early stages of an endocytic pathway.

Chapter 7/ Interactions between nanoparticles and lipid me mbranes: MD and Steered
MD simulations of nanopatrticles of different size and natur e in a lipid bilayer system
are used to study the effect of nanoparticle size, hydrophob icity and charged is exam-

ined. Deformation of the lipid bilayer and interdigitated s tate have been observed.

Chapter 8: Conclusion and summary.
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CHAPTERZ

Methodology

This chapter is a short description of the methodology used in this work. In this the-
sis, molecular dynamics (MD) is a primary tool. The roots of MD and other molecular
modelling approaches employed in this study lie in statisti cal mechanics, an area of
science, which aims to construct macroscopic properties of a system from basic in-
formation about intermolecular interactions. Thus, before | address the specic area
of peptide-membrane interactions, | will introduce some ba sic ideas of statistical me-
chanics, and building on these ideas, review the principles of molecular dynamics, free

energy calculations and other methods employed in this work .

In the second part of this chapter, | will provide a more detai led description of the
model used in this study. Speci cally, a short description o f the MARTINI coarse-
grained model, the molecular mapping and in particular the r epresentation of lipids,
lipid bilayers and peptides will be presented. Finally, att he end of the chapter, there is
a presentation of the tools developed during this work for th e calculation of different

parameters and the description of the systems under study.

27
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2.1 Fundamentals of molecular dynamics

Molecular dynamics (MD) is a computer simulation technique , where the classical
eqguations of motion of atoms or molecules are used to calculate the time evolution

of the system. In the following sections, | will derive the pr inciples of molecular dy-

namics starting from a fundamental statistical mechanics d escription of a system with

constant number of particles, volume and energy. | will disc uss how the properties
of the system can be extracted from MD simulations. | will the n focus on several key
issues associated with the implementation of MD, such as int egration algorithms. Fi-

nally, | will extend our review to advanced MD in systems with  constant temperature
and pressure.

2.1.1 Statistical mechanics of the microcanonical ensembl e

Let us consider a system of N particles in volume V. If the system is isolated, its energy
E is constant. In statistical mechanics this system correspands to the microcanonical
ensemble (NVE). A microcanonical MD trajectory may be seen as an exchange d

potential and kinetic energy, with the total energy being co nserved.
Inthe NVE ensemble, the probability density is proportional to the fa ctor
dH(N,pN)  E), (2.1)

where H is the Hamiltonian of the system and rN and pN are the positions and the

momenta of the N particles of the system respectively, with

_i
|

(ri,ro,...,rN), (2.2)
pY = (P1,P2;---,PN) (2.3)

and



2.1. Fundamentals of molecular dynamics 29

pi = myr;. (2.4)

The microcanonical partition function can be written as:

Z Z

Qnve = d(H(rN,pN)  E)drNdp", (2.5)

NN
1 . _
where the factor = is a measure of the volume of the phase space,his the Planck

constant and the indisti'nguishable nature of the particles is accounted through N!.

According to the principles of statistical mechanics, any pr operty A(rN,pN) of the

system can be calculated as an ensemble average

1 1ZZ

hAj = —— T
Qnve RBYN!

AN, pMYdH (N, pN)  E)drNdpN. (2.6)
Moreover, knowledge of the partition function de nes all th  ermodynamic properties
of the system. Speci cally, in the microcanonical ensemble , the link between the parti-

tion function and the entropy is given by the following formu la:

S= kgIn QnvE, (2.7)

where kg is the Boltzman constant.

In practice, direct evaluation of the partition function or integrals like the one in Equa-
tion (2.6) is possible only for a few special cases. For other ases, we must resort to
simulation methods to recover properties of the system in ea ch speci c ensemble. The
main idea of any simulation method is to generate a series of states of the system with
the probability density corresponding to a particular ense mble. In this case, any prop-
erty of the system will be the average of this property, obser ved in a series of gener-
ated states of the system. In principle, two types of simulat ion methods exist, based on
stochastic approaches (Monte Carlo) and based on deterministic approaches (Molecu-

lar Dynamics), with several hybrid variations spanning the range between them.
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In this thesis, | am interested in a range of dynamic properti es of the systems of interest,
such as self-diffusion, and the evolution of the system from non-equilibrium states
towards equilibrium. Thus, molecular dynamics is the method of choice throughout
this study. Let us outline the principles of this method, by e xamining how it is applied

to the microcanonical ensemble.

2.1.2 Molecular dynamics in the microcanonical ensemble

The basic idea of molecular dynamics is to solve numerically t he equations of motion
of N interacting atoms or molecules. Thus, the next step in our rev iew of molecular

dynamics is to derive these equations.

In the microcanonical ensemble, as the positions rN and the momenta pN change with
time, the system as a whole evolves in the (rN, pN) phase space along an isoenergetic

surface H(rN, pN) = E, and therefore the Hamiltonian is a conserved property:

dH (rN, pN) _
=0 (2.8)
Thus,
dH (rN,pN) _ & H(N, pN) & TH (N, pN)
= + 3 VR o, 2.9
ai Sl T, i 21 s ri (2.9)

The Hamiltonian H of the system in the microcanonical ensemble can be written as

the sum of kinetic and potential energy functions,

H(N, pN) = K(p™) + v(rY) (2.10)

where K and V are the kinetic and potential energy functions respectivel y. The kinetic

energy K can be expressed as

K(p") = (2.11)

p?
i 12mi

I Qo=
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Then, by replacing Equation (2.11) in Equation (2.10), we obtain

N AN g pf N
H(r"™, = —+ V(r"), 2.12
(r.p™) a om, (r™) (2.12)
and the time derivative of this Hamiltonian will be
dH(rN,pN) _ & pi 2 Iv(rM)
= — pit ri. 2.13
at a q Pita g (2.13)
Again, from Equations (2.8) and (2.13), it holds that
N N N
o Pi o ﬂV(r )
— pit ri= 0. 2.14
2.1 m P a g " (2.14)
From Equations (2.9) and (2.14), we get
N N 4N N N 4N N N
o TH(r™,p™) o TH(r™ p™) 2 Pi o TV(rY)
i + r = — p;it r 2.15
a 0, Pi Ell m i 91 m P iezal " . (2.15)

and thus, for every particle iwith i 2 1,2,

THEN,pY) _ pi
AN 2.16
fipi m; (2.16)
and
TH(EN, pN) _ 1v(Y)

= . 2.17

{Iri 1Iri @17)
If we substitute Equation (2.4) into Equation (2.16), we get
(2.18)

N N
ﬂH(;ijp): . 8i 2112 ,Ng
|

Equation (2.9), after substituting Equation (2.18), becomes
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N HN N N HN
P Z oo 8 pi+ HEPY)

n=0  (2.19)
iz1 T i=1 i

As the vectors of velocities r; are independent, Equation (2.18) holds if and only if

TH(EN, pM) _

i pi,8i 2 1,2, ,Ng (2.20)

Equations (2.18) and (2.20) are also known as Hamilton equations of motion and are

equivalent to Newton's second law,

Fi = mifi. (221)

Indeed, from Equation (2.4) we have

pi = mjfj. (2.22)
If we now substitute Equation (2.22) into Equation (2.20), we g et

TH(EN, pY) _

r mi'r'i, 8i 2f 1,2, ,Ng. (223)
i

From Equations (2.17) and (2.23) it follows that

TH(EN, pN) _ ™v(rN)
1Iri {Iri

,8i2f1,2, ,Ng. (2.24)

which combined with Equation (2.23) yields Newton's second la w (Equation (2.21)).
Numerical integration of Equations (2.18) and (2.20) in time c onstitutes the molecular

dynamics simulation.
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2.1.3 Determination of properties in MD

As mentioned in the previous section, during a molecular dyna mics simulation in the
NVE ensemble, the system moves in the ¢N, pN) phase space along the larger surface
of constant energy E. A generic physical property A of the system that is a function of

either positions, momenta or both will also evolve along thi s trajectory,

At) = F(rN (), pN(1). (2.25)

The central idea of molecular dynamics is that the average of A over time

A(t)dt (2.26)

is equal to the equilibrium ensemble average (Equation (2.6)). In order for this to be
true, the system of interest must satisfy several condition s. Omitting detailed dis-
cussion, at least in principle, the system should be able to visit all the states of the

ensemble during the simulation.

As an MD simulation progresses, the system reaches equilibrium, where various prop-
erties (as estimated from time averages) do not change with the time of the simulation.
Below, | discuss some of the key properties measured in a molecular dynamics simu-

lation.

Temperature

The temperature of the system is related to its kinetic energy. For a system of N
monoatomic molecules this relation is expressed by the equipartition function

Z
. l to+t
hKi = T

K(pN)dt = §NkBT, (2.27)

im
I ¥ to 2

|
t
where kg is the Boltzmann constant.

Alternatively, as the simulation progresses, the temperatu re of the system can be ex-

pressed as a function of time (by substituting Equation (2.11) into Equation (2.27))
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2 K 1 N p?_ N mva(t)
=2 - i - . 2.28
TO= 38ks = 3Nke I, m ~ & kaN (2.28)

Finally, although it is more convenient to show this in canon ical (NVT) ensemble, the

distribution of kinetic energies of molecules must follow t he Maxwell-Boltzman dis-

tribution in the microcanonical ensemble as well.

Pressure
For the calculation of the average pressure the Clausius virial function is usually used

N
w(N)y= § r Foul (2.29)
i=1

where F}Ota' is the total force exerted on atom i. From Equation (2.29) and Newton's

second law, the average of W is given by

12 to+t N
Wi = Ilim = a ri(t) myri(t)dt. (2.30)
th¥ t g =1
Integrating by parts, results:
1Z tott N 2
Wi = lim - a m;jri(t)j dt. (2.31)
th ¥ g =1
From Equations (2.27) and (2.31),
hWi = 3NkgT, (2.32)

with N the total number of particles and kg the Boltzmann constant.

The total force exerted on a particle is composed of the interatomic interactions and

the external force from the walls of the system,
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ol = pter pext 8§ 2 £1,2, |, Ng. (2.33)

Equation (2.29), after substituting Equation (2.33), becomes

N , N
wrMy=3ar F+ g r, FX (2.34)
i=1 i=1

If we now assume that the system is enclosed in a parallelepip edic container with

dimensions Ly, Ly and L, from Equation (2.29) we get

W = L( PLL)+ L( PLL)+ L( PLL)= 3PV. (23

Then, Equation (2.34) becomes

HWi = Fnt 3PV, (2.36)

1 Qo=
=

From Equations (2.32) and (2.36), we get

* +

rr F" 3PV = 3NkgT, (2.37)
1

I Qo=

i
or,

" * +#

N .
arn F* (2.38)

Finally, in the case that the interatomic interactions are d escribed by a potential V we

have

n * +#

N dv.
i=1j=i+1

where rj; is the distance between particlesi and j.
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Mean square displacement and self-di usion coe cient

According to Fick's rst law of diffusion, the ux of matter J is equal to the diffusion
coef cient ( D) multiplied by the concentration gradient. For one-dimens ional diffu-

sion, this is

dc
J= Dy, (2.40)

where C is the concentration. From Equation (2.40) and the mass balarce, we get

dc 2c
1;1( D :D11T1x2’ (2.41)

c_ W
x

which is Fick's second law. The solution of Equation (2.41) with Ng particlesatt = 0

having x = 0 is given by

No X2
C= p——ex —_— 2.42
2 pDt P 4Dt ( )

Equation (2.42) is a Gaussian function with a peak at x = 0. In other words, as time
evolves, particles diffuse away from the origin. The mean square displacement of a

group of particles A is de ned as

D E
msd= kri(t) r(0)k® , (2.43)

which for any time with  t > 0, will be given by the second moment of the distribution

D E .z
kn(t) 10K = Ni x2Cdx %2 opt, (2.44)
0

which is valid for t larger than the average time between collisions of atoms. Finally,

in three dimensions

D E
lim - kri(t) ri(0)k* = 6Dt. (2.45)
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Equations (2.44) and (2.45) are known as the Einstein relatiors for the self-diffusion

coef cient in one and three dimensions respectively.

Structural parameters of lipid bilayers

Radial distribution function (RDF) is a very useful way to get details about the struc-
ture of a system. The radial distribution function, g(r), is the probability of nding a
pair of particles at a distance r, relative to what is expected for an ideal gas at the same

density (i.e. uniform random distribution),

* +

d(r I’ij) ) (2.46)

1

ro(n =

I Qo>
‘» Qo=

1

where N is the total number of atoms, r = N/ V is the number density and r;; is the
distance between two particles i and j. The radial distribution function can be used
to distinguish between different lipid bilayer phases, as i t gives information about its

structure and can be directly compared with available exper imental data [128].

Another important measure of the structure of a lipid bilayer is their order parameters.

The P, or second-rank order parameter is given by

P,= = 3cosq 1 (2.47)
and is calculated for consecutive bonds, with qthe angle between the direction of the
bond and the bilayer normal. P, = 1 indicates perfect alignment, P, = 0.5 perfect

antialignment and P, = 0 a random orientation.

The area per lipid and the volume per lipid molecule are also tw o characteristics of
a lipid bilayer. The area per lipid molecule can be easily calc ulated by dividing the
surface area of the lipid bilayer by the number of lipids that are present in each lea et.

For the volume per lipid the following formula can be used

ALLZ
2

V= N Vi, (2.48)
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where A is the area per lipid, L; is the length of the simulation box in the direction
of the bilayer normal, N, is the number of waters per lipid molecule and V,, is the

volume per water.

2.1.4 Molecular dynamics in other ensembles

A system simulated in a microcanonical ensemble will evolve towards equilibrium
T and P. However, it is dif cult to  a priori estimate what these equilibrium values
will be. A more convenient and realistic approach is to study a system with de ned
temperature, pressure or both. In the next section, | will in troduce the statistical me-
chanics principles of canonical (NVT) and isothermal-isoba ric (NPT) ensembles and
then review the methods available to control the pressure an d the temperature in MD

simulations.

The canonical ensemble

Inthe canonical or NVT ensemble, the number of particles N, the volume of the system
V and the temperature T are kept xed. In this ensemble the probability density of th e

system is proportional to

H(N,pN)

exp kBT , (2.49)
and the partition function is given by
Z Z
_ 1 H (r pM) N 4y N
Qnvr = RN exp kBT drdp™. (2.50)

1 . —
The factor =T is a measure of the volume of the phase space whereh s the Planck

constant and N! accounts for the indistinguishable nature of the particle s.

The Hamiltonian of the system can be written as the sum of kinet ic and potential en-

ergy, thus Equation (2.50) gives
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z

_ 1 K(p") V(M) _ Okin_ pot
Qnvt = NN exp KaT dp™ exp KeT dr = QNIOTQNVT' (2.51)
For an ideal gas (V = 0)
. v N
QW = e (2.52)
where L is the thermal de Broglie wavelength
. )
L= —— . 2.53
2p mikgT ( )
For the contribution of potential energy we have
A
1 Vv(rN)
pot _
VI T dr™ (2.54)
or
Z
V(rN) N
Z = 2.
NVT exp kaT dr (2.55)
where ZyyT is the con gurational integral .
Finally, for the canonical ensemble we have
VA
1 V(rN) N_ 1
Qnvt = TR kaT dr = WZNVT- (2.56)
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The link between canonical ensemble and macroscopic thermodynamic functions is

provided by the following relation

A= kgT In OnvT, (257)

where A is the Helmholtz free energy.

The isobaric-isothermal ensemble

In the isothermal-isobaric ensemble (NPT), the number of molecules (N), the pressure
(P) and the temperature (T) are kept xed. For this ensemble, the probability density

is proportional to

H(N,pN)+ PV

exp ke T

(2.58)

In this ensemble the volume plays an important role, as itis t he parameter that deter-
mines the pressure and must vary in order to keep pressure constant. The partition

function in this case is given by

Z7ZZ7Z

1 H(rN,pN)+ PV N
D = dr™dp™dVv 2.59
NPT = Y exp T ridpTdv, (2.59)
where Vj is the basic unit of volume.
The con gurational integral in the NPT ensemble is
VA Z
_ PV V() N
ZnpT = exp kB—T dv exp kaT dar™. (2.60)

Moreover, the Gibbs free energy G can be de ned as

G= kBTIn Dnpr. (261)
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2.2 Pressure and temperature control in MD simu-
lations

Over the years, a number of schemes have been proposed in orde to maintain con-
stant temperature and pressure conditions in MD simulation s. The most rigorous
approaches satisfy two main constraints: the Hamiltonian o f the system must be con-
served and the distribution must correspond to the appropri ate ensemble. These meth-
ods have been developed within the extended Hamiltonian fra mework. Thus, | will

rst focus on them and then brie y review less rigorous approa ches.

2.2.1 Baro- and thermostats using the extended Hamiltonian

approach

Barostat control of MD simulation by means of an extended sys tem method was origi-
nally proposed by Andersen [129], and then extended and gener alized to temperature
control by Nos é [130] and Hoover [131, 132]. As it is intuitively easier to un derstand

the principles of the barostat, this will be the starting poi nt of our analysis.

The main idea of this method is that the physical system is exte nded to a composite
system consisting of the system of interest and an external one [130]. In order to control
the pressure, the volume of the simulation cell must be free t 0 uctuate. As proposed
by Andersen, the volume should be treated as a dynamic variabl e just like particle

positions and velocities.

Consider a simulation box which is a cube with an edge length L. Two sets of variables
are considered: realfrj,v;,p;g and virtual fr ,n;,p;gones. The positions, velocities

and momenta are scaled by L as

Vi=Lr,=Ln (2.62)

Pi= Pi,
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where L = V13 Moreover, a piston is imposed on the system in order to contr ol the
volume. This piston can be seen as the external system mentiored before that will
be used to maintain the pressure constant. The Hamiltonian of the extended system,

expressed in terms of virtual variables is given by

Ho= & Y PR ey P yp (2.63)
¢ om P ow T e '
where r, and p; are the scaled position and momentum of the it" particle, V is the
volume of the system, pe is the barostat momentum (or conjugate momentum of the
volume), W is the barostat inertia parameter corresponding to the pist on mass and Pey:
is the external pressure. The term PeyV corresponds to the potential energy associated

with the volume change whereas the necessary work is PexDV .

The equation of motion for the volume is

d2v H 1 Nv 2Bp2z N 21\Y%
W— = 2 = i V1/3 P
dt2 \% 3 gl m; gl j:?l 1 i fIrij =
. " IR ﬂV# (2.64)
= — 33 & 8 ri —  Pext=Pnt  Pext
3 Sl m Elj:al;l ij e ext int ext

where we made use of the virial theorem. From Equation (2.64) it follows that the
change of the volume is governed by the uctuations betweenth e internal and external

pressure.

A similar idea was followed by Nos é for the formulation of a thermostat based on
one extended system [133,134]. The idea of this method is to cature the effect of
one external system, acting as heat reservoir, through an additional degree of freedom
s. This heat reservoir controls the temperature of the given sy stem, causing small

uctuations around a set value.

In a similar manner as for the barostat, two sets of variables, real f ri, p;jg and virtual
fri,pi0, are de ned. The effect of the heat reservoir to the system is expressed by

scaling the velocity by the new variable s, which is also treated as a dynamical variable
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. . de . . :
in the extended system. sisde ned as s = at with t and t being the virtual and real

time respectively.

The Hamiltonian of the new extended system, in virtual coordi nates, is

p?

2mi32

VM + PS4 gkaTInGs), (2.65)

\
H:a E

i=1
where g = 3N + 1 is the number degrees of freedom of the extended system (N parti-
cles + 1 the new degree of freedom) and Q is the effective ‘'mass' associated withs. ps
isde ned as ps = Qs. The transformation from the real variables fr;, pjg to the virtual

onesfr,,p;gis performed accordingto r; = riand p; = pi/ s.

From Equation (2.65), we get the following equations of motio n

= T[H = pl
Yopi mie?
v
ik Tl
_H _ ps (2.66)
- Mps - 6
_H Y p2 gkeT
Ps= s S‘l m;s3 s

Hoover simpli ed the system (2.66), by introducing a new vari  able x (friction constant )
[131],

ds_ dsdt _ fH dt _ ,ps
X= s =S = sdpSa = 526. (2.67)

1The parameter Q is a thermal inertia parameter, which determines the rate of t he heat transfer. The
value of this parameter must be set carefully, because if it is chosen to be too small the phase space of
the system will not be canonical, and if it is chosen to be too large the temperature control will not be
ef cient.
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By transforming the system (2.66) back into the real variablesfr;j, pig, we get:

r = &
m;
%
pi = ﬂT Pi
|
din(s) (2.68)
=X
dt |
1§ p?
X=— T
Q 21 2m; e

The system (2.68) describes the No&-Hoover thermostat.

In Appendix B, Figure B.1, | show the evolution of x and dx/ dt with time. This simula-
tion was performed with our NVT program with a thermal inerti  a parameter Q = 10,
125 patrticles and the Gear Predictor-Corrector algorithm ( for more information about
the MD program see Appendix B). From the gure, we can see that t he friction coef-
cient x is not constant. It depends on the uctuations of kinetic ener gy around the
average value (g/2 )kgT. For example, when the kinetic energy is larger than the aver -
age, dx/ dt will be positive, followed by an increase in the value of x. This is a negative
feedback mechanism as the friction coef cient changes opposite to the energy uctua-

tions.

It can be shown that equations (2.68) sample a canonical ensenble [131] and have the

following conserved quantity

o_ o Pf Ny, SPE
H =23 + V(rV)+ ——=+ gkgTIn(s). (2.69)
i=12mi 2Q

If we now combine the different contributions from the baros tat and the thermostat

the Hamiltonian of the system will be

o
N

‘ 2?2 2
o+ V(M) + 50+ gheTIn(S) o + Powt. (2.70)

and the corresponding equations of motion are:
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Figure 2.1:Nos-Hoover negative feedback mechanism . Time evolution of the friction
coe cient x (dashed blue line) and its derivative (solid red line). The oscillations around
zero and the relative evolution of and x are two of the main characteristics of the Noe-
Hoover (NH) thermostat. This simulation was performed with odVT program with the
thermal inertia parametef = 10, 125 particles and the Gear Predictor-Corrector algorithm.
More details about the program and the actual simulation cae found in Appendix A. All
the values are dimensionless.

r = r%ii+ \%Fi,
pi = F \%pi %Xpi,
_ 3Vpe
' W (2.71)
Pe = 3V(Pnt  Pext) pxpe, .
Q
Px
X= —=,
Q
N 2 2
_ NP, m
pX a mi + W ng1

i=1

where F; is the force, Pey; is the applied pressure and Py is the internal pressure de-

ned by the virial theorem.

An MD program has been developed as part of this PhD for an in-de pth understanding
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Figure 2.2:A pressure versus number of time steps for the NPT ensemble, using
the No®-Hoover baro- thermostat . The pressure uctuates around an average value.
These uctuations constitute one of the characteristics bifose-Hoover baro- thermostat.
The pressure is in dimensionless units.

of the different methods used in a molecular dynamics simulat ion, the different algo-

rithms, temperature and pressure control approaches and th eir dependence on several
parameters, such as the thermal inertia parameter Q or the barostat inertia parameter
W. In this context, the NPT ensemble has been programmed with t he Nosé-Hoover
baro- and thermostat. In Figure 2.2, | show the time evolution of the average pressure

of a system of 1000 Argon atoms, with barostat inertia paramet er W = 150.

2.2.2 Other methods to control pressure and temperature

The conservation of the temperature and pressure is one of the most computationally
demanding calculations in a molecular dynamics simulation . Some times faster and
less rigorous thermostats and barostats constitute a more € cient approach. In most
of our studies, | employed Berendsen baro- and thermostat and for this reason | will

focus on this approach.
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Berendsen barostat: In this approach, the volume of the system is scaled by a factor

n? at each time step?. The parameter mis given by:

Dt 1/3
m= 1 T(P Po) , (2.72)
p

where P is the instantaneous pressure, Py is the desired pressure, Dt is the time step
and tp is a user de ned time constant, with which user can adjust the strength of

pressure coupling.

One of the main advantages of Berendsen barostat, apart from its simplicity, is the
choice of having either isotropic or anisotropic coupling b y just using different scaling

factors for every dimension of the system.

Berendsen thermostat: Berendsen thermostat [135] is a proportional type of therm o-
stat, that follows the same general idea; the velocities of all particles are scaled at each

step by a factor | ,

Dt To 12
= 1+ — — 1 , 2.73
where T; is the instantaneous temperature, Ty is the desired temperature, Dt is the time
step and t 1 is a user de ned time constant. ty is a parameter that is used to adjust the

strength of the coupling of the system to a hypothetical heat bath.

The equation of motion corresponding to the Berendsen thermo stat is:

1 T
mit; = Fi(t)  Stet o

R 1. (2.74)

A system coupled with a heating bath using the Berendsen ther mostat does not strictly
follow the canonical ensemble [136]. However, in practice, the deviation from canoni-

cal is usually small.

To close this section, | need to mention that there are severd other approaches for

thermostats and barostats. More information can be found in [137-139].

2|n the case of non-cubic systems, each coordinate is scaled by a fator of m
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2.3 Implementation issues

2.3.1 Time integration algorithm

Now that | have formulated the equations of motion for a syste m of N patrticles in
various ensembles, | can introduce the main idea behind mole cular dynamics. From
Equation (2.21), one can calculate the forces on each of the psicles of the system at a
particular time. Once the forces are computed, Equation (2.21) is integrated numeri-
cally in order to produce the new positions and new velocitie s of each particle of the
system. Then, the new coordinates are used to calculate the pdential energy again.

For this procedure a time integration algorithm is needed.

The time integration algorithms are based on nite differenc e methods. The idea be-
hind these methods is that the time is broken down into smalle r stages, separated by
a time step dt, creating a nite grid. At a point of this grid, corresponding  to time

t, the positions and a number of their derivatives are known (0 r can be calculated),

and are used in order to estimate the same quantities at a time t + dt as Taylor series

expansions,
f(t+dt) = r(t)+ dwv() + %dtza(t)+ %dt3b(t)+ 2—l4dt4c(t)+ (2.75)
v(t+dt) = v(t)+ dta(t) + %dtzb(t)+ %dt3c(t)+ (2.76)
a(t+dt) = a(t)+ dtb(t) + %dtzc(t)+ (2.77)
b(t+dt) = b(t)+ dtc(t)+ (2.78)

where v is the rst derivative of the positions with respect to time ( velocity), ais the

second derivative of the positions (acceleration), b is the third derivative and so on.

There are several different algorithms used in molecular dyn amics with the Verlet al-
gorithm [140] and its variations being the most widely used. In the ma jority of our
studies, one of these variations, the so-called leap-frog algorithm is used for the inte-
gration of the equations of motion [141]. The relationships u sed in leap-frog algorithm

are
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r(t+ dt) r(t)+dtv t+ %dt (2.79)

v t+%dt v t %dt + dta(t) (2.80)

and it can be easily shown that the velocity is calculated by m aking use of the half

intervals,

1 1
t+2dt +v t =dt
v 2 v 2

v(t) = (2.81)

2

: : . 1
Overall, in the leap-frog algorithm, the velocities at t + édt are calculated from the

. 1 . .
velocities at t édt and the accelerations att. From the calculated velocities and the

position at time t, the new positions at t + dt are estimated.

2.3.2 Periodic boundary conditions

In the majority of the applications of MD simulations, in ord er to get a realistic view
of a phenomenon, one would like to be able to treat the system i n a bulk environment,
and not in a simulation cell of limited dimensions. In order t o achieve this "bulk’
behaviour of the system, a technique known as periodic boundary conditions (PBC)
is used. In this technique, the single simulation cell is in nitely replicated in the three
Cartesian dimensions®. So, if one particle is located at position r, then this particle

represents an in nite number of particles at the following p  ositions,

r+ ka+ Ib+ mg, k,landm2 Z (2.82)

where a, b and g the three vectors representing the dimensions of the simulation cell.

The most important feature of PBC is that every particle can in teract not only with the

3There are cases where, depending on the system and the phenomern under study, this replication
is done in one or two dimensions.
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Figure 2.3: Periodic boundary conditions. A two dimensional representation of the
periodic boundary conditions. The simulation cell, whichadsloured grey, is in nitely

replicated in three dimensions. Once a particle “leaves'stmulation cell, it reenters to it

from the opposite side and the total number of particles in kbaell is constant.

particles that are already in the simulation cell, but also w ith the ones located in the
neighbouring cells. This way, any surface effects due to the nite dimensions of the
cell are eliminated. However, with the PBC there could be eff ects associated with the
arti cial periodicity of the system. Also, any movement of a p article outside the cell
does not affect its interaction with the particles close to i t, as the particle "leaves' the

cell and re-enters to it from the opposite side (Figure 2.3).

Another technique used in combination with the PBC is the mini mum image conven-

tion.

The minimum image convention

In the minimum image convention , every patrticle i interacts only with the closest im-

age of particle j. There are some assumptions to be made so that this condition holds.

As described before, a usual treatment for a potential is to ne glect all the interactions

after a cut-off distance r¢ between two particles. If now we assume that the simulation
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cell is larger than 2r¢, it is clear that under these conditions there is at most one p air

formed by particle i in the cell and all the images of a particle j.

2.3.3 Neighbour list

Neighbour list is a method used in combination with cut-off for the calculat ion of in-
teractions between particles. In addition to a cut-off radi usr¢, another radius ry, larger
than r¢, is de ned. This radius is used in the creation of a "neighbour | ist' that includes
the atoms that are located at a distance smaller thanr,. In the calculation of short-
range interactions, only the particles in each particle's neighbour list are considered.
While the simulation proceeds, particles move in or out of th e boundaries of ry. Itis
thus necessary that the neighbour list is updated regularly throughout the simulation.
In order for this to be done periodically and not at each step, r, should be chosen so

that the difference r,, ris large enough.

It is also important to note here, that the neighbour list met hod leads to a noticeable
speedup in the calculation of the forces, as the time to examine all pair separations in
a system of N particles is proportional to N2 and this calculation is avoided between

the updates of the list.

2.3.4 Pressure coupling protocols
Apart from the different barostats, there are three differen t ways to implement pres-

sure coupling, as illustrated in Figure 2.4:

isotropic : in this case all three pressure contributions are coupled, i.e. a change
in volume is implemented by changing the length of the box edg es by the same

increment.

semiisotropic : with this option, only the pressure contributions in  x and y direc-

tions are coupled.

anisotropic : there is no coupling between any of the pressure contributi ons.
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Figure 2.4: Pressure coupling protocols: isotropic (left), semi-isotropic(middle) and
anisotropic(right) pressure coupling. The gure has been adapted from [142].

As far as peptide-lipid bilayer simulations are concerned, o ne must consider that the
isotropic pressure coupling does not allow uctuations in th e surface area, which is
really important in the study of membranes. On the other hand , although anisotropic
pressure coupling enables uctuations of the surface area, it can also lead to large
deformations of the whole system. Consequently, the semiis otropic pressure coupling

is the most appropriate in the case of membrane systems.

2.4 Potential of mean force

The Potential of Mean Force (PMF) is an estimate of the free energy change along some
reaction coordinate and provides the most complete informa tion about the thermody-

namics of the system under study.

PMF calculations have been playing an increasingly importa nt role in the character-
ization of effective biomolecular interactions and proces ses. In the calculation of the
PMF, the system must follow a reaction coordinate, while the other degrees of freedom

are integrated out. Supposing that the chosen reaction coordinate is x, then
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A(x) = kgTInP(x), (2.83)

where A is the free energy of the system and P is the probability distribution to nd

the system at a speci ¢ value of the reaction coordinate.

Ideally, one would be able to calculate the free energy diffe rence by counting how
often the system samples the different values of the reaction coordinate x. However,
with simple MD simulations it is not possible to sample two st ates separated by a high
energy barrier, and it is thus an inef cient method for this t ype of calculations. In
these studies, | choose one of the most used and validated methods for the calculation

of PMF, the umbrella sampling method [143].

In umbrella sampling, the potential function of the system i s modi ed so that the all
the possible states are sampled suf ciently. Considering a reaction coordinate x, the

modi ed potential is given by

VAX) = V(X)+ W(x), (2.84)

where W is a weighting function, also referred as the biasing potential . Usually, the

weighting function has the following form

W (x) = k(x Xg)?, (2.85)

and acts as a spring that encourages barrier crossing. The futthest the system is from
the equilibrium state xg, the largest the value of the weighting function, leadingto a

non-Boltzmann distribution.

A range of values for the reaction coordinate x is chosen, (Xmin, Xmax), and is divided
into N windows centered around chosen values of x;, with i = 1,...,N. In each win-
dow, the reference system is under the in uence of the weighti ng function W; and the

reaction coordinate is sampled. The biased probability func tion is given by

41t is important to note that since the potential has changed, the probability function will be deter-
mined using this potential.
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Pi(x) = ? exp W i) Py(x), (2.86)

|
where 0 denotes the reference position and i the window.

It can be shown that the unbiased free energy is given by,

A(X)= ksTINP(x) W (x)+ K, (2.87)

where K is a free energy constant and depends onW (x). An ef cient way of estimating

this constant is by using the weighted histogram analysis method (WHAM).

Weighted histogram analysis method

The weighted histogram analysis method is an optimization pr ocedure to calculate the
constantsK', so that the estimate for the unbiased distribution functio nis the weighted

sum over the individual unbiased distribution functions of  all the N windows used

[144]

&N niP(x)

Pol9 = AN niexp[ (Wi(x) Ki)/kgT]

(2.88)

where n; is the number of observations used to construct the biased di stribution func-

tion. Also,

. N .
Ki= kgTIn & P(x)exp[W (x)/ ksT]. (2.89)
i=1

Finally, Equations (2.88) and (2.89) are solved via iterative procedures.
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2.5 Molecular force eld

Force eld is a system of equations that describes the basic physical interactions in a
molecular system. It represents the total potential energy of a system of particles and
can be described by the sum of intramolecular interactions, pairwise potentials, three-
body potentials and so on. The force eld is typically divided into bonded and non-
bonded categories. Non-bonded interactions include inter molecular van der Waals
and Coulombic interactions, and usually in molecular dynam ics simulations, for rea-
sons of computational ef ciency, only pairwise potentials are considered. Many force
elds, like the one employed in this study, have been paramet rized in such a way as
to include other many body effects, and for this reason somet imes are called effective
pair potentials. Bonded interactions include intramolecular forces due to bonding,

angle bending and torsions (see Figure 2.5). The total energy d a system is given by:

VtotaI: é VLJ+ é Vcoul+ é Vbonds+ é Vangles"' é Vdihendral- (2-90)

pairs pairs bonds angles dihendral

Figure 2.5: Examples of interactions in a force eld . Basic physical interactions in
a molecular system. The interactions are typically dividedoilonded and nonbonded
categories. Non-bonded interactions include intermolecwan der Waals and Coulombic
interactions, whereas bonded interactions include intraecolar forces due to bonding,
angle bending and torsions. Figure adapted from [145].
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2.5.1 Non-bonded interactions
van der Waals Interactions

In order to calculate the forces on each particle of a system, one needs a description of
interparticle interactions, or potentials. One of the simp lest and most used potentials
to describe the van der Waals interactions is the Lennard-Jones (LJ) 12-6 potential. For
a pair of atoms i and j located at r; and r; the LJ 12-6 potential energy is

" #

S S
Vi) = 4o >
I‘ij rij

, (2.91)
where rij = r; rjand r; = krijk, eis the depth of the potential and s is the collision
diameter. The potential described by Equation (2.91) include s both a short-range, re-
pulsive component due to electronic clouds overlap, and an a ttractive component due

to dispersion forces.

Since intermolecular forces are necessarily conservative the force that atom j exerts on
atom i is given by

mn #
48e s ¥ 1 ¢ 8

Fi= — — - — Fii. 2.92
1 52 rij 2 rij 1 ( )
As depicted in Figure 2.6, the contribution of remote particle s to the total LJ-potential
can be considered insigni cant. We can thus neglect pair int eractions beyond some cut

off radius r¢in order to save computational time.
A common choice for r¢is 2.5s as for rjj = r¢, F; has a comparatively small value.

Usually in practice, in order to avoid large errors and the noi se induced by the cut-off
effects, the truncated forces are replaced by forces that ae continuous with continuous

derivatives at the cut-off radius. This method is called shif t.

The shifted force F° will be given by
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Potential u”
- = —Forcef

0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6
r*, distance between two atoms

Figure 2.6: Lennard-Jones (12,6) pair potential and pair force in reduc ed units.
(r =r/s,u =ulef = fs/e

8
Fr)=_ % (2.93)
) 0 y Tij e,
where DF is the magnitude of the shift,
dv,
DF= F(rg)= —=2 (2.94)
dr re
By integrating Equation (2.93), we obtain
8
L JRVANTS N dViy N
La(rip) Vowa(re)  (rij o) y Tij < Te
Vel = dr o, (2.95)
) 0 y Tij le.

Coulombic electrostatic potential

The electrostatic interaction between two molecules (or between different parts of the

same molecule) is given by Coulomb's law:
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Gi g

Vcoul(rij) = dpeor; )
1]

(2.96)

where ey is the permittivity in vacuum, ¢ and g; represent the charges on particlesi

and j respectively, and rj; is the distance between particlesi and j.

The Coulombic force that atom j exerts on atomi is

F$m=4q%2. (2.97)
peors

The treatment of electrostatic interactions has become a sulject of controversy in the

area of molecular dynamics simulations. The use of a cut-off i s reasonably ef cient

for van der Waals interactions with r © radial dependence, such as the Lennard-Jones
potential. However, this treatment may lead to artefacts in the case of electrostatic
interactions, since they have considerably longer range (they decay as a function of

r 1). A more ef cient approach is the Ewald summation technique

In Ewald summation method, the slowly converging charge dis tribution is treated as
the sum of two reciprocal space distributions, which conver ges much faster. Suppos-
ing that we have a system of N particles, treated with periodic boundary conditions

and with a dielectric constant ey, we have

=

Giq
4pegjrij + nj’

o &N
Veou= 5@ A a
2 n i:lj:l

(2.98)

where n = ( nyLy, nyLy,n;L;), with Ly, Ly, L, the dimensions of the simulation box and
Ny, Ny, Nz integer indicating the position at the cubic lattice create d from the periodic
boundary conditions. In the case that jnj = 0, i.e. we are in the central box, the rst

sum is for all the i and j with i 6 j.

Equation (2.98) converges very slowly. The key to this method i s that instead of wait-
ing for Equation (2.98) to converge, the summation is broken i nto two series that con-

verge much faster. Each point charge is surrounded by a Gaussian charge distribution,
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Figure 2.7: Ewald summation. The initial set of charges (left) are surrounded by
a Gaussian distribution calculated in the real space (toght) and then cancelled by a
Gaussian distribution calculated in the reciprocal spabet{om right).

gad
p372

ri(r) = exp( a%r?),8i 2 1,...,N, (2.99)
where ais a positive parameter that determines the width of distrib ution. These Gaus-
sians are cancelled with the corresponding Gaussians of negative sign in reciprocal

space, in order to determine the original coulombic potenti al (Figure 2.7).

There are several variations of Ewald summation method, with the particle mesh
Ewald (PME) being one of the most widely used in molecular dynamics simulations.
Brie y, in PME, only the 27 nearest points in the three dimensi ons are used in the cal-
culation of potential. From this 27-point mesh of charge den sity, through the use of fast

Fourier transform, and interpolation, the potential at eac h of the particles is calculated.

Apart from the cut-off and the lattice-sum techniques, like t he PME, there are the reac-
tion eld approaches (RF). In these methods, a correction term is added to the cut-off
result based on a continuum electrostatics description of t he solvent outside the cut-
off sphere [142]. This way the effect of long-range electrostatic interactions is also in-
cluded. However, due the structure of lipid bilayers, this a pproach is not appropriate

for the description of electrostatic interactions for pept ide-membrane systems.

More detailed description of the different approaches for t he treatement of the elec-

trostatics can be found in Allen and Tildesley [139], Leach [1 37] and Frenkel and Smit
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[138].

2.5.2 Bonded interactions

In order to describe the structure of a molecule, one uses the interatomic distances
constrained by chemical bond lengths between two particles , the bond angles between
three particles and dihedral angles between three consecutive bond vectors. | will

shortly present the most common approaches for the treatmen t of bonded interactions.

Bond length

The bond length (stretching) between two particles is often m odelled using a harmonic

spring potential:

Voond(r) = %kb(r ro)?, (2.100)

where k; is the bond force constant representing the stiffness of the bond, ry, is the

equilibrium bond length and r is the distance between the two bonded atoms.

Angle bending

Angle bending, like the bond length interaction, can be repre sented by a harmonic

potential as a function of g, which is the angle formed by three particles:

Vangidd) = Kq(q Cb)zv (2.101)

where Ky is the angle force constant and gp is the optimal equilibrium angle.

Torsions

The dihedral angle potentials describe the interaction aris ing from torsional forces be-
tween particles and they require the speci cation of four at omic positions. One of the

mainly used expressions for the dihedral angle potential is :
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Vdinendra(f ) = ki (1+ cognf d)), (2.102)

where f is the dihedral angle, k; is the dihendral force constant, n is the multiplicity,

and dis the phase of the potential.

2.6 The molecular model

2.6.1 Molecular mapping and interaction sites

In the studies presented in this thesis, the species are descibed using the model of
lipids and peptides recently proposed by Marrink and co-wor kers (MARTINI) [105,
106]. The MARTINI was developed in an effort to expand an already successful coarse-
grained protocol for membranes to proteins. In the followin g sections, | will present
a general description of the model and force eld parameters , and | will focus on the

representations and parameters used for the modelling of me mbranes and peptides.

In the MARTINI, every four heavy atoms (i.e. not hydrogens) are r epresented by one
effective bead, with an exception made for ring structures. There are four main types
of beads representing different levels of interaction: pol ar (P), apolar (C), nonpolar
(N), and charged (Q). Apart from these main types, each bead is assigned a further
subtype, in order to describe more accurately the overall ch emical nature of the rep-
resented group of atoms. In this description, hydrogen-bon ding capability (d=donor,

a=acceptor, da=both and 0=none) and different levels of pol arity (from 1=low polarity,

to 5=high polarity) are included. All the beads are assigned a mass of m=72 amu (four
water molecules) for reasons of computational ef ciency (f or the beads that take part

in ring structures this value is equal to 45 amu).

2.6.2 The molecular force eld

In the MARTINI, the van der Waals interactions are described us ing a shifted Lennard-

Jones 12-6 potential. An effective size ofs=0.47 nm is used (this value is slightly
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smaller, s=0.43 nm, for the ringlike structures °. Ten different values of the characteris-
tic energy e are available to represent possible interactions among various bead types
(these values are scaled to 75% to describe interactions beteen particles belonging to
a ring molecule). In Tables 2.1 and 2.2, | present the different levels of interactions and
a bead interaction matrix as presented in the original publi cation [106]. The charged
particles interact through a Coulombic potential energy wi th a relative dielectric con-

stant e = 20.

For both van der Waals and Coulombic interactions a cut-off o f 1.2 nm is used. A shift
to zero is also used between 0.9 and 1.2 nm in the case of van der Wals interactions

and between 0 and 1.2 nm for the electrostatic interactions.

Table 2.1:Levels of interaction (same as in [106]).

Description g;j (kJ/mol) | s (nm)

@] supra attractive 5.6 0.47
I attractive: 5.0 0.47

1 almost attractive 4.5 0.47

1" semi attractive 4.0 0.47
v intermediate 3.5 0.47
V | almost intermediate 3.1 0.47
VI semi repulsive 2.7 0.47
Vil almost repulsive 2.3 0.47
Vil repulsive 2.0 0.47
IX super repulsive 2.0 0.62

The bonds between the CG sites are described by a harmonic spring potential. For
the description of angles a harmonic cosine potential is used. Moreover, in the MAR-
TINI, the secondary structure is held xed by dihedral angle p otentials. The force
eld has been validated against several key properties of di fferent amino acids, such
as oil/water partition coef cients and free energy pro les  of amino acid insertion into
a model lipid bilayer [105]. More detailed description of th e force eld parameters can

be found in the article by Monticelli et al.[105].

5A pre x  Swill be used from now on to signify beads belonging to the special ¢ lass of beads that are
used in the ringlike structures.



Table 2.2:Interaction matrix (same as in [106]).

Q P N C

da d a 0 5 4 3 2 llda d a 0|5 4 3 2 1

Q da| O O O ] O O (@] | I I I I V|V VI VI IX IX
d| O I o 0] O O I I I 1 V|V Vv VI IX IX

al| O O I ] O O (e} | I I I v iv Ve VIl IX IX

o 1l [l I [ (0] [ furpur m ou vV ve vk IX IX

P 5/0 O O I 0] O O O 0O I I V|V VI VI VI VI
4|1 0 O O O O | I ] i u nm viv vl Vvl Vil VI
310 O O I 0] I I m oy n 1 v v v Vv V

2 [ | I I O I I ] I u imnm 1 v v v v Vi

1 [ I [ " | o I [l Mmoo 1 mpwv v v v o Vv

N da| | I I " I 11 [l i n 1 vV v Vv Vvl Vi
d [ I I Il I I I I ] imm n wvijiiv v Vi Vi VI

a [ I Tl [ 11 [l o npn i u v v Vv Vvl Vi
oIV IV IV IV v v v 1 mpiv v v IVIiIV IV IV V VI

C 5|V V \/ Vv Vv V v IV V]IV IV IV IV|]IV IV IV V \Y
4 VI VI VI VI|VI VI V IV V|V V V IV|IV IV IV V V

3 (vl vl vl Vil | Vi VI \/ V IV|VI VI VI V|IV IV IV IV IV

2 11X IX IX X |wvIlovIl VIl VI VIVE VI VI VIV V IV IV IV

1] IX IX IX IX|viik vl vk vk vijpve v VI VIV V IV IV IV

|apow Jejnodajow 8yl '9'g

€9



2.6. The molecular model 64

2.6.3 Coarse-grained description of a peptide-membrane sys-

tem
The membrane

The membranes used in the coarse-grained simulations of this thesis have been repre-
sented with the MARTINI force eld. As described in the Introduc tion, a membrane
is composed mainly of lipids and proteins. For reasons of sim plicity, | will represent

the membrane as a lipid bilayer, without undervaluing the im portance of membrane

proteins in the overall functionality of a cell membrane.

Figure 2.8:Atomistic and coarse-grained representations for a DPPC lip id.

Atomistic (left) and coarse-grainedright) representations for a DPPC lipid. We can note
the dramatic reduction in system size from the AL to the CG e@ntation. This reduces
signi cantly the time and memory requirements of the simulatio@olours: a) for the atom-
istic representation: carbanlight blue, oxyger red, nitroger= dark blue, hydrogen white,
b) for the coarse-grained representation: lipid tails (Ch &)= yellow, glycerol moiety (Na-
type)= orange, phosphate moiety (Qa-type)purple and choline group (QO-type)pink.

In Figure 2.8, there are the atomistic and coarse-grained representations of a DPPC
lipid. The lipid tails are represented as C1-type beads, the glycerol moiety as Na-type,
the phosphate moiety as Qa-type and the choline group as QO0-type beads. Moreover,
in the MARTINI, four water molecules are represented by a P4-ty pe bead. A lipid
bilayer described by the MARTINI force eld is depicted in Figu re 2.9.
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Figure 2.9: Coarse-grained representation of a lipid bilayer. Colours: lipid tails
(C1 type)=yellow, glycerol moiety (Na-type)=orange, phospte moiety (Qa-type)=purple,
choline group (QO-type)=pink and water beads (P4-type)=ligiblue.

The peptides

The coarse-grained representation of the different natural amino acids is done in the
same way described above. The side chains of the amino acids ae mapped to the
coarse-grained beads that describe appropriately their properties. The hydrophobic
amino acids are mapped to C-type beads, the hydrophilic to P- type beads and for
the representation of the charged amino acids Q-type beads are used. The ring-like
side chains of the bulkier amino acids are represented by thr ee or four beads of ring
particles . In Table 2.3, | summarize this mapping. The beads that are shown in
brackets correspond to the protonated state of the amino acids. Alanine and glysine
are represented only by the backbone bead. The backbone bead ypes depend on the
secondary structure of the peptide or protein that they desc ribe. For example, in the
case ofa-helices the backbone structure is mapped into NO-type beads apart from the
termini. For a capped a-helix the termini are represented by Nd-type and Na-type
beads for the N-terminus and C-terminus respectively. In th e case where an uncapped
helix is considered, charged beads (Qd and Qa) are used to represent the termini. Also,
the three closest to the termini backbone beads are represered by Nd and Na types for
the N- and C-terminus respectively. The overall mapping of th e backbone of a capped
peptide is shown in Table 2.4. In Figure 2.10, | show the atomistic and coarse-grained

representations of LS3 synthetic peptide. From the gure, w e can see the dramatic

6These particles are slightly smaller, s=0.43 nm, and for their description an Sis put before the name
of the assigned bead.
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reduction of degrees of freedom; 390 atoms in the atomistic model and 42 beads in the

coarse-grained model.

Table 2.3:CG representation of the amino acids (same as in [105]).

Amino acid | Coarse-grained representation
Leu C1
lle C1
Val c2
Pro C2
Met C5
Cys C5
Ser P1
Thr P1
Asn P5
Gln P4
Asp Qa (P3)
Glu Qa (P1)
Arg NO-Qd (NO-P4)
Lys C3-Qd (C3-P1)
His SC4-SP1-SP1
Phe SC4-SC4-SC4
Tyr SC4-SC4-SP1
Trp SC4-SP1-SC4-SC4

Table 2.4: CG representation of the backbone structure of a peptide (same as in
[105]).

coil | helix helix b-strand
(N-terminus/C-terminus) turn
backbone| P5 | NO Nd/Na Nda
Gly P5 | NO Nd/Na Nda
Ala P4 | C5 NO NO
Pro Na | C5 NO/Na NO
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Figure 2.10:Atomistic and coarse-grained representations for LS3 synt hetic peptide .

Colours: a) for the atomistic representation: cyan=carbored=oxygen, blue=nitrogen,
white=hydrogen, b) for the coarse-grained representatidmue=hydrophobic beads, light
blue=hydrophilic beads and orange= backbone beads. Thedseare not shown to scale.

2.7 Data analysis tools

In the current study | am interested in getting information a bout the dynamics and
structural features and rearrangements of a peptide-membr ane system. VMD software
is used throughout this investigation for the direct visual ization of the systems under
study [146]. There are however features that cannot be identi ed simply by viewing

the evolution of a system through time. For this reason, dens ity pro les, peptide angle

distributions, the radii of formatted pores as well as their self-diffusion coef cient are

calculated in this study. For the later, GROMACS software was used to get the mean
squared displacement and by using the Einstein relation and weighted least squares
| estimated the self-diffusion coef cient [147]. More deta ils about these calculations
will be given in the relevant chapter. For the other features | developed a range of

programs which will be described in the following sections.



2.7. Data analysis tools 68

2.7.1 Density pro les

A density pro le is one of the results from MD simulations tha t can be, in some cases,
directly compared with experimental data. In order to compa re our results with the
available data, | developed a program that calculates the density pro les of a selected
residue. This program reads a molecular dynamics trajectory and returns the density
distribution of the chosen residue along the bilayer normal . The basic steps for this

calculation can be listed as follows:

1. Calculation of the bilayer plane : the program reads a le with the coordinates
of the lipids and, by using least squares, calculates their centre of mass and the
normal of the bilayer. The output is the plane that passes from the centre of the

bilayer and is parallel to the lipid heads.
2. Calculation of the distance of the chosen molecule from the b ilayer plane.

3. Density pro le calculation : the distances calculated at the previous step are
grouped into histograms. | then normalize these histograms and the resulting
data correspond to the probability distribution of ndinga  chosen molecule at a

certain distance from the centre of the bilayer.

2.7.2 Angle distribution

The calculation of the angle distribution is a very useful too |in the studies of peptide-
membrane systems. In particular, it can be used as a way of differentiating fusion or
oblique peptides and interfacial peptides by calculating t he relative angle between the

helical axis and the bilayer normal (Figure 2.11).
In order to calculate the angle distribution, | follow the fo llowing steps:
1. Calculation of the bilayer plane : in particular for this program we only need
the normal of the bilayer (see previous paragraph).

2. De ne the helix axis: At this step the program determines the tensor of inertia
of the peptide with respect to its centre of mass. The principa | axes of intertia

passing through the centre of mass of the peptide, and their ¢ orresponding mo-
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Figure 2.11:Angle calculation .

ments of inertia are the eigenvectors and eigenvalues of the inertia tensor. The

helix axis is the one corresponding to the smallest eigenvalue [148].

3. Calculation of the tilt of the peptide relative to the bilayer normal : this is sim-
ply done by using the inner product of the bilayer normal and t he helix axis

vectors:

n a=jnj ja cogq) (2.103)

where n and a are the vectors of the bilayer normal and the helix axis respe ctively

and qis angle between them.

4. Angle distribution : in a similar manner as in the density distribution, the calc u-
lated angles are grouped in the histograms, the average values of each histogram
are normalized, resulting in the probability of nding the p  eptide at a specic

orientation.

The previous procedure can be used for the calculation of the tilt of a peptide bundle.

2.7.3 Geometrical features of supramolecular assemblies

In the case of pore-forming peptides, one of the features that can be calculated through

MD simulations is the size of the pore. Apart from the exact num ber of helices taking
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part in the pore, that can be viewed by a simple visualization of the trajectory, the

diameter of the pore can also be estimated.

For the calculation of the pore diameter, | developed a progr am that can be broken

down into the following steps:

1. Create a lattice inside the pore.

2. Calculate all the distances of the lattice points and the centres of the coarse-

grained beads representing the peptides.
3. Keep the smallest of these distances for each lattice point L.

4. If any of these distances is smaller than the coarse-graired bead radius remove
it.
5. Create an array with the R = L d/2 values and pick the biggest. d is the

diameter of the beads.

This program can be used for the calculation of an estimate of t he inner or outer diam-

eter of a bundle.



CHAPTER3

Coarse-grained model validation:
Application to di erent classes of

amphipathi@-helical peptides

Until now, | have introduced the biological and modelling bac kground on peptide-
membrane interactions. In this chapter, | focus on several types of interactions between
lipid membranes and a-helical peptides, based on the distribution of hydrophobi c and
hydrophilic residues along the helix. | employed the MARTINI f orce eld and tested
its ability to capture diverse types of behaviour. For examp le, the simulations provided
us with useful insights on the formation of a barrel-stave po re. Amphipathic nonspan-
ning peptides were also described with suf cient accuracy. However, the picture was
not as clear for fusion and transmembrane peptides. For each class of peptides, | cal-
culated the potential of mean force (PMF) for peptide transl ocation across the lipid

bilayer and demonstrated that each class has a distinct shape of PMF. The reliability of

71
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these calculations, as well as wider implications of the res ults, are discussed.

3.1 Introduction

In the effort to test the validity and scope of the MARTINI coars e-grained model, |
was guided by a general classi cation of possible modes of pe ptide-membrane inter-
actions for a-helices employed in a series of publications by Brasseur and co-workers
[6, 149, 150]. This classi cation is based on a view of a-helical peptides as amphiphilic
entities with a well-de ned geometry. The idea is that the dis tribution of hydrophobic
and hydrophilic residues along the a-helix plays a central role in the partition of the
peptide between the hydrophilic aqueous media and the hydro phobic core of the lipid
membrane. Thus, depending on this distribution, several pos sible scenarios can be
identi ed and are schematically depicted in Figure 3.1. In th ese schematicsa-helices
are represented as cylinders with their hydrophobic region s shaded yellow. The top
part of each sub gure provides a side-view of the cylinders. From this side-view, one
can observe the difference in the hydrophobicity distribut ion among various classes of
peptides. At the bottom of each sub gure, | present the propos ed interaction mech-
anism for each class. The helices are represented as cylindes coloured orange. Al-
though this is a simpli ed description, and not all of the  a-helical peptides feature
a well-de ned distribution of hydrophobic groups, there ar e many of them whose
structure and behaviour does indeed fall in one of these general classes. Let us briey

review some of the examples here.

Figure 3.1:Schematic view of the di erent classes of a-helical peptides according

to their hydrophobicity distribution along the axis . Top of sub gures: side-view of the
a-helices. The helices are represented as cylinders withr tigirophobic regions yellow.
Bottom of sub gures: proposed interaction mechanism for baclass. The helices are
represented as cylinders coloured orange. (Adapted frorares 3, 4 and 5 in reference

[61.)
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Typical representatives of Type | class are the a-helical peptides forming (and derived
from) protein ion-conducting channels (Figure 3.1, Type ). These helices usually con-
sist of two strands of hydrophobic and hydrophilic residues along their helical axis,
with the hydrophobic region being dominant. In the membrane , several peptides form

a bundle, with the hydrophobic groups facing the core of the m embrane.

During the past two decades, a number of model channel system s, consisting of syn-
thetic helices of this type, have been studied. The “synporins', synthetic peptides de-
veloped by Montal and co-workers [151-153], as well as the “template-assembled syn-
thetic proteins' (TASPs) used by Mutter and co-workers [154, 155], are two examples
of ion channels formed by synthetic peptides in lipid bilaye rs. Moreover, Lear et al.
synthesized three model peptides containing only leucine a nd serine residues, in or-
der to investigate the mechanism by which these helices asscaciate into transmembrane
bundles [16]. For example, one of these synthetic peptides, LS3, features all the char-
acteristics of a membrane spanning helix as well as the necesary amphiphilicity to

provide the desired aggregation of polar faces, thus leadin g to spontaneous formation
of well-de ned transmembrane ion channels. In the bundle fo rmed by LS3 helices, the
peptides are tightly aligned with the tails of the neighbour ing lipids stretching along

them. This kind of bundle is often classi ed as a barrel-stave pore (Figure 3.1, Type I).

The peptides whose hydrophobic region is either the same or smaller than the hy-
drophilic region do not have the ability to span the membrane . Examples of these pep-
tides are provided by the synthetic lipid-associating pept ide, LAP-20, and the lipid-
associating peptides of the plasma apolipoproteins, apoA-I . It has been shown that
these peptides interact with the membrane so that the contact area of the helices with
the aqueous phase is either comparable in size with that with the lipid phase (LAP-20,
Figure 3.1, Type Il), or larger (apoA-1) [6]. This leads to eithe r an interfacial orientation
of the peptide or formation of discoidal particles (include d in the original Brasseur

classi cation, but not considered here).

In the case of fusion peptides (Figure 3.1, Type lll), there is a non-uniform distribu-
tion of hydrophobic residues along the helical axis. This cha racteristic has been sug-
gested as one of the main reasons behind the oblique orientation of fusion peptides
relative to the bilayer [6,149,150]. Moreover, several experimental and theoretical

studies linked this particular mode of peptide insertion to the fusogenic activity of
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these peptides [149, 156—-158]. The fusion peptides of Simianmmunode ciency Virus
(SIV) [149, 159, 160], Newcastle Disease Virus (NDV) [161] ad Human Immunode -
ciency Virus (HIV) [159, 162] were some of the rst represent atives of this class to be

identi ed.

Those helices that are long enough to span the hydrophobic medium of the membrane,
with most or all of their residues being hydrophobic, tend to adopt a transmembrane
position in a lipid bilayer (Figure 3.1, Type IV). These transm embrane helices have a
uniform distribution of hydrophobic residues both around a nd along their helical axis.
Among this kind of helices are the Glycophorin A (GpA) [100, 163 ], the pHLIP peptide
[164-167] as well as the TMX-1 synthetic peptide [54].

Selected representative peptides from each class were chosn in order to probe the
ability of a coarse-grained protocol to capture these diver se scenarios. The selected
peptides satisfy one or more of the following criteria: ther e should be well-reported
experimental data on their behaviour, they should be suf ci ently simple (short), have
a conrmed a-helical structure in the presence of the membranes and be of a certain
technological importance. In Table 3.1, | summarize the peptides considered in this

work and the class of behaviour they belong to.

Table 3.1:Summary of the peptides under study and their primary sequen ces.

Peptide Sequence Type Ref.
LS3 (LSSLLSL) | [16]
LAP20  VSSLLSSLKEYWSSLKESFS I [168]
SIvV GVFVLGFLGFLA " [29]
TMX-1 ~ WNALAAVAAALAAVAAALAAVAASKSKSKSK v [54]
pHLIP ACEQNPIYWARYANWLFTTPLLLLNLALLVDADEGTG v [164]

In Figure 3.2, | present the side and top view of the peptides un der study. For simplic-
ity, | represent the backbone beads of the helices with orange, the side chain beads of all
the hydrophilic residues with light blue and all the side cha in beads of the hydropho-

bic residues with yellow. Alanine is represented by one bead c oloured yellow as an
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indication of its hydrophobic nature. In the top view of the h elices, the hydrophilic
beads have been removed in order to show the distribution of t he hydrophobic beads

around the helical axis.

Figure 3.2:Side and top views of LS3, LAP20, SIV, TMX-1 and pHLIP peptides
Their backbone beads are shown in orange, their hydrophobsidues in yellow and their
hydrophilic residues in light blue. Alanine is represenitydone yellow bead.
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3.2 Simulation parameters

The simulations presented in this study were performed with G ROMACS simulation
package, version 3.3.2 [169]. Initially, | employed molecular dynamics simulations of
lipid and water components, in order to obtain the initial bi layer structures that were
used in our studies. These preliminary simulations were up to 200 ns long depending
on the size of the bilayer. The protocol and the simulation par ameters used for these
assembly simulations have previously been employed by Marr ink and co-workers
[82]. Three different types of lipid bilayer systems were con sidered: 1,2-Dipalmitoyl-
sn-Glycero-3-phosphocholine or DPPC, 1,2-Dioleoyl-sn-Glycero-3-phosphocholine or
DOPC and 1-Palmitoyl,2-oleoyl-sn-Glycero-3-phosphochol ine or POPC. | chose differ-
ent lipid systems in order to have a direct comparison with th e corresponding experi-

mental studies for each peptide.

The atomistic structures of the peptides were generated using HyperChem 8.0 soft-
ware [170]. To coarse-grain these structures, | applied the script provided on the MAR-

TINI force eld web page [171]. All peptides of interest were co nsidered to be in the
a-helical secondary structure®. In the coarse-grained description their a-helical struc-
ture was maintained via the constraints imposed by the MARTINI force eld. All the

peptides were capped at their termini apart from the LS3 pept ide. After minimizing

the energy of individual peptide molecules, | randomly inse rted them in the system of
interest. In the cases where the peptides under study were charged, ions were inserted
in the system to maintain the overall system electroneutral ity. For each system, | then
performed energy minimization using the steepest descent m ethod. Finally, molecular
dynamics (MD) simulations with constant pressure, tempera ture and number of par-
ticles (NPT ensemble) were performed. The temperature was kept constant for each
group, at 323 K for the DPPC/peptides systems and 300 K for the DOPC/peptide and

POPC/peptide systems, using the Berendsen thermostat with a relaxation time of 1 ps
[135]. The pressure of the system was semi-isotropically coupled and maintained at
1 bar using the Berendsen algorithm with a time constant of 5 p s and a compressibil-
ity of 4.5 10 ®bar ![135]. The non-bonded potential energy functions were cut-o ff
and shifted at 12 A, with forces smoothly decaying between 9 A and 12 A for van

der Waals forces and throughout the whole interaction range for the treatment of elec-

1in the case of SIV fusion peptide the C-terminus is left exible. See also section 3.2.1.
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trostatic forces. The simulations were performed using a 25 fs integration time step.
The simulation parameters applied in our membrane-peptide s tudies have previously

been proposed and used by other groups [100, 105].

3.2.1 Atomistic simulations

For the specic case of the SIV fusion peptide, | also perform ed atomistic molecu-
lar dynamics simulations in a DOPC bilayer. | used the united atom lipid parame-
ters initially developed by Berger et al.[172], and modi ed for DOPC lipids by Siu
et al. [173, 174], combined with the GROMOS96 force eld and Simple Point Charge
(SPC) model for water proposed by Berendsen [175]. | assumedthat the peptide is
in an a-helical secondary structure, apart from its C-terminus wh ich is left exible, in
agreement with previous observations [29]. To maintain the secondary structure, | put
restraints between the it"- (i!" + 4) a-carbons, starting from the third residue of the pep-
tide. | performed a number of self-assembly molecular dynam ics simulations, up to
100 ns long, initially with the lipids and water randomly mix ed and allowed to spon-
taneously form a lipid bilayer. From the formed lipid bilaye rs, | chose a system of 97
DOPC molecules and 4947 water molecules. | then randomly inserted the SIV fusion
peptide in the water phase of the system, and performed NPT mo lecular dynamics
simulations. All simulations were carried out using the GROM ACS simulation pack-
age [169], following the approach proposed by de Vries etal.[176],atT = 300K,P =1

bar, with a time step of 2.5 fs, using the Berendsen thermostat and barostat [135].

3.2.2 Potential of mean force calculations

I am interested in the potential of mean force (PMF) as a function of the distance be-
tween the peptide and the lipid bilayer. In this study, the PM F was calculated using the
umbrella sampling protocol [143]. This calculation was perf ormed for coarse-grained
models of peptides only. All PMF calculations were carried ou t for a single peptide
interacting with a bilayer. The total separation distance be tween the peptide and the
centre of the bilayer was 5 nm and was divided into 50 small win dows of 0.1 nm each.
For each peptide, three sets of umbrella sampling simulatio ns with 50 windows were

performed. In each set and in each window, | used different in dependent initial con-
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gurations, with the peptide placed at the corresponding di  stance from the centre of
the bilayer. The system was then left to equilibrate for sever al nanoseconds. After-
wards, a 100 ns long simulation was performed, with the biasi ng potential applied to
restrain the centre of mass of the peptide at a required distance from the centre of the
bilayer. Thus, a single PMF pro le required 50 simulations, ¢ overing the whole sepa-
ration range of interest, with a total simulation time of 5 ns. A force constant of 1000
kJ mol 1 nm 2 was applied, following the approach by Monticelli et al. [105]. The
system used in the case of the longer peptides featured a large enough water phase to
avoid possible effects associated with the system size and peptide-peptide interactions
over periodic boundaries. The peptides were left free to rota te around their restrained
centre of mass. In order to obtain the unbiased PMFs, | used the weighted histogram
analysis method (WHAM) [144], with 50 bins and a tolerance of 1 0 ° kT for the con-
vergence of WHAM equations. The nal PMF pro le for each peptid e and its errors
were calculated as the average and standard deviation of the three independent sets

of simulations and were symmetrized with respect to the cent er of the bilayer.

3.3 Results

3.3.1 Pore forming peptides

The conduction of ions across a membrane is an important biolo gical process per-
formed by ion channel proteins. It is therefore of great inte rest to understand how
these structures form and function. The synthetic peptides s uggested by Lear et al. are
an excellent model system for this study, since they are simple, and there is experimen-
tal evidence that they form bundles with properties similar  to that of the ion channel
proteins [16]. One of these model peptides, LS3, is a 21-resilue amphiphilic peptide

with a repeating motif (LSSLLSL) 3 (Figure 3.2). Its hydrophobic residues (leucine, L)
and its hydrophilic residues (serine, S) form two parallel b ands on the surface of the he-
lix, as shown in Figure 3.2. Due to its amphiphilic nature, LS3 shows a tendency to hide
its hydrophobic residues either by adopting an interfacial orientation as a monometr, or
by taking part in the formation of pores. The formation of ion ¢ onducting bundles by

approximately six LS3 helices has been con rmed in a number o f experimental [16—

18, 177] and theoretical [178] studies. Thus, LS3 can be clas®d as a pore-forming
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peptide (Figure 3.1, Type I). It has also been reported that the application of trans-
membrane voltage signi cantly enhances the pore formation , due to the asymmetric
charge distribution within the helix (the N-terminus is pos itive and the C-terminus is
negative) [179].

| performed molecular dynamics simulations with different  peptide/lipid ratios in a
DPPC membrane. | randomly placed the peptides in a system wit h a preassembled
DPPC lipid bilayer of 256 lipids and 3228 waters (some of them happened to be at
the membrane-water interface and some in the bulk), and ran M D simulations for
several microseconds. | observed the formation of differen t complexes, including the
formation of a barrel-stave pore, as well as the interfacial orientation of some peptides.
Figure 3.3 shows a number of system con gurations from the sim ulation with the
barrel-stave pore formation. During the formation, severa | peptide complexes were
observed, including dimers and trimers with some of the pept ides at the surface of the
bilayer and others inside the bilayer at an oblique angle. The actual pore formation
seemed to be initiated when two or more peptides adopted a pro per transmembrane
orientation. More speci cally, in the rst snapshot taken a t the 5" nanosecond of sim-
ulation, a peptide is at a transmembrane position whereas th ree more are close to it.
After about 100 nanoseconds, two more peptides adopt a transmembrane position.
The third snapshot shows a con guration where three peptides are inside the lipid
bilayer and three more are close to the trimer at the interfac e, having adopted a tilt
orientation. Finally, at the last snapshot a pore is formed b y six peptides and is stable
for the rest of the simulation time (about 14 ns). From the con gurations of the lipid
molecules in the vicinity of the bundle, this structure can b e classi ed as a barrel-stave

pore.

Simulations of several microseconds with a single LS3 peptide placed in the water
phase of a lipid bilayer have also been performed. The peptide adopted an interfacial

positioning in all three simulations. No transmembrane ori entation has been observed.

It is of great importance that, by using a simple coarse-grai ned model like the MAR-
TINI, | managed to capture the spontaneous formation of a barr el-stave pore by LS3
peptide as well as its interfacial positioning as a monomer. To add further signi cance
to these results, the formed pore features similar characteristics to the one predicted

from the experiments: it is formed by six helices and has an in ternal diameter of about
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Figure 3.3:Formation of a barrel-stave pore by six LS3 peptides. Colours: water=light
blue, peptide backbone beads=orange, phospholipid hegusple. For reasons of clarity
the lipid tails are not shown.

5.2A. In the next chapter, | will present in more detail the result s from the simulations
with LS3 peptide and | will further discuss some of the proper ties of the barrel-stave

pore.

In Figure 3.4, | present the potential of mean force (PMF) for t he transfer of LS3 pep-
tide across a DPPC lipid bilayer, calculated with the umbrel la sampling method, as
described in Section 3.2.2. The PMF is represented by a solid lire whereas the dashed
lines correspond to the averaged location of the phospholip id heads. The peptide
seems to have two favourable positions in the lipid bilayer; one close to the lipid heads
and one in the hydrophobic core of the membrane. The minima are about -43 kTs com-
pared to the water phase. However, a barrier of 8 kTs needs to be overcome so that the
peptide can cross the membrane-water interface and adopt a transmembrane orienta-
tion.

3.3.2 Amphipathic non-spanning helices

The second class of peptides under study is the one of amphipathic nonspanning he-
lices. In this work, | focused on LAP-20 as a typical represent ative of this class. LAP-20
(VSSLLSSLKEYWSSLKESFS) is a synthetic lipid-associating pgtide with a behaviour
similar to that of apolipoproteins [168]. This peptide adopt s an a-helical secondary
structure in the vicinity of a lipid bilayer. In Figure 3.2, we can see that LAP-20 has
most of its hydrophobic residues grouped together on the sam e side along its helix. Be-

cause of this distribution of its hydrophobic and hydrophil ic residues, LAP-20 adopts
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Figure 3.4:Potential of mean force for the transfer of the LS3 synthetic peptide
from the water phase across a DPPC lipid bilayer. The PMF is represented by a solid
line whereas the dashed lines correspond to the averageditocof the phospholipid heads.
(Error bars: standard deviations of the three independeMP calculations.)

an interfacial orientation relative to a lipid bilayer (Fig ure 3.1, Type IlI) [6].

| performed MD simulations with one LAP-20 peptide in a DOPC li pid bilayer, con-
sisted of 128 lipids and 1500 waters, and tried to capture the interfacial orientation
proposed by Brasseur [6]. During the 1 s of the simulations, LAP-20 adopted an in-
terfacial orientation with most of its hydrophobic residue s hidden in the phospholipid
heads (Figure 3.5). Furthermore, | calculated the angle distribution of the peptide rel-
ative to the bilayer normal (Figure 3.6). The peptide orientat ion was calculated as the
angle between the helical axis and the bilayer normal (see Section 2.7.2). From the g-
ure, it is evident that LAP20 has a preference for an interfaci al orientation as expected

from previous theoretical studies [6].

The PMF pro le of the LAP20 synthetic peptide is consistent wit h the behaviour seen
in the MD simulations (Figure 3.7). This PMF has a minimum, abou t -35 kTs, at the
membrane/water interface in agreement with the observed lo cation and orientation
of the peptide. The centre of the bilayer is an energetically u nfavourable location with

a maximum of more than 30 kTs compared to the water phase.
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Figure 3.5:Final snapshot from the simulation of the LAP20 synthetic pe ptide. The
backbone beads of the peptide are coloured orange, the tpirbic side chains yellow, the
water light blue and the phospholipid heads purple. For ityathe hydrophilic side chains
and the lipid tails are not shown. The beads are not to scale.
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Figure 3.6:Angle distribution for the LAP-20 peptide. A distinct preference for hori-
zontal orientation relative to the lipid bilayer is obsedie
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Figure 3.7: Potential of mean force for the transfer of LAP20 synthetic p eptide
from the water phase across the DOPC lipid bilayer . The PMF is represented by a
solid line whereas the dashed lines correspond to the aesrdmcation of the phospholipid
heads. (Error bars: standard deviations of the three indegent PMF calculations.)

3.3.3 Fusion peptides

In general, fusion peptides share some common features: they are short, about 10-
20 residues long, a helical in the presence of a lipid membrane, with a gradient o f
hydrophobicity along their axis. In this study, | focused on one of the most stud-
ied fusion peptides, the fusion peptide of Simian Immunode ciency Virus (SIV). SIV
features twelve residues (GVFVLGFLGFLA) and is a-helical in the presence of lipid
bilayers (Figure 3.2). All its residues are hydrophobic (exce pt for the small, weakly
hydrophilic glycine) and the imbalance in the hydrophobici ty, characteristic of fu-
sion peptides, arises from the aromatic rings of three pheny lalanine residues aligned
and grouped together on one side of the helix. Bradshaw and co -workers have per-
formed a series of important experimental and theoretical s tudies on SIV fusion pep-
tide [29, 55, 56]. In one of them, the authors carried out neutron diffraction measure-
ments from stacked multilayers of DOPC and determined the lo cation and orientation
of speci cally deuterated SIV fusion peptides within the bi layer [29]. The results from
this study showed that there are two different populations o f peptides: one major
population close to the bilayer surface, and a smaller popul ation hidden in the hy-
drophobic core. Two equally plausible orientations at 55 °© and 78° with respect to the

bilayer normal, were found consistent with the experimenta | observations. However,
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based on the additional FTIR data from previous studies [26], the oblique orientation

at 55° was accepted as the most probable one.

| performed coarse-grained MD simulations with SIV fusion p eptide in a DOPC lipid
bilayer consisted of 128 lipids and 1500 waters. The total simulation time was 1.7 ns.
To calculate the average orientation of the peptide relativ e to the bilayer normal, |
performed an analysis of the angle distribution similar to t hat employed for LAP20,
described in Section 2.7.2. In order to closely re ect the experimental observations
which indicate that the C-terminus of SIV tends to be more dis ordered [29], | excluded
the rst two residues at the C-terminus from participationi nthe a helical secondary
structure. (This is achieved simply by removing the secondar y structure constraints
imposed by the MARTINI for the beads of the rst two residues). Th e principal axes
of inertia were then calculated based on the residues in the a helical formation only.
The results are presented in Figure 3.8. SIV prefers to be at an agle of 70° relative to
the bilayer normal, but a wide range of angles from about 45 ° to almost completely
horizontal orientation is explored by the peptide. This obse rvation seems to be con-
sistent with the ability of fusion peptides to access a wide r ange of con gurations
[180, 181]. However, the actual preferred orientation does not seem to be in agreement
with the oblique angle of 55 © suggested by Bradshaw and co-workers [29]. To test the
reliability of this result, | performed a fully atomistic si mulation of the SIV peptide,
interacting with a DOPC bilayer. The total simulation time wa s 90 ns. The orientation
of the peptide was assessed using the same technique as in thecoarse-grained simula-
tions (again, the rst two residues at the C-terminus do not p articipate in the a-helix
and were not included in the angle distribution analysis). F rom the results presented
in Figure 3.8, it is clear that a similar distribution of angle s is observed in atomistic
simulations, and thus the source of discrepancy of these results with the experiments
must be elsewhere. Figure 3.9 shows a typical orientation of the SIV peptides in the

atomistic and CG simulations.

To further extend the comparison of the SIV behaviour with th e experimental results, |
calculated the density pro les of different residues of the peptide in a lipid bilayer. In
the original publication by Bradshaw and co-workers, densi ty pro les for deuterated
valine 2, leucine 8 and leucine 11 were presented and served & the main evidence of

the two possible locations of the peptide within the bilayer (Figure 3.10) [29]. A double
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Figure 3.8:Angle distribution for the SIV peptide . Results from atomistic (solid line)
and coarse-grained simulations (dashed line).

Figure 3.9:Representative snapshots from simulations of SIV fusion pe ptide. Snap-

shots from atomistic(left) and coarse-graine¢right) simulations of SIV fusion peptide in
a DOPC lipid bilayer corresponding to a tilt angle of Z0The backbone of the peptides

is shown in orange, water is shown in blue and the phosphbligads in purple. The side
chains of the helices as well as the lipid tails are not shoamcfarity. The beads are not

shown to scale.
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peak is evident for leucine 8 and therefore | focused on this r esidue.

Figure 3.10:Neutron scattering length density pro les for Val2, Leu8 and Leull of
SIV peptide. (- -) minor population , (-.-) major population, and (solid linegum of major
and minor populations. Figure adapted from [29].

In Figure 3.11, | present the density pro le for leucine 8 of th e SIV fusion peptide from
both the atomistic and the coarse-grained simulations. Since the thickness of the bi-
layer is somewhat different in the atomistic and coarse-gra ined representations, the z-
axis is given in dimensionless units with the lipid length in  a particular representation
being the scaling parameter. The atomistic simulations pred ict a deeper positioning of

leucine 8 in the bilayer, whereas in the CG simulations the pe ptide lies closer to the
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phospholipid heads. Neither of the simulations generated a double peak in density as

observed in the experiments.
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Figure 3.11:Density pro les of leucine 8 as a function of the distance z fro m the
centre of the bilayer . z has been normalized with the appropriate lipid length esgonding
to the atomistic and the coarse-grained models. The solid lineesponds to the atomistic
simulation and the dashed line to the coarse-grained simulati@spectively.

I have also calculated the radial distribution function (RD F) for a DOPC lipid bilayer
in the presence of SIV fusion peptide and compared it with the corresponding RDF
for the pure bilayer. In Figure 3.12, | present the RDFs for the PO4 group and the rst
carbon of the lipid chain of DOPC. With blue solid line | have r epresented the results
from the pure lipid bilayer and with black dashed line the res ults from the bilayer in

the presence of SIV fusion peptide. No signi cant differenc es can be observed.

Finally, to complete the analysis, | present the PMF calculations for the SIV peptide
in Figure 3.13. Note, that the shape of the PMF is quite differe nt from those observed
for the other classes of peptides. | believe the PMF presented in Figure 3.13 is consis-
tent with the MD behaviour of the SIV peptide. Specically, t he two minima in the
PMF correspond to the interfacial location, whereas the centre of the bilayer is a less
preferred location, but not fully excluded (particularly, ~when compared with LAP20

peptide).
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Figure 3.12:Radial distribution function for DOPC bilayer in the presence of SIV
fusion peptide. RDFs for the PO4 group (a) and the rst carbon of the lipid chraof
DOPC (b) are shown. With blue solid line | have represented thsults from the pure lipid
bilayer and with black dashed line the results from the bi#liain the presence of SIV fusion
peptide.
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Figure 3.13:Potential of mean force for the transfer of the SIV fusion pep tide from
the water phase across a DOPC lipid bilayer. The PMF is represented by a continuous
line whereas the dashed lines correspond to the averageditocof the phospholipid heads.
(Error bars: standard deviations of the three independeMP calculations.)
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3.3.4 Transmembrane helices

In the original description of various classes of peptides p rovided in Figure 3.1, the
transmembrane helices span the lipid bilayer due to the matc h between the hydropho-
bic region of the a-helix and the width of the hydrophobic core of the lipid bila yer.
Alternatively, one could employ a functional de nition of tr ansmembrane peptides
as structures capable of spontaneous insertion in the bilayer, leading to a characteris-
tic transmembrane orientation. This ability of transmembra ne peptides to cross lipid
bilayers is of great interest in the development of novel dru g vectors and other ap-
plications. However, the details of the translocation mech anisms are not yet under-
stood. Studies of these peptides have been carried out both through experiments
and simulations. For example, Bond and Sansom captured the spontaneous inser-
tion of GpA helix by means of CG simulations [100]. Another pep tide, that has been
studied in a series of experiments by the group of Engelman, i s pH (low) insertion

peptide, known as pHLIP [164-167]. pHLIP (ACEQNPIYWARYADWLFTTP LLLLD-

LALLVDADEGTG) is a peptide derived from the integral membrane p rotein bacte-
riorhodopsin C. It exhibits high solubility at neutral pH in  a non helical conforma-
tion, however, at lower pH (p K, of 6.0), the peptide adopts a transmembrane position
in an a-helical conformation. It has been proposed that this pH-de pendent mecha-
nism of translocation can be exploited in the early detectio n of pathological conditions

in cells. In one of their studies, Engleman and co-workers, d esigned two variants
of pHLIP in order to check the speci city of the function of th e peptide in tumours

and test its mechanism of insertion. In one of the variants, N -pHLIP (ACEQNPIY-

WARYA NWLFTTPLLLL NLALLVDADEGTG), the aspatrtic acid (Asp, D) residues are

replaced by asparagine (Asn, N). This peptide remains an a-helical structure in the

presence of liposomes over a wide pH range and adopts a transmembrane position
in a lipid bilayer. | have chosen this pHLIP version for the st udies of transmembrane

helices.

| carried out a series of MD simulations with pHLIP in a DOPC (5 12 lipids and 6000
waters) and in a POPC (512 lipids 6000 waters) bilayer. | did not observe the pHLIP
insertion in any of our simulations unless the peptide was in itially half-inserted in the

lipid bilayer (Figure 3.14). In Figure 3.14, water is represented by blue beads, lipid
heads by purple beads and the backbone of the peptide is coloured orange. The hy-
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Figure 3.14:Snapshots from the pHLIP simulation. From the left to the right: The
peptide is initially half-inserted in the lipid bilayer. Afé simulation evolves the peptide
perturbs the bilayer, adopts a transmembrane orientation astdys there until the end
of the simulation. The backbone beads are coloured orangdews coloured blue, the
phospholipid heads are represented by purple beads and ydeophilic side chains beads
of pHLIP are represented by green beads. The hydrophobiciues of the peptide as well
as the lipid tails are not shown for clarity. The beads are notscale.

drophilic side chains of the peptide are shown in green. Init ially half-inserted in the
bilayer, the peptide created a perturbation to the bilayer a fter a few nanoseconds and
nally adopted a transmembrane orientation in which it stay ed until the end of the
simulation (350 ns). More details about our studies on pHLIP peptide will be pre-

sented in Chapter 5.

TMX-1 is another interesting example of transmembrane helix . It has been synthe-
sized to test to what extent it is possible to design helices that insert spontaneously in
a lipid bilayer [54]. TMX-1 (WNALAAVAAALAAVAAALAAVAASKSKSKSK), has a
21-residue non-polar core, N- and C-caps, and a highly polar C-terminus. It has been
shown to adopt an a-helical secondary structure in the lipid environmentandt o insert
spontaneously across the lipid membranes with 50% probabil ity [54]. Here, | carried
out MD simulations with TMX-1 in a DOPC lipid bilayer (512 lipi  ds, 12000 waters, 4
CI-). The total simulation time is 2.3 s, and the peptide maintained an interfacial ori-
entation during the whole simulation. In Figure 3.15, | prese nt a characteristic position
of TMX-1 during our simulation: the polar C-terminus of the he lix remained in con-
tact with water and the non-polar central part was hidden int he lipid heads area. The
N-terminus also appeared to prefer a position close to the me mbrane/water interface

probably due to its tryptophan residue.

| also performed umbrella sampling simulations for both pHL 1P and TMX-1 peptides.

The lipid bilayers used for these simulations were a POPC lipi d bilayer for pHLIP and
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Figure 3.15: Final snapshot from the TMX-1 simulation.  The peptide adopts an
interfacial orientation with a characteristic orientatiowhere its polar C-terminus remains
in contact with water and its non-polar central part is hiddem the lipid heads area. The
backbone beads are coloured orange, water is coloured hhes phospholipid heads are
represented by purple beads and the hydrophilic side chiagais are represented by green
beads. The hydrophobic residues of TMX-1 as well as the ligilstare not shown for
clarity. The beads are not to scale.

a DOPC lipid bilayer for TMX-1. Both membranes consisted of 51 2 lipids and 12000
water molecules as well as chloride ions to maintain the syst em neutrality. During the
umbrella sampling simulations, the helices were left free t o rotate. Both TMX-1 and
pHLIP were parallel to the interface in the head group region . Close to the centre of
the bilayer, the peptides adopted different orientations, with the perpendicular one be-
ing the most favourable. A similar behaviour was observed by Bond et al.for WALP23
[182]. In Figure 3.16, | present the resulting PMFs. Again, the generated curves seem
to exhibit a shape speci c for this particular class of pepti des. Both peptides showed
very strong preference for the transmembrane position (wit h minima at the centre of
the bilayer at -90kTs and -110kTs for pHLIP and TMX-1 respectively) and both PMFs
are quite similar, indicating that indeed pHLIP and TMX-1 mus t belong to the same
class of peptides. Moreover, these PMFs indicate that one would expect to observe a
spontaneous, seamless insertion of those peptides in a lipid bilayer in an MD simula-
tion. This however is not the case. Although the peptides that a re initially placed at
a transmembrane orientation remain in this, | never observe d a spontaneous insertion
of pHLIP or TMX-1. This discrepancy in our observations will be addressed in more

detail in the Discussion section.
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Figure 3.16:Potential of mean force for the transfer of pHLIP and TMX-1 tra ns-
membrane helices across POPC and DOPC lipid bilayers respectively. The PMF is
represented by a continuous line whereas the dashed lineesuond to the averaged loca-
tion of the phospholipid heads. (Error bars: standard déaas of the three independent
PMF calculations.)
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3.4 Discussion

The results reported in this chapter suggest that the MARTINI co arse-grained model
is able to describe several classes of interactions betweera-helical peptides and lipid
bilayers. The self-assembly of a barrel-stave pore and the béhaviour of interfacial non-
spanning peptides are within the scope of the MARTINI. Further more, the model is
able to provide new important insights regarding the detail s of peptide self-assembly
in the vicinity of a lipid bilayer. The number of helices const ituting the pore as well as
its effective diameter predicted from our simulations are i n agreement with previous

experimental studies [16, 17].

| performed potential of mean force (PMF) calculations for e ach peptide considered
in this study. In Figure 3.17, | present a summary of the differ ent PMFs. The PMF
provides an estimate of the free energy pro le as the peptide crosses the bilayer, and
can be used directly to calculate the partition of the peptid e between the water phase
and the lipid phase. | showed that each class of peptide-bila yer interaction has a very
distinct form of PMF (Figure 3.17). For example, the PMF for LS 3 features three energy
minima of comparable depth, one at the centre of the bilayer a nd two additional min-
ima at the interfaces of the bilayer. A very distinct PMF is ob served for the fusion SIV
peptide, with the energy minimum corresponding to the lipid interface and the ener-
getic penalty for SIV's location in the centre of the bilayer o f about 15 kT. pHLIP and
TMX-1 peptides exhibit barrier-less PMFs with -90 kT and -110 kT minima respectively
at the centre of the bilayer, signifying a very strong prefer ence for the transmembrane
orientation. Although this result agrees with our expectati ons and experimental ob-
servations [54, 165], it contradicts our MD studies, where n o0 spontaneous insertion of
the peptides in the bilayer is observed. Let us brie y explore possible sources of the

discrepancy.

First, | would like to ensure that the observed PMF is not an ar tefact resulting from
the technical limitations of the applied methods. Specica lly, the system features large
enough water phase to eliminate possible periodic boundary condition effects. In the
original setup, | used the Berendsen thermostat to control t he temperature of the sys-
tem and this method has been criticized for not being able to p rovide correct distribu-
tion of velocities. For one of the smaller peptides, | repeat ed the simulations with the

Nosé-Hoover thermostat and, not surprisingly, observed margi nal differences. Also,
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Figure 3.17:Map of PMF types for the di erent classes of a-helical peptides.

in our studies, | applied a simple cut-off and shift procedur e to electrostatic interac-
tions and this could possibly be viewed as inaccurate. Thus, | recalculated the PMF for
one of the smaller peptides, using Particle Mesh Ewald metho d (PME) to treat electro-
static interactions and observed rather small effects on the nal results (see Appendix
C). Moreover, the length of sampling for each window in the um brella protocol is im-
portant. Most likely the energy pro les reported for large p  HLIP and TMX-1 peptides
are re ections of a few preferential orientations of the pept ides, rather than a result
of properly sampled con gurational space. From the error an alysis presented in this
study, it seems that generation of additional independent P MF trajectories may not be
able to resolve this issue. Nevertheless, striking similar ity between PMFs for pHLIP
and TMX-1 suggests that at least the shape of these energy pro les is characteristic for

this particular class.

With these reservations regarding the last two PMFs, | belie ve that the PMF analysis
can be used to complement the original classi cation of pept ide-membrane interac-
tions shown in Figure 3.1 as well as to reveal new types of behaviour. Most impor-

tantly, it is evident that the PMF analysis is an indispensab le tool to elucidate and
explain intimate links between different classes of peptid es and an exhaustive study
of these links would be impossible in atomistic simulations . It would also be interest-
ing to investigate how the presence of other peptide molecul es would affect the energy

pro les.



cHAPTERS

Pore-formation bgi-helical peptides

This chapter is a presentation of more in-depth studies on por e formation mechanisms.
These mechanisms play an important role in many biological pr ocesses, from ion-
conduction across cell membranes to antimicrobial defence mechanisms and many
more. For this study, | chose LS3 synthetic peptide, becauseof its simplicity (it has

only two types of amino acids) and its potential to form pores . | have already shown
that the spontaneous formation of a LS3 barrel-stave pore can be successfully captured
by means of coarse-grained molecular dynamics simulations . In this chapter, | present
a series of simulations that provide further evidence of the propensity of LS3 to form

pores as well as structural and dynamical information about them. | also investigate

how pore formation mechanisms depend on the structural modi cations of LS3.

95
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4.1 Pore-forming peptides

Pore-formation is an important mechanism that takes place i n different biological pro-

cesses. There are several types of peptides inducing the formation of pores in mem-
branes, with a-helical antimicrobial peptides being one of the most studi ed family.
These antimicrobial peptides are about 20-40 amino acids long, cationic and have the
ability to target speci ¢ cells and disrupt their membrane, leading eventually to cell-
death. In Figure 4.1, | show one example where a cationic antimicrobial peptide is

used for the treatment of Escherichia coli.

Since the early 1970's until recently, it was believed that th e pores formed by antimicro-
bial peptides follow the barrel-stave model (Figure 4.2(a)) [183]. However, in addition
to the barrel-stave mechanism, antimicrobial peptides may also form transient toroidal
pores (Figure 4.2(b)). In a toroidal pore the peptides usuall y have a hydrophobic part
shorter than the thickness of the bilayer, and they impose a p ositive curvature strain
on the bilayer, that leads to a toroidal structure formed by | ipid lea ets and covered

by peptide molecules (Figure 4.2(b)).

(a) (b)

Figure 4.1:Escherichia coli treated with an antimicrobial cationic pe ptide. (a) At
low concentration and (b) at high concentration. In gure fbwe can notice the formation
of blebs that are coming o the bacterium. Courtesy REW Hancdckboratories [184].
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Figure 4.2:Schematic of the barrel-stave (a) and toroidal (b) pore . The structure of
lipids in the vicinity of the pores is one of their main di erees.

Another type of peptides of interest here is the family of pore -forming toxins (PFT).
PFTs are soluble and act on cell membranes by forming transmembrane channels, for
example b-barrels (in the case ofa-toxin from Staphylococcus aureus) [185]. There are

a few cases of PFTs witha-helical secondary structure that form unstable pores.

a-helical peptides forming (and derived from) protein ion-c onducting channels are
another family of pore-forming peptides. In the membrane, s everal helices form a
bundle, that can be classi ed as a barrel-stave pore (Figure 4.2(a)). There is a number
of model channel systems, consisting of synthetic helices of this type, with "synporins'

[151-153] and “template-assembled synthetic proteins' (TASPs) [154, 155], being two

representative examples.

There are several simulation studies on pore-forming peptid es, and in particular the
ones with a-helical structure. | will brie y mention a few representati ve works. Nielsen
and co-workers have recently combined NMR and molecular dyn amics simulation
studies to study alamethicin antimicrobial peptide [186,1 87]. One of the rst simu-

lation studies of antimicrobial peptides and toroidal pore formation mechanisms was
presented by Leontiadou et al in [188]. In this publication the authors showed that

magainin-H2, above a certain concentration, induced the fo rmation of a toroidal pore.

A series of simulation studies performed by the same group sh owed among others
that the shape of a toroidal pore may be very disordered, with peptides and lipids at
oblique orientations lining the pore [77,78]. Moreover, th e MARTINI coarse-grained
model has been shown to be able to capture both the barrel-stave pore formation (for

LS3 synthetic peptide) [109] and toroidal mechanisms (for m againin-H2 and melittin
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antimicrobial peptides) [78, 105] of pore formation.

In the previous chapter, | presented the formation of a barre I-stave pore from LS3 pep-
tide. Here, | will discuss in more detail the characteristic s of the pore and present a

series of simulations | performed with LS3 at different conc entrations.

In an effort to examine the characteristics of LS3 that lead to the formation of a pore, |
performed simulations with a 14-residue version of LS3, (LS SLLSL),, that as has been
experimentally shown does not form discrete, stable channels [16]. To our surprise
this peptide at relatively high concentrations formed comp lexes in the lipid bilayer, re-
sembling toroidal pores. These pores were transient, disord ered and with a very small
radius. | carried out a series of simulations to examine the | ink between the formation
of these pores and the concentration of the peptide. | also performed simulations with
magainin-H2 peptide in order to be able to compare the struct ures of the pores formed
by magainin and the short version of LS3. Finally, | performe d PMF calculations that
showed a different pro le for (LSSLLSL) » compared to (LSSLLSL).

4.2 Summary of simulations

I have performed a range of NPT molecular dynamics simulatio nsfor LS3 and (LSSLLSL)
in a DPPC membrane, at 323 K and 1 bar, and with peptide/lipid r atios varying from
6/256 to 12/256. The MARTINI force eld was used. First, | random ly put the pep-
tides in a system with a preassembled DPPC lipid bilayer (som e of them happened to

be at the membrane-water interface and some in the bulk), and, after energy minimiza-
tion of the system, | carried out MD simulations for several m icroseconds. The rest of
the simulation parameters are the same as described in Secton 3.2. Summaries of the
simulations for the two peptides are presented in Tables 4.1 and 4.2. There seems to be

no connection between the orientation of the termini in the o ligomers.

| also performed two simulations for magainin-H2 peptide. Th e MARTINI force eld
was used with simulation parameters as described in Section 3.2. The system had 128
DPPC lipids, 2000 waters and 7 peptides. The peptides were randomly placed in a
system with a preassembled DPPC lipid bilayer. An energy mini mization run was

performed, followed by an equilibration run. MD simulation s inthe NPT ensemble at
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323 K and 1 bar were employed for more than 4 microseconds for b oth simulations.

Finally, | performed umbrella sampling simulations for the calculation of the potential

of mean force for (LSSLLSL),. The protocol | followed is described in Section 3.2.

Table 4.1: Summary of the performed simulations and key observations f or LS3
peptide. The lipid bilayer consists of 256 lipids in all simulationssyms. The duration
refers to the total simulation time. In the cases where compkere pores are formed, the
remaining peptides are in interfacial orientation.

Concentration Duration Behaviour
(ms)
5.0 interfacial
6 peptides 5.4 trimer
6.3 interfacial
7 peptides 5.5 dimer, trimer
6.0 interfacial
8 peptides 6.2 trimer
17.0 2 trimers
5.9 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
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Table 4.2: Summary of the simulations for (LSSLLSL) » peptide. The lipid bilayer
consists of 256 lipids in all simulation systems. For each itabpore, | report a pair of
numbers that correspond to the fully inserted peptides in gmrdicular orientation ( rst
number) and the peptides that are inserted at oblique anglesel to the bilayer-water
interface (second number). The duration refers to the totainsilation time.

Concentration Duration Behaviour
()
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

8.1 4-2 toroidal
9 peptides 8.2 4-4 toroidal
8.2 4-4 toroidal

3.2 interfacial
10 peptides 3.5 interfacial
6.9 3-3 toroidal

11 peptides 3.0 interfacial
3.3 interfacial
3.1 interfacial

12 peptides 3.2 interfacial

3.3 interfacial
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4.3 Results

4.3.1 LS3 complexes

From the simulations of LS3 at different peptide/lipid rati  os, | observed the formation
of different complexes as well as the interfacial orientati on of peptides. Regarding
the orientation of the termini of the helices within the bila yer, there seemed to be no
particular preference in the absence of the transmembrane potential. It is also worth
mentioning that at higher concentrations of the peptide, th e propensity to form large
complexes and pores was higher, while at smaller concentrations dimers and trimers
were more common. However, a high concentration of peptides did not necessarily

lead to a pore formation (Table 4.1).

From the observed complexes, the dimers and trimers were for med at different con-
centrations and were stable for several microseconds. The tdramers were also very
stable (for more than 10 microseconds in some cases) with sorre of them having the
shape of a pore. Also, a complex of ve helices has been observed once (Figure 4.3,
bottom lef). The hexameric bundle observed in one of our simulations can be classi-
ed as a barrel-stave pore, both by its shape and by the con gu ration of the lipids
around it (Figure 4.3, bottom righ) [109]. Complexes consisted of six helices, without
the formation of an open pore have also been observed. For exanple, the formation
of a hexameric complex was captured when two trimers approac hed each other and
merged into one structure. In Figure 4.4, | present top view sn apshots from the forma-
tion of the hexamer. In the gure, the backbone beads are colo ured orange and water

is coloured blue.

In Figure 4.3, | present the top view of complexes of different sizes. | have chosen rep-
resentative complexes where their structure and the distri bution of their hydrophilic

residues are easy to observe. There are cases where these staures are more dis-
ordered. As shown in the gure, most of the hydrophilic residu es of the peptides
(coloured blue) are lying at the inner surface of the complex es. The hydrophobic

residues are not shown in the gure.
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Figure 4.3: Representative snapshots of di erent types of complexes ob served in

LS3 simulations. Trimeric (top left), tetrameric (top right), pentameric(bottom left) and
hexamerigbottom right) complexes. The backbone beads are presented in orange and the
hydrophilic residues in light blue. Other groups are omittied clarity.

Figure 4.4:Snapshots from the formation of a hexameric complex from two trimers.
The backbone beads are coloured orange and water is repiedday a light blue surface.
The lipids are not shown in the gure.
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4.3.2 Hexameric barrel-stave pore

In the previous chapter, | showed that the formation of a barr el-stave pore can be
captured by means of coarse-grained molecular dynamics simulations. In this section,

I will describe in more detail the characteristics of this po re.

Figure 4.5 shows in detail characteristics of the pore formed by six peptides (view of
the pore with only the backbone beads (left), the backbone beads and the hydrophobic
beads (centre)and all beads (right)). Note that most of the hydrophilic groups (serine,

S) face the interior of the bundle.

Figure 4.5: Top view of the hexameric pore. View of the pore with only the back-
bone beadqleft), the backbone beads and the hydrophobic be#&dsntre) and all beads
(right). Colours: hydrophobic beads=yellow, hydrophilic beadght blue, peptide back-
bone beads=orange and lipid heads=purple surface. The lsead not shown to scale.

To check if the formed pore is similar to the one seen in experi ments, | calculated its
diameter. | used a program | developed for this purpose (see Section 2.7). The inner
diameter of the pore was found to be about 5.2 A, in good agreement with previous

experimental studies [16, 17]. The outer diameter was calculated to be 20A. It is im-
portant to note that the pore is lled with water. In Figure 4.6 , | show a characteristic
con guration of the pore lled with water. The peptides are re  presented only by their
backbone beads coloured in orange. Some of them are not included in the gure in

order to be able to observe the water inside the pore. Water is coloured blue and the

lipid heads purple. The lipid tails are not shown in the gure.

Apart from the visualization of the water crossing the bilaye r through the pore, | have
also calculated the density of water in the system along the bilayer normal. In Figure

4.7(a), | show the water density for the whole system along the normal of the bilayer
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in beads per nanometer. In Figure 4.7(b), | have zoomed in the area close to the bilayer
centre. The gure clearly shows the presence of water in the po re. However, the
mobility of water molecules in the pore is limited. For examp le, the residence time of
a water molecule may exceed 500 ns. This is probably caused by he size of the coarse-
grained beads used in the representation of the system that limits the diffusion of the

water inside the pore.

Figure 4.6:Hexameric pore lled with water . Colours: water=blue, peptide backbone
beads=orange, lipid heads=purple. For reasons of clarity lipid tails are not shown.

Self-di usion coe cient of the barrel-stave pore

Computer visualization of the dynamics of the system showed that the mobility of the
peptides within the bundle is quite limited. However, the bu ndle as a whole was able
to freely move within the bilayer plane. To estimate the late ral self-diffusion coef -
cient of the bundle within the lipid bilayer, | performed sev en 500-ns-long simulations
starting from different initial con gurations. The initial ~ con gurations were snapshots

from the simulation of the barrel-stave pore. | then compute dthe average mean square
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Figure 4.7:The density of water in a LS3 barrel-stave pore . In Figure (b), | have
zoomed in the center of the bilayer, where the presence of watéhe pore is evident.

bundle displacement from the seven runs.

The lateral diffusion coef cient, D)4, is related to the Mean Square Displacement (MSD)

by

MSD = 4D4t, (4.1)

where t is time. The lateral self-diffusion coef cient can be extrac ted by tting a
straight line to the mean square displacement (MSD) of the pore. In order to avoid
large statistical errors due to poor sampling, | used the MSD s with time intervals
smaller or equal to 250 ns. The mean square displacement as a function of time is
shown in Figure 4.8, and it seems that two distinct regimes of b ehaviour can be iden-
ti ed. Speci cally, below 100 ns the slope of the curve is cle arly steeper than that for
longer times. In molecular dynamics simulations, a mixture of ballistic and linear Ein-
stein diffusion mechanisms is sometimes observed on short time scales. | calculated
the self-diffusion coef cient for three different sets of t ime intervals, from 1 to 100 ns,
from 1 to 250 ns and from 100 to 250 ns, in order to check the in ue nce of different time
intervals in the overall mobility of the barrel-stave pore. Moreover, due to the differ-
ent number of observations for each time interval, | used the weighted least squares

method for the calculation of the slope. The weight for each in terval is the number of
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its measurements divided by the total number of measurement s for all the time inter-
vals. By using weighted least squares, | included the uncert ainty of the measurements
in the calculation of the self-diffusion coef cient at long er times, and, therefore, made

sure that the approximation was the best possible with the av ailable data.
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Figure 4.8:Mean square displacement versus time for the LS3 bundle. Mean square
displacement versus time (solid line) and tted line (dashéckl). The tis applied to the
data beyond the rst 100 ns and has the unscaled slope of 7.86%Inm?/ps.

It has been noted in previous studies that the effective dyna mics appear to be faster in
coarse-grained simulations because of the smoothed potentals [106]. To take this into
account, | scaled the calculated self-diffusion coef cien t by a factor of 4, as suggested
in earlier simulation studies [106]. Finally, D% %= 0.8715 0.0129nm?/ s, D} 20 =

lat lat

0.688 0.0067mm?%/ sand D% 250 = 0.4912 0.0005mm?/ s, where the superscripts

lat
indicate the range of time intervals the coef cients corres pond to.

To our knowledge there are no reported values for the self-di ffusion coef cient of an

LS3 pore. However, the values calculated from our CG MD simul ations are remark-
ably close to reported values for membrane proteins. For example, for tetraspanin
CD9, that consists of 229 amino acids (LS3 pore consists of 18 amino acids), the lat-
eral diffusion coef cient was calculated to be 0.23 mm?/ s [189], whereas for bacteri-
orhodopsin, which is formed by seven transmembrane a-helices, the diffusion is 0.31
mm?/ s[190].
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Tilt of the pore

It is also worth mentioning that, during the simulation, the relative angles between
the helices were very small (a few degrees), as the peptides were strongly aligned,
whereas each of the helices adopted an orientation of around 2(° relative to the bilayer
normal, resulting in an similar orientation (of about 20 °) of the bundle as a whole. This
is in good agreement with previous simulation studies [191] . The distribution of the

tilt angle for the hexameric pore is shown in Figure 4.9.
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Figure 4.9:Tilt angle of the hexameric peptide bundle .

4.3.3 The toroidal pore

In our efforts to de ne the characteristics of a pore-formin g peptide, | used a shortened
version of LS3 that has been experimentally shown to fail to f orm discrete, stable pores
[16]. (LSSLLSL) has the same proportion of hydrophobic and hydrophilic resi dues
and the same distribution as LS3. Thus, one would expect this p eptide to show a
similar behaviour to that of LS3. However, in our simulation s, (LSSLLSL) preferred
either an interfacial positioning or the formation of compl exes. This kind of interaction
could be explained by the hydrophobic mismatch between the p eptide and bilayer
thickness. (LSSLLSL), in order to position its hydrophilic residues away from the

hydrophobic lipid tails, creates complexes involving seve ral peptides, some of them

inserted in the bilayer and the others located at the bilayer interface.
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Several variations of the complex self-assembly were obsewed in (LSSLLSL), simula-
tions. For example, in Figure 4.10, | present characteristic snapshots from the forma-
tion mechanisms of a typical (LSSLLSL), complex formation. Typically, the complexes

consisted of three or four peptides in the hydrophobic area o f the lipids with another

three to four peptides close to the membrane/water interfac e, creating a toroidal-
shaped structure. Because of the size of the complex (the conplex internal diameter
was less than 0.5A), no water was observed in these bundles. The complexes ap-
peared to be less stable than the bundles formed with LS3. The number of peptides
taking part in the complex varied with time. For example, in 0 ne of the simulations,
a complex was formed and disassembled after about a microsecond. This contrasts
with the case of LS3 where all complexes, once formed, were stable until the end of the
simulations, for several microseconds. | should also menti on that a common feature
of these complexes seen in our simulations is the coexisten@ and cooperation of the

peptides inside the bilayer and at the bilayer/water interf ace.

A similar structure has been observed for antimicrobial pep tide magainin-H2 [105]. In
an effort to compare these two observations, | repeated the simulations with magainin-
H2 and reproduced the formation of a toroidal pore. In Figure 4.11, | show a snhapshot
from a simulation with (LSSLLSL) », with a complex consisting of three inserted and
three tilted helices (right) and a snapshot from a simulation with magainin (left). Al-
though the two complexes have considerably different sizes , which is due to the differ-
ence in the length of the helices (magainin is a 23-residue peptide whereas (LSSLLSL),
is only 14 residues long), one can observe that they share sone common features, for
example in both cases there are peptides at the bilayer/wate r interface that seem to sta-
bilize the pore. Based on these similarities between the two complexes, as well as the
instability and the shape of the (LSSLLSL), complex, it can be classi ed as a toroidal

pore.

| also performed umbrella sampling simulations to obtain th e PMF for (LSSLLSL)
translocation across the lipid bilayer. In Figure 4.12, | pre sent a comparative graph
with the potential of mean force for transfer of LS3 (solid bl ack line) and (LSSLLSL),
(dashed blue line) from the water phase across a DPPC lipid bilayer. From the PMF
shape, one can observe a remarkable difference between (LSBLSL), and (LSSLLSL).

The PMF for (LSSLLSL), features strongly pronounced minima at the interfacial po-
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Figure 4.10:Characteristic snapshots of a simulation with typical (LSS LLSL), com-
plex formation . 50 ns: a peptide is in the bilayer and three more are groupeagpktoer and
close to it. 375 ns: the peptide remains at a transmembrane pasiand another peptide
has come closer to the complex. 850 ns: a second peptide is n@itr@ansmembrane posi-
tion, and three more are at the interface and close to the omesde the membrane. 925 ns:
the complex is taking a more stable form. 1300 ns: a third peptdepts a transmembrane
position and ve in total peptides are at the interface stdiking the trimeric complex. 2800
ns: the three peptides are still at a transmembrane positiod @me of the peptides at the
interface has left the group. 4725 ns: the three peptides ramaside the bilayer and only
three peptides are now close to the trimer. 7841 ns: anotheptjpe joins the trimer with
three interfacial peptides stabilising the complex. Cokuwater=blue, lipid heads=purple
and peptide backbone beads=orange. For reasons of clahity Itpid tails are not shown.

sitions (about -30 kTs, compared to the water phase), while the centre of the bilayer
is not a preferred location (+2 kTs compared to the water phas e). This is consistent
with the observations from the molecular dynamics simulati ons, where (LSSLLSL)
strongly prefers the interfacial orientation, and can be po sitioned inside the bilayer
only as part of a larger entity, with these entities being qui te unstable. Thus, by chang-
ing the length of the peptide (in other words by changing the h ydrophobic match), we

can drastically affect the type of the observed behaviour.
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Figure 4.11: Characteristic snapshots from the simulations with magain in (left)
and (LSSLLSL), peptide (right) forming toroidal pores . Colours: water=blue, lipid
heads=purple and peptide backbone beads=orange. The iiateial peptides have been
circled. For reasons of clarity the lipid tails are not shawn
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Figure 4.12:Comparative plot of the PMF patterns of LS3 and (LSSLLSL) ;. Both
LS3 (solid black line) and (LSSLLS4Ydashed blue line) peptides have a minimum close
to the lipid heads. In the case of LS3 a second minimum is obskeatehe centre of the
lipid bilayer.
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4.4 Barrel-stave versus toroidal pore

In this section, | will present a more thorough study on the di fferences between the

barrel-stave and the toroidal pore, formed by LS3 and (LSSLL SL), respectively.

Initially, to compare the different pore structures and the ir effect on the lipid bilayer, |

calculated the P, order parameters, as de ned in Section 2.7 of Methodology. In these
calculations, | have included all the lipids of the system, e ven the ones that do not inter-
act with the pores directly. Thus, these order parameters cor respond to a peptide/lipid

ratio of 9/256 for (LSSLLSL) », 7/128 for magainin and 6/256 for LS3 systems. The re-
sults of these calculations are shown in Figure 4.13. From Figure 4.13(b), where | have
zoomed in the area of the lipid tails, we can see that in the case of the barrel-stave
pore, the lipids have the same orientation as in the pure memb rane. In the systems
where a toroidal pore is formed, the lipid order is decreased relative to the one of the

peptide-free bilayer, indicating a more random orientatio n of the lipid tails in these

systems.
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Figure 4.13:P, order parameter of consecutive bonds with respect to the bil ayer
normal. The results from the pure DPPC lipid bilayer B, blue), the bilayer in the presence
of the barrel-stave pore (-.- , cyan), the (LSSLLSLy) toroidal pore ({} , black) and the

magainin toroidal pore |(

, red) are quite similar. In gure (b), where | have zoomed

in the region of the hydrocarbon tails, we can see that thddiprder is decreased in the

systems where a toroidal pore is formed.



4.4, Barrel-stave versus toroidal pore 112

| also calculated the lipid order parameters in the vicinity of the different pores, in
order to see how their structure affects locally the orienta tion of the lipids. In this

calculation, I included only the lipids at a distance smalle r than 1.5 nm from the cen-
ter of mass of the pores. Thus, these order parameters correspnd to a much bigger
of (LSSLLSL) toroidal
pore and 6/37 for the barrel-stave pore. In the case of the tor oidal pores, both for

peptide/lipid ratio, with a maximum value of 9/40 in the case

(LSSLLSL) and magainin, the lipids around the pores seem to adopt a more random
orientation than in a pure lipid bilayer or even in the case of the barrel-stave pore (Fig-
ure 4.14). It is also important to note that (LSSLLSL), toroidal pore seems to create

more local perturbation in the lipid orientation than the on e of magainin.
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Figure 4.14:P, order parameter of consecutive bonds with respect to the bil ayer
normal in the vicinity of the pores . Again, the results from the pure DPPC lipid bilayer (-
B, blue), the bilayer in the presence of the barrel-stave pore (, cyan), the (LSSLLSL)
toroidal pore ({ } , black) and the magainin toroidal pore| ( , red) are quite similar.
However, as shown in gure (b), where | have zoomed in the ragi the hydrocarbon
tails, the lipid order is decreased in the systems where aidiaiopore is formed, especially
in the case of (LSSLLSL)

Another difference between the two types of pores is the prese nce of water in them.
| calculated the water density in each of the two systems. In Figure 4.15, | show the
central part of the pores with respect to the bilayer normal. The gure shows that in
the system with the barrel-stave pore, water density at the c entral area of the lipid
bilayer is non-zero whereas in the case where a (LSSLLSL) pore is formed there is

almost no water in the bilayer.
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Figure 4.15: Water density in the barrel-stave and the toroidal pore . The plot
corresponds to the central part of the pores and the distaieavith respect to the bilayer
normal. In the case of the barrel-stave pore (black solid lirRgwe can see that there is

water at the central part of the bilayer whereas in the casld8SLLSL) pore (blue dashed
line, ) the density of water is close to zero.

| have also calculated the apparent area per lipid and volume per lipid in the presence
of the two different kinds of pores. The systems under study ha ve 256 DPPC lipids
and 3228 waters. The area per lipid was obtained by dividing th e area of the plane of
the lipid bilayer by the number of lipids present in each lea e t. For the calculation of
the volume per lipid the following formula was used:

ALLZ

where A is the area per lipid, L; is the length of the simulation box in the direction

of the bilayer normal, Ny, is the number of waters per lipid molecule and V! is the
volume per water. In Table 4.3, we summarize the results. The apparent area per lipid
is increased in the presence of the pores, as expected. In thecase of the toroidal pore

this increment is slightly bigger. The value for the volume pe r lipid is very similar in
all three systems.

v,y was calculated by a simulation with bulk water at the same condi tions.
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Table 4.3: Apparent area and volume per lipid in the presence of barrel- stave and
toroidal pore.

peptide-less Barrel-stave Toroidal
membrane pore pore
Apparent area per lipid4?) 63.7 08 680 04 689 05
Apparent volume per lipid4%) | 1300.0 4.2 1371.0 1.9 1371.0 2.0

Finally, in Table 4.4, | present a summary of the differences between the two different

types of pores.

Table 4.4:Summary of the di erences between the barrel-stave pore for med by LS3
peptides and the toroidal pore formed by (LSSLLSL) , peptides.

Barrel-stave pore Toroidal pore

ordered disordered

number of peptides is xed | number of peptides varies
lipids aligned along peptides some peptides at the surface, others inside the bilayer
stable (more than 157s) transient (not stable)
open (5.2A) closed (0.5A)

4.5 Conclusions

In this chapter, | showed that the spontaneous formation of a barrel-stave as well as
a toroidal pore can be captured by means of a CG model. | have performed exten-
sive MD simulations, beyond 15- rs-long in some cases, and observed the formation of

different complexes by LS3 synthetic peptide and its 14-residue version.

The formation of a hexameric barrel-stave pore is one of the most interesting results.
The pore was stable for more than 14 ns and lled with water. | have also esti-

mated the self-diffusion coef cient of the pore in the lipid bilayer. Although, de-

pending on the calculation procedure, there is some variati on in the estimate (D4 =
0.49 0.87nm?/ s), the key observation is that these values are similar to the exper-
imentally measured values for membrane proteins, such as bacteriorhodopsin [190].
Thus, from this point of view, the hexameric peptide pore beha ves as a small mem-

brane protein.
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Interestingly, the barrel-stave pore forms in the absence of a transmembrane poten-
tial, and naturally, there is no preferred orientation of th e peptides within the bilayer.
However, the impact of the applied electrostatic eld will b e investigated in future

work.

Remarkably, the simulations of a shorter version of this pep tide, (LSSLLSL),, showed
that this peptide has a much lower propensity for poration an d, when a complex does
form, it has a toroidal structure. These complexes were diffe rent to the barrel-stave
pore or the other complexes formed by LS3. They had a small diam eter that does not
allow for water to pass through it. Also, they were unstable, w ith the number of pep-

tides taking part in them varying during the simulation. Anot her difference between
the two observed pores was the structure of lipids in their vi cinity. | calculated the

order parameters of the lipids around the pores, and | showed that in the case of the
toroidal pore the lipids have a decreased order relative to t hose close to the barrel stave

pore.

| also calculated the apparent area and volume per lipid in th e systems with the two
different pores. The values were higher for the toroidal pore although its size was
smaller. This is another indication of the disordered struct ure of the toroidal pore. It
is important to note here that the values calculated by our si mulations can be directly
compared to measurements by Langmuir balance or diffractio n technigues and thus,

give information about the possible formation of a pore.

Also, the PMF for (LSSLLSL), is dramatically different from that of LS3, with the en-

ergy minima at the bilayer interfaces and the core of the bila yer being an unfavourable
location of the peptide. In the light of this PMF, the strong p ropensity of (LSSLLSL),
for the interfacial orientation in MD simulations is not sur prising. Furthermore, there
are clear similarities between the PMF of LAP20 peptide, presented in Chapter 3 and
the PMF calculated for (LSSLLSL),, with the features of the (LSSLLSL), PMF magni-
ed in the LAP20 case. Thus, it seems that from this point of view the two peptides
belong to the same class of nonspanning peptides. Whether or not under certain cir-
cumstances LAP20 exhibits self-assembly behaviour similar to the toroidal structures

of (LSSLLSL), remains an open question.
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To close this chapter, | would like to draw the attention of th e reader to what | believe
is a very important conclusion from this study. Our extensiv e simulation studies show
a potential link between the length of a peptide and its abili ty to form either stable,

ordered and open pores or transient, disordered and closed p ores. The formation of a
toroidal-like pore by an uncharged and short peptide seems c ontradictory to the typ-

ical toroidal-pore forming peptides, the antimicrobial pe ptides (AMPs). The AMPs
are 20-40 amino acids long and usually cationic. Their positi ve charge is often used
as an explanation for their interaction with bacterial memb ranes that are usually an-
ionic. However, an explanation for the pore-forming abilit ies of (LSSLLSL) lies in the
hydrophobic mismatch between the length of the peptide and t he thickness of the bi-
layer. Also, the formation of the toroidal pore in our simulat ions seems to be initiated
when at least one peptide is initially half-inserted in the | ipid head area. Moreover, in

some AMPs the hydrophobic region along the helical axis is sho rter than the bilayer

thickness that could also be another reason for the shape of the pore. Thus, a possi-
ble conclusion could be that the formation of a toroidal pore may be initiated by the

electrostatic interactions between the peptide and the membrane, however, the shape
of the pore seems to be linked to the distribution of hydropho bic residues along the

helical axis.



CHAPTERD

Cell-penetrating peptides

In this chapter, we will extend our studies to the self-assem bly and membrane inter-
nalization mechanisms of cell-penetrating peptides, whic h have the ability to transfer
large macromolecules across cellular membranes. We have closen two particularly
interesting cases, pHLIP and Pep-1 peptides. It has been exgrimentally shown that
pHLIP serves as an ef cient drug carrier without poration or  self-assembly process.
On the other hand, the translocation mechanism of Pep-1 has been a subject of contro-

versy over the last years and is not yet established.

We will start the chapter with a short introduction to the are a of cell-penetrating pep-
tides, emphasising in their importance and possible applic ations, and focusing on the
two chosen peptides. We will follow with the methodology and  the results. The chap-

ter closes with a discussion on the main outcomes of our study .

117
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5.1 Introduction

High molecular weight biomolecules have been playing aninc reasingly important role
as new, more effective therapeutic drugs. The bioavailabili ty of drugs depends signi -
cantly on their solubility properties; they must be polar en ough to dissolve in biologi-
cal uids, but not so polar that the drug cannot enter the cell. As a consequence, many
drug candidates, being out of this polarity range, fail to ad vance clinically. One of
the most promising approaches to resolve this problem is the use of peptide-carriers,

commonly known as cell-penetrating peptides (CPPs).

Cell-penetrating peptides (CPPs) are a family of short, hig hly basic and amphipathic
peptides. They have been successfully used to transport large macromolecules, such as
proteins, peptides, antisense oligonucleotide (ON), siRN As, plasmids and other large
particles, like liposomes, across cellular membranes both in vitro and in vivo. The ini-
tial discovery of CPPs originated from the observation that some intracellular pro-
teins, when added to an extracellular medium, had the abilit y to translocate across the
membrane. Tat transactivator of HIV virus type 1 [192] and pAn tp, Drosophila anten-
napedia transcription protein [193], were the rst peptide s to be identi ed with this

ability.

A number of studies have been made on the ability of cell-pene trating peptides to in-
hibit tumour growth in vivo [194-196]. They can be used as delivery vectors of tumour
suppressors, such as human p53 or lac tumour suppressor, or other proapoptotic pro-
teins. In another example, it has been shown that, using a cell-penetrating peptide,
nitric oxide synthesis could be inhibited and in ammation co uld be reduced in an an-
imal model [197]. Furthermore, the incorporation of CPPs in to vaccines is currently
being studied as there are indications that they could constitute a useful ingredient
that would ensure an effective T-cell response. These are jug a few from numerous
examples of successful applications of cell-penetrating peptides as drug-delivery vec-

tors.

Despite the extensive research on how CPPs traverse cell menbranes and promote the
intracellular uptake of various cargo molecules, the under lying mechanism remains
unclear. Depending on their charge, size, and structure, different CPPs utilize dif-

ferent internalization mechanisms. It is also possible that after cargos are linked to
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the peptides, this internalization mechanism changes. Possible mechanisms include
endocytosis-mediated entry, translocation by means of the sinking-raft model, the for-
mation of pores or translocation through formation of an inv erted micelle. Some of
the possible mechanisms have already been introduced in Chapter 1 (Figure 1.4). The
molecular details of the various translocation processes are not well understood. It is
thus important to (i) elucidate these details and (ii) link the properties of the peptides
to the various mechanisms of peptide-membrane interaction they induce. This would
be an important step towards the rational design of peptides with tailored functional-

ities.

Molecular dynamics simulations can play an important role i n the overall process of
understanding and elucidating the mechanisms of interacti ons of CPPs with lipid bi-

layers. In this study, we chose two particularly interestin g cell-penetrating peptides,
pHLIP and Pep-1. We have already introduced pHLIP in Chapter 3, however for the
purposes of this chapter, we will provide further informati on about its translocation

mechanism.

pHLIP is an amphipathic peptide that has been shown to accumu late in the mem-
branes of cells in acidic environments and to have the ability to transfer attached
molecules across them. In other words, pHLIP can act as a nanosyringe [164, 167].
Some of its possible applications include diagnostic imagi ng, drug therapy or genetic
control. These potential uses of pHLIP are based on the fact that in many diseases there
are naturally occurring acidic environments, ranging from 5.5to 6.5 pH (e.g. tumours,
sites of in ammation or stroke-af cted tissues). There is a ge nerally accepted mecha-
nism of pHLIP translocation which is shown in Figure 5.1. AtpH =7, pHLIP is solu-
ble in water in a random conformation, and at lipid/peptide r  atios larger than 100, it
binds to the membrane/water interface where conformationa | changes happen. When
pH< 6, it adopts a transmembrane position in a a-helical structure [164, 167, 198]. We
should also note that for low lipid/peptide ratios, no trans location across the mem-
brane has been observed [166]. Moreover, in the same publicdion, the authors suggest
that the hydrophobic C-terminus of pHLIP seems to be the one a dsorbed rst, when

the peptide is bound to the membrane.
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Figure 5.1:Proposed pHLIP translocation mechanism across a lipid bilay er. pHLIP is
soluble in water at pH=7 (State I), bound to the membrane/watanterface at lipid/peptide
molar ratio 100 (State 1), and at a transmembrane position at i (State Ill). The gure
was taken from [198].

For Pep-1 peptide the story is not as evident and its transloc ation mechanism has been
a subject of controversy over the last years. However, before we address the subject of

Pep-1 internalization, we will introduce some basic inform ation about it.

Pep-1, or transport system Chariot?, is a 21-residue peptide (KETWWETWWTEWSQP-
KKKRKYV) with primary amphipathicity 2 [13,199]. It can be described as a protein
transfection agent that interacts with non-covalent inter actions with the protein to be
delivered. Itis considered to be one of the most promising ce ll-penetrating peptides as
it combines no toxicity up to a concentration of 100 niM and high ef cacy in delivering
drug vectors. Pep-1 can be separated into three domains; a hydrophobic tryptophan-
rich domain that is necessary for the ef cient targeting to t he cell membrane, a hy-
drophilic lysine-rich domain that improves the intracellu lar delivery and solubility of
the peptide and a spacer domain that consists of one proline r esidue that connects and
improves the exibility and the integrity of the other two dom  ains. The important role
of tryptophan in the interaction of peptides with lipid bila yers has been reviewed in
[200]. Because of its special sequence, Pep-1 adopts diffemt secondary structures, de-
pending on its environment. In particular, in water and at lo w concentrations, it has
a disordered structure whereas in a lipid environment the hy drophobic N-terminal

region (residues 4-13) isa-helical, and the hydrophilic region unstructured [201].

1Active Motif, France, http://www.activemotif.com
2Amphipathicity resulting from the amino acid sequence itsel f, and not from the folding structure.
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Different internalization mechanisms of Pep-1 have been suggested. In [201], the re-
sults indicate that Pep-1 follows an endocytic pathway for ¢ ellular uptake. Figure 5.2
shows the different steps of this pathway. First, Pep-1 inte racts with the cargo via
the tryptophan residues and the complex approaches the membrane (1). Tryptophan
residues bind the peptide-cargo complex with the membrane ( 2). Then, a concave
surface curvature is created (3) and nally an endosome is fo rmed and released into
the cytoplasm (4). Another proposed mechanism for the transl ocation of Pep-1 across
membranes is the formation of membrane ion channels [13] (Figure 5.3). In [13], the
authors suggest that this translocation mechanism has the following steps: (1) forma-
tion of a complex with the cargo, (2) membrane uptake, (3) tran slocation through the
bilayer, and (4) release into the cytoplasm. In another study, Henriques et al. suggest
that the translocation of Pep-1 is mainly driven by the charg e imbalance between the
outer and the inner lea et of the membranes and is initiated by nonlytic perturbation
of the lipids [202]. Moreover, in [203], it was proposed that Pep-1 peptides form amor-
phous peptide complexes in the absence of cargo, whereas when a cargo is attached to

them, they have the ability to form nanoparticles (Figure 5.4 ).

Figure 5.2:Proposed Pep-1 translocation mechanism across a lipid bilayer I: Endo-
cytosis. First, Pep-1 interacts with the cargo with the tryptophansielues and the complex
approaches the membrane (1). Tryptophan residues bind thetidepcargo complex with
the membrane (2). Then, a concave surface curvature is cregd@nd nally an endosome
is formed and released in the cytoplasm (4). The gure was agajpfrom [201].

pHLIP and Pep-1 peptides are particularly challenging case s as either the exact manner
(pHLIP) or the whole translocation mechanism (Pep-1) are un known. Here, we study
possible interactions of Pep-1 and pHLIP with a lipid bilaye r and how changes like
protonation, capped or uncapped termini, lipid bilayer siz e or type of lipids affect

these interactions. The effect of different peptide concentrations was also examined.
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Figure 5.3:Proposed Pep-1 translocation mechanism across a lipid bilayer II: Pore
formation . (1) Formation of the complex, (2) membrane uptake, (3) transiton through
the bilayer, and (4) release into the cytoplasm. The gure wadapted from [13].

Figure 5.4:Proposed features of Pep-1/cargo complexes. Pep-1 forms peptide com-
plexes in the absence of cargo. After being attached to a caityhas the ability to form
nanoparticles. The gure was adapted from [203].
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5.2 Methodology

Simulation setup

We performed MD simulations of pHLIP and Pep-1 peptides in di fferent lipid bilayer
systems and at different concentrations. All simulations we re performed with GRO-
MACS simulation package, version 3.3.2 [169] and the MARTINI forc e eld was used
for the description of the systems [106]. The simulation para meters and methodology

were as de ned in Chapter 3.

Lipid bilayers

The lipid bilayer systems that were used in this study are pres ented in Table 5.1. For
the construction of the big DPPC membrane, we rst started wi th a preassembled
DPPC lipid bilayer with 512 lipids and replicated it in the X a nd then Y directions, so
that a bilayer with 2048 lipids was formed. After equilibrati ng the system, we repli-
cated it once more in X direction. The nal lipid bilayer with t he 4096 lipids was

further equilibrated. The smaller bilayers were taken from p revious MD simulations.

Table 5.1:Systems of lipid bilayers used in pHLIP and Pep-1 simulations .

Type of lipids Number of lipids Number of waters

System 1 POPC 128 1500
System 2 POPC 128 2000
System 3 POPC 512 6000
System 4 POPC 512 8500
System 5 DOPC 512 12000
System 6 DOPC 128 1500

System 7 DPPC 4096 203337
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Steered MD simulations

Steered MD simulations were performed for Pep-1 peptide, in an effort to capture
a potential endocytic pathway, which is a large scale and slow process. We used a
preassembled peptide complex, a pentamer formed in one of th e MD simulations. We
used a harmonic potential with a force constant of 5000 kJ/(m ol nm?2) applied to the
centre of the complex with the direction of the normal of the b ilayer towards its centre.
The pulling rate was 0.0005 nm/ps. The complex' motion in the XY p lane was not

restrained.

5.3 pHLIP peptide

In Figure 5.5, we present the amino acid sequence of pHLIP and a summary of its
observed or proposed behaviour. In our studies, pHLIP is tre ated as ana-helix in the
whole system (even when it is in water). We believe that for th e purposes of our study,

this representation is adequate.

Figure 5.5:pHLIP peptide: A short summary .
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We started our simulations with a single pHLIP peptide in dif ferent lipid bilayer sys-

tems. We performed a set of simulations (Set I), and a summary is presented in Table
5.2. In Set |, pHLIP was capped and protonated. Protonation of acidic amino acids was
used in order to mimic the low pH environment. The results show ed that generally
pHLIP was adsorbed on the surface of the lipid bilayer, with i ts tryptophan side chains
embedded in the lipid heads. In one of the simulations, where the N-terminus of the

peptide was initially inserted in the bilayer, we observed t he insertion of pHLIP (see
Figure 3.14).

Table 5.2: Summary of simulations for pHLIP peptide Set | . In this set of simulations,
pHLIP is capped and protonated. In the last simulation, we dig¢0 bead type for all
backbone beads.

Duration Behaviour
(ms)

System 2 1.2 interfacial positioning

the N-terminus of the peptide initially in
System 3 0.4 the bilayer, nally transmembrane position
System 3 0.2 interfacial positioning
System 3 0.2 interfacial positioning
System 4 0.4 the peptide remained in the water phase

until the end of the simulation
System 5 1.0 interfacial positioning
System 5 0.3 interfacial positioning
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In the second set of simulations, we wanted to test the abilit y of pHLIP to form com-

plexes. For this reason, we performed MD simulations of pHLI P at different concen-
trations in a small membrane (System 1, with only 128 POPC lip ids and 1500 waters).
By using a low lipid/peptide ratio, we were able to compare ou r observations with
available experimental results [166]. In these simulation's, pHLIP was uncapped and
not protonated. At all concentrations, we observed the forma tion of complexes that
were bound to the lipid heads region by the tryptophan residu es. The C-termini of
the peptides were adsorbed on the surface of the membrane whereas the N-termini
preferred a positioning in the water phase. At very low lipid/  peptide ratio, with ve

peptides in a system of 128 lipids, big undulations of the mem brane were observed. In
Figure 5.6, we show a snapshot from the simulation with ve pep tides forming a pep-
tide complex and causing local perturbations to the lipid bi layer. Also, several lipid
heads were “squeezed out', and a defect in the membrane surfacewas observed. In
all the simulations, strong interactions between the uncap ped termini seemed to take

place. A summary of Set Il simulations is presented in Table 5 .3.

Figure 5.6:Strong membrane undulations induced by a pentameric pHLIP co mplex.
Colours: water=Dblue, lipid heads=purple, lipid tails=ylelw and peptide complex=magenta.
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Table 5.3: Summary of simulations for pHLIP peptide Set Il . In this set of simulations,
pHLIP is uncapped and not protonated. System 1 was used.

Concentration Duration Behaviour
(ms)
2 peptides 5.7 formation of a complex, adsorption on
membrane surface
3 peptides 4.5 formation of a trimeric complex, adsorption
on the surface of the membrane
4 peptides 4.4 tetrameric complex, interfacial positioning,
5 peptides 4.1 peptide complex on the membrane surface, stiong
undulations induced by low lipid/peptide ratio

Finally, we performed three simulations with six peptides p laced in three different
lipid bilayer systems. A summary of these simulations is pre sented in Table 5.4. Our
goal was to test the ability of pHLIP to form pores. Keeping in m ind the way the
formation of a pore was induced in the case of LS3 (Chapter 4), we initially placed
one or two peptides in the lipid bilayer. We also performed a s imulation with no
peptides inserted but with very low lipid/peptide concentr ation. No formation of
a pore was observed in any of our simulations. However, we wer e able to capture
other interesting phenomena. In the smallest system (System 1), the peptides formed
a complex that lied on the surface of the membrane until the en d of the simulation.
Undulations were caused to the membrane and a defect in its sur face was observed.
In the biggest system (System 5), one peptide was initially i nserted in the bilayer and
remained there until the end of the simulation. A complex of  ve peptides was also

formed.

In Figure 5.7, we present three snapshots from a simulation in System 5, two peptides
initially inserted in the lipid bilayer and four more inthew  ater phase (Set ). The two
peptides remained at a transmembrane position until the end of the simulation. After

about 2 s from the beginning of the simulation, they came at a close di stance, started
interacting with each other, and nally they created a compl ex. In the meanwhile,

interactions with the rest of the peptides, that had already formed a complex in the
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Table 5.4:Summary of simulations for pHLIP peptide Set 1l . In this set of simulations,
six pHLIP peptides were inserted in the system. In all casél,IP is not protonated and
uncapped.

Duration Behaviour
(s)

System 1 4.3 big complex formed, interfacial
positioning, strong undulations

one peptide initially inserted
System 5 4.5 in the bilayer and remained there,
aggregation of the rest peptides

two peptides, initially inserted in
System 5 4.4 the bilayer, stayed there
aggregation of the other four peptide

(2]

water phase, were observed. However, this interaction betw een the complex and the

inserted peptide did not lead to a pore formation.

To summarize, in most of the simulations we performed with pH LIP, the peptide was
adsorbed at the surface of the membrane. The lipids in the vici nity of the peptide,
or the complex, are 'squeezed' aside and a defect in the surface of the lipid bilayer
was created. This was more evident in the case where complexesof more than four
peptides were formed. As an example, we chose the simulation w here a tetramer was
formed and was interacting with two peptides at a transmembr ane position (Set lll,
last in Table 5.4). In Figure 5.8, we present the top view of the lipid bilayer (dark
purple surface) with and without the peptide complex (colou red in magenta). The
shapshot is from the last nanosecond of this simulation. The creation of a hole at the
surface of the bilayer is in agreement with the proposed beha viour of pHLIP reported
in [166]. Figure 5.9 is a schematic of the defect caused at the arface of the lipid bilayer

by a pHLIP complex.
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Figure 5.7:Snapshots from pHLIP simulations . Two peptides are initially placed at a
transmembrane position and remain there until the end of the datian. After about 2ns
from the beginning of the simulation, they come at a close dista and start interacting
with each other, and nally they create a complex. In the meanlehinteractions with the
rest of the peptides, that have already formed a complex in treten phase, are observed.
However, this interaction between the complex and the inedrpeptide does not lead to
a pore formation. Colours: lipid heads=purple and peptidecklone beads=orange. The
water and lipid tails have been removed for reasons of clarity

Figure 5.8:Top view of the defect created by the pHLIP complex on the surfa ce of
the lipid bilayer . (a) Snapshot of the defect with only the surface of the b#ayshown as a
surface coloured purple. (b) Snapshot with the lipid tailsosvn as green and yellow beads
corresponding to the top and bottom lea et respectively. )(8napshot where the peptide
complex is also included and coloured in magenta.
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Figure 5.9:Schematic of the defect caused at the surface of the lipid bil ayer by a
pHLIP complex . Colours: lipid heads=purple and peptide=orange.

We also calculated the apparent area per lipid in the presence of the pHLIP complex
on the surface of the lipid bilayer, and it was 0.7200  0.0033 nn, slightly bigger than
the area per lipid of the DOPC bilayer without the peptides (0 .6920 0.0034 nn?). In
order to see the effect of the presence of the pHLIP complex on the structure of lipids,
we calculated their P, order parameters in the vicinity of the complex. In Figure 5.1 O,
we can see the decrease in the lipid order due to the presence d pHLIP peptides in the

system.
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Figure 5.10:P, order parameter of consecutive bonds with respect to the bil ayer
normal. (a) Results from the pure DOPC lipid bilayer @, blue) and the bilayer in the
vicinity of the tetrameric pHLIP complex (-.- , cyan). (b) Same as (a), but zoomed in
the region of the hydrocarbon tails. There is a decrease ia lipid order induced by the
presence of the pHLIP complex.
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5.4 Pep-1 peptide

The simulation strategy we followed for Pep-1 was different. We performed different
simulation sets, based on the experimentally captured behaviour of Pep-1. However,
as described in the introduction of this chapter, this behav iour is still a matter of intense
research and discussion. In Figure 5.11, we present the aminoacid sequence of Pep-
1, with the distribution of charges along this sequence. We h ave also included a list
with the proposed mechanisms of interaction of Pep-1 with a m embrane, as well as
some of its features that have been experimentally captured. This list has guided us
in our simulation strategy. As shown in Figure 5.11, Pep-1 has a hydrophobic part
that is a-helical, a hydrophilic part with random structure and a pro line residue that
works as the linker between these two parts. In our simulatio ns with Pep-1, we have
represented the hydrophobic part as an a-helix and the rest of the peptide as a random

coil.

Figure 5.11:Pep-1 peptide: A short summary .
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We rst performed a series of simulations with uncapped Pep- 1 peptides at different
concentrations in a small system of 128 DOPC lipids and 1500 waters (System 6). The
summary of these simulations is presented in Table 5.5. We used a small membrane in
order to promote a possible formation of a pore. A key observa tion from these simu-
lations was the role of tryptophan in the binding of Pep-1tot he membrane as well as
with other peptides. When one peptide was inserted in the sys tem, it quickly adopted
an interfacial positioning, with its tryptophan residues a dsorbed on the lipid bilayer
surface. Its positively charged C-terminus preferred a loc ation in the water phase.
When more than one peptides were placed in the system, a complex always formed.
Complexes with two, three, four and ve peptides were observ ed. In all cases, trypto-
phan residues were either embedded in the lipid heads or hidd en in the peptide com-
plex. In Figure 5.12, we show the density pro les of tryptopha n and valine residues
from the simulation with one peptide. From the pro les, we ca n see that tryptophan
residues (dashed blue line) were adsorbed on the surface, under the phospholipid
heads (solid black line). Valine seemed to be more exible, wi th two populations, one
close to the phospholipid heads and one further out of the mem brane surface. We
carried out the same set of simulations, but with Pep-1 capped. A similar behaviour
was captured with complexes formed in all cases and tryptoph an residues playing an
important role in the overall process of peptide-membrane i nteraction (Table 5.6).

Table 5.5:Summary of simulations for Pep-1 peptide Set | . In this set of simulations,
Pep-1 is uncapped. System 6 from Table 5.1 was used.

Concentration Duration Behaviour
(1rs)

1 peptide 2.2 interfacial positioning

2 peptides 7.2 interfacial positioning

3 peptides 5.4 interfacial, peptide complex is formed

4 peptides 55 interfacial, peptide complex is formed

5 peptides 4.1 a pentameric complex is formed, one of the

peptides is hidden in the lipid heads
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Figure 5.12:Density pro le of tryptophan and valine residues of Pep-1 . Tryptophan
residues (dashed blue line) were adsorbed on the surfacderuthe phospholipid heads
(solid black line). Valine (dashed light blue line) is morexible, with two populations, one
close to the phospholipid heads and one further out of the meambrsurface.

The propensity of Pep-1 to form aggregates observed in the previous simulations, in-
duced us to study large lipid bilayer systems with the incorp oration of six or more
peptides in them. Thus, we performed three simulations in a li pid bilayer system of
512 DOPC lipids and 12000 water coarse-grained beads (Systs 5). The summary of
these simulations is shown in Table 5.7. We inserted six and tw enty peptides in the sys-
tem, and waited for several microseconds to observe the behaviour of Pep-1 in a large
agueous phase. Again, complexes with different number of pep tides were formed
with the biggest consisting of 12 peptides. The complexes were stable and were lo-
cated either close to the lipid bilayer surface or in the wate r phase. They showed an
inherent stability and only association and not dissociati on of the peptides was ob-
served. The shape of the complexes was close to spherical in the case of the hexameric

aggregate and was varying in the case of the large aggregate.

In Figure 5.13, we present a series of snapshots from the simulation where twenty pep-
tides were inserted in the lipid bilayer system. Five of thes e peptides were already in a
form of a complex, taken from previous simulations, and the h elical parts of two pep-
tides were initially placed inside the lipid bilayer at a tra nsmembrane position. After
a few nanoseconds, they started interacting with each other, and created a complex in-

side the bilayer, resembling a dimer. They remained as a compl ex for more than 200 ns.
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Table 5.6: Summary of simulations for Pep-1 peptide Set Il . In this set of simulations,
Pep-1 is capped. System 6 from Table 5.1 was used.

Concentration Duration Behaviour
(ms)
1 peptide 2.2 helical part adsorbed on the membrane surface
2 peptides 5.0 interfacial positioning, complex formed
3 peptides 7.0 complex is formed, membrane perturbations
4 peptides 5.5 formation of two dimer-like complexes,
5 peptides 5.2 pentameric complex is formed, interfacial gosihg
6 peptides 9.3 a hexameric complex is formed, interfacial pasithg

They created local perturbations to the membrane, that were p articularly pronounced
when the complex was slowly moving out of the membrane. Durin g this process,
tryptophan residues played an important role in the perturb ation of the lipid bilayer.
In Figure 5.14, we have taken a snapshot of the simulation wher e tryptophan residues
can be observed in the hydrophobic core of the bilayer (yello w beads). These residues
seem to ‘drag' some lipid head groups towards the inner part of the bilayer. During
this simulation, we observed several lipid heads as well as w ater molecules inside the
hydrophobic core of the lipid bilayer. The perturbations of t he lipid bilayer lasted for
about 200 ns. After that the peptides adopted a positioning at the surface of the bilayer
and remained there until the end of the simulation. The pentam eric complex, by the
end of the simulation, became an aggregate of 12 peptides, with maximum dimension

of about 7.3 nm.

Another simulation was performed with a pentameric complex i nitially half-inserted
in the lipid bilayer. The con guration of the complex was take n from previous simu-
lations. It was formed in the water phase and most of its hydro philic sidechains lay
at the outer surface of the complex. In Figure 5.15, we show a seies of snapshots
from this simulation. The complex from the half-inserted pos ition (a), starts going out

from the membrane (b), taking with it several lipid heads sho wn in violet. In the third
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Table 5.7:Summary of simulations for Pep-1 peptide Set Il . System 5 was used.

Concentration Pep-1 Duration Behaviour
(rs)

a complex of two, four and nally ve peptides
6 peptides uncapped 3.8 is formed and located close to the mengbra
surface, the complex is stable forris

6 peptides capped 3.7 a pentameric complex is formed, it is ledat
in the water

20 peptides uncapped 2.4 an amorphous complex of 12 peptidesrsed
trimeric and pentameric complexes are obseryed

shapshot (c), the complex has induced the formation of a water pore. The pore has a
toroidal shape and the complex is at its entrance, close to the surface of the lipid bi-
layer. In Figure 5.15(d), the pore is closed. Finally, the peptide complex is in the water

phase but still in contact with the bilayer (e).

Finally, we carried out a 500 ns MD simulation with a peptide ¢ omplex and ten more
peptides randomly inserted in System 3. The complex remained united during the
whole simulation. One of the peptides, that was initially at a transmembrane position,
remained there. Because of Pep-1 secondary structure the dimers that were formed
seemed to be stabilized by the helix-helix interactions. The coiled part of the peptides
moved randomly. When the two dimers came to a relatively clos e distance, they cre-
ated a tetramer that again appeared to be maintained by the in teractions between the

helices.
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Figure 5.13:Snapshots from Pep-1 simulations. 20 peptides were inserted in a DOPC
lipid bilayer. Two peptides that were initially put at a tramembrane position, remained
there for more than 400 ns, causing strong local perturbasi®o the membrane. Finally, the
two peptides adopted a positioning at the surface of thedipilayer. Colours: watercyan,
lipid heads dark purple and peptide backbone beadsagenta. The lipid tails are not
shown for clarity.
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Figure 5.14:The e ect of tryptophan in Pep-1/membrane interaction . Colours: wa-
ter=blue, lipid heads=purple and peptide backbone beads=geata. Tryptophan residues
that are inside the lipid bilayer are coloured yellow.
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Figure 5.15:Snapshots from the MD simulations of Pep-1 complex . Colours: wa-
ter=blue, lipid heads=purple, lipid tails=yellow and pefite complex=magenta.
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Steered MD

In Figure 5.17, we present snapshots from a Steered MD simulation we performed with
a pentameric complex initially placed at a distance of 0.5 nm f rom the lipid bilayer sur-
face. In Figure 5.17(a), we can see the evolution of the systemas the peptide complex is
pulled inside the lipid bilayer. When the complex is at the su rface of the bilayer, small
perturbations can be observed. While pulling, these pertur bations become stronger,
led to an interdigitated state, and nally to the disintegra tion of the lipid bilayer. In
another Steered MD simulation, again with the pentameric co mplex very close to the
lipid bilayer surface, we observed the formation of a transi ent water pore while the
peptide complex is pulled inside the lipid bilayer. Figure 5 .17(b) and Figure 5.16 show
the side view of this pore. Again the pore has a toroidal shape | ike the one observed
from the MD simulations (Figure 5.15(c)). After the formation of the pore, and as the
complex is further pulled, the membrane loses stability and ruptures are observed on
its surface (Figure 5.17(c)). In Figure 5.18, we have plotted he area per lipid for the sec-
ond of the two Steered MD simulations, where we can see the poi nt of the membrane
rupture. At about 3.5 ns, and when the peptide has moved about 1.7 5 nm along the
bilayer normal towards the center of the lipid bilayer, the m embrane starts expanding

in X and Y directions and after half nanosecond the system rup tured.

Figure 5.16:Transient water pore formed by Pep-1 complex .
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Figure 5.17: Snapshots from the Steered MD simulations with Pep-1 . (a) The
peptide is pulled from the water phase inside the lipid elaylong the bilayer normal.
Local perturbation of the lipid bilayer that eventually léao an interdigitated state, the
formation of a defect and nally to the rupture of the lipid kalyer. The snapshots from top
to bottom correspond to the 1st, 3rd, 6th, 8th and 10th nanasad respectively. (b) Side
view of the transient pore that is formed when Pep-1 is pulledide the lipid bilayer. (c)
Deformation of the lipid bilayer due to the strong interactiovith Pep-1. The lipid heads
are coloured dark purple and the peptide complex magenta.
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Figure 5.18:Area per lipid from the Steered MD simulations of Pep-1 compl ex.

The membrane rupture can be observed starting at about 3.5 n#) the peptide complex
moved about 1.75 nm from the surface towards the center of tipéd| bilayer.

5.5 Conclusions

The initial objective of this study was two-fold and could be s ummarized in the fol-

lowing questions:

Can we capture pHLIP translocation?

Is pore formation, direct translocation or endocytosis the uptake mechanism for
Pep-17?

The simulation results, however, cannot be directly used to a nswer any of these ques-
tions. In the case of pHLIP peptide, no translocation was obs erved both at low and
high lipid/peptide ratios. However, it is important to note  that all of the available ex-
perimental data have been taken from in vivo studies of the peptide, and thus a direct

comparison with simulation results is dif cult to be made.

The formation of complexes of different sizes and the adsorpt ion of pHLIP on the
lipid bilayer surface were the two key observations of our si mulations. Although the
formation of complexes has not been captured experimentall y, it has not been excluded

as a possible scenario [166]. Moreover, the binding of pHLIP to the surface of the
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membrane has been proposed in several studies [164, 166, 16798]. pHLIP tends to
“squeeze out' the lipid heads, and lead to the formation of def ects in the surface of
the bilayer. Also, from the calculation of the order paramete rs of the lipids close to
a tetrameric peptide complex, we observed a decrease in the adering of lipid chains

that is probably caused by the interactions of pHLIP with the lipid heads.

Another key observation from our simulations is the position ing of the C-terminus of
pHLIP in the lipid heads region when a single peptide was cons idered. This obser-
vation is in agreement with previous experimental studies [ 166]. In the case where
the N-terminus of the peptide was half-inserted in the lipid bilayer, we observed its
insertion in the hydrophobic core. The initiation of the inse rtion only when one termi-
nus was inside in the bilayer, may signify that there is proba bly something missing in
the description of pHLIP-membrane interactions in our stud ies. A better treatment of
the electrostatic interactions or even a more realistic representation of the membrane

could be possible improvements of the description of the sys tem.

In the case of Pep-1, we observed the formation of complexes d different sizes. In
particular, an interesting result was the formation of a pep tide complex consisting of 12
peptides. The complex, once formed, remained stable until th e end of the simulation.
This was the case for all the different complexes we observed. The complexes were
stable, with a constant number of peptides unless another fr ee peptide approached
and joined the aggregate. The formation of complexes is in agreement with available
experimental observations, where the peptide formed large aggregates in the absence
of cargo [203].

Also, tryptophan seems to play and important part in the inter action of Pep-1 with
the lipid bilayer as well as in peptide-peptide interaction s. We showed by plotting
the density pro les of tryptophan and valine residues thatt ryptophan was under the
layer of phospholipid heads during the whole simulation, wh ereas valine seemed to
be more exible and covered a bigger area close to the surface of the lipid bilayer. This

observation is also in agreement with experimental results [201].

Another notable result is the formation of transient pore-li ke structures, once the pep-
tide or the peptide complex is slightly inside the lipid bila yer, close to the lipid head

region. This was captured both by MD and Steered MD simulation s. These structures
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had a toroidal shape and in two cases they were lled with wate r. As in the case of
pHLIP with the insertion, this initial driving force that is  needed in order for these
pores to form seems to be missing from our description of the s ystem. Probably the
absence of cargo or a different treatment of electrostatic interactions are the missing
parameters that should be included in order to have a more rea listic representation of
the system. However, many key features of Pep-1 interactions are captured in our re-
sults and show that further investigations and improvement in the description of the

system could provide us with a better understanding of these interactions.



CHAPTERD

Interactions between nanoparticles and

lipid membranes

The wide use of nanoparticles in a variety of products, such as drug and gene delivery
materials, and the results from our simulation studies on ce ll-penetrating peptides,
with the formation of nanosized complexes, were two of the re asons that inspired
this study. Nanoparticles of two sizes (1 nm and 3 nm diameter ) with different surface
chemistry were constructed, with different types and distr ibution of CG beads on their
surface. MD and Steered MD simulations were then performed i n order to obtain
insights about the nanoparticle-membrane interactions. Some qualitative results will

be presented mainly by means of visualization and some rst o bservations will be
discussed.

144
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6.1 Methodology

Simulation setup

All simulations were performed with GROMACS simulation packa ge, version 3.3.3
[169]. The MARTINI force eld was used for the description of the lipid bilayer and
the nanopatrticles [106]. The simulations were carried out un der periodic boundary
conditions at constant temperature and pressure. The temperature was kept constant
for each group, at 323 K for the DPPC systems and 300 K for the DOPC, using the
Berendsen thermostat with a relaxation time of 1 ps [135]. The pressure of the system
was semi-isotropically coupled and maintained at 1 bar usin g the Berendsen algo-
rithm with a time constant of 5 ps and a compressibility of 4.5 10 ®bar 1[135]. The
non-bonded potential energy functions were cut off and shif ted at 12 A, with forces
smoothly decaying between 9 A and 12 A for van der Waals forces and throughout the
whole interaction range for the treatment of electrostatic forces. The simulations were

performed using a 20 fs integration time step.

Nanoparticles

In our study, we considered two sizes (1 nm and 3 nm) and six dif ferent types of
nanoparticles. The types were chosen so that we could either be able to compare
with available experimental studies (for example, the stri ped nanopatrticles from [119])
or with the peptide complexes formed in our simulation studi es (Chapter 5). The
nanoparticles were constructed by placing evenly spaced CG beads of different types
at the surface of a 1 nm and a 3 nm sphere. Bonds with a force congant of 1250 kJ
nm 2mol ! were used for neighbouring beads. Also, the beads at a distance equal to
the radius of the sphere were restrained with a a force constant of 2250 kJ nm 2mol 1!
to maintain the shape of the nanoparticle. The different type s of nanoparticles are
presented in Table 6.1, where the nature, the name and the CG representation of each
nanoparticle are shown. For the construction of the nanopar ticles with more than one
bead type, we used an approach similar to that introduced in [ 119], with striations of

alternating groups (Figures 6.1 and 6.2).
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Table 6.1:Types of nanoparticles used in this study .

Type Name CG Representation
Hydrophobic C-type C1

Polar P-type P5

Mixed CP-type C1l and P5
Charged-acceptor and polar QatP-type Qa and P5
Charged-donor and polar Qd+P-type Qd and P5

Charged-acceptor and hydrophobic Qa+C-type Qa and C1

Figure 6.1:Nomenclature for the 1 nm nanoparticles . All nanoparticles have 24 coarse-
grained beads. The mixed nanoparticle has 10 C1 type and 14yPB beads. The beads
are not to scale. Colours: hydrophobic beads=yellow andrbptiilic beads=dark blue.

Pure lipid bilayers

The lipid bilayer systems used in this study are shown in Table 6.2. For the simulations
with the 3 nm nanoparticles, we mainly used very big systems w ith enough water
phase in order to avoid artefacts caused by the interactions over periodic boundaries
(for example undulations). For the construction of the big m embranes, we rst started
with a preassembled DPPC lipid bilayer with 512 lipids and re plicated it in the X and
then Y directions, so that a lipid bilayer with 2048 lipids wa s formed. After equilibrat-
ing the system, we replicated it once more in X direction. The nal lipid bilayer with
the 4096 lipids was further equilibrated. In the cases where bigger water phase was
needed, we replicated the water slab from one side of the bilayer as many times as

needed, with intermediate equilibration runs.
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Figure 6.2: Nomenclature for the 3 nm nanoparticles . All nanoparticles have 271
coarse-grained beads, evenly shared between the dierepesy The beads are not to
scale. Colours: hydrophobic beads=yellow, hydrophiliatie=dark blue, charged and donor
beads=red and charged and acceptor beads=pink.

Table 6.2:Systems used for the steered MD simulations.

Type of lipids Number of lipids Number of waters

System 1 DPPC 4096 95963
System 2 DPPC 4096 120533
System 3 DPPC 4096 203337
System 4 DPPC 512 11414

System 5 DOPC 512 11722
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Nanoparticle-bilayer systems

After the preparation of the lipid bilayers, we performed a se ries of Steered MD simu-
lations. The initial con gurations for these simulations we re prepared as follows: rst,

we created an empty sphere in the water phase of each lipid bil ayer system, by re-
moving the corresponding water beads. To avoid overlaps, th e diameter of this sphere
was 1 nm bigger than the diameter of the nanoparticle to be ins erted. For the systems
where charged particles were used, we added ions to maintain the overall neutrality of

the system. An equilibration simulation of about 50-100 ns, d epending on the system

size, was then performed.

Steered MD

In order to speed up the process of interaction of a nanoparti cle with a lipid bilayer,
which in the case of the pore formation or the interdigitated state seen in experiments
may be a very slow event, we applied an external force to the na noparticle. We used
a harmonic potential with a force constant of 5000 kJ/(mol nm?) applied to the centre
of the nanoparticle with the direction of the normal of the bi layer. The pulling rate
was 0.0005 nm/ps. Due to the size of the lipid bilayers we used i n this study, it is
possible that their response to the pulling of the nanoparti cles through them will not
be fast enough and could cause mechanical instability to the system. Thus, in some
cases that will be speci ed in the results section, we used a pulling rate of 0.00005
nm/ps and a force constant equal to 1000 kJ/(mol nm?), in order to examine if indeed
the response of the big lipid bilayers may lead to artefacts d epending on the pulling
rate and force constant. The nanoparticle motion in the XY pla ne was not restrained
and the nanoparticle is free to rotate. The simulation parame ters were as described
before in this section, apart from the pressure coupling tha t for the Steered MD was

anisotropic.
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6.2 Results

6.2.1 1 nm nanoparticles

We performed steered molecular dynamics simulations for ea ch of the nanoparticle
types introduced in the Methodology. The summary of these sim ulations is presented
in Table 6.3. System 1 from Table 6.2.

Table 6.3: Summary of simulations for the 1 nm nanoparticles.

Nanoparticle Steered MD Simple MD

C-type insertion

P-type bilayer thinning, holes formation positioning at théldyer surface
CP-type insertion under the phospholipid heads

From the pulling simulations, the C- and CP-type nanopartic les inserted into the lipid
bilayer. The hydrophobic nanoparticle passed very smoothly in the hydrophobic core
of the bilayer, whereas the mixed nanoparticle induced a cur vature to the membrane,
by dragging several lipid heads with it. The polar nanopartic le, although of a small
size, induced thinning and high curvature to the lipid bilay er. If we compare our
observations with that reported in [122], we will see that th ey are not contradictory.
Actually, in our simulations, both the polar and the mixed nan oparticle induced really
high curvature to the membrane without disrupting it (Figur e 6.3(a)). Thus, using the
same terminology as in [122], “the lipid bilayer followed the topographical features of

the nanopatrticle'.

Thinning of the bilayer was also observed for the C- and CP-typ e nanoparticles. The
thinning of the bilayer happened while pulling the nanopart icles out of the hydropho-
bic core of the bilayer. In all the cases where this thinning w as captured, after a few

nanoseconds the membrane returned to its original state.

We have calculated the order parameters of the lipids in the v icinity of the nanopar-

ticles (Figure 6.3(b)). We used only one snapshot for each type (shown next to the
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order parameters plot), and in the case of the polar and mixed nanopatrticles this snap-
shot was at the critical point before the beginning of the mem brane thinning. For the
hydrophobic nanoparticle, we used a snapshot with the nanop article inside the hy-
drophobic core of the bilayer (Figure 6.3(a), top). The order parameters show a big de-
crease in the ordering of lipids in the system with the polar a nd mixed nanoparticles,
compared with the pure lipid bilayer and the hydrophobic nan oparticle. We should
also note that the actual defects on the membrane were a consguence of pulling the

nanoparticles after the critical point before the lipid bil ayer thinning.

0.8

0.61

0.4r

NC3 PO4 GLYCGLYC C1 C2 C3 C4
(@) (b)

Figure 6.3: P, order parameter of consecutive bonds with respect to the bil ayer
normal in the vicinity of the nanoparticles . Pure lipid bilayer(-B, blue), the bilayer in
the presence of the Ctype nanoparticle (-.-, cyan), CPtype nanoparticle (§ , black) and
Ptype nanoparticle |, red) show signi cant di erences.

In Figure 6.4, we have plotted the area per lipid for the system with the mixed nanopar-

ticle. From the gure, we can notice the reaction of the membr ane to the pressure im-
posed by the pulling, and the relaxation time until reaching the area per lipid of the
liquid phase (63 A). The increase of the area per lipid reaches a factor of 1.67 which
is in agreement with reported values indicating a transitio n to an interdigitated state
[204]. A similar behaviour was observed for the hydrophobic and polar nanoparticle
at the exit and entrance from the bilayer respectively. An imp ortant note here is that
the induction of an interdigitated state was experimentall y captured for nanopatrticles

of a 5-nanometer diameter in [123] .
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Figure 6.4: Area per lipid for the CP-type 1-nm nanoparticle . We can observe the
point where the interdigitated state occurs and the reactiof the lipid bilayer to it.

We also performed MD simulations of the polar and mixed nanop articles (Table 6.3).
We used as initial con gurations the last con gurations bef ore the interdigitated state.
The polar nanoparticle adopted a positioning at the surface o f the lipid bilayer, whereas

the mixed nanopatrticle remained close to the phospholipid h eads.

6.2.2 3 nm nanoparticles

We rst performed some steered molecular dynamics simulati ons with hydrophobic,
polar or mixed nanoparticles. In Table 6.4, we present a summary of these simulations.
We carried out three simulations for the hydrophobic, four f or the polar and 2 for
the mixed nanoparticle. The third simulation for the C and P ty pes was performed
with a pulling rate of 0.00005nm/ps, whereas in the fourth sim ulation with the polar

nanoparticle a smaller force constant was used (1000 kJ/(mol nm?)).

The hydrophobic nanoparticle, in all three simulations, cro ssed the lipid bilayer. How-
ever, this was not the case for the polar nanoparticle, where no insertion was observed.
In two of the simulations, the nanoparticle, after inducing a high curvature to the mem-

brane, led to an interdigitated state and nally disruption  of the lipid bilayer.
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Table 6.4: Summary of simulations for the nanoparticles of 3-nm diamet er.

Nanoparticle | Simulations Behaviour

C-type 3 insertion, bilayer thinning while pulling out
P-type 4 no insertion, bilayer thinning, holes
CP-type 2 insertion, lipid heads in the hydrophobic corg,

bilayer thinning while pulling out

In Figure 6.5, we show a detail from the lipid bilayer in a liqui d and in an interdigi-
tated state from one of the simulations with the polar nanopa rticle. In the gure, the
lipid heads are coloured purple, the hydrophobic tails of th e top lea et orange and the
hydrophobic tails of the bottom lea et yellow. From Sub gure  6.5(b) we can see the
characteristic lipid structure seen for an interdigitated state. The bilayer thickness was
also calculated and was found to be 4.7 nm in the liquid phase and 2.8 nm in the

interdigitated state.

(a) (b)

Figure 6.5: Detail of the interdigitated state of a lipid bilayer . (a) Lipid bilayer in
liquid phase. (b) Lipid bilayer in an interdigitated stateoim the pulling simulation of a
P-type nanoparticle. Colours: lipid headpurple, hydrophobic tails top lea et orange and
hydrophobic tails bottom lea et yellow.
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In Figure 6.6, we present some characteristic snapshots fromthe simulations with the

polar nanopatrticle. In Sub gure (a), a high curvature is ind uced by the nanopatrticle,
leading to an interdigitated state and nally membrane rupt ure. We have also ob-
served the formation of a transient pore (Figures 6.6(b) and (c)). This pore was lled

with water, with some of the lipid heads lining the pore at a to roidal shape. While
pulling, the pore increased in diameter and nally more pore s were created on the
lipid bilayer (Figure 6.6(d)).

Figure 6.6:Interdigitated state and transient pore formation from the  polar nanopar-

ticle. (a) Snapshots from one of the pulling simulations with a P-&ypanoparticle. High
bilayer curvature, thinning and disruption can are obsetvéb), (c) Side and top view of
the transient pore induced by the pulling of a polar nanopelg across the lipid bilayer. (d)
Transient pore and periodic images. Smaller pores have beeated at other points as
well. The nanoparticle is not shown. Colours: lipid headswple, polar beads=dark blue.

The mixed nanopatrticle crossed the lipid bilayer in both simu lations. Its crossing was
different from that of the C-type nanoparticle, as it ‘'dragge d' several lipid heads in the
hydrophobic core of the bilayer. In Figure 6.7, we show a serie s of snapshots from one
of the simulations with the CP-type nanoparticle. A similar behaviour was observed in
the other simulation. From the gure, we can observe the thin ning of the bilayer and
its expansion in X direction as the nanoparticle was pulled o ut of the bilayer. Also,

some lipid heads can be noticed in the hydrophobic area of the bilayer.
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Figure 6.7:Mixed nanoparticle insertion in the lipid bilayer . Snapshots from the pulling
simulation with CP-type nanoparticle. The nanoparticle ergehe bilayer and drags several
lipid heads into its hydrophobic core. A thinning of the bji& is observed while pulling the
nanoparticle out of the bilayer. Colours: lipid heads=plagppolar beads=dark blue.
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It is important to note that we observed thinning of the bilay er in all of the performed
simulations. In the cases of the hydrophobic and mixed nanop articles, this happened
while pulling the nanoparticles out of the lipid bilayer. Fo r the hydrophilic nanopar-
ticle this thinning and disruption of the membrane occurred while pulling it inside
the bilayer. As in the case of the small nanopatrticles, we calculated the area per lipid
for the different types and the different simulations. We fo und an increase of the area
per lipid by a factor of about 2.6. The value of this factor is sim ilar for all types of
nanoparticles and is probably indicative of their and lipid bilayer relative sizes. The
con gurations of the membranes resemble the ones observed in the simulations with
the small nanoparticles. The main difference is that due to th e expansion of the bi-
layer in X and Y directions, and consequently the “shrinking' in Z direction, the bilayer

interacted with its periodic images and eventually the syst em collapsed.

6.2.3 Charged nanoparticles

In this study, we considered three types of charged nanopatrt icles, positively charged
and polar (Qd+P-type), negatively charged and hydrophobic (Qa+C-type) and neg-
atively charged and polar (Qa+P-type). We have performed MD simulations with

Qa+C- and Qa+P-type nanoparticles. Typical snapshots from these simulations are
shown in Figure 6.8. Both nanoparticles adopted a positionin g close to the surface of
the lipid bilayer. In the case of the Qa+P-type nanoparticle , molecules of water lied be-
tween the nanoparticle and the phospholipid heads, whereas the Qa+C-type nanopar-
ticle seemed to directly interact with the lipid bilayer. Du ring the 30 nanoseconds of
the simulations, we did not observe any distinct curvature o f the membrane induced

by the interaction with the nanoparticles.

We also performed Steered MD simulations for the three diffe rent charged nanoparti-
cles. In all three simulations, we observed a high curvature and thinning of the bilayer
until the systems collapsed due to the interactions with the periodic images of the

bilayers and the nanoparticles.
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Figure 6.8:Final snapshots from the MD simulations of the charged nanop articles.
Colours: water=cyan, lipid heads=violet, Qa=pink, hydr&ybic particles=yellow, polar
particles=blue .

6.2.4 The e ect of membrane size

We also tried to examine the effect that a smaller lipid bilay er may have to our results.
We used a 3 nm polar nanoparticle with two different types of m embranes DPPC and
DOPC (Systems 4 and 5 respectively). The summary of these simuations is shown in
Table 6.5. A similar behaviour to that for the big lipid bilaye rwas observed. However,
in one of our simulations, we captured the formation of a tran sient water pore. Then,
strong undulations of the lipid bilayer and partial engulfm ent of the nanoparticle were

observed. Snapshots of this simulation are shown in Figure 6.9.
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Table 6.5: Summary of simulations for a big polar nanoparticle in a smal | lipid
bilayer.

Behaviour

System 4 thinning of the lipid bilayer, hole around the nanoparticle
System 4 holes, membrane disruption
System 5 strong undulations

System 5 formation of transient water pore, strong undulations

Figure 6.9:Pulling in a small membrane. (a) A transient water pore opens and closes due
to the nanoparticle pulling. (b) Big undulations and partiangulfment of the nanoparticle.
The lipid heads are coloured purple and the hydrophilic rzarticle blue.
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6.3 Discussion

We performed simple and steered molecular dynamics simulat ions with nanoparticles
of different sizes and nature. From the small nanoparticles , with a diameter of 1 nm,
we observed the insertion of the hydrophobic and mixed nanop article in the bilayer.
The mixed nanopatrticle, however, seemed to “drag’ several phospholipid heads inside
the lipid bilayer. The hydrophilic nanoparticle induces hig h curvature to the bilayer
that eventually leads to the bilayer thinning and the creati on of holes. From the calcu-
lation of the area per lipid and the con guration of the lipid  bilayer, we could classify
this thinning as an interdigitated state. The interdigitate d state was also observed in
the study by Ahmed and Wunder [123] with 5 nm diameter nanopart icles, and could
be also linked to the thinning of the membrane reported in [12 2]. A thinning of the
bilayer was also observed for our simulations with the C- and CP-type nanoparticles,

only this time, it was induced by the pulling of the nanoparti  cles out of the bilayer.

Another important observation from our simulations with the  small nanoparticles is
that, in the case of the P- and CP-type, a disorder in the structure of the lipids can be
captured by visualization and order parameter calculation s. The order parameters in
these two cases are signi cantly different to that of a pure | ipid bilayer, indicating the

level of interaction between the nanoparticles and the lipi ds.

A similar behaviour was captured in our simulations with the  big nanoparticles. The
C- and CP-type nanoparticles inserted into the bilayer, whe reas the polar nanoparticle
caused signi cant deformation to the lipid bilayer, includ ing thinning and formation

of holes. Thinning of the bilayer was also observed for the hyd rophobic and mixed

nanoparticles while pulling them out of the bilayer.

Sensitivity analysis has also been performed. We carried out two simulations, one for
polar and one for hydrophobic nanoparticle, with a very smal | pulling rate in order to
allow enough time for the membrane to react to the interactio n with it. These simu-
lations gave similar results to those from the simulations w ith the higher pulling rate.
We also performed one simulation with a polar nanoparticle a nd a ten times smaller

force constant. The results did not present differences to the previous ones.

From the MD simulations with the Qa+C and Qa+P nanopatrticles , we observed an

interfacial positioning. For the rst case, a positioning v ery close to the lipid heads
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was captured. In the case of the Qa+P-type nanoparticle, we observed some water
molecules between the nanoparticle and the lipid bilayer. W e also performed Steered
MD simulations with three types of charged nanoparticles. | n all cases thinning of the
bilayer was observed. | should mention here that better trea tment of the electrostatic
interactions, for example use of PME instead of the shift met hod, could give a more

realistic description of the system and improve the accurac y of the results.

We need to keep in mind that the non-equilibrium simulations may provide some
insight of otherwise dif cult to capture events, however th ey should always be con-
sidered with caution. Future studies could be combined with more MD simulations.
Also, nanoparticles with random distribution of hydrophobi  city or charges could also
constitute an interesting case study and could be compared w ith our “striped' nanopar-
ticles. An improvement in the description of our system would  be to use a bigger wa-
ter phase in order to avoid possible interaction between the bilayer and its periodic

images due to the thinning effect.

We should mention again that this work is at a preliminary sta ge and it could only be
used as a starting point for a more detailed study of the inter action of nanoparticles

with lipid bilayers.
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Summary and conclusions

7.1 Summary of dissertation

Peptide-membrane interactions play an essential role in cells. A few of their func-
tions include antimicrobial defence mechanisms, viral tra nslocation, signal transduc-
tion and membrane fusion. Because of their importance in the se processes, peptide-
membrane interactions have been extensively investigated, both through theoretical,

computational and experimental studies.

In this work, molecular dynamics simulations have been empl oyed in the studies of
peptide-membrane interactions. | am particularly interes ted in a-helical peptides, that
constitute a potentially vast family of membrane-active pe ptides. The processes of
interest, such as pore formation or self-assembly processes, run over long time and
length scales. On the other hand, atomistic simulations are limited to several hundreds

of nanoseconds and tens of nanometers. To overcome these linitations, in this study;,

160
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a coarse-grained approach was adopted.

In the rst chapter, | introduced the biological background of the system of interest
(peptides and membranes). | elaborated on importance of peptide-membrane inter-
actions, how computer simulations and molecular modelling can be instrumental in

gaining information about them and reviewed the state of the art in this eld.

A short description of the methodology used in this work foll  owed in Chapter 2. Some
basic ideas of statistical mechanics were presented, and the principles of molecular
dynamics, free energy calculations and other methods emplo yed in this work were re-
viewed. | thenintroduced the model used in this study. Speci cally, a short description
of the MARTINI coarse-grained model, the molecular mapping an d the representation

of lipids, lipid bilayers and peptides were presented.

In Chapter 3, | focused on several types of interactions betw een lipid membranes and
a-helical peptides, based on the distribution of hydrophobi city along the helix. | em-
ployed the MARTINI coarse-grained force eld and tested its ab ility to capture di-

verse types of behaviour. Four different classes of amphipathic a-helical peptides were
considered: pore-forming, non-membrane-spanning, fusio n and transmembrane pep-
tides. The simulations provided us with useful insights on th e formation of a barrel-
stave pore. Also, amphipathic nonspanning peptides were des cribed with suf cient

accuracy. However, the picture was not as clear for fusion an d transmembrane pep-
tides. For SIV fusion peptides, our results both from atomis tic and coarse-grained
simulations seemed to underestimate the oblique insertion of the peptide that has been
captured through experiments. In the case of transmembrane peptides, | did not man-
age to capture the spontaneous insertion. However, once a peptide was half-inserted
in the lipid bilayer, it adopted a transmembrane position an d remained there until the
end of our simulations (a few microseconds). For each class o peptides, | also cal-
culated the potential of mean force (PMF) for peptide transl ocation across the lipid

bilayer and demonstrated that each class has a distinct shape of PMF.

Pore formation mechanisms play an important role in many bio logical processes, from
ion-conduction across cell membranes to antimicrobial def ence mechanisms and many
more. | chose a synthetic peptide, LS3, which is simple (it has only two types of amino

acids) and has the potential to form pores. | showed that the s pontaneous formation of
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a barrel-stave pore formed by LS3 is within the limits of the e mployed coarse-grained
protocol. In Chapter 4, | presented a series of simulations t hat provide further evidence
of the propensity of LS3 to form pores as well as structural an d dynamical information
about them. For example, the barrel-stave pore captured in our studies was open for
more than 14 s and lled with water. Moreover, the calculated self-diffu  sion coef -
cient (Do = 0.49 0.87nm?/ s) is similar to the experimentally measured values for
membrane proteins. | also investigated how pore formation m echanism depends on
the structural modi cations of LS3. Remarkably, the simula tions of a shorter version
of this peptide, (LSSLLSL),, showed that this peptide has a much lower propensity for
poration and, when a complex does form, it has a toroidal stru cture. These complexes
were different to the barrel-stave pore or the other complex es formed by LS3. They
had a small diameter that does not allow for water to pass thro ugh it. Also, they were
unstable, with the number of peptides taking part in them var ying during the simula-
tion. Another difference between the two observed pores was t he structure of lipids in
their vicinity, as shown by order parameters calculations. The PMF for (LSSLLSL), was
dramatically different to that of LS3, with the energy minim a at the bilayer interfaces

and the core of the bilayer being an unfavourable location of the peptide.

In Chapter 5, | extended our studies to the self-assembly and membrane internaliza-
tion mechanisms of cell-penetrating peptides. In particul ar, | chose two peptides of
signi cant technological importance, pHLIP and Pep-1. The f ormation of complexes
of different sizes and the adsorption of pHLIP on the lipid bi layer surface were the two
key observations of our simulations. These complexes were bound to the membrane
surface and “squeezed out' the lipid heads, resulting in the f ormation of defects on the
surface of the bilayer. In the case of Pep-1, formation of complexes of different sizes
was observed. The complexes were stable, with a constant number of peptides unless
another free peptide approached and joined the aggregate. An interesting observation
was that tryptophan seems to play and important role in the in teraction of Pep-1 with
the lipid bilayer as well as in peptide-peptide interaction s. Another notable result was
the formation of transient pore-like structures, once the p eptide or the peptide “lump'

was slightly inside the lipid bilayer, close to the lipid hea d region. This was captured
both by MD and Steered MD simulations. These structures had a to roidal shape and

in two cases they were lled with water.
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Finally, in Chapter 6, | presented some preliminary qualita tive results from our simu-
lation studies on interactions between nanoparticles and | ipid membranes. Molecular
dynamics simulations as well as Steered MD simulations were performed. Two dif-
ferent sizes, with 1 and 3 nm diameter, as well as different su rface chemistry ranging
from fully hydrophobic to charged nanoparticles were consi dered. An important ob-
servation from our simulations is the induction of an interd igitated state of the mem-
brane when small hydrophilic or larger nanoparticles with s ome degree of polarity
were pulled inside the lipid bilayer. From the molecular dyn amics simulations of the

charged nanoparticles an interfacial positioning was obse rved in all cases.

In summary, it has been shown that the formation and evolutio n of pores in mem-
branes, the interfacial positioning of non-membrane-span ning peptides as well as other
self-assembly processes are within the limits of coarse-grained molecular dynamics
simulations. An important link between the barrel-stave and the toroidal mechanism
and the length of the peptides was also established. Overall, this work has demon-
strated that coarse-grained simulation models can be used to address biologically rel-

evant processes.

7.2 Final thoughts and future directions

Some of the conclusions and future directions of this study ¢ ould be summarized in

ve main subjects: free energy calculations, implications of coarse-grained approaches
and multiscale modelling , representation of the membrane, nanoparticles studies and
other peptide systems and treatment of electrostatic interactions. Here, | present some

of our ideas and possible future directions in these ve subj ects.

Potential of mean force calculations

Potential of mean force (PMF) is a very useful tool in the stud ies of peptide-membrane
interactions. | calculated the PMF for peptide translocati on across the lipid bilayer
and demonstrated that each class of the studied peptides has a distinct shape of PMF.
A natural step forward in this study would be the calculation of PMF for more pep-

tides belonging to each of the different classes in order to establish a general map of
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interactions. In addition to this, the effect of the presenc e of peptides, proteins or other
biological entities in the lipid bilayer on the PMF pro le co uld add further information
in this map of behaviours. Also, calculation of the PMF with tw o reaction coordinates,
the distance along the normal of the bilayer as well as the ori entation of the peptide
relative to it, could lead to a better understanding of the tr anslocation mechanisms of

a-helical peptides and in particular transmembrane helices .

The representation of the membrane

In our studies, the membrane is treated as a lipid bilayer wit h only one component.
This could be one of the reasons for not being able to capture the direct translocation
of a peptide unless an initial perturbation of the membrane w as imposed. A more
realistic approach would be the incorporation of membrane p roteins, cholesterol or
more than one lipid types in the description of the membrane. For example, incorpo-
rating membrane proteins in the membrane could apply a stres s to the lipid bilayer
important for several of its functions, such as peptide tran slocation across it. Also, the
presence of cholesterol in the lipid bilayer would make it st iffer and more dif cult to
pass. PMF calculations under these two different condition s, the presence of mem-
brane proteins or cholesterol, could give important insigh ts in the peptide-membrane

interactions and the factors that in uence them.

Treatment of electrostatic interactions

The use of cut-off and shift techniques for the treatment of el ectrostatic interactions is
a matter of extensive discussion and controversy in the area of molecular modelling.
In the present study, | adopted the most widely used approach for MARTINI force
eld, the shift method. However, the use of PME method could b e the next step to a
more realistic representation of the system. For example, in the case of pHLIP or Pep-1
peptides the electrostatic interactions with the membrane may play an important role
in the translocation mechanism. Moreover, in the studies of nanoparticles, where most
of the available experimental data and applications are rel ated to cationic particles,
PME could possibly be a better treatment for the description of the system. Some

simulations have already been performed with the charged na noparticles and PME
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without however giving signi cantly different results. Mo  re investigation in the area

IS nhecessary.

Nanoparticles studies

The importance of nanoparticles in everyday life is indisput able. The studies pre-
sented in this dissertation are preliminary and limited to q ualitative observations. Fur-
ther more detailed information on the systems could offer a b etter understanding of
the mechanisms of interactions of the nanoparticles with th e lipid membranes. Also,
simulations with the charges randomly placed at the surface of the nanoparticles could
offer direct comparison with the available experimental da ta. Larger nanoparticles and

systems could also be considered.

Coarse-grained approaches and multiscale modelling

Despite the overall success of the MARTINI force eld to captur e the behaviour of
several types of a-helical peptides, there are still some reservations regarding its use in
new systems. To start with, the MARTINI protocol implies thatt he secondary struc-
ture of the peptides is known and does not change in the proces s of interest. However,
for several cases, like pHLIP peptide, this description is n ot adequate, as complex con-
formational evolution of a peptide is often an integral part of the peptide-membrane
interaction mechanism. Furthermore, the CG treatment of wa ter where several dis-
joint degrees of freedom are fused together in a single Lennard-Jones site also presents
a well recognized issue. “Structureless' and chargeless waer is unable to describe wa-
ter ordering in the vicinity of hydrophobic surfaces or orie ntation of water molecules
in electric elds. This leaves a number of important peptide- membrane processes be-
yond the scope of the MARTINI. For example, the higher propensi ty of LS3 to form
barrel-stave pores in the presence of a weak transmembrane potential most likely will
not be adequately described by the MARTINI. Translocation of ¢ ationic peptides, such
as many examples from the family of cell-penetrating peptid es, also requires accurate

description of water properties.

Even with these limitations, the MARTINI and other CG approach es provide a compu-

tationally powerful tool to identify and elucidate mechani sms of peptide-membrane
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interactions and self-assembly processes. The potential stuctures identi ed in the CG

simulations can then serve as a starting point and be re ned i n more detailed atomistic
studies. A further step in the peptide-membrane studies cou |d be to adopt a multiscale
approach and develop it as necessary in order to capture the different phenomena at
the desired resolution. This approach may include sequentia | inverse mapping, hy-
brid simulations with different levels of resolution used s imultaneously or an adap-
tive method which will allow for individual molecules to swi  tch between different

resolution levels.

Direct extension of the MARTINI (or any other CG approach) to ne w classes of pep-
tides should be approached with caution. It seems that appli cation of a CG approach
to a new class of peptide-membrane interaction should invol ve careful validation (and
if necessary re-calibration) of the approach against known experimental observations
for several reference systems within the class. Once the apgicability of the CG model
is established, the CG approach can indeed provide a humber of valuable insights on

the behaviour of the system as a function of various system parameters.
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Appendix A

Table A.1:History of classical molecular dynamics simulations of biormalar systems.

| year | molecular system | length of simulation (s)]

1957 | rst MD simulation (hard discs, 2D)

1964 | atomic liquid (argon) 10 1

1974 | molecular liquid (water) 5 10 12

1977 | protein (no solvent) 2 10 1

1983 | protein in water 2 10 1

1989 | protein-DNA complex in water 10 10

1997 | polypeptide folding in solvent 10 /

2000 | micelle formation 10 7

200x | folding of a small protein 10 8
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Figure A.1:The 20 common amino acids. The pink shaded parts represent the R group
of each amino acid. In the case of histidine the R group is shagmincharged, however at
pH 7.0 a fraction of the group is positively charged. The guhas been adapted from [5].
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Figure A.2: Dierent levels of structure in proteins - Hemoglobin.  Primary and
secondary structures of a peptide chain that belongs to helobig. In the tertiary structure
we can see the position of tha-helical peptide in one of the polypeptide chains of the
protein, whereas in the quaternary structure the whole @iotis presented. The gure has
been adapted from [5].



APPENDIX B

Appendix B

In this section, we will shortly describe the molecular dyna mics program we have

developed as part of this PhD.

1. The NVE ensemble:

(a) NVE with the leap-frog integrator scheme:

Firstly, we developed a code for the NVE ensemble using the le ap-frog integrator
scheme. In table B.1, we present the comparative results from the house code and
a code that calculates the pressure and the potential energy based on the LJ equation
of state. We can see that our results are in good agreement with those predicted by the

equation of state?,

1From now on all the quantities are in reduced units
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Table B.1: NVE with LF integrator vs EOS . The results are for the same conditions,
densityr = 0.7, timestep Dt = 0.005 number of particlesnMol = 125 and 30.000
timesteps.

ST> [<P> [ < P>gs| <U> | <U>gps
1.1551| 1.0391| 0.7834 | -4.4084| -4.4056
1.5028| 2.1013| 1.8659 | -4.2091| -4.2111
1.8566| 3.1605| 2.9061 | -3.9926| -4.0092

(b) NVE with the Gear predictor-corrector integrator scheme:

In order to achieve greater numerical accuracy, we implemen ted the NVE ensemble
but this time using the Gear predictor-corrector algorithm . As we can see from the
comparative table B.2, we have very good agreement between the two different ap-
proaches.

Table B.2: Leap Frog vs Gear Predictor-Corrector. These runs were performed for

densityr = 0.7, timestep Dt = 0.005 number of particlesnMol = 125 and 30.000
timesteps.

Tinit | < T>LF | < T>gear| <U>1f | < U>gear| < P> | < P>gear
15 1.1551 1.1637 -4.4084 -4.4051 1.0391 1.0698
2.0 1.5028 1.5222 -4.2091 -4.1874 2.1013 2.1564
2.5 1.8566 1.9007 -3.9926 -3.9838 3.1605 3.2533

2. NVT ensemble:

However, in order to describe phenomena like the formation o f a bilayer or the pep-
tide insertion into a membrane, a more realistic approach sh ould be followed. For this
reason, the NVT ensemble where temperature is xed is more ap propriate. Conse-
quently, the next step in the development of our MD code was fr om the NVE to the

NVT ensemble.

For the application of the NVT ensemble, we chose to use the Nosé-Hoover thermostat
which is considered one of the most accurate methods for keeping the temperature

constant.

In order to validate the NVT program, we calculated the avera ge temperature from
the NVE code and imposed this temperature to the NVT ensemble . This way, we are

able to compare the average quantities from both systems.
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In tables B.3 and B, we present the comparative results from the NVE and NVT en-
sembles, respectively. We can see that the results from the N\VT ensemble are in good

agreement with those from the NVE ensemble.

Table B.3: Average quantities - NVE ensemble with the Gear predictor-co rrector
integrator . r = 0.7, Dt = 0.005 nMol = 125 30.000timesteps.

Tinig | < T> | <P>]<U>]|<Eqin>|<Ex>
15 | 1.1637| 1.0698| -4.4051| 1.7316 -2.6768
2.0 | 1.5222| 2.1564 | -4.1874| 2.2650 | -1.9299
2.5 | 1.9007 | 3.2533| -3.9838| 2.8283 | -1.1521

Table B.4: Average quantities - NVT ensemble . r = 0.7, Dt = 0.005 nMol = 125
30.000timesteps,Q = 10.

Tinit | <T> | <P> | <U> <Kp> | < Eet>
1.1637| 1.1636| 1.0456| -4.4086| 1.7315 | -2.6784
1.5222| 1.5218| 2.1456| -4.1880| 2.2646 -1.9281
1.9007| 1.9005| 3.2540| -3.9756| 2.8281 -1.1558

In gure B.1, we see the basic characteristics of the thermostat parameter x. The os-
cillations around zero and the relative evolution of x and dx/ dt are two of the main

features of the Nosé-Hoover thermostat.

ksi
dksi/dt

1 -

= 1 1 1 1 1 1 1 1 1
28 2.82 2.84 2.86 2.88 29 292 2.94 2.96 2.98 3

N
time

Figure B.1:x and x versus time.

3. NPT ensemble:

An even more realistic approach is the NPT ensemble where the pressure instead of
the volume is conserved. This is more appropriate in our case since membranes tend
to change their volume and keep the pressure almost constant. For the implementation

of the NPT ensemble, we chose to use the No®-Hoover barostat.
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In order to validate our NPT code, we ran the NVT Nos é-Hoover program for 125
particles,V = 178,57 andT = 1,5 and calculated< U >,< K> and < P >. Then,
we ran the NPT Nos &-Hoover program for 125 patrticles, Peyxt =< P >pny7= 2,05 and
T = Tnvr = 1,5 and calculated again< U >, < K> and < P >. The comparison is

shown in the table below (table B.5).
Table B.5: Comparative table.

| NVT | NPT
< U> |-42083] -4.1793
< K> | 2.2306 | 2.2466
< V> | 17857 | 179.8013

Q=30, W=150, nPart=1000
T

4 potential H

total

3H kinetic |1

U/N

I e S |

5 I I I I
0 0.5 1 15 2 25 3

Nime x10*

Figure B.2:UIN versus time (Dt = 0.0005 Q=30, W=150).

In the following gures, we observe the evolution of the aver age quantities for barostat
W = 50.
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Figure B.3:Average pressure vs Nime.

125 particles, Q=20, W=50

0.2 0.4 0.6 0.8 1 12 14 16 18 2
Nlime x10*

Figure B.4:Average temperature vs N time.
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Appendix C

In the gure below, we present the free energy pro les for the translocation of SIV fu-
sion peptide across a DOPC bilayer, calculated by using diff erent methods for the treat-
ment of electrostatics and pressure coupling. In particula r, we perform an umbrella
sampling simulation with the Nos &-Hoover thermostat and one with the Particle-mesh
Ewald (PME) for the treatment of electrostatic interaction s. For the PME scheme, we
use a grid spacing of 0.12 nm and quadratic interpolation. The r est of the parameters

in the two simulations are as in the original.
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Figure C.1:Potential of mean force for the transfer of SIV peptide from t he water
phase across a DOPC lipid bilayer. The PMF calculated by and umbrella sampling
simulation with cut-o treatment for electrostatics and Beralsen thermostat is represented
by a continuous line, with Nos-Hoover thermostat by a dasHew and the with PME by

a thin dashed line.
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