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Abstract

Membrane active peptides with the ability to cross the plasma membrane represent a promis-
ing class of therapeutic compounds. However, translocation efficacy and membrane toxicity
of these peptides appear correlated and a better understanding of their mechanisms of action
is needed to achieve the desired effect. Here, a range of coarse grain molecular dynamics
simulations have been performed to systematically investigate the interactions of such cell-
penetrating peptides (CPPs) with biologically relevant membranes. Challenges associated
to the development of a suitable asymmetric mammalian membrane model demonstrated
the importance of lipid species distribution on the bilayer mechanical properties, as well as
the effect of coarse graining on its electrostatic properties. However, simulations success-
fully discriminated between two CPPs, penetratin and transportan, and were consistent with
the experimental data available for these. The results obtained suggest that the ability of
transportan peptides to aggregate into flexible, dynamic, transmembrane bundles is respon-
sible for their relative membrane toxicity. The stability and structure of these aggregates, as
well as the extent of the bilayer perturbations they induced, were shown to depend on the
membrane composition and asymmetry, thus providing a molecular basis to explain how
the toxicity of CPPs is modulated by membranes. In particular, bilayer destabilisation was
enhanced by the presence of anionic lipids and hampered by that of cholesterol. Transportan
aggregates were also observed to trigger lipid flip-flops above a certain size and a new path-

way for such events, not relying on the formation of water defects, was characterised.
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Chapter 1

Introduction

1.1 Cells and membranes

Cells represent the fundamental building blocks of life, both from a structural and a func-
tional perspective, and all living organisms are composed of one or more cells. While a
multitude of different cell types exist, with distinctive characteristics allowing them to per-
form various biological functions, at the most basic level all cells are membrane-enclosed

entities which fall within two categories, prokaryotes and eukaryotes.

1.1.1 Eukaryotic and prokaryotic cells

The content of all cells is delimited by a biological membrane called the plasma, or cyto-
plasmic, membrane. The corresponding intracellular space is the cytoplasm. In eukaryotic
cells, the genetic material is located in the nucleus, a distinct intracellular compartment
separated from the cytoplasm by the nuclear enveloppe. In contrast, prokaryotic cells do
not possess a nucleus to store their DNA and, as illustrated in Figure 1.1, such cells are

relatively smaller and simpler than eukaryotic cells [1]. Prokaryotic cells account for two

1
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Figure 1.1 Schematic representation of the structure and content of (A) an eukaryotic mammalian
cell, and (B) a prokaryotic bacterial cell. In contrast to prokaryotic cells, the cytoplasm of eukaryotic
cells contains numerous membrane-bound organelles, such as the nucleus where DNA is located.
They also possess a cytoskeleton consisting of microtubules as well as actin and intermediate fil-
aments. Scale is approximate and indicated for reference only. Bacteria usually do not exceed a
few micrometers in length but the shape and size of eukaryotic cells vary greatly and while most
are commonly 5 to 100 um in diameter some specialised cells such as neurons can extend as far as
1 m [1]. Images respectively adapted and reproduced from originals by Mariana Ruiz Villarreal®?.

ahttp://commons.wikimedia‘org/Wiki/File:Animal_cell_structure_en.svg
bhttp://commons.Wikimedia.org/wiki/File:Average_prokalyote_cel1—_en.svg

of the three domains of life, archaea and bacteria, with eukaryotes constituting the third
one [2]. Archaea and bacteria are single cell microorganisms whereas eukaryotes exist as
both unicellular, such as some plants and fungi, or multicellular organisms, such as animals.
In particular, while most are harmless or beneficial, bacteria' represent a significant source
of pathogens for higher organisms [4]. Although structural differences exist between, for
instance, plant and animal cells, two other distinguishing features of all eukaryotic cells,
further to the existence of a nucleus, are the presence of numerous specialised organelles.
These correspond to membrane-bound compartments where specific metabolic activities oc-
cur, and the existence of a cytoskeleton, which is a complex network of protein filaments

controlling the cells mechanical properties. On the other hand, one universal property of all

IThere is no clear evidence that pathogenic archaea exist [3].

2
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eukaryotic and prokaryotic cells is the ability to transport molecules in and out the cell in
order to ensure their survival and/or perform their cellular functions. The mechanisms by

which they achieve this are presented below.

1.1.2 Plasma membrane transport

Passive and enhanced transport

The plasma membrane is a protective barrier which maintains the physical integrity of the
cell but, conversely, it must also allow for the exchange of compounds such as nutrients
and wastes between the cytoplasm and the local extracellular environment. As illustrated
in Figure 1.2, this biological membrane is composed of amphiphilic lipids arranged in a
bilayer so that their hydrophilic heads face the cytoplasm and the extracellular space while
their tails form a hydrophobic barrier. Small nonpolar molecules such as CO; or O; can
readily dissolve in such a lipid environment and consequently they easily move across it by
passive diffusion. Similarly, small polar molecules such as water or urea can also diffuse
unassisted across the plasma membrane, although at a much slower rate [1].

In contrast, the lipid bilayer represents an impermeable barrier for charged molecules,
such as ions, and larger compounds. However, as shown in Figure 1.2, cell membranes
also contain a wide range of membrane proteins and these allow cells to receive signals and
communicate between them [6] as well as to control the import and export of molecules.
Such membrane proteins can be broadly categorised as integral membrane proteins, which
are permanently attached to the membrane, and peripheral membrane proteins, which are
only temporarily attached to the membrane (for instance via association with an integral
membrane protein). Integral membrane proteins can be partly embedded in the lipid bilayer
or span it entirely and often also contain both extracellular and cytoplasmic domains. The
hydrophobic transmembrane (TM) domains of integral membrane proteins fall into two

main structural types: o-helical, comprising either a single-pass helix or multiple helices

3
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Figure 1.2 Schematic representation of the structural organisation of the plasma membrane of (A) a
mammalian cell, and (B) a gram-negative bacteria. The lipid bilayer structure of the plasma mem-
brane constitutes a protective hydrophobic barrier of the cell cytoplasm. Red spheres correspond to
the lipids hydrophilic head group while their hydrophobic tails are shown in grey. Selective trans-
port of solutes across the bilayer is mediated by proteins embedded in the membrane such as carrier
or channel proteins. Unlike mammalian cells, bacteria possess an external cell wall composed of
cross-linked peptidoglycans that provides structural integrity to the cell but is relatively porous [5].
The cell wall of gram-negative bacteria additionally contains an outer membrane which is connected
to peptidoglycans by lipoproteins and delimits a perisplasmic space together with the plasma/inner,
membrane. In contrast, the outer membrane is absent in gram-positive bacteria but the layer of
peptidoglycans is many times thicker. Images adapted from originals by respectively Mariana Ruiz
Villarreal® and Jeff Dahl®.

ahttp://commons.Wikimedia.org/ wiki/File:Cell_membrane_detailed_diagram_en.svg
bhttp://cornmons.wikimedia.org/wiki/File:Gram_negative_cell_wall.sng

bundles together, and [3-barrels, consisting of antiparallel 3-strands forming a cylindrical
sheet. Interestingly, a-helical TM proteins are ubiquitous but 3-barrel TM proteins such as
porins are only found in bacterial and mitochondrial membranes. However, despite their
biological importance, there is a paucity of structural data for membrane proteins: while
they are estimated to constitute approximately 30% of the proteome of organisms [7], out of
the ~ 105000 structures currently deposited in the Protein Data Bank (PDB) [8] only ~ 1500

are for membrane proteins, of which only ~ 500 correspond to unique proteins”. This severe

Zhttp://blanco.biomol.uci.edu/mpstruc/
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under-representation is a consequence of the intrinsic experimental challenges associated to
the structure determination of these proteins [9, 10] which makes it difficult to understand
the exact mechanisms by which they operate. Nevertheless, it is known that the transport
of solutes is mediated by two major classes of integral membrane proteins, carriers and
channels, which precisely regulate solutes transit in and out of the cell, thereby effectively
making the plasma membrane a selectively permeable barrier. A carrier protein binds to a
specific solute to form a complex that following several conformational changes can release
the solute on the opposite side of the membrane. Such carriers constitute a very diverse
group and can transport ions as well as charged and uncharged organic molecules [11]. In
contrast, channel proteins form aqueous pores spanning the lipid bilayer that can open and
close to allow the rapid passage of specific ions. The gating mechanism of these channels
can be voltage-dependent [12], activated by the binding of a ligand [13] or even stretch-
activated following a change of the mechanical stress within the plasma membrane [14].
Channels and passive carriers thus act as molecular gate keepers specifically facilitating
the diffusion of certain solutes in response to external stimuli. However, the direction and
extent of such a facilitated diffusion process remain driven by the concentration gradient of
the solutes between the cytoplasm and the extracellular environment. In order to maintain
homeostasis or compete for resources, the active transport of solutes across the plasma
membrane is also achieved by cells. This process similarly relies on carrier proteins but
also requires the use of metabolic energy, such as hydrolysis of ATP to ADP, to for instance
pump ions against their concentration gradient or accumulate molecules such as sugars or

amino acids.

Endocytosis

Although membrane transport proteins allow the passage of small essential molecules such

as ions, sugars or amino acids across the plasma membrane they are unsuitable for larger
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Figure 1.3 Schematic representation of plasma membrane deformation in the different types of
pinocytosis and size of the corresponding vesicles formed. A detailed review of these different
endocytic mechanisms can be found in [15]. In particular, clathrin proteins rearrange themselves in
a cage-like structure to form clathrin coated vesicles while caveolin proteins have a hairpin structure
leading to smaller, elongated vesicles. Experimentally, markers and inhibitors of specific endo-
cytic mechanisms can be used to determine which pathway is involved in the uptake of a particular
molecule. Illustration not to scale but Figure 1.2A is reproduced in the inset for reference.

macromolecules. Prokaryotic cells synthesise extracellular enzymes which break down or-
ganic macronutrients into substrates of smaller sizes that can then enter the cell [16]. Similar
extracellular enzymes are present in the digestive systems of animals and play an essential
role in the bioavailability of nutrients [17]. However, unlike prokaryotes, all eukaryotic
cells also rely on deformation of their plasma membrane to engulf and internalise macro-
molecules. This process, known as endocytosis, is possible because of the absence of a rigid
cell wall like in bacteria (Figure 1.2) and the existence of a complex cytoskeleton controlling
the cell’s shape (Figure 1.1). Endocytosis can be classified as either phagocytosis or pinocy-
tosis, respectively meaning "cell eating" and "cell drinking" [18]. As the name implies the
former involves the internalisation of larger biomolecules, such as bacteria, and is usually
restricted to specialised cells such as macrophages [19]. On the other hand, pinocytosis
can be performed by all eukaryotic cells and via different mechanisms usually classified as

either macropinocytosis, clathrin-mediated endocytosis, caveolae-mediated endocytosis or
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clathrin- and caveolae- independent endocytosis [15]. These mechanisms are all energy-
dependent and involve protein-mediated invagination of the plasma membrane, with the
exception of macropinocytosis where ruffled membrane extends from the cell surface be-
fore folding back on it, and formation of an intracellular vesicle, the size of which depends
on the particular process considered. This is depicted schematically in Figure 1.3. The vesi-
cle and its content are then degraded further down the endocytic pathway, and the resulting
products either consumed in metabolic activities or recycled towards the plasma membrane
to allow the process to repeat [20]°. Importantly, in contrast with the membrane transport
mechanisms described previously, the extracellular molecules engulfed by the deformation
of the plasma membrane remain trapped into various intracellular membrane-bound vesicles
such as endosomes and lysosomes as they are routed and degraded through the endocytic

pathway but are not released into the cytoplasm.

1.2 Membrane active peptides

Membrane active peptides refer to a diverse group of relatively short amino acid sequences
(usually less than 40 residues) that possess the ability to directly interact with the plasma
membrane of cells. Given the crucial role of this protective barrier in cellular activity, such
peptides are of considerable biological interest. In particular, membrane active peptides can
destabilise or penetrate cell membranes and are historically distinguished based on the type
of cells they act upon and the nature of their interactions with the lipid bilayer. However,
such peptide-centric boundaries have been shown to be fluid as membrane active peptides
exhibit a range of activity and the fundamental role of the lipid bilayer in their modulation
is becoming increasingly recognised [22]. This section presents an overview of the thera-

peutic potential associated to such membrane active peptides before then focusing on the

3Eukaryotic cells are estimated to internalise and recyle the equivalent of their membrane surface 1 to 5
times an hour through this process [21].
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characteristics of so-called cell-penetrating peptides.

1.2.1 Therapeutic potential

Overcoming the challenge of antibiotic resistance: antimicrobial peptides

The discovery of peptides with antimicrobial activity dates back to the 1940s when gram-
icidin, a peptide extracted form gram-positive bacteria, was shown to protect mice from
pneumococci infection [23-25]. In the 1980s similar antimicrobial peptides (AMPs) syn-
thesised by eukaryotic cells were isolated for insects (cecropins [26]), amphibians (mag-
ainins [27]) and humans (defensins [28]), and it was later demonstrated that AMPs form
an important element of the innate immune system of all multicellular organisms to defend
themselves against a broad range of gram-positive and gram-negative bacteria [29-31]. To
date, more than 5000 such peptides have been identified [32] with a great diversity of se-
quences and uncertainties remain regarding their exact mode of action [33, 34]. However,
a large group of AMPs are cationic and hydrophobic peptides with a strong propensity to
form amphipathic a-helices and it is generally accepted that they induce bacterial cell death
by permeabilisation of the plasma membrane leading to leakage of the cell’s content. This
hypothesis is supported by the fact that synthetic peptides containing only D-amino acids
showed the same antimicrobial activity as the native all-L. AMPs [35-38], hence suggest-
ing that a receptor-mediated mechanism was unlikely and that, rather, the peptides directly
interacted with the lipid bilayer. This is further corroborated by in vitro studies relying
on model membranes which demonstrated that these AMPs could induce leakage of lipid
vesicles [39-41].

Common mechanisms by which AMPs are thought to destabilise the plasma membrane
are represented by the Shai-Matsuzaki-Huang model [42—44] and illustrated in Figure 1.4.
In the barrel-stave pore model, the peptides helices aggregate in a transmembrane structure

whereby their hydrophilic faces are oriented inwards and form a channel through which
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carpet model barrel-stave pore toroidal pore

Figure 1.4 The three main models of membrane destabilisation by antimicrobial peptides. The hy-
drophilic face of the amphipathic a-helice formed by each AMP is coloured in blue and the hydropho-
bic one in red. Toroidal pores differ from barrel-stave pores as they involve a local deformation of the
bilayer so that the hydrophilic head groups of the lipids line their interior. The carpet model involves
a detergent like action of the peptides on the membrane, without formation of distinct aggregates.
Images adapted from [33].

leakage of small molecules can occur. The toroidal pore model involves the formation of
a similar transmembrane bundle but in this case the bilayer is locally deformed so that the
pore formed by the AMPs is lined by the hydrophilic head groups of the lipids. In con-
trast, although also a cooperative mechanism, the carpet model does not require formation
of membrane-spanning peptides structures but suggests that destabilisation and lysis of the
membrane occur via a detergent-like action of the AMPs. Importantly, however, while well
defined pores conforming to either the barrel-stave or toroidal model have been charac-
terised for some peptides [44—46], the permeabilisation of membranes is likely to occur
via intermediate and possibly transient structures representing different gradations of these
idealised modes of action [39]. In this regard, a "chaotic" toroidal-like pore model [47]
and a "sinking-raft" model inducing transient permeation of the bilayer [48] have also been

suggested. Notably, pores formed by AMPs need not to be stable, as reviewed in [49].

Regardless of the exact nature of the defects induced by AMPs in the plasma membrane
of bacteria, a generic killing mechanism based on the specific targeting and permeabilisation
of this protective lipid bilayer holds promising therapeutical potential to overcome the grow-
ing problem of antibiotic resistance. Indeed, most antibiotics work by targeting enzymes
specific to bacteria which are necessary to their growth and cellular function: while this is

an efficient strategy to ensure specificity towards the pathogenic bacteria cells, it can be eas-
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ily be defeated by a functional mutation of the antibiotic target or the activation of redundant
metabolic pathways [50, 51]. For instance, (3-lactam antibiotics, which represent the most
common group of antibiotics, target enzymes catalysing the cross-linking of peptidoglycans
forming the cell wall of prokaryotic cells (see Figure 1.1). As mammalian cells lack a cell
wall these compounds are selective for bacteria but a mutation of the targeted enzyme can
restore its functionality, hence rendering the bacteria resistant to such antibiotics [52]. In
contrast, it is difficult for cells to significantly change the structure and composition of their
plasma membrane and resistance to AMPs is thereby more difficult to achieve. However,
the therapeutic use of AMPs is then conditional to their selectivity for bacterial membranes
and toxicity towards mammalian cells remains a major hurdle towards the development of
effective therapeutic strategies [53]. For instance, while gramicidin based compounds are
used as antibiotics they remain limited to topical applications due to the haemolytic activity
of this peptide. In this regard, a better understanding of the interactions between AMPs and
the respective lipid bilayers constituting the plasma membrane of mammalian and bacterial

cells is needed to develop clinically useful peptides [54].

Overcoming the delivery bottleneck: cell-penetrating peptides

The identification of peptides possessing the ability to cross the plasma membrane of mam-
malian cells occurred later than the discovery of antimicrobial peptides and was mostly
serendipitous. Its origins can be traced back to the late 1980s when work on the HIV virus
led to the observation by two independent research groups that the HIV protein Tat, an 86-
residue long transactivation factor, was taken up by eukaryotic cells following exogenous
addition to the medium [55, 56]. Remarkably, they also observed that the protein accumu-
lated into the cell’s nucleus where it retained its biological function and led to the stimulation
of RNA synthesis. These results were particularly puzzling since, on the one hand, the size

of the Tat protein, which also contained several basic residues, was thought to be incompat-
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ible with the direct crossing of a hydrophobic lipid barrier, but, on the other, the absence
of degradation of the protein and its ability to reach the nucleus were at odds with a classi-
cal endocytic internalisation process. However, shortly after, in 1991, similar observations
were reported by another research group investigating homeoprotein transcription factors
as a 60-residue long sequence (AntpHD) corresponding to Drosophila Antennapedia home-
odomain was found to penetrate neuronal cells and to specifically target their nuclei where
it bound to DNA and led to morphological changes [57]. In addition to accumulating in the
nucleus, the homeoprotein was observed to be uniformly distributed in the cytoplasm and
not confined to endocytic vesicles such as those represented in Figure 1.3. Furthermore, the
authors were also able to retrieve the homeoprotein intact from the cells, thus demonstrat-
ing that the internalisation mechanism did not lead to its degradation. Finally, the cellular
uptake of AntpHD also appeared to occur efficiently at 4°C, ie in conditions where energy-
dependent metabolic processes are severely limited, thereby further arguing against a simple

endocytosis based mechanism.

Collectively, these initial results thus suggested the proteins studied possessed the intrin-
sic property of translocating across the plasma and nuclear membranes. Shortly afterwards it
was determined that the ability of Tat and AntpHD to enter cells was due to relatively short
sequences of less than 20 residues [58, 59], referred to as protein transduction domains
(PTDs), and that these could also be used to internalise other hydrophilic compounds, such
as proteins or oligonucleotides, in many different types of cells [60—62]. By the late 1990s
short chimeric and synthetic peptides with cell-penetrating properties had also been identi-
fied [63, 64]. These remarkable properties were rapidly recognised as holding formidable
potential for the intracellular delivery of therapeutic compounds [65, 66] and the research
field of cell-penetrating peptides (CPPs) was born [67]. Since then a considerable amount
of work has been dedicated to the study of peptides which are able to translocate across

biological membranes and to carry a cargo along with them [68—74]. Indeed, drug deliv-
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ery represents a major bottleneck in the development of efficient therapeutic strategies as
compounds with promising activity in vitro fail to reach their target in vivo. In particu-
lar, intracellular targets, either cytoplasmic or within organelles such as the nucleus, are
especially challenging to address [75—77]. In this context, the ability of CPPs to cross cel-
lular membranes is of particular interest to extend the range of pharmaceutical compounds
which currently predominantly relies on small molecules able to diffuse through lipid bilay-
ers [78]. These peptides could indeed help overcome issues such as the poor bioavailability
of drugs internalised via endocytosis [79] or the crossing of the blood-brain barrier [80]. In a
post-genomic era, such peptides also provide a basis to leverage on the high specificity and
potency provided by protein-like molecules to implement effective therapeutic strategies
unrestricted by biological barriers, allowing for instance to regulate or rescue expression of
a specific gene, as demonstrated by the early Tat and AntpHD studies. This vast repertoire
of possibilities was recently extensively reviewed in [81]. However, as discussed in the next
section, the numerous studies conducted during the last decade have revealed a more com-
plex picture than initially thought, and, similarly to antimicrobial peptides, harnessing the
therapeutic potential of CPPs will require a more detailed understanding of the mechanisms

by which these peptides interact with lipids in the cell membrane.

1.2.2 Cell-Penetrating Peptides

More than 20 years after the pioneering work on Tat and Antp, hundreds of amino acids se-
quences possessing some cell-penetrating properties have been identified [82]. These have
been referred to as CPPs, PTDs, Membrane Translocating Sequences (MTSs) or other sim-
ilar names such as membrane-translocating peptides, with this initial variety in terminology
illustrating the diversity and rapid evolution of this research field and arguably some con-
fusion regarding the types of molecules and properties referred to [83]. The standard defi-

nition of CPP now used within the research community corresponds to peptides possessing
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the intrinsic property of ubiquitously crossing cell membranes [84]. However, this generic
definition encompasses many different peptides discovered with a broad range of properties

and distinct interactions with biological membranes, as is reviewed in this section.

Physicochemical properties and classification

In addition to peptides derived from proteins and their homologues, many synthetic pep-
tides have been shown to be CPPs [85]. There is a great variety in the peptides discovered
and there appears to be no common structural motif or conserved sequence absolutely nec-
essary for cellular uptake. As such, CPPs constitute a loose family of peptides essentially
defined by their ability to penetrate into cells. Nevertheless, some common properties can

be identified.

Table 1.1 Examples of different cell-penetrating peptides. It can be noted that the charge density
decreases with the peptide length while the hydrophobicity increases. Many tat-derived peptides have
been synthesised, the sequence indicated is the commonly used segment corresponding to residues
48 to 60. Penetratin corresponds to residues 43-58 of the third helix of AntpHD.

Name Sequence Length Charge! Hydroph.”? Ref.
Protein derived

tat GRKKRRQRRRPPQ 13 +8 2.37 [59]
penetratin - RQIKIWFQNRRMKWKK 16 +7 1.52 [58]
Designed

RS RRRRRRRR 8 +8 2.58 [86]
MAP KLALKLALKALKAALKLA 18 +5 0.58 [87]
transportan GWTLNSAGYLLGKINLKALAALAKKIL 27 +4 0.56 [63]

1. Net charge of the peptide at physiological pH.

2. Mean hydrophobicity calculated using the von Heijne whole residue hydrophobicity scale [88] where
more negative values reflect greater hydrophobicity, with isoleucine being the most hydrophobic residue
(—0.6) and aspartic acid the least (43.49).

As illustrated in Table 1.1, most CPPs are short (less than 30 residues) and positively
charged. Notably, pure poly-arginines sequences are able to cross cell membranes [86].
Additionally, while the presence and distribution of hydrophobic residues vary, many CPPs

appear to possess an amphipathic character. Consequently, recent classification attempts
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are based on the hydrophobic and cationic properties of the peptides rather than on their

origins [89, 90]. In this regard, three categories of CPPs are usually distinguished [91]:

1. Primary amphipathic. These CPPs contain sequentially hydrophobic and cationic

domains and are usually more than 20 residues long (eg transportan).

2. Secondary amphipathic. The amphipathic character of these CPPs is dependent on
their secondary structure and revealed when they form a-helical structures in contact
with membranes. They tend to be shorter than primary amphipathic peptides (eg MAP

or penetratin).

3. Non-amphipathic. Peptides in this category predominantly consist of cationic residues.

They are also usually shorter than other CPPs (eg tat or R9).

Interestingly, this approach provides a simple biophysical basis to explain the different

interactions between CPPs and lipid bilayers that have been reported in the literature.

Mechanisms of internalisation: an on-going debate

Investigations of the cellular uptake of CPPs are a long history of conflicting reports and, to
date, the mechanisms by which these peptides enter cells remain a controversial issue and
the subject of numerous recent reviews [91-103]. The role of endocytosis in the internali-
sation of CPPs has been a matter of particular debate. Initial reports that all-D and inverso
peptides accessed the cell cytoplasm as efficiently than the natural all-L peptide, including
at very low temperatures, argued against an energy-dependent or receptor-mediated process
and in favour of one based on direct interactions with the lipid bilayer [104]. This was fur-
ther supported by studies showing that CPP uptake occurred in the presence of endocytic
inhibitors [63]. Accordingly, one mechanism suggested was based on the formation of a
peptide-induced "inverted micelle" (see Figure 1.5) able to accommodate the CPP and its

potential cargo within the bilayer before release into the cytoplasm [104, 105]. However, in
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Inverted micelle
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Figure 1.5 In this translocation model based on earlier studies of penetratin [104, 105] the destabili-
sation of the membrane by the peptides induces the formation of inverted micelles where the peptides
are trapped. The opening of the inverted micelle on the cytosolic side of the membrane then allows
release of the peptide into the cytoplasm. In this model the peptide essentially remains in an aqueous
environment.

the early 2000s it was shown that the uniform cytoplasmic distribution or nuclear accumu-
lation of CPPs could be an artefact caused by peptides redistribution during the fixation of
cells [106, 107]. Consequently, the cellular uptake of CPPs was reexamined using updated
experimental protocols and this led to a re-evaluation of the role of endocytosis, with the
research community shifting its focus from direct translocation mechanisms to endocytic

ones [103].

Over the years it became evident that multiple uptake routes are available to CPPs and
that different internalisation mechanisms are likely to occur concomitantly [95]. In partic-
ular, the apparent incoherence between an endocytosis-based process and the absence of
degradation of the peptides has been resolved by additional evidence demonstrating that

CPPs were able to escape acidified endosomes early in the endocytic pathway, thereby
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avoiding hydrolysation [108—111]. Although different than the direct diffusion across the
cell membrane initially envisioned, such an internalisation route still requires the CPP to
be able to cross the lipid bilayer delimiting the vesicle in order to gain access to the cy-
toplasm. However, several studies also support the direct translocation of CPPs across the
plasma membrane via a non-vesicular pathway [95, 112—-116]. Furthermore, in vitro stud-
ies using membrane models have shown that CPPs can penetrate lipid vesicles (see Fig-
ure 1.8B), thus demonstrating they can cross pure lipid bilayers in an energy independent
fashion [116-122]. This ubiquitous ability of CPPs to cross biological membranes unas-
sisted is corroborated by the fact that they enter bacterial cells, which are not capable of

endocytosis (see 1.1.2) [123, 124].

Additionally, it has been shown that the uptake routes available to a given CPP in vivo
depended not only on its intrinsic properties but also on its relative concentration with re-
spect to cells, thus suggesting that cooperation between peptides and the peptide to lipids
ratio (P:L) played an important role in the mechanisms of internalisation [94, 95, 98, 103,
125]. As illustrated in Figure 1.6, it has also become clear that the activity of CPPs was
influenced by several factors such as the type of cargo [126—128] or fluorophore [129-132]
used. Notably, fluorescent labelling of CPPs has been observed to promote endocytosis over
direct translocation pathways [132]. Such experimental considerations are of particular rel-
evance since historically many CPPs have been studied as delivery vectors of various ther-
apeutic cargos rather than on their own. This approach has hampered comparison between
studies and limited the understanding of the fundamental interactions at play between the
peptides and the lipid bilayer. Conversely, it does provide a basis to explain the apparently

inconsistent findings that continue to be reported [101, 133].

Altogether these observations illustrate that while CPPs do possess the remarkable and
intriguing property of translocating across biological membranes, the simple view of a

"magic bullet" able to carry hydrophilic compounds into cells does not conform to the com-
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Figure 1.6 Main factors influencing the experimental study of the biological activity of CPPs. Dia-
gram adapted from [92].

plex picture revealed by more than two decades of investigations. Notably, they highlight the
necessity to focus on relatively simple systems to elucidate the mechanisms by which short
sequences of basic amino acids can interact with lipid bilayers and cross the hydrophobic
barrier they represent. In this regard, artificial bilayer models are increasingly considered as
a valuable tool and have already allowed to demonstrate the influence of lipid composition

on the internalisation of CPPs [122, 134].

Membrane translocation and membrane toxicity: two sides of the same coin

Even though the mechanisms by which CPPs penetrate cells remain speculative, it is clear
that they involve some degree of perturbation of the lipid bilayer. Notably, while there is
some evidence in favour of the inverted micelle model [135, 136] or related membrane
deformations [137] for some peptides, numerous studies have shown that the internalisation
of CPPs leads to transient permeabilisation of the membrane crossed. Although the extent
of such destabilisations are a matter of debate, early in vivo experiments suggested that cy-
totoxicity may be a possible side-effect of the activity CPPs [138]. This was later confirmed
by additional experiments that characterised the time, cargo and concentration dependence
of cellular toxicity induced by several CPPs [128, 139-142]. In particular, while it is possi-
ble that internalised peptides can also induce cytotoxicity by binding to intracellular proteins

and disturbing associated cellular functions, it has been specifically demonstrated that CPPs
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could induce membrane toxicity [143]. Furthermore, the hypothesis that biological mem-
branes are destabilised by CPPs is also supported by the observation that these peptides
trigger a membrane repair response mechanism [144]. Additionally, recent studies showed
that direct translocation across the plasma membrane or endosomal escape both relied on
the ability of the CPPs to induce defects disrupting the structure of the bilayer [115, 145].
These observations are in agreement with in vitro experiments relying on fluorescence spec-
troscopy that revealed that CPPs induced some leakage of the contents of lipid vesicles [120,
146] or electrophysiological measurements that showed that these peptides could form pore-

like structures allowing the passage of ions [147].

As a consequence, it has been suggested that the direct translocation of cell-penetrating
peptides relied on mechanisms similar to those suggested for antimicrobial peptides albeit
involving perturbations of lesser extent and stability (see Figure 1.4). Notably, the hypothe-
sis that, unlike AMPs, CPPs induce transient defects in membranes can explain the graded
leakage, as opposed to all-or-none, of vesicles or the stochastic nature of the ionic current
detected [49, 147, 148]. In this regard, mechanisms representing toned down gradation of
the carpet model have been proposed, such as the sinking raft model, wherein the sinking
of small aggregates of peptides into the bilayer leads to its temporary permeabilisation but
not to membrane lysis [48, 120]. Similarly, disordered pore-like structures related to the
toroidal or barrel-stave pore model could account for both the translocation and transient
perturbation of the bilayer. Importantly, in such models dye efflux occurs through local and

transient destabilisation of the bilayer and not because of pore formation [48, 120].

As illustrated in Figure 1.7, these considerations have shown that the distinction between
CPPs and AMPs is fluid and that members of these historical families represent a continuous
spectrum of membrane active peptides [149, 150]. For instance, mutations in the sequence
of penetratin have been shown to increase its membrane toxicity without altering its translo-

cation efficacy [151]. Additionally, while CPPs can enter both mammalian and bacterial
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Membrane perturbation

TM domain CPP AMP

Figure 1.7 Schematic representation of the intensity of perturbations (in red) induced by membrane
active peptides. The plasma membrane accommodates many integral proteins with transmembrane
(TM) domains which do not destabilise the lipid bilayer. In contrast CPPs and AMPs can induce
significant perturbations. Despite what these two classifications may suggest such peptides represent
a continuous spectrum of membrane activity and of associated bilayer destabilisations.

cells, they have been shown to induce some destabilisation of bacterial membranes [123].
Consequently, the two AMP and CPP classifications are essentially a legacy reflecting the
historical context of the discovery of such membrane active peptides. These classifications
have since evolved to describe the types of membrane activity such peptides can exhibit
rather than well defined intrinsic peptide properties. This evolution, a natural consequence
of findings revealing that peptides could act both as AMP and CPP [149, 150], accounts
for some of the confusion and diverging opinions that remain in the scientific community
regarding the definition of what exactly constitute CPPs and AMPs. In this context, the lipid
bilayer characteristics appear to play a fundamental role in modulating the activity of such
membrane active peptides [22, 152]. Understanding the molecular interactions regulating
the interplay between lipids and CPPs will thus help to rationalise their observed membrane

activity and to achieve the desired effect while minimising unwanted ones [153, 154].

1.3 The case for Molecular Dynamics simulations

In biological sciences, computational approaches are increasingly recognised as a valuable

tool to test models, detect possibly significant correlations between the properties of the sys-

19



Introduction

100 pm 10 ym

Figure 1.8 Experimental visualisation of internalisation of CPPs. (A) Live mouse fibroblasts 1 min
and 5 min after addition of 100 uM FITC-labelled Tat. The top row shows images of the cells
obtained by Differential Interference Contrast (DIC) while the bottom row contains corresponding
confocal microscopy images illustrating the cellular uptake of Tat. Cells were rinsed before imaging
to remove fluorescent peptides from the extracellular space. (B) Confocal slices of Plasma Membrane
Spheres (PMS, see 3.1.3) labelled with di-4-ANEPPDHQ (red) 25 min after addition of 10 uM
carboxyfluorescein-labelled penetratin (green). The PMS were induced from MDCK cells and the
white arrows indicate co-localisation of lipids and peptides. Reproduced from [156] and [116].

tems studied and explore levels of details otherwise difficult to access [155]. In particular, in
the case of processes involving membrane-proteins interactions, simulations of interactions
between individual molecules can provide structural and dynamic insights complementing

the ensemble observations and mostly static structures obtained experimentally.

1.3.1 Limitations of experimental studies

As previously described (see Figure 1.6), experimental studies of cell-penetrating pep-
tides is influenced by many factors. Although standard protocols of study are being de-

veloped [157], these factors possibly hinder the identification of the intrinsic peptide and
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membrane properties that are relevant to membrane translocation and/or perturbation. Be-
sides, in addition to possible artefacts due to the choice of fluorophore, fluorescence-based
microscopy techniques traditionally used to study the internalisation of CPPs in cells or
vesicles (Figure 1.8) are well suited to qualitative observations of the activity of different
peptides but dot not readily allow to make quantitative comparisons. In this regard, recent
techniques based on mass spectrometry allow to overcome this limitation and to precisely
quantify the amount of internalised CPPs [158, 159] but at the cost of sample degradation

and convenient time-monitoring of the distribution of peptides with time.

Additionally, current experimental techniques cannot provide structural insights regard-
ing the manner in which peptides interact with lipids within membranes. Indeed, as illus-
trated in Figure 1.8, although the micrometer scale resolution of imaging techniques allows
to distinguish localised bilayer defects it is not suitable to the characterisation of the asso-
ciated peptide-lipids structures. Similarly, evaluation of membrane toxicity by LDH or dye
release assays is limited by the size of the probe used [160] and while graded or all-or-none
patterns can be observed with smaller dyes, thus allowing to distinguish different types of
bilayer destabilisations, this approach yields limited information on the nature of the per-
turbations involved. Electrophysiology measurements [147] or techniques measuring the
evolution of the dielectric constant of artificial bilayers [161] allow to detect more subtle
destabilisations of the model membrane but do not provide insights regarding their underly-
ing structure. Finally, while diffraction studies have allowed to elucidate the overall shape
of stable pores formed by antimicrobial peptides [44—46], they do not inform on the specific
peptide-peptide or peptide-lipid interactions involved and, in any case, this strategy is not

appropriate to examine the transient structures formed by translocating CPPs.

Collectively, these remarks show that while many experimental tools exist to assess the
biological activity of CPPs in vivo or in vitro, these are less appropriate to the physicochem-

ical description of the underpinning molecular mechanisms.
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1.3.2 Molecular insights from in silico studies

Molecular Dynamics (MD) simulations provide an interesting computational tool to inves-
tigate peptide-peptide and peptide-lipids interactions with a temporal and spatial resolu-
tions otherwise inaccessible. This is all the more relevant since the simple view of bio-
logical membranes as passive hydrophobic bilayers has given way to a recognition of the
importance of the specific properties of their constituting lipids [162], and, consequently,
of the necessity to access molecular details in order to interpret membrane regulated pro-
cesses [163]. In this regard, modelling of the properties of lipid bilayers using MD sim-
ulations has made considerable progress in recent years [164] and is suitable to the de-
scription of local, non-planar defects [165] that cannot be tackled by simpler continuum
approaches [166, 167]. Notably, MD simulations predicting the membrane partitioning of
model amphipathic helices in membranes of different shape and composition, based on an

analysis of lipid-packing defects, have recently been validated by in vitro experiments [168].

Accordingly, MD simulations have been used to complement experiments and inves-
tigate the interactions of promising therapeutic compounds with model membranes [169]
and are increasingly featured in recent reviews dedicated to the internalisation mechanisms
of CPPs [99, 101, 102, 122]. In particular, MD simulations have allowed to examine the
role of particular residues and lipid species on the conformational behaviour of CPPs and
their binding to bilayers when positioned at the water interface [170—173] or fully inserted
into the membrane [174, 175]. Notably, a study of a CPP and of its analogues which com-
bined cellular uptake assays and MD simulations of the corresponding sequences in pres-
ence of a model lipid bilayer reported a consistent correlation between higher disturbance
of the membrane and greater translocation efficacy [176]. Furthermore, despite their limited
timescales with respect to biological processes, MD simulations have provided molecular
insights regarding how the cooperation of membrane active peptides can lead to membrane

destabilisation. For instance, several studies revealed a concentration dependence of the
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5nm peptide translocation

peptides-lipids
interactions
modelling

Figure 1.9 MD simulations allow to study interactions between peptides and lipids at the molecu-
lar level and within a sub-nanosecond temporal resolution. This computational approach allows to
conveniently investigate factors such as the presence of particular lipids species or the number of
peptides interacting with the bilayer and to identify which role they play in the ability of peptides
to cross the membrane or destabilise it. Here cholesterol molecules and the phosphate head groups
of phospholipids are shown as spheres and the acyl chains of phospholipids are shown as transpar-
ent. Different lipid species are indicated by different colours. Peptide translocation and membrane
perturbations are represented schematically for illustration purpose.

ability of AMPs to cooperatively insert into the bilayer and showed that they induced dy-
namic toroidally-shaped pores with significant disorder [177, 178]. Subsequent experimen-
tal studies found that these findings provided a structural model in good agreement with the
observed transient vesicle leakage associated to internalisation of CPPs [120]. Similarly,
combined studies involving electrophysiology measurements and MD simulations showed
that Tat and poly-arginine peptides translocated in presence of a transmembrane potential

and induced water defects consistent with the ionic currents measured [179, 180].

Crucially, despite the relative simplicity of in silico models compared to in vivo environ-
ments, MD simulations allow to readily examine the influence of different parameters on the
interactions between peptides and lipids at the molecular level. As schematically illustrated
in Figure 1.9, similarly to in vitro experiments relying on simplified membrane models to
help elucidate activity observed in vivo [122, 181], MD simulations are therefore a useful

tool to perform computational experiments providing insights into the molecular origins of

23



Introduction

the bilayer perturbations induced by membrane active peptides and to systematically exam-
ine their dependence on peptide characteristics (eg charge distribution, concentration, struc-
ture) and membrane properties (eg lipid composition). In this regard, coarse grain models
have extended the time and length scales accessible by MD simulations, thus rendering more
convenient the exploration of the collective dynamic behaviour of membrane active peptides
in various membrane-mimetic environments [182]. While they do sacrifice some molecu-
lar details in order to achieve higher computational efficiency, such models have recently
been shown to successfully discriminate between different antimicrobial peptides as they
revealed the formation of peptides aggregates with different structures, corresponding to bi-
layer defects consistent with the respective dye efflux profiles induced by these peptides in
in vitro experiments [183]. Altogether, these observations illustrate how our understanding
of the mechanisms by which membrane active peptides interact with biological membranes

can benefit from in silico approaches.

1.3.3 Limitations of Molecular Dynamics simulations

In light of the above mentioned advantages, Molecular Dynamics simulations are some-
times referred to as a "computational microscope" [184]. However it is important to bear in
mind the limitations inherent to such simulations and to what extent they relate to and can
inform on actual biological or biophysical systems. Of particular note is the fact that, due
to the computational cost of MD techniques, biologically relevant temporal and/or spatial
scales associated to the problem at hand may not be fully accessible. Even when simulating
the behaviour of relatively small systems, such as ion channels, the question of whether
MD simulations allow to adequately sample the conformational space of the structures in-
vestigated remains an important issue [185, 186]. It is also crucial to remember that, in
addition to access to sufficient computational power, insights provided by MD simulations

are fundamentally dependent on the quality of the physical models on which these simu-
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lations are based. In this regard, the recent development of dedicated hardware facilities,
allowing to reach millisecond timescales for fully atomistic simulations of proteins [187,
188], has highlighted the influence of force field parametrisation on the robustness and ac-
curacy of the results achieved [189-191]. One should therefore keep in mind that, unlike
a microscope allowing observation of the system of interest, Molecular Dynamics simula-
tions remain a modelling tool and as such are limited by the accuracy of the underlying
physical model as well as by the resources available to perform the associated calculations.
Consequently, while MD simulations represent a valuable technique to investigate the role
of specific molecular interactions and allow to conveniently perform "thought experiments"
by modifying the simulations setup, they cannot represent a substitute for experiments but

rather complement them by suggesting hypotheses to be confirmed by experimental studies.

1.4 Thesis outline

This thesis describes coarse grain (CG) MD simulations of cell-penetrating peptides in-
teracting with different models of biological membranes. The main problem addressed is
two-fold and regards the quantitative characterisation of dynamic peptides aggregates in
complex membrane models as well as that of the local bilayer perturbations induced by
these.

First, the theoretical basis and practical implementation of molecular dynamics simu-
lations are reviewed in the following chapter, Chapter 2, along with a discussion of the
relevance of coarse grain approaches. Important considerations regarding the analysis of
such simulations are also briefly presented. Chapter 3 is then dedicated to the presentation
of the strategy adopted to build biologically relevant bilayer models and discusses some
of the challenges associated to their characterisation. In particular, the issue of asymmet-
ric lipid distribution is examined . Following this, Chapter 4 addresses the question of the

relevance of such complex membrane models and CG MD simulations to discriminate be-
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tween different CPPs by presenting comparative simulations of penetratin, a non-membrane
toxic CPP, and transportan, a CPP known to induce greater membrane destabilisation. The
influence of lipid composition and distribution on the collective behaviour of transportan
peptides and their destabilising effect on the membrane is then investigated in Chapter 5.
The next and final results chapter, Chapter 6, subsequently builds on these results to focus
on lipid flip-flops and presents a detailed characterisation of this specific type of membrane
perturbation. Future perspectives to expand on the work presented, as well as remaining
challenges, are then outlined in Chapter 7 along with some preliminary work building on

the computational framework established in the previous chapters.
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Chapter 2

Theory and methods

This chapter introduces the theoretical background to the molecular dynamics (MD) sim-
ulations performed in this thesis. In particular, an overview of important technical aspects
of their implementation is given. Additionally, the strategy adopted to analyse such simula-

tions is presented.

2.1 Molecular dynamics simulations

Molecular dynamics simulations were first used in the late 1950s to study the behaviour
of atoms using a hard-sphere model [192, 193]. Following the continuous development of
computational techniques, simulations have now become an established tool to study bio-
logical systems, alongside experimental techniques [194]. In this regard, the recent award
of the 2013 Nobel Prize in Chemistry to Karplus, Levitt, and Warshel for "Development of
Multiscale Models for Complex Chemical Systems" recognises the importance of in silico
approaches [195]. Molecular modelling methods and their applications rely on a number of
physical and mathematical principles which have been the subject of extensive reviews [196,

197]. This section focuses on the concepts most relevant to the work presented in this thesis.
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2.1.1 Classical description of biomolecular systems

Biomolecular systems can be described at various scales, from detailed representations
where electrons are explicitly represented to more simplified models focusing on their meso-
scopic properties [198]. Historically, in MD simulations atoms are treated as particles with
a point charge and connected by harmonic potentials. Interactions between particles in this
"ball and spring" model are governed by molecular mechanics (MM) where forces are deter-
ministic and derive from simple potential energy functions [199]. The dynamical behaviour
of a collection of N such particles is then followed using the set of 3N second order coupled

differential equations provided by the classical Newtonian equations of motion:

m,'i:,' = Fl' (21)

where m; refers to the mass of the i’ particle, r; to its position and F; to the force exerted on

it'. In particular, F; is given by:

F(r,-) = —VV(I',') (22)

where V (r;) corresponds to the value of the potential energy of the particle i at r; as deter-
mined by the molecular mechanics model. The application of this approach to the study of
protein dynamics was pioneered by eg McCammon and coworkers in 1977 [200] and the
next section details the functional forms of the potentials describing the interactions between

particles in the simulations performed here.

2.1.2 The force field

Molecular mechanics force fields consist of the set of equations and associated parameters

describing the characteristics of atoms and their interactions. Over the years many force

"Vectors are printed in bold and dots indicate their derivative with respect to time.
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fields have been developed for biomolecular simulations and a recent comparative study
of the most widely used ones illustrated their ability to provide a realistic description of the
molecules studied [190]. While the values of the parameters and the methods to obtain them
may differ, the mathematical formalism used remains similar. In particular, the potential

energy function is calculated as the sum of bonded and non-bonded interactions:

V' = Vionded + Vnon—bonded (23)
whose respective functional forms are detailed below.

Bonded interactions

Bonded interactions restrain the relative motion of covalently linked particles. As such, they
are calculated using two-, three- or four-atom potentials for bond stretching, bond angle and

bond torsion:

Vionded = Y Voond (XiX7) + Y Vangte (i, ¥j.56) + Y. Viorsion (Xi,¥j, X5, 1;) (2.4)
i7j i7j7k i’j7k7l

The stretching of the bond between two atoms i and j separated by a distance r;; =

r; —r;| is represented by a harmonic potential:
1, 2
Voo (rij) = Ekij<rij —bij) (2.5)

where b;; is the reference bond length (eg obtained from crystal structures) and kf’j its spring

constant. Similarly, the bond angle vibration between a triplet of atoms is described by:

1
Vangte(8:jx) = Ekiejk(eij —6))° (2.6)

where 6;; is the bond angle and 98. its reference value.
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Bond torsions are described using dihedral angle potentials between four i, j, k,[ atoms,
whereby the dihedral angle corresponds to the angle between the normal vectors of the (i jk)
and the (jkI) planes. The potential associated to proper dihedral angles, ¢; i, relies on a

periodic function of the form:

Vainedral (Qiji1) = ko (1+ cos(nd;jxs — Orey)) (2.7)

Additionally, improper dihedral angles, denoted &;ji;, and a harmonic potential are also

implemented as per the following equation:

1
Vimproper (&ijki) = Eké(éijkl — &)’ (2.8)

in order to prevent out of plane bending of planar groups such as rings as well as inversion

of tetrahedral geometries.

Non-bonded interactions

Non-bonded interactions between atoms may be described by additive pairwise interactions

including contributions from a Lennard-Jones potential V;; and a Coulomb potential V:
Vnonfbonded(ri) = Z Vi (rb rj) + Z VC<ri7 rj) (2.9)
J# J#
The Lennard-Jones potential corresponds to short range interactions and applies to all

particles. It contains a repulsion term in (1/7)!? and a dispersion (attractive) term in (1/r)®:

N\ 12 NG
s ()" (2]

where the depth of the potential well and the distance at which the potential is zero are

respectively determined by &;; and o;; for the pair of atoms considered.
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Additionally, charged particles also interact via long-range electrostatic interactions

given by the Coulomb potential:

1 giq;
Ve(lry;)) = ————= 2.11
C(rlj) 471'8() SVI’ij ( )

where g; and g; represent the particles charges, & the dielectric permittivity of vacuum and
€, the relative dielectric constant of the environment.

Importantly, the calculation of non-bonded interactions raises issues regarding which
atoms should be considered as interacting with each other in order to avoid artefacts while
ensuring computational efficiency. Because of their short-range nature, interactions de-
scribed by the Lennard-Jones potential can be neglected beyond a certain cutoff distance,
typically in the order of 1 nm. In contrast, long-range electrostatic interactions are more

problematic and discussed in more details in the next section.

2.1.3 Algorithms and simulation techniques

Having presented the theoretical framework and the functional forms of the equations gov-

erning the interactions of particles, this sections focuses on how MD simulations are carried

Energy minimise
system

'

Initialise simulation by
distributing velocities

'

Compute forces ‘

ﬁ—» ‘ on all atoms

Repeat for the required Integrate Newton's
number of steps equations of motion

Update

,,,,,,,, Output variables
configuration

(positions, velocities, energies, etc...)

Figure 2.1 Flow chart summarising the successive operations performed in MD simulations.
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out in practice. The overall algorithm is illustrated in Figure 2.1 and important practical
aspects and concepts associated to its implementation are discussed below. More precisely,
all the simulations performed in this thesis were executed with the Groningen Machine for
Chemical Simulations (GROMACS) package [201, 202], of which an in-depth technical

presentation can be found in [203].

Energy minimisation

An initial energy minimisation step is often required to optimise the starting configuration
of the system to study. This is not based on a dynamic study of the system but consists of an
optimisation procedure whereby the position of the atoms are slightly adjusted so as to reach
a nearby local minimum in the potential energy landscape determined by the molecular
mechanics force field presented above. This process allows the system to be simulated to
"relax" and to avoid starting the study of its dynamics behaviour with intractably high forces
due, for instance, to steric clashes.

This is particularly important when the initial configuration is obtained by artificial po-
sitioning of the molecules such as when two lipid monolayers are overlaid on each other
(Chatpers 3 and 4) or a large system is created by replication of a smaller one (Chapters 5
and 6). The steepest descent algorithm, one of the most common energy minimisation tech-

niques [196], has been used throughout this thesis.

Integrating the equations of motion

Finite difference methods to numerically solve Newton’s equations of motion were devel-
oped by Verlet in the 1960s [204]. The Verlet approach relies on the forwards and backwards

Taylor expansion in time of the coordinates r;(¢) of a particle i, respectively given by:

2
ri(t+Ar) =r;(t) +1i(t)Ar + i‘,-(t)ATt +0(AP) (2.12)
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and:

2
ri(t —At) =r;(t) — (1) At + i‘,-(t)ATt +O(AP) (2.13)

Adding these two expressions and combining them with Equation 2.1 yields the Verlet

position-update relation:

Ar?
ri(f+At) = 2r;(t) — vt — Ar) + —F;(t) (2.14)

1

All simulations presented in this thesis were performed using the leap-frog integra-
tor [205], a variant of the Verlet algorithm which provides similar performances but scales
more efficiently for large systems such as those presented in Chapter 7 [203]. In this ap-
proach, positions and velocities are respectively updated at integer time steps and integer-
plus-a-half time steps, hence "leap-frogging" over each other.

An estimate of the velocity I;(¢), based on values of the position r; separated by a time

interval of 2Az, can be obtained by subtracting Equation 2.13 from Equation 2.12:

pir) = HUHA K= 2 (2.15)

It follows that velocities values at integer-minus-a-half or integer-plus-a-half time steps
can be evaluated using positions at integer time steps separated by an interval Az, and are

respectively given by:

N At\ ri(t) —ri(t — Ar)
I; (t — ?) = Iy (2.16)
and:

(A ri(t+An) —(r)

T (t—l— 5 > = v (2.17)

Rearranging Equation 2.17 then yields the expression used to update positions in the
leap-frog algorithm:

ri(t+At) =r;(t) + 1 (t—i—%) At (2.18)

33



Theory and methods

The relationship to update velocities is obtained by first expanding r;(¢ + A¢) in Equa-

tion 2.17 using Equation 2.14, which leads to:

. At ort) -t —Ar) A
I (t—l— 5 ) = Iy + miF,(t) (2.19)

and then, based on Equation 2.16, to the following expression:
. At . At At
r; <t + ?) =T (I — ?> + EF,([) (220)

Temperature and pressure coupling

In molecular mechanics force fields, the forces exerted on particles are conservative. Conse-
quently, integration of the equations of motion as described above for a system of N particles
whose interactions in a simulation box of volume V are governed by such a force field will

lead to conservation of the system’s total energy:
Eior = Epot + Ekin (221)

where E,,; corresponds to the potential energy function defined in Equation 2.3 and Ej;, to
the system’s total kinetic energy. Direct application of molecular dynamics under these con-
ditions leads to an NVE ensemble (constant number of particles, constant volume, constant
energy). However, it is preferable to maintain these two parameters at biologically relevant
values in order to facilitate comparison with experimental conditions. Accordingly, sev-
eral algorithms, such as the Nosé-Hoover thermostat [206, 207] or the Parrinello-Rahman

barostat [208], have been developed to implement such NPT ensembles [209, 210].

In the simulations described in this thesis, temperature control was achieved using the

Berendsen thermostat [211]. Following the equipartition theorem, the instant temperature
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T (t) of a system of N particles is related to its kinetic energy as follows:
1y o5 3
Eyin(t) = 5 ) mi|¥i(t)°| = SNkgT (1) (2.22)
i=1

where kp is the Boltzmann constant. The Berendsen thermostat maintains the system’s
temperature around the desired T,y value by coupling it to an external heat bath. This
involves scaling the particles velocities at each time step such that the corresponding rate of
change of the system’s temperature is proportional to its deviation from that of the bath:

dT _ Ther — T(t)

el 2.23
dt T ( )

where the parameter 7T determines the strength of the coupling and the speed at which devi-
ations from the reference temperature 7, s are allowed to relax.

Likewise, the Berendsen barostat [211] was used to control the system’s pressure. It
relies on the approach devised by Andersen [212]. In essence, the method is similar to that
used for temperature coupling with deviations of the pressure in the system from the refer-
ence pressure controlled by a compressibility matrix 8 and a relaxation constant. Notably,
it involves rescaling of the length of the simulation box vectors and can lead to important
changes in the volume and shape of the simulation box if the system simulated deforms
significantly. Importantly however, rescaling can be performed semi-isotropically so that
coupling in the (x,y) plane is not correlated to that in the z direction, which ensures a zero

surface tension can be achieved for planar bilayers.

Time steps

The time step At used in the numerical integration scheme of the equations of motion, as
per Equation 2.18 and Equation 2.20, is a crucial parameter of MD simulations. While a

small step is desirable for an accurate description of the dynamics of the molecules studied,
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it comes at the expense of an increased computational cost which limits the timescale acces-
sible. Conversely, a too large time step introduces greater error and may lead to instabilities
and termination of the simulations. In this regard, MD simulations are commonly started
with a small time step which is progressively increased to the desired value. This technique,
detailed in Chapter 3, allows to avoid instabilities following the initial random attribution of

velocities to particles corresponding to the temperature at which the system is simulated.

Importantly, to ensure minimum accuracy and stability, the time step should be smaller
than the time constant associated to the fastest motion in the system. As such, the rapid
vibration frequency of bonds involving hydrogen atoms are usually the limiting factor and
constraint algorithms have been developed to overcome this problem and ensure a set of de-
sired parameters always satisfy their equilibrium values without having to reduce the speed
of the simulations [213]. Crucially however, such a limitation inherently depends on the
resolution with which biomolecular systems are represented, and time steps used in MD
simulations typically range from 1 fs to 40 fs. It should also be mentioned that the interpre-
tation of the simulation time scales depends on the resolution of the model used to describe
the biomolecular system simulated. In detailed atomistic representations the time scale is
well defined and the simulation time can be considered to correspond to experimental time,
as evidenced by properties such as water diffusion coefficients or comparison of long time
scale simulations of ion channels and electrophysiology experiments [214-217]. On the
other hand, as discussed further in 2.2.1, in more abstract, reduced resolution models inter-
pretation of how the simulation time relates to actual experimental time is more complex. In

this thesis a 20 fs time step was used, which is a standard value for coarse grain simulations.

Position restraints

It is possible to drastically limit the motion of some particles by defining position restraints.

In GROMACS this is achieved by imposing a harmonic restraint potential around the refer-
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ence position. It is especially useful when, as in Chapter 4, a molecule is manually inserted
into a lipid bilayer since it allows to maintain it in the desired orientation and conformation

while the neighbouring molecules adjust their position as the system equilibrates.

Periodic boundary conditions

Periodic boundary conditions (PBC) are used to better approximate physical behaviour by
simulating systems containing a relatively small number of particles as if they were in a
homogenous bulk phase. Here, a cubic simulation box was used for all simulations and
so a particle moving outside of the box at one face re-entered it with the same velocity at
the opposite face. When using PBC the distance between particles in the simulation box is
determined via the minimum image convention. As illustrated in Figure 2.2, this convention
can be easily conceptualised by imagining there is a copy of the simulation box along each
of its face. Consequently, along a given axis the maximum possible distance separating
two particles in the system studied is equal to L/2 where L represents the dimension of
the simulation box along that axis. Accordingly, the larger the system the less its structural
deformation, such as long wavelength undulations, are limited by PBC. This is a particularly
relevant point for the large scale simulations presented in Chapter 7. Also of practical
importance for the simulations presented in this thesis, another consequence of the minimum
image convention is that determining the coordinates of the centre of geometry of several
particles is not straightforward, especially when studying aggregates of multiple molecules
that span the simulation box boundaries. This issue is addressed in Chapter 5.

As mentioned previously, non-bonded interactions described by the Lennard-Jones po-
tential (Equation 2.10) are short-range and become negligible after a distance of approxi-
mately 1 nm, which is well below the size of typical simulation boxes in any dimension.
Pairs of particles interacting with each other via Lennard-Jones interactions can thus easily

be identified using the minimum image convention, as shown in Figure 2.2. On the other
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Figure 2.2 Schematic representation of periodic boundary conditions (PBC) in two dimensions. The
central square represents the simulation box containing the particles studied (solid lines, dark grey),
while periodic images along each face are represented by the adjacent squares and their content
(dashed lines, light grey). The blue arrow indicates how a particle leaving the simulation box from
one face reenters by the opposite face with the same velocity. The implementation of the minimum
image convention to determine interacting pairs of particles within a cut-off distance (red circle) is
illustrated by the red arrows which indicate the three particles that interact with the black one.

hand, the effect of long-range electrostatic interactions governed by the Coulomb potential
(Equation 2.11) extends beyond the characteristic dimensions of the simulation box and ne-
glecting their contribution after L/2 can lead to artefacts [218-220]. A common strategy

used to treat these electrostatic interactions is described below.
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Particle Mesh Ewald

The calculation of long-range electrostatic interactions between atoms explicitly represented
in a comparatively very small simulation box constitutes an important challenge in MD
simulations. Here I present the important concepts that underpin the popular Particle Mesh
Ewald (PME) technique used to address this problem [221]. Interestingly, this method relies
on a strategy developed by Ewald almost a century ago, well before the advent of computers,
in order to calculate electrostatic energies in ionic crystals [222]. In particular, the approach
devised by Ewald fundamentally relies on the periodicity of the system studied. In this case,
the total Coulomb potential of a charge g; located at the position r; in the unit cell can be

expressed as:

Ve(ri) = qi®io (ri) = ﬁ Z ﬁ (2.24)
r n ,] l ]

where ¢, (r;) is the total electrostatic potential at r;, with the sums over j and n respectively
representing contributions from all the charged particles in the unit cell and their periodic
copies. Importantly, the distance |r; — nr;| represents the distance between the charge g;
and the charge ¢g; without taking into account the minimum image convention. Accord-
ingly, the / symbol indicates that j##i when n = 0, meaning that ¢; does not interact with
itself. However, g; does interact with periodic copies of itself. While, by definition, the as-
sumption of periodicity is appropriate for crystal structures its relevance to MD simulations
is less straightforward and involves considering the simulation box as a unit cell repeated
infinitely in all directions. This can be envisioned as an extension of the PBC represented
in Figure 2.2, leading to an infinite array of periodic images. Consequently, this approach
takes into account the electrostatic interactions of each particle with periodic images of the
biomolecular system simulated. Nevertheless, although all such long distance interactions
are not necessarily biologically relevant, they allow a better estimation of the long range

effect of electrostatic interactions than the use of cutoffs.
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As a 1/r function, the infinite sum in Equation 2.24 converges very slowly towards the
electrostatic potential ¢,;. To overcome this problem, Ewald devised an efficient summation

technique based on the simple observation that for any given function f:

L AN (2.25)

and that a judicious choice of f could then allow to split the slow converging expression
in Equation 2.24 into two rapidly converging sums. This is akin to adding and subtracting

a suitable charge distribution around the position r; of each point charge g;. In particular,

ar)

considering a gaussian charge density p;(r) = ¢ je_( , solving Poisson’s equation:

Vi, = — 2.26
i T ee (2.26)
leads to the corresponding electrostatic potential:
1 gjerf(olri—rj|)
Di(r;) = 2.27

J(r) dreye, |l‘l'—l'j| ( )

where erf() indicates the error function defined by:
== [ a (2.28)

erf(x)=—= /[ e .
V7 Jo

and it follows that, taking into account the respective potential contributions due the addi-
tion and subtraction of such Gaussian charge distributions around the g; charges, the total

electrostatic potential defined in Equation 2.24 can be expressed as:
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q)l ot

471?808r |r,~—nrj| |r,~—nrj|

ZZLr nr| qjerf(oa|r,~—nrj|)_qjerf(oc|ri—nrj|)] (2.292)
i L

Zzlq]erf alr;— nrj|)+61j€”fc(0‘|ri_”rf|)] (2.29b)

4775808r r; —nr|| r; —nr||

where erfc(x) = 1 —erf(x) is the complementary error function.

Using Ewald technique, the total electrostatic potential can thus be calculated as the sum
of two potentials:

q)tot (l’[) - ‘I)dir<ri) + q)rec (ri) (230)
where ®,;, and ®,,. are respectively defined by:

q]erfc( r; —nrj|)

b, 2.31
air(ri) = 47‘[808r zn"; r; —nr|| 23D
and:
gjerf Oc|r, nrj|)
o = 2.32
rec(ri) 47r£08r ZZ r; — nr| (2.32)

Due to the very fast convergence of the ercf() function towards 0, the ®;, potential can
easily be obtained by direct calculation of the sum in Equation 2.31 and application of a
short cutoff of approximately 1 nm. Crucially, this direct approach is possible because the
influence of charges not located in the direct vicinity of g; is now effectively negligible due
to the erfc (Oc]ri —nr ]]) term. In contrast, the sum in Equation 2.32 remains very slowly
convergent as the erf() function rapidly converges to 1 and thus the @, potential cannot
be calculated directly. However, it can be noted that ®,,. corresponds to the electrostatic
potential created by the Gaussian charge distributions p; that were added to the system, and,

bearing in mind the periodic structure of the system, Ewald’s technique then involves using
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Fourier transforms to solve the corresponding Poisson equation (see Equation 2.26) in the
reciprocal Fourier space. Details regarding the mathematical derivation of the method can

be found in [223] but the expression eventually obtained is of the form:

Doe(r;) = e/ (2.33)

47rsoer Z |k2

where the sum over k indicates a sum over reciprocal space vectors and p (k) corresponds to
the Fourrier coefficient of the Gaussian charge distributions added to the system and can be

expressed as:

plk) = S(kye (i)’ <Zq, “) (&)’ (2.34)

where S(k) represents the structure factor of the system and is calculated over the charges
present in the unit cell only. Crucially, thanks to the terms in 1/k% and e_kz, the recipro-
cal space sum converges rapidly towards ®,... The relative speed of convergence of the
direct and reciprocal sums in Equation 2.31 and Equation 2.33 depends on the width of the
Gaussian charge distributions used and is controlled via the parameter o.

Several such Ewald summation schemes have been implemented and their respective
performances are reviewed in [224]. The PME technique interpolates the distribution of
charges g; in the system onto a regular grid, or mesh, which allows to use very compu-
tationally efficient fast fourier transform (FFT) algorithms to calculate the structure factor
S(k) [221]. This approach achieves an overall &'(Nlog(N)) efficiency, where N is the num-

ber of charged particles in the system, scaling better than simple ¢'(N?) Ewald techniques.

2.2 Coarse grain simulations

The set of equations and techniques described in the previous section represent a generic
approach to simulate interactions of particles within a biomolecular system based on a "ball

and spring" model. As mentioned in 2.1.1, although historically developed at an atomistic
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resolution, such a model can also be used with a reduced resolution description of the system
of interest. Such lower resolution approaches, where interacting particles (the "balls") repre-
sent larger groups of atoms, are referred to as coarse grain representations. While the notion
of bonded and non-bonded interactions may be more abstract than in the case of atomistic
representations it is important to realise that interactions between coarse grain particles can
be described using the same mathematical formalism. In this section, the respective merits
of using different resolution approaches are briefly reviewed before then focusing on the

coarse grained model used for the simulations presented in this thesis.

2.2.1 Multiscale approaches: choosing the appropriate resolution

The molecular events underpinning biological processes occur on different scales of time,
length and energy. Therefore, a suitable representation of the biomolecular system studied
must be chosen in order to be able to appropriately investigate the properties of interest [225,
226]. For instance, highly detailed description where all atoms are explicitly included are
useful to examine small confined systems such as the selectivity filter of ion channels and
provide insights into the atomistic interactions governing the permeation of ions into such
channels [227, 228]. The CHARMM?36 [229] and OPLS-AA [230] force fields are two
such all-atom force fields commonly used to study lipid and/or protein systems while the
AMBER({f99 [231] all-atom force field is preferred for nucleic acids. In case the ionisable
nature of the molecules studied is of paramount importance, further detailed force fields
taking into account polarisability have also been developed [232]. Conversely, in united-
atom force fields, such as GROMOSS53a6 [233], non-polar hydrogen atoms are not explicitly
represented but rather combined into a single particle with their parent carbon atom. As a
consequence, the total number of interactions to calculate in lipid systems is greatly reduced
and the computational cost of MD simulations significantly decreased. In biomolecular

systems where they are unlikely to be relevant to the properties investigated, the partial
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Figure 2.3 Schematic representation of temporal and spatial scales typically accessible by MD sim-
ulations.

sacrifice of such atomistic details therefore allows to simulate larger systems for longer, as

illustrated in Figure 2.3.

In coarse grain (CG) approaches, representation of biomolecules is simplified by merg-
ing groups of atoms into a smaller number of CG sites. In recent years, several CG models
have been developed for the study of lipid and/or protein systems with typically three to five
heavy (non hydrogen) atoms being mapped to a single CG particle [234-238]. Importantly,
such reduced resolution models effectively lead to smoothing of the potential energy land-
scape as the fastest degrees of freedom are removed from the system. As mentioned earlier
in 2.1.3, this makes it possible to use a larger time step for integration of the equations of
motion than in atomistic models, where it is usually limited to approximately 2 fs, and CG
models remain stable with values of up to 40 ns. Together with the drastically decreased
number of interactions, this allows to achieve a speed-up of 2 or 3 orders of magnitude in
simulations and the enhanced dynamics of CG MD allow to efficiently sample temporal and
spatial scales otherwise inaccessible (Figure 2.3). However, it is important to bear in mind
that the interpretation of such CG time scales is not straightforward as it is difficult to assess

how they effectively relate to atomistic time scales or actual experimental times. Indeed,
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while smoothing of the energy landscape allows for its faster sampling the corresponding
speed-up is unlikely to be the same for all degrees of freedom [239]. Consequently it is
difficult to define the speed-up factor achieved compared to atomistic simulations and "real
time" as it depends on the system studied and/or the property of interest. For instance, in
the MARTINI CG force field, described in more details below, a speed-up factor of about
4 was estimated based on the lateral diffusion of lipids and transmembrane peptides [240,
241] but for other compounds it was found to be up to 17 [242] while phase separation
events were observed to occur about 40 times faster than in atomistic simulations [243].
Therefore, although a multiplication factor is sometimes applied to such CG time scales to
report an effective time scale [244, 245], one must remain aware that CG time scales should
be interpreted with care. Nevertheless, it remains that the speeding up of the kinetics of the
biomolecular system of interest achieved by CG representations allows convenient inves-
tigation of phenomenon difficultly observable in atomistic resolution. Accordingly, coarse
grain models involving a higher level of abstraction, where for instance lipid molecules are
only described by 3 particles, have also been developed in order to make the simulation
of very large systems tractable [246-248]. However, such representations do not explicitly
reproduce specific molecular interactions and are more suitable to the study of mesoscopic
properties [226]. For the investigation of the interactions of cell-penetrating peptides with
lipid bilayers, which is the subject of this thesis, it is desirable to not totally abstract from
the chemical features of the species studied and to retain some molecular and structural de-
tails. In this regard, a few hybrid approaches mixing CG and atomistic models have been
developed with the intent to improve computational efficiency of MD simulations while
retaining a local detailed representation of the molecules of interest [249-251]. Although
these are potentially promising techniques, their implementation for complex systems, such
as multiple peptides interacting with a lipid bilayer, remains problematic [252]. In contrast,

it is relatively straightforward to convert coarse-grained structures back to atomistic repre-
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sentations [253—-255]. This allows to adopt a serial multiscale approach where the enhanced
dynamics and scales of CG MD and the atomic details provided by atomistic simulations
can complement each other. The power of such a strategy is for instance demonstrated
in a study by Schulten and co-workers where the serial combination of atomistic and CG
representations contributed to provide insights on how the cooperative interactions of BAR
domains could induce membrane bending [256].

In this thesis, simulations were performed using the CG force field initially parametrised
for lipids by Marrink and co-workers in 2004 [237]. This force field was updated and
renamed the MARTINI force field in 2007 [240], and later extended to include protein
parameters [257]. Since then it has successfully been used in a wide range of studies of lipid
and/or protein systems [242]. As described in the following section, it is a comparatively
high resolution CG model and as such is well suited to perform systematic MD simulations
of medium size systems that explore the molecular interactions of multiple cell-penetrating

peptides with complex membrane models.

2.2.2 The MARTINI force field

Comparison with atomistic force fields

In the MARTINI force field an average 4:1 mapping of heavy atoms to CG particles is used,
with the property of each CG particle depending on those of the atoms it represents. As
illustrated in Figure 2.4, this mapping scheme allows to retain a certain degree of chemical
details for the molecules modelled. The model is based on the building block principle ie on
the assumption that carefully parametrised individual beads, via reproduction of the prop-
erties of small building block molecules, can be stringed together to appropriately describe
larger molecules. The parametrisation of the MARTINI force field then relies on compar-
ison with more detailed atomistic simulations and reproduction of experimental data [237,

240]. For instance, partitioning free energies between aqueous and organic phases of amino
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Figure 2.4 Schematic representation of the coarse graining of a phosphatidylcholine lipid with palmi-
toyl and oleoyl acyl tails (POPC) in the MARTINI force field. Nitrogen atoms are represented in
blue, phosphorous in orange, oxygen in red, carbon in green and hydrogen in white. Similarly, CG
beads are coloured according to the type attributed to the particle. In particular, while all aliphatic
atoms are represented by apolar particles of type C, the unsaturation in the oleoyl chain is taken into
account with a bead of higher polarity (C3). The zwitterionic nature of the phosphatidylcholine head
group is also reproduced in the CG lipid model, with the choline (QO0) and phosphate (Qa) beads
respectively bearing a charge of 41 e and —1 e. Coarse grain bonds are shown as dark grey lines.

acid side chain analogues as well as their dimerisation free energies are matched within
1-2 kT compared to atomistic profiles [258]. The area per lipid, which is of importance
for lipid bilayer simulations, is typically reproduced within 0.2 nm? or experimental accu-
racy of experimental values [237, 240]. The modelling of peptides molecules, of particular
interest as well for the work presented in this thesis, also compares favourably with exper-
imental data as evidenced by several simulation studies: the relative binding free energy
of a systematic series of pentapeptides to membrane interface was found to be consistent
with the experimental hydrophobicity scale derived from these peptides [259], the dimeri-
sation free energies of transmembrane helices were calculated to be within the range of
experimental values derived from FRET data [260] and the structure of a glycophorin dimer
satisfyingly reproduced NMR data [261]. Recently, parameters of the force field were fur-
ther refined to better match structural properties derived from the Protein Data Bank (PDB)
and/or obtained via atomistic MD simulations [257]. Although the focus of this thesis is

on the interactions of peptides with phospholipids, it should be stressed that the MARTINI
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force field can be used to model other biomolecules such as carbohydrates [262], glycol-
ipids [263], polymers [264, 265] or nanoparticles [266, 267] and DNA fragments [268,
269], hence providing a comprehensive tool to perform CG MD simulations of biologically
relevant systems. A comprehensive overview of the variety of applications of this particular
coarse grain approach can be found in [242]. Interestingly, one of the initial applications
of the extension of the MARTINI force field to the modelling of proteins included simple
simulations of antimicrobial peptides that successfully compared to previous observations
from atomistic simulations [257].

As for atomistic force fields, interactions between CG particles in the MARTINI force
field are described using the formalism presented in 2.1.2. The following sections present
the different types of particles involved in the model as well as the approach taken to imple-

ment efficient calculation of their interactions.

Particle types

The MARTINI model relies on four main types of CG particles in order to capture the
chemical nature of the underlying atomic structure. These types are respectively labeled
polar (P), apolar (C), non-polar (N) and charged (Q). Accordingly, hydrophilic groups of
atoms are represented with polar particles while hydrophobic ones are modelled with apolar
particles. The non-polar type represents an intermediate between polar and apolar particles
and is used for mixed groups of atoms that are partly polar and partly apolar. Importantly,
particles of type Q are only intended for groups bearing full, or close to full, charges such
as phosphate or ammonium groups. These main particle types are further broken down into
subtypes to allow for a more accurate representation of the molecules modelled. In the case
of types N and Q, a letter is used to distinguish their different hydrogen-bonding abilities
(d = donor, a = acceptor, da = both donor and acceptor and 0 = neither donor nor acceptor).

Similarly, the degree of polarity of types P and C is indicated by a number between 1 (low
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polarity) and 5 (high polarity). Figure 2.4 illustrates how these different particle types are
used to model a glycerophospholipid. Additionally, a special class of ring particles based on
a higher 3:1 or even 2:1 mapping was developed to preserve the geometry of cyclic groups.
Particles within this modified set are indicated by a prefix "S" (eg SP1) and are useful to

represent compounds such as aromatic residues or sterols.

Using this set of particle types, amino acids are described by a backbone particle and
up to 4 additional particles to model their side chains. Due to their small size alanine and
glycine residues are represented by a single backbone particle. The mapping used for the
side chains of the remaining residues is described in Table 2.1. It should be noted that the
types of backbone particles are set depending on the local secondary structure of the protein.
The polar character of the backbone in disordered structures, such as coils or bends, is
modelled by CG particles of type P. Conversely, the effect of interbackbone hydrogen bond
networks in more ordered helical or sheet-like structures is taken into account by using
significantly less polar particles of type N. Finally, four water particles are described by a
single particle of type P4 and ions are represented by Q type particles which are considered
to include their hydration shell. The mass of four water molecules, 72 Da, is also used to set
the mass of all CG particles, with the exception of the special ring beads to which a smaller

mass of 45 Da is associated in order to account for their increased resolution mapping.

Particle interactions

Bonded interactions between CG particles are modelled using harmonic potentials, as de-
scribed previously in 2.1.2. In the case of proteins, the bond lengths and force constants
between backbone and side chain beads or, where appropriate, between two side chain
beads depend on the amino acid represented. In contrast, the bond length between back-
bone particles is set to 3.5 A. However, the corresponding bond force constants and other

backbone parameters such as angles and dihedrals involving only backbone beads depend
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Table 2.1 Representation of residue side chains in the MARTINI force field. Ala and Gly are rep-
resented by a single backbone particle. The prefix "S" denotes a special class of particles used to
model rings. Table adapted from [257].

Side chain CG particles mapping

Leu Cl1

Ile Cl

Val C2

Pro C2

Met C5

Cys C5

Ser P1

Thr P1

Asn P5

Gln P4

Asp Qa or P3 (uncharged)

Glu Qa or P1 (uncharged)

Arg NO—Qd or NO—P4 (uncharged)
Lys C3—Qd or C3—P1 (uncharged)
His SC4—SP1—SP1

Phe SC4—SC4—SC4

Tyr SC4—SC4—SP1

Trp SC4—SP1—SC4—SC4

on the secondary structure (but not on the residue type). In particular, periodic potentials
(see Equation 2.7) are introduced to impose restraints on proper dihedral angles between
backbone particles and maintain the protein’s secondary structure. Importantly, this means
that the CG approach does not allow appropriate sampling of conformational changes of
protein secondary structure. Similarly, restraints can also be applied between backbones
particles which are not directly connected in order to create an elastic network that prevents
unfolding of the protein structure [270]. The possible impact of limited secondary structure

sampling of the peptides studied is addressed in Chapter 4.

In the MARTINI force field non-bonded interactions are essentially described by a
Lennard-Jones potential, as per Equation 2.10. The strength of interactions between two

CG particle types i and j is indicated by the well depth of the potential, &, and is given
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by an interaction matrix where 10 different levels are used, ranging from 2 kJ.mol/~! to
5.6 kl.mol~!. The same effective size ¢ = 4.7 A is used for all CG beads, except again
for the smaller ring particles for which 4.3 A is used. Lennard-Jones interactions between
particles are calculated within a cutoff of 12 A and smoothly shifted to zero from 9 A to

12 A to avoid the generation of noise associated to the cutoff.

Additionally, charged CG particles (type Q) also interact via a Coulomb potential (Equa-
tion 2.11) which is shifted smoothly from O to 12 A and where a relative dielectric constant
& = 15 is used. Here it is important to bear in mind that electrostatics interactions arising
from partial charges on atoms are treated implicitly via Lennard-Jones interactions and the
choice of CG particle types representing them. In this context, the explicit short-range treat-
ment of electrostatic interactions between groups of atoms bearing an overall full charge
is intended to reproduce the effect of distance dependent screening while ensuring com-
putational efficiency. Consequences of this approach on the electrostatic properties of the

biomolecules modelled are discussed in Chapter 3.

Version used and improvements

The version 2.1 of the MARTINI force field, as described in [240] and [257], was used
for all the simulations performed in this thesis. It should be noted that a polarisable ver-
sion of the force field has also been developed [271] in an attempt to address some of the
shortcomings associated to the simplified water model and to better represent electrostatic
interactions felt by charged particles in different dielectric environments. In this polarisable
model, water beads are represented by a central neutral particle bound to two particles re-
spectively carrying a positive and a negative charge. Within such a water bead the central
particle is only involved in Lennard-Jones interactions while the charged particles solely
interact via a Coulomb potential. This polarisable water model is able to reproduce local,

environment-dependent, electrostatic screening and the global dielectric constant was re-
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duced accordingly to €. = 2.5. However, it is more computationally expensive, due to the
increased number of interactions calculated and the necessity to use the PME technique
described earlier in order to benefit from the improved solvent description, and simula-
tions are almost one order of magnitude slower than with the standard non-polarisable force
field. This somewhat reduces the ability to take advantage of the speed-up achieved by
the CG representation to perform a large number of simulations investigating different sys-
tems. Furthermore, unlike the standard MARTINI model that has been successfully used in
a wide range of applications, this polarisable version has not yet been as thoroughly tested.
Finally, it is also worth mentioning that updated protein parameters were recently released
and are referred to as MARTINI 2.2 [272, 273]. The changes operated between MARTINI
2.2 and 2.1 essentially aimed at correcting the interactions of oppositely charged residues
by introduction of an off-center charge model and at introducing polarisable beads on po-
lar side chains, similar to the approach taken for water particles in the polarisable water
model. Consequently, while the MARTINI 2.2 parametrisation corresponds to a significant
improvement when using the polarisable water model to describe systems containing both
negatively and positively charged residues, it should not otherwise lead to substantially dif-
ferent observations than those obtained with the 2.1 version for the systems presented in this
thesis. Nevertheless, it is important to bear in mind differences do exist between the two

force fields.

Conversely, as of the time of writing of this thesis, an implicit solvent version of the
MARTINI force field was released [274]. Unlike the improvements discussed above, which
aimed at addressing the shortcomings associated to coarse grain water beads compared to
atomistic molecules, this represents an effort in the direction of more abstraction and, while
less accurate to investigate local defects such as those of interest in this thesis, the associated
computational speed-up makes this approach appropriate to study very large systems and

may contribute to bridge the gap between the MARTINI force field and mesoscopic models.
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2.3 Analysis of molecular dynamics simulations

The techniques described in this chapter illustrate how the dynamic properties of a biomolec-
ular system can be simulated at the atomistic, or near atomistic, level. As such, the output of
MD simulations consist of a trajectory describing the evolution with time of the coordinates
of each particle represented. These can be visualised using software such as VMD [275]
or Pymol [276]. While visual observation of the systems modelled is important and can
provide important insights in the molecular interactions involved, it is imperative to also be
able to quantitatively describe the properties of interest. Although visualisation softwares
allow some degree of such analysis, they remain more suitable for qualitative exploration
of the characteristics of a system. In this regard, the GROMACS package includes sev-
eral tools which have been well optimised for the analysis and processing of the simulation
outputs [203]. However, limiting oneself to these tools might not allow one to adequately
characterise the particular properties most relevant to the biomolecular system investigated
and analysis of MD simulations can benefit tremendously from the implementation of more

appropriate custom approaches.

In this context, the MDAnalysis library [277] provides a valuable tool to analyse MD
simulations. It allows the use of Python, a simple and powerful programming language [278],
to examine and manipulate coordinates of particles in the trajectory. Rather than providing
a set of ready-to-use analysis tools, this approach makes it possible to code custom metrics
relevant to the system studied. In particular, this approach benefits from the performances
of thoroughly tested data structures and mathematical functions, such as those provided by
the NumPy package [279], that have been developed for scientific computing. Furthermore,
thanks to the module based nature of Python, findings from relevant research fields, eg re-
garding the characterisation of geometrical features, can easily be applied to the analysis

of MD simulations. Virtually all analyses presented in this thesis were performed by code
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written in Python (version 2.7) and the different metrics implemented are discussed in the

relevant chapters. Pymol was used to render snapshots of the molecular structures.
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Chapter 3

Modelling of biologically relevant

membranes

3.1 Introduction

The organisation of biological membranes as fluid lipid bilayers containing a mosaic of
embedded proteins, the so-called "fluid mosaic model", was widely accepted in the early
1970s [280]. Numerous studies have since then provided further evidence that cell mem-
branes are complex assemblies of a variety of lipids and proteins and that, far from a pas-
sive barrier with a simple compartmental role, they play an active and integral role in the
regulation of many cellular processes such as signal transduction, protein aggregation or
membrane trafficking [162, 281-287]. However, the ubiquitous activity of CPPs and AMPs
suggests their interactions with biological membranes are not mediated by specific recep-
tors but, rather, rely on direct interactions with the multiple lipid species present in the
bilayer. The compositional differences between the inner membrane of bacteria and the

plasma membrane of mammalian cells have been suggested as the origin of AMPs ability to
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distinguish between prokaryotic and eukaryotic membranes and, consequently, as the reason
for their selective disruption of bacterial membranes [43, 288-290]. Biologically relevant
membrane models are therefore essential to study the interactions of CPPs with lipid bilay-
ers. In this first results chapter I discuss the approaches taken to create such models in silico,
after having first presented the pertinent characteristics of the plasma membrane of mam-
malian cells and briefly reviewed the bilayer models used experimentally and in previous

MD simulations.

3.1.1 Lipid distribution

In eukaryotic cells, the membranes of most organelles exhibit an asymmetric distribution
of lipid types across the bilayer [285, 291]. In particular, the highly asymmetric nature of
mammalian cells membranes, or plasma membranes, has been demonstrated in 1972 by
Bretscher and co-workers [292] and further characterised in numerous subsequent studies
which are reviewed in [293]. However, the precise composition of such biological lipid bi-
layers is difficult to establish, due both to the inhomogeneous nature of plasma membranes
and the limitations of the experimental techniques used [293, 294]. Consequently, uncer-
tainties remain regarding the relative distributions of lipid species in each leaflet. These
studies showed that the lipid composition of mammalian plasma membranes consists of
approximately 65% glycerolipids, 10% sphingolipids and 25% sterols such as cholesterol.
They also revealed that the extracellular leaflet is enriched in the choline-containing lipids,
phosphatidylcholine (PC) and sphingomyelin (SM), whereas the amine-containing lipids,
phosphatidylethanolamine (PE) and phosphatidylserine (PS), are almost exclusively located
in the cytoplasmic leaflet (Figure 3.1). One important consequence of this lipid distribution
is that the cytoplasmic leaflet of the plasma membrane is anionic in nature as the nega-
tively charged PS lipids are exclusively found in this leaflet. It was initially proposed that

asymmetrical membrane biogenesis, coupled to the fact that passive transbilayer diffusion
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Figure 3.1 Approximate relative distribution of lipid species in the outer (extracellular) and inner
(cytoplasmic) leaflets of mammalian plasma membranes. The outer leaflet is enriched in phos-
phatidylcholine (PC) and sphingomyelin (SM), while phosphatidylethanolamine (PE) and phos-
phatidylserine (PS) are preferentially located in the inner leaflet. In addition to PS, the inner leaflet
also contains other minor phospholipids that are negatively charged such as phosphatidylinositol
(PI). The preferential distribution of cholesterol (CHOL) remains controversial but it is abundant in
both leaflets [309—311]. Other lipids in the outer leaflet include glycosphingolipids. Data aggregated
from [285, 293, 296, 300, 312].

of phospholipids, or flip-flop, is a slow process with a half-time of hours to days [295-298],
prevented the rapid redistribution of lipids between leaflets [299]. However, it was later re-
vealed that the asymmetric lipid distribution is actively maintained by cells via the action of
dedicated flippases [299-302]. These are enzymes which catalyse the transport of specific
lipid species between leaflets. In particular, the transport of PS lipids on the external leaflet
of the plasma has been shown to be involved in the early stages of apoptosis [303-305] and

to be associated with various pathological conditions [306—308].

Interestingly, this asymmetric distribution of charges is in contrast with the inner mem-
brane of Gram-negative bacteria where negatively charged lipids such as phosphatidylglyc-
erol (PG) and cardiolipin (CL) can be found in both leaflets [313, 314]. Additionally, unlike
mammalian cell membranes, bacterial membranes do not contain cholesterol [310]. These
compositional differences are illustrated schematically in Figure 3.2 and have been sug-
gested as the origin of the selective perturbation of bacterial membranes by antimicrobial

peptides [43, 290]. Indeed, the haemolytic activity of AMPs was shown to be enhanced for
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Figure 3.2 Schematic representation of the compositional differences between the lipid bilayers of
(A) prokaryotic and (B) eukaryotic membranes. Cholesterol molecules are represented in yellow.
The plasma membrane of mammalian cells is abundant in cholesterol (represented in yellow) and
anionic phospholipids (represented in red) are exclusively found in the inner leaflet. In contrast, in
inner bacterial membranes anionic lipids are distributed in both leaflets and cholesterol is generally
absent. Zwitterionic lipids are represented in grey.

cholesterol-depleted erythrocytes [315], while model membranes studies involving leakage
assays of liposomes in presence of AMPs demonstrated that dye release was significantly re-
duced in cholesterol-rich lipids mixtures [316]. This has been attributed to the "rigidifying"
effect of cholesterol on lipid bilayers which render them less susceptible to peptide-induced
deformations due to their increased mechanical stiffness [317, 318]. Conversely, the activ-
ity of AMPs on bacteria and some cancerous cells has been been correlated with the strong
affinity of these cationic peptides for the anionic lipids exposed on the outer leaflet of the
membranes of those cells [319, 320]. Epand and co-workers further showed that clustering
of anionic lipids contributed to the membrane toxicity of these peptides [321]. Similarly,
as discussed previously in 1.2.2, electrostatic interactions have been shown to play an im-
portant role in the activity of CPPs [91, 102] and it has been suggested that translocation
could occur via an electroporation-like mechanism due to charge imbalance following the

accumulation of the cationic peptides on the extracellular zwitterionic leaflet [322-324].

Altogether, these observations show that the perturbations of lipid bilayers by membrane
active peptides depend on the characteristics of the target membrane in addition to that of

the peptides studied. It is therefore important to use membrane models with a biologically
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relevant lipid distribution in order to explore and characterise how they may be destabilised

by CPPs.

3.1.2 Transmembrane potential

The lipid bilayer of the plasma membrane of eukaryotic cells also constitutes a barrier to the
diffusion of ions. Ionic species are transported selectively across the hydrophobic bilayer by
specialised membrane proteins and this results in a charge imbalance and a negative voltage
of approximately -60 to -100 mV in the cytoplasm compared to the extracellular environ-
ment [325, 326]. This transmembrane potential is actively maintained by cells and is integral
to the regulation of many cellular functions [327]. Such an electric potential gradient ex-
erts a force towards the interior of cells on positive charges and it is therefore reasonable
to imagine it may play a role in the activity of cationic membrane active peptides. This
has been confirmed by several experimental studies relying on model bilayer systems which
showed that the application of a transbilayer potential enhanced the translocation of CPPs
into lipid vesicles [131, 328-331] or their escape from endosomes [332]. In a comparative in
vitro and in vivo study involving LUVs and HeLa cells, Castanho and co-workers concluded
the negative transmembrane potential across the bilayer was responsible for the internalisa-
tion of the cationic CPP studied [331]. Conversely, Wender and co-workers showed that
a neutralisation of the plasma membrane potential led to a significant reduction of cellular
uptake [330].

On the other hand, the application of a transmembrane voltage has also been shown to
induce transient pore formation by CPPs [147], suggesting it may as well contribute to the
membrane toxicity of these peptides. This is further supported by the finding of Matsuzaki
and co-workers that the weak membrane potential of erythrocytes protected them from lysis
by AMPs [315].

These considerations illustrate the importance of comparing membrane models with
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different transbilayer electrostatic properties and how the ability to characterise the local

electrostatic potential inside those lipid bilayers can be of great interest.

3.1.3 Invitro and in silico membrane models

Experimental studies involving lipids bilayers usually rely on the use of large or giant unil-
amellar vesicles (respectively LUVS and GUVs) as models of the cell membrane [333].
These simple systems facilitate the investigations of peptide - membrane interactions in the
absence of metabolic energy and allow the study of individual parameters such as mem-
brane curvature or lipid composition [118, 288]. In 2003 Weitz and co-workers developed a
technique to engineer vesicles with an asymmetric lipid distribution, thereby mimicking cell
membranes more accurately [334]. Interestingly however, in vitro studies of CPPs contin-
ued to rely on the use of symmetric LUVs or GUVs and although those membrane models
highlighted the importance of anionic phospholipids on the behaviour of CPPs, the influ-
ence of their asymmetric distribution has been poorly investigated [98, 335, 336]. However,
it is important to bear in mind that in the absence of cellular energy the passive transbilayer
diffusion of phospholipids will eventually lead to asymmetry loss. The difficulty in work-
ing with asymmetric vesicles, the stability of which depends on the characteristics of the
lipids head groups and the saturation of the acyl chains [337, 338], might therefore account
for this observation. Nevertheless, in the last few years, progress has been made regarding
asymmetric vesicles engineering that may benefit future in vitro investigations of membrane
active peptides [339-343]. In this regard, the approach of Pooga and co-workers in a recent
comparative study of several CPPs is of particular interest as they used membrane "bleb-
bing" to obtain giant vesicles, referred to as Giant Plasma Membrane Vesicles (GPMV) or
Plasma Membrane Spheres (PMS), with the same complex composition as that of the parent
plasma membrane [134]. They reported an accumulation of all CPPs in the lumen of the

vesicles, instead of a mere equalisation with the extravesicular peptide concentrations as ob-
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served with simple LUVs and GUVs. Although further conclusions on the role of particular
lipid species are rendered difficult by the complex composition of the vesicles, this study

illustrates the relevance of asymmetric lipid bilayer models.

Similarly, MD simulations of membrane proteins and membrane active peptides have
traditionally relied on simple, symmetric lipid bilayers [182, 227]. In a few computational
investigations of membrane active peptides, multi-component systems involving both zwit-
terionic and anionic lipids were introduced in order to examine the preferential interactions
of those peptides with different lipid species [170, 171, 344-346]. Yet, to date, only a single
MD study of a CPP has been performed in the presence of an asymmetric bilayer mimicking
the plasma membrane, wherein Zhen-lu and co-workers reported that the membrane asym-
metry drove the translocation of poly-arginine peptides towards the inner anionic leaflet,
thereby providing further evidence of the role of membrane composition on the activity of

CPPs [347].

However, in recent years, in a trend somewhat similar to what has been observed regard-
ing the development of vesicles models, several groups have published MD simulations of
more sophisticated, asymmetric, plasma membrane models. In particular, full-atom repre-
sentations have been used to investigate the electrostatic profiles of asymmetric bilayers with
some studies using a double bilayer system to delimit two water compartments with differ-
ent ionic concentrations in an effort to reproduce the transmembrane potential arising from
the charge imbalance between the extracellular environment and the cell cytoplasm [348—
351]. Although such approaches yielded transbilayer voltage differences in good qualitative
agreement with experimental data, they remain computationally expensive and hindered by
several technical issues for the correct treatment of long-range electrostatic interactions as
highlighted by Gurtovenko and co-workers [351]. In contrast, coarse-grained models have
recently been favoured to investigate the interplay between mechanical properties, domain

formation and lipid organisation of large asymmetric bilayers [352-356]. These studies
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have begun to offer molecular-level insights into the origin of the complex and dynamic
properties of cellular membranes and hold the potential to provide a valuable in silico tool

complementing high-resolution imaging techniques.

3.2 Initial approach

3.2.1 Lipid composition and distribution

In a first attempt to reproduce the main characteristics of the plasma membrane, a first asym-
metric bilayer model referred to as AMv1 was built with the lipid distribution presented in
Table 3.1. Notably, anionic phosphatidylserine lipids (POPS) were positioned in the inner
leaflet only while sphingomyelin (PPCS) were exclusively positioned in the outer leaflet.
In contrast, phosphatidylcholine (POPC) and phosphatidylethanolamine (POPE) were dis-
tributed across both leaflets, with POPE predominantly positioned in the inner leaflet.

Table 3.1 Composition of the outer and inner leaflets of the first asymmetric membrane model
(AMvl1). The % correspond to relative intra-leaflet distributions. Both POPC and POPE are zwitteri-
onic lipids, while POPS has a negatively charged head group. PPCS and CERA respectively indicate
sphingomyelin and ceramide.

outer leaflet inner leaflet
CHOL 30 % 20 %
POPC 30 % 25 %
POPE 5 % 30 %
POPS - 25 %
PPCS 30 % -
CERA 5% -

The transbilayer distribution of cholesterol (CHOL) remains a matter of debate [354,
357] and I chose to slightly increase its proportion in the outer leaflet for two reasons. First,
interactions between cholesterol and sphingomyelin leading to the formation of ordered
domains has been well documented [358-361]. And, second, the cytoplasmic leaflet of

plasma membranes has been demonstrated to be more fluid than the extracellular one [362—
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365], which has been suggested to act as a more robust outer coating [366], and it therefore
seemed reasonable to attempt to reproduce this feature by including a smaller proportion of
rigidifying cholesterol molecules in the inner leaflet. Finally, a few ceramide lipids (CERA)
were also included in the outer leaflet as this lipid species has been shown to facilitate
lateral segregation of sphingomyelin rich domains [367, 368] and to modulate the curvature
of plasma membranes [369] and Brock and co-workers observed that it promoted the direct
translocation of polyarginines CPPs [370]. The coarse-grained representations of these lipid
species using the MARTINI force field [240] are illustrated in Figure 3.3.
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Figure 3.3 CG representations using the MARTINI model of the lipid species taken into account
in the plasma membrane model used. The glycerophospholipids all have have the same Palmi-
toyl (saturated) and Oleoyl (one unsaturation) acyl chains with phosphatidylcholine (PC), phos-
phatidylethanolamine (PE) and phosphatidylserine (PS) only differing by one head group bead. The
ceramide (CERA) molecule simply corresponds to sphingomyelin (PPCS) without the two head
group beads. Colours highlight distinct groups of beads, in particular phosphate are shown in orange,
glycerol or their sphingolipids equivalent in green and acyl chain unsaturations in black. Chemical
formulas of the lipids can be found in Appendix A.

The following sections detail the simulation protocol used to set up the simulations and

the results obtained as well as some of the challenges associated to the approach taken.

3.2.2 Protocol

As illustrated in Figure 3.4, the asymmetric membrane AMv1 was built by manually as-

sembling monolayers isolated from two symmetric membranes, SMzv1 and SMav1, which
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respectively had the lipid composition of the outer and inner leaflets. This approach was
used previously by Berkowitz and co-workers to build a small asymmetric bilayer of 128
lipids with a united-atom model containing only cholesterol, sphingomyelin (in the outer
leaflet) and phosphatidylserine (in the inner leaflet) molecules [371]. All simulations were

executed using Gromacs version 4.5.4 [372] with the standard Martini 2.1 parameters [240].

— equilibration
(5us)

Figure 3.4 Schematic representation of the protocol followed to build the asymmetric membrane
AMv1. Two symmetric bilayers, SMzv1 and SMav1, with the respective compositions of the outer
(blue) and inner (red) leaflets were self-assembled separately (1). Monolayers were then extracted
from these symmetric bilayers (2) and simply positioned on top of each other to build the asymmetric
bilayer (3). After energy minimisation the system was run for 5 ps.

Self-assembly of symmetric membranes

The same protocol was followed for both the SMzvl and SMavl membrane. First, 1360
lipids were positioned into a 22 x 22 x 9 nm simulation box, with the mixture of species
corresponding to the composition of either the outer or inner leaflet of the plasma membrane
(Table 3.1). Next, in order to ensure formation of the membrane in the x,y plane the box
was extended to 14 nm in the z direction and the system was then solvated with counter
ions added as appropriate to achieve a neutral total charge. Following energy minimisation
the systems were equilibrated by successively running 10,000 iterations with increasing

time steps (0.5 fs, 1 fs, 2 fs, 4 fs, 10 fs and 20 fs), after which a production run of 1 us
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using a 20 fs time step was performed. The temperature was kept constant at 323 K by
separately coupling the lipids and solvent to a heat bath using the Berendsen algorithm [211]
with a coupling constant 77 = 1 ps. The system pressure was semi-isotropically coupled in
the bilayer plane x,y and along the bilayer normal z, using the Berendsen algorithm at 1
bar with a coupling constant 7p = 1 ps and a compressibility of 5 x 1076 bar~! in each
direction. In both cases the lipids self-assembled within tens of nanoseconds and the length
of the simulations thus ensured the bilayers were fully equilibrated. No lipid clustering was

observed in either membrane.

Manual assembly of the asymmetric bilayer

Using the last frames of the SMzv1 and SMav1 simulations, two leaflets extracted from the
self-assembled bilayers were manually positioned on top of each other in order to create the
asymmetric AMv1 bilayer. As previously, the simulation box was extended to 14 nm and the
bilayer was solvated and neutralised by adding the required number of sodium counterions.
The resulting final system contained 1305 lipids, 24748 water particles (non polarisable)
and 161 Na™ ions. After energy minimisation it was progressively equilibrated following
the same iterative procedure as above. A production run of 5 us was then performed, using

the same simulation parameters as detailed previously.

Here it may be worth stressing that although some of the CG simulations reported in
the literature involve a 0.15 M NaCl salt concentration in an attempt to more faithfully re-
produce physiological conditions (see for instance [356]), it is common practice to simply
neutralise the charge of the system. This may be justified by the limitations of the mod-
elling of electrostatics interactions in the MARTINI force field, as a cutoff of 1.2 nm is
used in conjunction with a uniform screening (dielectric constant set to 15). Furthermore,
Sansom and co-workers showed that salt concentration had a negligible effect on the inter-

actions of membrane active peptides with a zwitterionic bilayer in both CG and full-atom
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simulations [373]. Additionnally, given the relatively short-range or electrostatic forces in
the MARTINI model, I was concerned that the use of a salt concentration would contribute
to screen the anionic nature of the inner leaflet and "hide" negatively charged lipids from
cationic CPPs in future simulations. Nevertheless, it remains important to correctly neu-
tralise the system as several studies have demonstrated that a non null charge can lead to

membrane-destabilising artefacts [178, 179, 374].

3.2.3 Results

The resulting asymmetric membrane is presented in Figure 3.5. Although the lipid bi-
layer was simulated for 5 ps (see details in next section) no domain formation was ob-
served in either leaflet, with the distributions of lipids being similar to Figures 3.5B & C
in both the initial and final frames. The absence of co-clustering between sphingomyelin
and cholesterol molecules is at odds with the nano-domains observed experimentally [375,
376] and likely to reflect the limitations of the MARTINI model for these lipids. Indeed,
although the sphingolipids parameters have been made available by the Marrink group for
several years they are still listed as experimental (http://md.chem.rug.nl/cgmartini/images/
parameters/[TP/martini_v2.0_lipids.itp) and, to date, their propensity to induce cholesterol
rich domains has yet to be confirmed in a computational study, similarly to what was re-
cently carried out for glycolipids [263]. In particular, it is possible that the hydrogen bond-
ing pattern thought to be important in stabilising sphingomyelin and cholesterol interac-
tions [377, 378] is not adequately reproduced by the beads types modelling sphingomyelin
amide and hydroxyl groups. However, uncertainties remain on the origins of the preferen-
tial interactions of cholesterol with sphingolipids [379]. Additionally, the coarse grained
representation may not be able to properly capture the minor difference between the acyl
chains of sphingomyelin and that of the glycerophospholipids [371] as previous compu-

tational studies relying on the MARTINI force field showed that phase separation in the
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Figure 3.5 Snapshots of the asymmetric membrane AMv1. (A) Side view of the bilayer oriented
with the outer (extracellular) leaflet upwards; the phosphate bead of each phospholipid is shown as a
sphere, lipids tails as transparent cartoon and cholesterol as white spheres. (B) & (C) top view of the
outer and inner leaflet respectively, with all lipids represented as solid spheres. Species are coloured
as follows: phosphatidylcholine (POPC) in green, sphingomyelin (PPCS) in dark blue, ceramide
(CERA) in cyan, phosphatidylethanolamine (POPE) in purple, phosphatidylserine (POPS) in orange
and cholesterol (CHOL) in white. In (B) and (C) cholesterol molecules are predominantly hidden by
the phospholipids head groups as they sit deeper in the bilayer, between the lipids acyl chains.

presence of cholesterol only occurred between lipids with both chains saturated and lipids

with both chains unsaturated [353, 380-382].

3.2.4 Challenges

Despite the successful building of an asymmetric bilayer mimicking the composition of
mammalian cells plasma membrane, the approach followed exposed some practical issues

which are detailed below.
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Area mismatch between leaflets

The area of the equilibrated SMzv1 membrane was found to be approximately 10% smaller
than that of the SMav1 one (337.5 nm? and 371.4 nm? respectively). Combined with the
need to avoid steric clashes between the acyl tails, this mismatch rendered adequate overlay-
ing of the extracted zwitterionic and anionic leaflets difficult. As illustrated in Figure 3.6A,
they would either drift apart or the bilayer would buckle with empty regions between the
two monolayers. Interestingly, these observations are in agreement with experimental stud-
ies showing that a difference in lateral pressure between leaflets triggered by an area mis-
match as low as 5% can lead to vesicle rupture and collapse [383, 384]. Here, both leaflets
were extracted from bilayers containing the same total number of lipids but the zwitterionic
membrane had a smaller number of phospholipids due to the higher percentage of choles-
terol and hence a smaller area. To remediate this problem, the desired relative distribution of
species was maintained but the total number of lipids in the anionic membrane was reduced
until its area approximately matched that of the zwitterionic membrane (Figure 3.6B). This
was achieved using 1224 lipids instead of 1360, so that the lower and upper leaflets of the
AMv1 bilayer initially contained 620 and 685 lipids respectively. A similar method was

adopted by Vachd and co-workers in a MD study using a united-atom model [350].

Evolution of lipids distribution: the challenge of cholesterol

The simulations revealed rapid transbilayer diffusion, or flip-flop, of cholesterol molecules.
This interleaflet mobility is illustrated in Figure 3.7 and is consistent with experimental
evidence that, unlike for phospholipids, spontaneous transmembrane diffusion of sterols
and fatty acids occur rapidly in biological membranes [309, 385, 386]. Indeed, numerous
in vitro studies using live cells and vesicles have investigated the characteristic timescale
of cholesterol flip-flops and half-times in the order of milliseconds [387], seconds [388] or

minutes [385, 386, 389] have been suggested. In contrast, in a recent small-angle neutron
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A leaflets areas mismatch

(ii)
L

B leaflets areas matched

Figure 3.6 Importance of matching monolayers areas in order to build stable bilayers. (A) The
smaller number of phospholipids due to the relatively higher percentage of cholesterol led to a
smaller surface for the zwitterionic leaflet (blue) compared to that of the anionic one (red) and pre-
vented formation of a stable membrane. The monolayers either drifted apart (i) or only partially
joined to form a bilayer where buckled regions of the membrane where separated by vacuum (ii).
(B) A stable bilayer rapidly formed after manual overlaying of two leaflets with matching surfaces.
Phospholipid tails are shown as cartoons in transparent grey while cholesterol molecules are repre-
sented by solid white spheres. Water particles are shown as small transparent spheres in light cyan.
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scattering (SANS) study Garg and co-workers deducted a half-time of several hours [390]
but their methodology has been disputed and it is now generally agreed that unfacilitated
cholesterol flip-flop occurs on a sub-second timescale [391, 392]. This is supported by
several computational studies relying on CG MD [354, 393-395], atomistic MD [394, 396—
398] or implicit model simulations [399] which all estimate cholesterol residence time to be
in the order of micro to milliseconds. On the other hand, no phospholipid flip-flops were
observed, in agreement with previous simulations of lipid bilayers [400] and their slower
(hours to days) passive transbilayer diffusion observed experimentally [297, 298]. Ceramide
lipids were not observed to flip-flop either which is also consistent with both experimentally
derived residence time of tens of minutes [401] and MD simulations showing their flip-flop

rate was 2 or 3 orders of magnitude slower than that of cholesterol [395, 397].

As illustrated in Figure 3.8A, this inter-leaflet mobility led to a redistribution of choles-
terol molecules between the outer and inner leaflets of the AMv1 membrane. This led to
two issues. First, a direct consequence was that the initial percentages of cholesterol in
each leaflet (respectively 30% and 20%) could not be maintained. Indeed, the relative en-

richment of the outer leaflet decreased within the first couple of hundred nanoseconds of
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Figure 3.7 Side view snapshot of the AMvl membrane illustrating the transbilayer mobility of
cholesterol. Phosphate groups are shown as transparent orange spheres while the hydroxyl group
of cholesterol is shown as solid yellow. For clarity solvent and phospholipids tails are omitted and
only the cholesterol molecules present in the core of the bilayer are represented in full (as white and
grey spheres). Cholesterol sits between the phospholipids acyl chains and is able to flip-flop between
leaflets. Although it can be transiently stabilised when in a horizontal orientation in the inter-leaflet
plane, flip-flop events were fast and completed within tens of nanoseconds at most.
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the simulation as a net diffusion of cholesterol molecules towards the inner leaflet was ob-
served (dashed rectangle in Figure 3.8A). This is in agreement with atomistic simulations
performed by Choubey and co-workers wherein an initial imbalance in cholesterol con-
centration between the two leaflets was compensated by subsequent flip-flops [398]. After
this initial redistribution, cholesterol concentrations in the outer and inner leaflets of the
AMv1 membrane oscillate around approximately 28% and 22.5% respectively. While these
numbers are close to the desired compositions, the difference nonetheless highlights the
difficulty of controlling cholesterol composition in a membrane model. This leads to the
second issue, namely the question of knowing whether the final cholesterol distribution in
the AMv1 bilayer corresponds to a meaningful equilibrium state. Indeed, while it is possi-
ble that preferential interactions of cholesterol molecules with specific lipid species drive the
partial asymmetry maintained, the redistribution of cholesterol is also limited by the creation
of an area mismatch between the leaflets. Interestingly, in [398] equipartition of the number
of cholesterol molecules was not observed either. However, the authors found that the redis-
tribution of cholesterol led to an equalisation of the lateral pressure profiles and bending free
energies of the two leaflets. Consequently, they concluded that cholesterol flip-flops allowed
to relieve mechanical stress in the lipid bilayer. This hypothesis is further supported by the
experimental work of Bruckner and co-workers who showed that rapid interleaflet diffusion
of cholesterol mediated stress relaxation in lipid vesicles [387]. Besides this mechanically
driven nature of cholesterol flip-flops, lipid-lipid interactions have also been demonstrated
to play a role in cholesterol distribution. In particular, experimental studies showed that, in
addition to its strong affinity for sphingomyelin [375, 376], cholesterol had a strong pref-
erence for lipids with saturated acyl chains as polyunsaturated chains prevented its stable
orientation between the lipids tails [402]. Cholesterol distribution in biological membranes
therefore appears to be the result of a complex balance between its preferential interactions

with the lipid species present in each leaflet and mechanical constraints.
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Figure 3.8 Evolution of cholesterol distribution in (A) the AMv1 membrane, (B) a POPC bilayer
initially containing twice as much cholesterol in the upper leaflet than in the lower one, and (C) an
asymmetric bilayer initially containing 30% of cholesterol in each leaflet with an equal mixture of
POPC and PPCS in the upper leaflet and an equal mixture of POPC, POPE and POPS in the lower
one. Cholesterol concentrations in the upper and lower leaflets are represented by blue and red lines
respectively, with intra-leaflet ratios shown as thick lines and inter-leaflet ratios as thin lines. Dashed
lines indicate initial intra-leaflet percentages and the 50% inter-leaflet ratio. Ratios were calculated
by performing a rolling average on successive frames over 40 ns. The greater fluctuations in (B) and
(C) are due to the smaller number of lipids (~200) in those systems compared to (A) (~1300). The
dashed rectangles in (A) and (B) highlight the rapid initial redistribution of cholesterol molecules.

Although the destabilising effect of chain unsaturation has been satisfyingly reproduced
in both atomistic and CG MD simulations, with flip-flop rates increasing by a couple orders
of magnitude in bilayers with two polyunsaturated chains [354, 393, 394], it is unlikely to be
of influence in the AMv1 membrane where all glycerophospholipids share the same palmi-
toyl and oleoyl chains. However, in a CG MD study by Yesylevskyy and co-workers using
a simple asymmetric bilayer model with the MARTINI force field, cholesterol was also ob-
served to preferentially distribute in the anionic leaflet [354]. This is at odds with the final
distribution observed in Figure 3.8 A and suggests other factors prevented full re-distribution
of the cholesterol molecules in the AMv1 model. Using united-atom MD simulations, Ben-
nett and co-workers showed that the flip-flop rate of cholesterol was dramatically reduced in
the presence of a raft-like bilayer containing sphingomyelin lipids, with residence half-times
increasing from microseconds to minutes [397]. It is thus tempting to hypothesise that, de-
spite the absence of domain formation, preferential interactions with sphingomyelin were

responsible for the final asymmetric distribution of cholesterol in the CG AMv1 bilayer.

72



Modelling of biologically relevant membranes

In order to separately investigate the influence of mechanical stress and membrane com-
position on cholesterol distribution, I built two smaller (~200 lipids) control systems using
the same protocol as described in Figure 3.4. First, a simple POPC bilayer containing an
equal number of phospholipids in each leaflet but twice as many cholesterol molecules in
the outer one (~40%) than in the inner one (~20%) was assembled to study the effect of
imbalance between leaflets lateral pressure. Second, the relative affinity of cholesterol for
anionic lipids and sphingomyelin was investigated by assembling a bilayer containing the
same number of cholesterol (~30%) and phospholipids molecules in each leaflet, with an
equal mixture of POPC and PPCS in the outer leaflet and an equal mixture of POPC, POPE
and POPS in the lower leaflet. Both bilayers were simulated for 5 us with the same pa-
rameters as detailed in 3.2.2 and the evolution of cholesterol distribution in each system is
represented in Figure 3.8B & C respectively. In both cases equidistribution of cholesterol
was observed. In particular, the initial concentration imbalance in the POPC bilayer disap-
peared within approximately the first 100 ns of the simulation and neither leaflet of the more
complex bilayer was enriched in cholesterol. Although it might be argued that the effect of
sphingomyelin and negatively charged lipids exactly counter-balanced each other this is
unlikely. Rather, these results highlight the limitations of CG representations and suggest
that, unlike atomistic models, the MARTINI force field does not appropriately reproduce

the preferential interactions of sphingomyelin with cholesterol.

The final asymmetric distribution of cholesterol in the AMv1 membrane therefore ap-
pears as a consequence of mechanical constraints preventing complete redistribution of the
molecules. It is difficult to assess to what extent this is an artefact due to the bilayer com-
position or assembly protocol used but it raises questions regarding the significance of the
mechanical properties of the membrane obtained. This is a particularly relevant problem if,
as is the case in this thesis, membrane destabilisation and perturbations induced by CPPs

are later to be examined.
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The need for simplicity

The ceramide lipids included in the model did not facilitate the formation of sphingomyelin
rich domains, unlike what is observed experimentally [367, 368]. The AMv1 bilayer ob-
tained therefore consists of a single fluid phase. In this context, its composition complexity
may hinder the investigations of the role of specific lipid species in the presence of CPPs.
Indeed, due to the very small concentrations of POPE and CERA in the outer leaflet (5%,
see Table 3.1), only approximately 30 lipids of each of these species are present and their
sampling probability by the peptides would be low. As for the inner leaflet, although all
phospholipid species are well represented, their different concentrations (respectively 20%,
25% and 30%) would render it difficult to identify preferential peptide-lipid interactions
from diffusional sampling of the lipids population. A lipid bilayer with a simpler compo-
sition, focused on reproducing the asymmetric distribution of anionic lipids in the plasma
membrane of mammalian cells, may therefore be more informative and suitable to the sys-
tematic investigation of the role of each lipid species. Similarly, the influence of cholesterol
rich ordered domains on the behaviour of membrane-active peptides could be more appro-

priately investigated using simple phase separating systems [357, 381, 382].

3.3 A working model

In order to mitigate the issues mentioned in the previous section, a simpler asymmetric
bilayer model of the plasma membrane was developed using a different assembly technique.

Thereafter this new model will simply be referred to as the AM model.

3.3.1 New composition

A simplified lipid composition was chosen and is presented in Table 3.2. Unlike in the

AMv1 model, cholesterol molecules were initially equally distributed in each leaflet. Ad-
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ditionally, sphingomyelin and ceramide lipids were removed altogether from the model
as their presence did not lead to domains formation. Instead, the concentration of phos-
phatidylethanolamine lipids (POPE) was increased in the outer leaflet, in order to address
the sampling issues mentioned previously, and a simple 1:4 ratio was chosen with respect
to phosphatidylcholine lipids (POPC). Finally, in the inner leaflet, those two lipids species
were distributed in a simple 1:1:1 mixture with the anionic phosphatidylserine lipids (POPS)

so that the three phospholipid types were present in equal concentration.

Table 3.2 Initial lipid composition of the outer and inner leaflets of the second asymmetric mem-
brane model (AM). The % correspond to relative intra-leaflet distributions. Both POPC (phos-
phatidylcholine) and POPE (phosphatidylethanolamine) are zwitterionic lipids, while POPS (phos-
phatidylserine) has a negatively charged head group.

outer leaflet inner leaflet

POPC 60 % 25 %
POPE 15 % 25 %
POPS - 25 %
CHOL 25 % 25 %

3.3.2 New protocol

To avoid the issues associated with manual assembly of two monolayers, a method was
developed to easily create a membrane with the desired lipid composition in each leaflet
from a simple pure POPC bilayer. In this approach, detailed in [403], a POPC bilayer with
the desired number of lipids is first self-assembled as described previously and randomly
chosen POPC lipids are then replaced by the different lipid species in order to achieve the
desired composition in each leaflet. The process is illustrated in Figure 3.9 along with the
resulting distribution of lipids in the outer and inner leaflets of the AM model. This new bi-
layer contained 1116 lipids and, as before, was solvated using water and counterions only in
a simulation box measuring approximately 14 nm in the z direction. After energy minimisa-

tion, the asymmetric membrane thus obtained was progressively equilibrated following the
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Figure 3.9 Protocol followed to create the AM model and resulting lipids distribution. (A) A pure
POPC bilayer containing 1116 lipids is self-assembled. POPC lipids are then randomly replaced by
other lipid species, according to the method detailed in [403], in order to achieve the desired com-
position. Phosphate beads are shown as spheres, lipids tails as transparent cartoon and cholesterol as
white spheres. (B) & (C) top view of the outer and inner leaflets of the AM bilayer, with all lipids
represented as solid spheres. Species are coloured as follows: phosphatidylcholine (POPC) in green,
phosphatidylethanolamine (POPE) in purple, phosphatidylserine (POPS) in orange and cholesterol
(CHOL) in white. In (B) and (C) cholesterol molecules are predominantly hidden by the phospho-
lipids head groups as they sit deeper in the bilayer, between the lipids acyl chains. For clarity the
pure POPC bilayer is represented in grey in (A).

iterative procedure previously described and a production run of 15 ps was then performed,
using the same simulation parameters as detailed in 3.2.2. Recently, similar approaches have
been developed and made available to build complex lipid bilayer for both all-atom [404]
and united-atom [405] representations. In 2014, the Marrink group also released such a tool

for the CG MARTINI force field'.

'http://md.chem.rug.nl/cgmartini/index.php/insane
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3.3.3 Free energy barrier to cholesterol flip-flop

The evolution of the distribution of cholesterol was again examined and is presented in Fig-
ure 3.10A. Overall, cholesterol molecules were found to remain essentially equidistributed
for the duration of the simulation performed, with flip-flops in one direction counter-balanced
by those occurring in the other. A marginal redistribution towards the inner leaflet was ob-
served (red lines in Figure 3.10A) but it is difficult to assess whether it corresponds to pref-
erential interactions with anionic lipids or to lateral pressure relaxation. This is somewhat
at odds with the strong preference of cholesterol for anionic lipids reported by Yesylevskyy
and co-workers [354]. However, their findings relied on a different methodology involving

an asymmetric bilayer exclusively containing anionic lipids in the inner leaflet and thus may
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Figure 3.10 (A) Evolution of cholesterol distribution in the AM bilayer and (B) corresponding den-
sity (thin line) and free energy (bold line) profiles. In (A) cholesterol concentrations in the upper
and lower leaflets are represented by blue and red lines respectively, with intra-leaflet ratios shown
as thick lines and inter-leaflet ratios as thin lines. Dashed lines indicate the initial intra-leaflet ratio
(~25%) and the 50% inter-leaflet ratio. Ratios were calculated by performing a rolling average on
successive frames over 40 ns. In (B) cholesterol free energy profile along the normal to the bilayer
is represented in bold black, with the the average position of phosphate groups in the anionic and
zwitterionic leaflet indicated by red and blue lines respectively. The average cholesterol hydroxyl
bead density was calculated over 3 windows of 5 ps each (0-5 ps, 5-10 us and 10-15 ps). The free en-
ergy profile was then obtained by averaging the free energy profile obtained by Boltzmann inversion
for each window. Standard deviation is shown as a grey area but is marginal and essentially hidden
by the lines thickness. The slight asymmetry of the free energy profile corresponds to the marginal
preference of cholesterol for the anionic leafiet.
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not be directly comparable to the system presented here. Besides, they found that the extent
of cholesterol enrichment in the inner leaflet depended heavily on the saturation of the acyl

chains of the lipids used, which were all different than those included in the AM model.

Table 3.3 Free energy barrier to cholesterol flip-flop in various lipid environments. UA and AA
respectively correspond to united-atom and all-atom representations. The umbrella sampling method
is described in [406] and the diffusion map method, which is based on Boltzmnan inversion, in [407].

Bilayer AGparrier (KT)  Model Technique Ref.
AM! 3.3 CG Boltzmann inversion this thesis
POPC 4.8 CG umbrella sampling (1D) [394]
POPC 8.6 CG umbrella sampling (1D) [397]
POPC 11.6 AA umbrella sampling (2D) [396]
POPC + CHOL (10%) 4.4 CG Boltzmann inversion [393]
DPPC 6.0 CG umbrella sampling (1D) [394]
DPPC 8.9 CG umbrella sampling (1D) [394]
DPPC 10.3 AA umbrella sampling (2D) [396]
DPPC + CHOL (20%) 11.5 UA umbrella sampling (1D) [394]
DPPC + CHOL (30%) 8.0 UA diffusion map [398]
DPPC + CHOL (40%) 15.3 UA umbrella sampling (1D) [394]
DPPC + CHOL (40%) 9.3 CG umbrella sampling (1D) [394]

1. see Table 3.2 for composition

The free energy profile associated to cholesterol was also determined and compared with
previous computational studies. The Gromacs utility g_density was used to obtain the den-
sity distribution of cholesterol hydroxyl group and the corresponding free energy profile was
then calculated by Boltzmann inversion (Figure 3.10B). This led to an estimation of the free
energy barrier to cholesterol flip-flop of approximately 3.3 kT, which is in good agreement
with previous CG MD simulations (Table 3.3). It should be noted that umbrella sampling
methods [406] are likely to result in higher estimates of the free energy barrier associated
to cholesterol flip-flop as restraining of the molecule may not allow to adequately sample
the conformations which actually occur along the flip-flop path [408, 409]. However, differ-
ent bilayer compositions may also account for the variations observed as these studies also

demonstrated the influence of phospholipids type as well as of cholesterol concentration
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on the free energy barrier associated to flip-flops. Finally, atomistic MD simulations led to
higher free energy barriers, thereby suggesting that the CG representation in the MARTINI
force field resulted in an under-estimation of free energies. However, in a 2009 study Ben-
nett and co-workers performed a systematic comparison of cholesterol flip-flops in various
lipids bilayers using CG and united-atom models and found that the MARTINI force field
satisfyingly reproduced the evolution of the free energy barrier of cholesterol flip-flop in
the different membranes studied [394]. Since the results obtained with the AM bilayer are
consistent with such previous CG MD calculations, it suggests that this membrane model

and the Boltzmann inversion method can be used to obtain reasonable free energy estimates.

3.3.4 The question of membrane equilibrium

Although the new lipid composition and assembly method of the AM model address the
main issues detailed in the previous section, it is important to bear in mind that the mechan-
ical properties of complex asymmetric lipid bilayers remains a challenging issue. Indeed,
even putting aside the question of cholesterol distribution and that of acyl chains saturation,
simple differences between phospholipids head groups can lead to different bilayer prop-
erties. For instance, X-ray data obtained from vesicles show that the smaller head group
of POPE lipids lead to an area per lipid of approximately 60 A? at physiological tempera-
tures [410] compared to 68 A2 for POPC lipids [411]. This is likely to be of importance
as the influence of the monolayers respective areas on the shape adopted by lipid bilayers
models has been well documented in vitro [412, 413]. Additionally, Heerklotz showed that
asymmetric stress resulting from area imbalance between leaflets could also lead to mem-
brane permeation [414]. Furthermore, and of particular relevance to this thesis, Huang and
co-workers found that membrane insertion of membrane active peptides as well as subse-
quent pore formation were controlled by the area expansion of the outer leaflet following

peptides accumulation on the external layer of the vesicles [415].
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Altogether these observations demonstrate the relevance of leaflets stress profiles to the
study of bilayer destabilisation. In this regard, it is encouraging that packing differences
between lipid species can be reproduced by the MARTINI force field, as I obtained area per
lipids of 64 A2 and 68 A2 respectively when performing simple control simulations of pure
POPE and POPC symmetric bilayers containing 1116 lipids each. On the other hand it also
introduces additional complexity as it is likely that even relatively simple asymmetric lipid
mixtures, such as those used in the AM bilayer, will lead to asymmetric stress profiles. Also,
Marrink and co-workers showed that unrealistic bilayer models with highly asymmetrical
lateral pressures could be kinetically trapped in a metastable state, in both atomistic and CG
representations [416]. Therefore, the future development of biologically relevant membrane
models might benefit from investigating and quantifying such stress imbalances in order to

assess the mechanical equilibrium of the bilayer.

3.4 Electrostatics properties

As discussed in the first chapter (see 1.2.2), CPPs are positively charged peptides and elec-
trostatic forces play an important role in their interactions with biological membranes. It
is therefore important to characterise the electrostatic properties of the bilayer model de-
veloped in order to better assess its relevance and understand its limitations. In this last
section I thus present the methodology developed to calculate the effective electrostatic po-
tential in coarse grain systems before then discussing the potential profile of the AM plasma

membrane model.

3.4.1 Visualisation and significance of the electrostatic potential

In the MARTINI model electrostatic interactions are limited to groups of atoms bearing a

full, or close to full, net charge and are cut off at 12 A and gradually shifted to zero so
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that they vanish at this cutoff distance in order to avoid discontinuities [240]. This means
that the potential created by a charged bead will only affect neighbouring charges located
within a sphere of a 12 A radius. It follows that traditional calculation techniques of the
electrostatic potential based on double integration of the charge density are inappropriate to
characterise the effective potential of a CG system. Instead, I implemented the following

direct approach:

1. The simulation box is mapped to a regular tridimensional grid, using a spacing of 1 A

along each axis.

2. The total charge of each grid cell is calculated by binning charged beads into the
closest grid cell. If several frames are processed the average charge of each cell is

obtained by dividing the total charge by the number of frames processed.

3. For each cell of the grid, the effective electrostatic potential is then obtained by sum-
ming the contributions of all charges present in neighbouring cells within the 12 A
cutoff distance. Charges contributions are calculated using the shifted electrostatic

potential implemented in the MARTINI force field (see 2.2.2).

4. The tridimensional map of the system’s effective electrostatic potential thus obtained
can then be averaged along one or two dimensions in order to represent the evolution

of the potential in an average membrane slice or along the normal of the bilayer.

The method was validated on a simple DPPC bilayer obtained by self-assembly and
containing 48 lipids. This system was simulated at 323 K using the MARTINI 2.1 force
field and the same parameters as described in 3.2.2. Results were compared to the explicit
electrostatic potential obtained using the VMD PMEPot plugin [417] which relies on an
implementation of the PME method [221] for atomistic systems. To this end, simulations of
a DPPC bilayer using both united-atom and all-atom representations were also performed.

The GROMOS 53a6 force field [233] was used for the united-atom simulation, with the
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Figure 3.11 Comparison of the explicit electrostatic potential across a DPPC bilayer when using
atomistic representations with the effective electrostatic potential obtained with a CG model. (A)
Explicit electrostatic potential obtained with a united-atom force field (GROMOS 53a6, green) and
an all-atom force field (CHARMM36, blue). (B) Effective electrostatic potential calculated when
using the CG MARTINI 2.1 force field. All systems were simulated for 100 ns with a NaCl salt
concentration of 0.5 M. The vertical dashed lines indicate the approximate average position of the
leaflets surface, defined by phosphate beads (CG) or phosphorous atoms (atomistic).

DPPC bilayer obtained by mapping the CG MARTINI representation back to atomistic de-
tails using a method previously developed [254]. The all-atom simulation was performed
using CHARMM36 force field [229] and a pre-equilibrated DPPC bilayer containing 72
lipids was downloaded from the Klauda group?. All simulations were executed for 100 ns
using the Gromacs package version 4.5 [372]. The electrostatic potential was averaged in
the x and y directions for all systems and the corresponding profiles are presented in Fig-
ure 3.11.

The results demonstrate the weak and localised nature of explicit Coulombic interac-
tions in the MARTINI model. Using this CG representation the membrane effective electro-
static potential is confined to the solvent-lipid interface, with choline and phosphate beads
creating local positive and negative electrostatic potentials respectively. This is not an un-
expected result as these two beads are the only charged lipid particles in this CG model.
In addition to the absence of charges on the water beads, the short 12 A cutoff also limits

the extent of the electrostatic contribution of the NaCl salt and altogether the solvent in the

Zhttp://terpconnect.umd.edu/jbklauda/research/download/dppc72-c36npt.pdb
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MARTINI model is not able to influence the electrostatic properties of the bilayer interior.
In contrast, atomistic representations lead to a stronger electrostatic potential throughout
the lipid bilayer. However, it is important to bear in mind that these profiles correspond to
different scales of modelling. In the MARTINI model, as described in 2.2.2, interactions
between atoms, including electrostatic ones between partially charged atoms, are treated im-
plicitly via Lennard-Jones interactions between the beads they have been assigned to. The
explicit formulation of Coulombic interactions is limited to those collective groups of atoms
that bear a full net charge while the short range treatment is both a way to mimic distant-
dependent screening and to ensure computational efficiency. In the united-atom force field
GROMOS 53a6, although long range electrostatic interactions are calculated via the PME
method, aliphatic hydrocarbons are represented by a single particle and therefore no partial
charges are present in the lipids acyl chains. As a consequence, this description also leads
to a very simple potential profile in the membrane core with which the CG model is in rel-
atively good qualitative agreement. On the other hand, in the CHARMM36 force field all
atoms are explicitly represented, with a partial charge associated to each hydrogen and car-
bon atom in the acyl chains, and thus this model reproduces the evolution of the membrane
potential more faithfully [418]. These different treatments of electrostatic interactions cor-
respond to different trade-offs between the effects captured by the models and their required

computational power [198].

Therefore, although the results presented in Figure 3.11 illustrate the limitations of the
CG MARTINI force field in tackling problems where long-range electrostatic forces are
paramount, it must be remembered that in this model most interactions are treated implicitly,
and that the explicit short range electrostatic interactions allow to effectively qualitatively
reproduce the effect of the lipids charged head groups on the electrostatic potential at the

solvent-membrane interface.
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3.4.2 Electrostatic potential profile in the AM model

The electrostatic potential in the AM model previously described was characterised using
the above method. As a control, the electrostatic profile of a simple POPC bilayer was
also determined. In addition, the influence of salt concentration on the bilayer electrostatic
properties was investigated by performing a simulation of the AM bilayer in a solvent con-
taining NaCl salt at a 0.5 M concentration. The electrostatic potential profiles obtained are

presented in Figure 3.12.
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Figure 3.12 (A) Evolution of the electrostatic potential across the AM model (solid black line) and
comparison with a symmetric POPC bilayer (thin red) and an AM bilayer in presence of 0.5 M NaCl
(dashed, black). (B) Side view map of the electrostatic potential in the AM simulation box, averaged
along the y axis and over 200 ns. The slightly positive potential in the solvent in the AM model is
due to the presence of cationic counterions. Adding a NaCl salt concentration does not modify this
as an excess of Na®™ must be maintained to neutralise the system.

Unlike what is observed for the POPC bilayer, the AM model is characterised by a
strongly asymmetric potential profile due to the asymmetric distribution of anionic lipids.
In particular, in the inner leaflet, because of the presence of negatively charged lipids, the
positive potential created by choline and ethanolamine head groups is offset by the effect of
the more numerous negatively charged beads, thus resulting in an overall mostly negative
electrostatic potential. In contrast, in the outer leaflet, the electrostatic potential reflects the

zwitterionic nature of all the lipids species present. Therefore, despite the limitations associ-
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ated to the representation of electrostatic interactions in the MARTINI force field discussed
previously, the AM model correctly reproduces the different electrostatic properties of the
inner and outer leaflets of the plasma membrane of mammalian cells. This is an important
point as several experimental studies demonstrated the interactions of CPPs with lipid bilay-
ers were strongly influenced by electrostatic forces and that several CPPs exhibited different
affinities for anionic and zwitterionic membranes [91, 335]. The AM model developed thus
allows to study in silico the interactions of CPPs with a lipid bilayer containing both an
anionic and a zwitterionic monolayer assembled in a manner that qualitatively mimicks the

electrostatic properties of the plasma membrane of mammalian cells.

However, because of the short-range treatment of electrostatic interactions in the MAR-
TINI model, it is important to bear in mind that a charge located within the surface of one
leaflet of the AM bilayer is not influenced by the effective electrostatic potential associ-
ated to the opposite leaflet. As illustrated in Figure 3.12 the effective electrostatic potential
remains null towards the centre of the lipid bilayer. Here it may be pointed out that the nar-
rower zone of null potential compared to that observed in the DPPC bilayer in Figure 3.11
is merely a consequence of the undulations of the larger AM bilayer. As a consequence,
the CG AM model is not suitable to directly investigate experimentally based suggestions
that the membrane charge asymmetry provides a driving force for CPPs translocation [331]
or that charge imbalance following CPPs accumulation on the extracellular leaflet of the
plasma membrane can lead to electroporation of the bilayer [322-324]. The additional ap-
plication of an external electric field oriented towards the intracellular side of the membrane
could be used to overcome this limitation as well as to reproduce the effect of the negative
transmembrane potential arising from different ionic concentrations across biological mem-
branes [419]. However, this adds further complexity to the model and is primarily relevant
to the initial stages of membrane insertion by the CPPs. Indeed, a peptide positioned in-

side a lipid bilayer in a transmembrane orientation with particles located within the cutoff
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distance of each leaflet will "see" their different electrostatic properties and be subjected to
the corresponding forces. As a first approach, it is thus reasonable to individually assess to
what extent the different lipid species present in each leaflet affect the CPPs behaviour. This
can then be used as a starting point for more complex models taking into account the effect
of transmembrane potential on peptide-membrane interactions.

Finally, it is worth mentioning that the presence of a salt concentration does not lead
to more realistic electrostatic potential profiles (Figure 3.12A). As mentioned previously,
this is a consequence of the short 12 A cutoff which prevents the ionic concentration from
impacting the effective electrostatic potential in the bilayer interior. Nonetheless, a small
screening of charges is observed at the solvent-membrane interface which sightly atten-
uates the effective electrostatic potential created by the lipids and the asymmetry of the
profile. This observation justifies adding only counterions in the CG AM model in order to
avoid hiding the respective electrostatic properties of the membrane leaflets from positively

charged CPPs.

3.5 Conclusion

The activity of membrane active peptides depends as much on the properties of the target
membrane as on those of the peptides. In particular, the selective destabilisation of bacte-
rial membranes by AMPs is likely to be a consequence of their different lipid composition
compared to the plasma membrane of mammalian cells. Investigation of the behaviour of
membrane active peptides such as CPPs therefore requires models that on the one hand ap-
propriately reproduce the complexity of biological membranes, but on the other are simple
enough to remain informative. To date, although more sophisticated in vitro techniques have
recently been developed, the vast majority of experimental studies available rely on simple
symmetric lipid bilayers which do not mimic key features of the plasma membrane such as

the asymmetric distribution of anionic lipids in the intracellular leaflet.
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In this context, in silico approaches such as molecular dynamics simulations appear
to provide a convenient tool to investigate peptide-membrane interactions at the molecular
level using lipid bilayers possessing the desired characteristics. However, I have shown here
that while such MD models can be created relatively simply, assessing their validity and bi-
ological relevance is not a straightforward task. In particular, the question of membrane
equilibrium is important if membrane destabilisation and perturbations induced by CPPs
are later to be examined. In this chapter, I have thus described the methodology used to de-
velop a simple asymmetric membrane (AM) model of the plasma membrane of mammalian
cells, following the issues associated to a more complex initial model (AMv1). Importantly,
in addition to reproducing the respective zwitterionic and anionic nature of the outer and
inner leaflets, the relative concentrations of the different phospholipids species in the AM
model will allow for easy comparison of their respective sampling by CPPs. Additionally,
I presented a technique to calculate the effective electrostatic potential in CG systems and
discussed the limitations of the representation of electrostatic interactions in the MARTINI
force field. It was shown that in spite of those shortcomings, the AM model qualitatively
reproduced the different electrostatic potential of the outer and inner leaflet of the plasma
membrane. This model represents a suitable first approach to characterise the interactions
of CPPs with a lipid bilayer involving a biologically relevant lipids distribution and provides

an important basis before developing more complex membrane models.
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Chapter 4

Comparison of the stability of two

cell-penetrating peptides in lipid bilayers

4.1 Introduction

Having described the approaches taken to model biologically relevant membranes in the
previous chapter, this chapter shifts the focus to peptides, and addresses the question of
the ability of coarse grain MD to discriminate between membrane toxic and non-membrane
toxic CPPs. The relevance of asymmetric membranes models to study such peptides is also
investigated. These represent necessary validation steps of the approach taken in this thesis

for two reasons.

First, the membrane toxicity of CPPs has hitherto not been studied computationally as
investigations of membrane perturbations caused by membrane active peptides have largely
focused on antimicrobial peptides (AMPs) and the mechanism by which they destabilised
bacterial membranes models [177, 178, 182, 183, 344, 346, 373, 420-422]. Interestingly,

this is despite the fact that the distinction between AMPs and CPPs has been shown to be
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fluid [149, 150] (see 1.2.2). There also exist several experimental studies characterising the
toxicity profiles of CPPs [139, 143] or attempting to enhance their cellular internalisation
while minimising their cytotoxicity [140, 141, 423]. While it is important to remember
that cytotoxicity can have origins other than membrane destabilisation, the ability of some
CPPs to disrupt the bilayer integrity correlate with their biological toxicity and makes them
difficult to distinguish from AMPs [91, 99]. It is therefore important to check whether
MD simulations can capture membrane perturbations induced by CPPs and also whether
the various degrees of bilayer disruption reported experimentally for different CPPs lead
to different observations in silico. Furthermore, consistent with the bias towards the study
of AMPs, existing computational studies of membrane active peptides only involve sym-
metric membranes models and it is thus necessary to assess whether the introduction of an
asymmetric lipid distribution, presented in the previous chapter, has any influence on the

behaviour of the peptides modelled.

Second, a major limitation of the coarse grain MARTINI approach is that it does not
readily allow for change of the secondary structure of proteins or peptides. Although pre-
dominantly unstructured when in solutions [135, 136, 424], CPPs have been shown to adopt
a wide range of secondary structures in a lipid environment [425-430] with different studies
reporting different outcomes for the same peptide [431, 432]. The nature of the correla-
tion between CPPs secondary structure and their biological activity remains unclear [86,
433-435] but several studies produced evidence that their flexible and polymorphic nature
is of importance [430, 436—438]. To date, all the molecular dynamics studies of CPPs re-
ported made use of atomistic descriptions [170-176, 179, 180, 374, 439], and in at least 4
studies a partial change in the peptide secondary structure was reported on the simulations
timescale [173, 174, 176]. However it should be noted that the study of peptides folding
as they bind to lipid bilayers remains a challenging problem as the simulations timescales

are too short to properly sample an equilibrium distribution of conformational states. As a
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result, simulations are biased by the choice of the initial peptide structure, even when atom-
istic descriptions are used as McCammon and co-workers demonstrated in a recent study
that compared the interactions of an antimicrobial peptide with lipid bilayers when starting
with an o-helical conformation and a random-coil one [345]. When using a coarse grain
approach to study the interactions of cell-penetrating peptides with model bilayers, it there-
fore appears all the more necessary to assess how the reduced conformational sampling can

impact the simulations outcome.

4.2 Peptides selection and modelling

Since the discovery of the first CPPs in the mid 1990s [58, 59], many more sequences have
been identified and CPPs now represent a broad and inhomogeneous family of peptides [89,
90, 96]. The two peptides that I studied in this thesis were selected amongst the available

sequences based on the following criteria:

1. Evidence of direct translocation. After years of controversy it is now generally ac-
cepted that a variety of uptake mechanisms, including endocytosis and direct translo-
cation, are involved in the cellular internalisation of CPPs (see 1.2.2). Since the focus
of my work was on the membrane destabilisation induced by translocating CPPs, 1
selected peptides for which evidence of energy independent crossing of lipids bilayer

was available.

2. Different toxicity profiles. In order to compare the various extent to which cell mem-
branes can be perturbed by CPPs, both a peptide known to induce strong membrane

destabilisation and one associated to lower toxicity were chosen.

3. Different physicochemical properties. Although point mutations have been shown
to modify the cellular uptake and cytotoxic properties of CPPs [151, 440—442], the

ability of the reduced resolution of the coarse grain representation to reproduce in

91



Comparison of the stability of two cell-penetrating peptides in lipid bilayers

silico the different behaviours of CPPs should first be validated using unrelated se-
quences before attempting to tackle more subtle differences. Furthermore, despite the
diversity of peptides classified as CPPs, they usually belong to one of three main cate-
gories depending on their origin (derived from protein-transuctions domains, chimeric
or synthetic [89, 90]) and can also be classified into three sub-families based on
their primary sequence (primary amphipathic peptides, secondary amphipathic pep-
tides and non-amphipathic peptides [68]) which have been shown to involve different
peptide-membrane interactions [91, 99] (see 1.2.2). Therefore, I chose to compare

peptides representative of two different CPPs classes.

4. Well studied. More than a hundred sequences have been reported [90] but few CPPs
have actually been studied in detail. However, the comparison of MD simulations to
experimental data is important to validate the outcomes observed and interpret exper-
imental results at the molecular level. If available, it is also informative to check the
consistency of the results obtained using a coarse grain approach with those previ-

ously reported in atomistic simulations.

In the light of the above points, I chose to run comparative simulations of penetratin and
transportan. The characteristics of those two peptides are first described below before then

presenting the corresponding models used in the simulations.

4.2.1 Penetratin

Penetratin is a peptide which has 16 amino acids corresponding to residues 43 to 58 of the
third helix of the Antennapedia homeodomain [57, 58]. Its identification followed the dis-
covery of the existence of so called Protein-Transduction Domains (PTDs) allowing proteins
to enter cells [55, 56, 66] and was a landmark breakthrough which, together with the identi-
fication of the Tat peptide a few years later [59], gave birth to the field of CPPs research [62].

Penetratin is still the most well-known member of the family of PTD-derived CPPs and is
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Penetratin

* Origin: Protein Transduction Domain
+ Classification: secondary amphipathic

* Length: 16 residues

* Sequence: RQIKIWFQNRRMKWKK

* Net charge: +7

» Cellular uptake: good

* Membrane toxicity: weak

Figure 4.1 Properties and helical wheel projection of the penetratin peptide. The wheel projection
was adapted from http://rzlab.ucr.edu/scripts/wheel/wheel.cgi with positively charged residues
shown in dark blue, polar and hydrophilic ones in light green and hydrophobic ones in dark red.

arguably the most studied of all CPPs to date. Although penetratin contains seven positively
charged residues at physiological pH, it differs from other short poly-cationic CPPs such
as Tat or poly-Arginines by the presence of hydrophobic residues that have been shown to
be important for its translocation [434], and exhibits different cellular uptake than those
peptides [94]. Consequently, penetratin is usually classified as a secondary amphipathic
peptide, even though it does not adopt a perfect amphipathic helix (Figure 4.1). This is
supported by several studies that showed that, while unstructured in solution [135, 136,
438, 443], penetratin undergoes a conformational change at the surface of lipid bilayers
whereas non-amphipathic arginine rich CPPs remain disordered [428, 429, 438]. The adop-
tion of a partially o-helicoidal structure has been widely reported in circular dichroism (CD)
and NMR studies [135, 443—445], and the formation of anti-parrallel 3-sheet structures has
also been suggested at high peptide concentrations [443, 446, 447]. Experimental studies
have also highlighted the influence of lipid composition on the secondary structure adopted
by penetratin [424, 448] and its ability to cross model membranes [328]. In particular,
a stronger affinity of penetratin for membranes containing anionic lipids has been charac-

terised by several groups [136, 322, 328, 447, 449, 450].
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A great number of studies have been published on the cellular internalisation pathways
of penetratin, with many conflicting results reported and successive predominant views on
the mechanisms involved, as reviewed by Brock [103]. In short, the considerable interest
initially generated by penetratin (and other CPPs) was due to reports of non-endocytic but
energy and receptor independent translocation of biological membranes [104]. However, in
2003 this view was challenged by Richard and co-workers who suggested these observations
were due to experimental artefacts [107] and the role of endocytosis in penetratin cellular
uptake was consequently reevaluated and found to be predominant [126, 451, 452]. Never-
theless, the ability of penetratin to translocate across lipid bilayers in an energy independent
fashion has since then been confirmed in several studies involving model lipid bilayers [117,
118, 322, 328, 453] and most notably in two recent ones involving plasma membrane vesi-
cles [116, 134]. Those studies suggested that parameters such as membrane curvature [118],
transmembrane potential [328] or charge imbalance [322] influence translocation efficiency
but the actual mechanisms involved remain elusive. It is now the accepted view that both
endocytosis and direct translocation are involved in the uptake of penetratin, with their re-
spective contribution being possibly concentration dependent [94, 454], and some studies
have suggested that direct translocation could account for the endosomal escape of pene-

tratin into the cytosol [332, 455].

In contrast, the non cytotoxic character of penetratin and its weak perturbation of lipid
bilayers have been confirmed by several studies. In live cells experiments penetratin was
found to have no haemolytic nor cytotoxic activity even at concentrations as high as 100
UM [128, 143, 434, 456]. Similarly, in model systems comparative vesicle leakage assays
showed that, unlike membrane toxic secondary amphipathic peptides, penetratin did not
induce any perturbation of the lipid bilayer integrity [117, 136, 137, 328]. Finally, the
interactions involved in the surface binding of penetratin to various lipid bilayers have been

investigated in a few all-atom MD simulations studies [170-173, 374].
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4.2.2 Transportan

Unlike penetratin, transportan is not directly derived from a naturally occurring protein but
is a chimeric peptide: its 27 amino acid long sequence was obtained by linking via a lysine
the first 12 residues of the neuropeptide galanin to mastoparan, a wasp toxin with antimicro-
bial properties [63]. It was one of the first members of the chimeric CPP family [89, 457].
As can be seen in Figure 4.2 it is essentially hydrophobic and because of the inhomogeneous
distribution of its only four positively charged residues transportan is classified as a primary
amphipathic CPP. Structural studies using CD and NMR showed that while transportan is
not totally disordered in water, the degree of helicity is markedly increased in the presence of
a membrane-like environment with the mastoparan domain folding into a a-helix while the
galanin domain remains more unstructured [425, 426]. However, in contrast to penetratin,
the secondary structure adopted by transportan was not found to be influenced by the peptide
to lipid ratio nor the lipids charge [450, 458], and transportan binds with similar affinities
to both zwitterionic and anionic lipid bilayers [443]. This is consistent with what has been

observed with other primary amphipathic peptides [459] and has been attributed to predom-

Transportan

* Origin: chimeric

+ Classification: primary amphipathic

* Length: 27 residues

* Sequence: GWTLNSAGYLLGKINLKALAALAKKIL
* Net charge: +4 galanin mastoparan

» Cellular uptake: good

* Membrane toxicity: strong

Figure 4.2 Properties and helical wheel projection of the transportan peptide. The wheel projection
was adapted from http://rzlab.ucr.edu/scripts/wheel/wheel.cgi with positively charged residues
shown in dark blue, polar and hydrophilic ones in light green and hydrophobic ones in dark red. The
lysine linking the galanin derived domain and the mastoparan domain is underlined.
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inantly hydrophobic interactions with membranes. Transportan and variants of it have been
demonstrated to efficiently penetrate into cells [460—462] even when conjugated to a variety
of cargos [462-464]. However, similarly to the case of penetratin, the energy and receptor
independent internalisation pathway initially proposed by Pooga and co-workers [63] was
later reassessed in favour of an endocytic uptake followed by endosomal escape [464, 465].
Nonetheless, it was suggested that direct translocation also contributed to internalisation and
recent studies confirmed the ability of both transportan and its shorter variant (tp10) [460]
to translocate across model membranes [120, 134].

These experimental studies also all revealed that peptides from the transportan family
caused important bilayer perturbations even at low micro molar concentrations [128, 143,
146, 456, 462, 466], in agreement with the observation that most primary amphipathic CPPs
possess a membrane lytic activity similar, albeit less pronounced, to that of antimicrobial
peptides [123, 143, 147, 467]. Interestingly, the shorter tpl0 variant of transportan has
been found to be less membrane toxic than the original sequence and has therefore been the
subject of most recent studies [468]. However, for the purpose of the work presented here,
the ability of transportan to perturb bilayer integrity is a desired property and the reason
I chose to focus on this peptide. In particular, comparative studies have demonstrated the
much higher membrane toxicity of transportan with respect to that of penetratin [128, 456].

To date only one MD study of transportan has been reported [175], although two studies

on tp10 have been conducted [174, 176], all using atomistic representations.

4.2.3 Peptides models

Solution NMR structures obtained in membrane mimetic environments were used as a start-
ing conformation for both peptides. The penetratin structure, solved in a 9:1 tetrafluoroethy-
lene:water mixture [469], reveals a partially o-helical structure with very little variations

between the conformers ((a) in Figure 4.3A). This structure (PDB code: 1KZ0) was also
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Figure 4.3 Cartoon representation of the (A) penetratin and (B) transportan peptides. (a) Conformers
from the NMR solution structures and corresponding secondary structures, (b) initial CG conforma-
tion based on the NMR structures and (c) initial CG conformation of the purely o-helical models.

used in two MD studies of penetratin [171, 172] and it is interesting to note that in another
MD study relying on a fully a-helical initial conformation the authors observed unfolding
of the termini regions leading to a similar partially helical state [374]. The transportan
structure was determined by NMR in zwitterionic phospholipid bicelles [426] and the con-
formers identified revealed a great flexibility around the lysine residue linking the a-helical
mastoparan C terminus domain and the less structured galanin derived N terminus domain
((a) in Figure 4.3B). The same structure (PDB code: 1SMZ) was used in the only reported
MD study of transportan [175]. A representative conformer of each NMR structure was
converted to CG representation suitable for the MARTINI force field (v2.1) [257] ((b) in
Figures 4.3A and B). The secondary structure of the peptides was maintained via dihedral

angle restraints in order to allow for a degree of flexibility and conformational sampling.

97



Comparison of the stability of two cell-penetrating peptides in lipid bilayers

Additionally, purely a-helical models of the peptides were created to assess to what
extent the peptides secondary structure influenced the outcome of the CG MD simulations.
Atomistic representations of these structures were built in PyMol [276] and then coarse-

grained similarly to the NMR-based structures ((c) in Figures 4.3A and B).

4.3 Self-assembly simulations of penetratin and transportan

The previously reported MD studies of the CPPs [171, 172, 175] focused on the investi-
gation in atomistic detail of the initial stages of membrane binding. However, the reduced
computational costs of CG simulations allows for the self-assembly (SA) of lipids into bi-
layers to be performed and this is of particular interest to study the preferred, ie most stable,
conformation and orientation of a protein or peptide in a membrane-mimicking environ-
ment. | therefore performed comparative SA simulations of penetratin and transportan with
a variety of lipids in order to investigate the influence of lipids tail length (DHPC, DLPC,
DPPC, DSPC), tail saturation (DOPC, POPC) and head group charge (presence of POPS at

different concentrations) on the peptide stability.

4.3.1 Simulations setup

The simulations performed are summarised in Table 4.1. The peptide structure was initially
positioned in the centre of a 8.5 x 8.5 x 7 nm simulation box into which 128 lipids were then
randomly added. To ensure formation of the bilayer in the x,y plane the box was extended
to 9 nm in the z direction and the system was then solvated with counter ions added as
appropriate to achieve a neutral total charge. Simulations were then executed as described
previously in 3.2.2, using the Gromacs simulation package version 4.5.5 [372] with the
standard Martini 2.1 parameters [240]. Repeat runs were performed using a different initial

distribution of velocities.

98



Comparison of the stability of two cell-penetrating peptides in lipid bilayers

Table 4.1 Self-assembly simulations of penetratin and transportan. Simulations were performed for
both the NMR-based structures and the o-helical models of the peptides. P:L corresponds to the
peptide to lipids ratio. The chemical formulas of the lipids can be found in Appendix A.

Lipid composition P:L* Duration (ns) Repeats
DHPC 1:128 500 5
DLPC 1:128 500 5
DSPC 1:128 500 5
DOPC 1:128 500 5
DPPC 1:128 500 5
POPC 1:128 500 5
POPC(85%):POPS(15%) 1:128 500 5
POPC(70%):POPS(30%) 1:128 500 5

4.3.2 Identification of peptide conformations

Visual observation of the simulations showed that penetratin and transportan could both
adopt either an interfacial or a transmembrane orientation. However, unlike penetratin, the
NMR-based structure of transportan revealed that this peptide could adopt different con-
formations when it was transmembrane (Figure 4.4). In particular, two conformations,
referenced to as TM and TM* (respectively (c) and (d) in Figure 4.4B), were identified.
In the TM conformation the helix of the mastoparan domain spans the bilayer, with the
lysine residues at its extremities in contact with opposite leaflets, whereas the disordered
galanin derived domain resides closer to the interface. The situation is reversed in the TM*
conformation and in this case the positive charges of the mastoparan domain are all in con-
tact with the same interface. Interestingly, while transportan C terminus sits deeper inside
the membrane in the TM conformation, its N terminus remains close to the lipids phos-
phate groups in both conformations which is an agreement with the interfacial anchoring of
tryptophan residues observed experimentally [470]. A third transmembrane conformation,
whereby transportan adopts a U-shape conformation, was observed in DHPC bilayers ((e)

in Figure 4.4B). In this case the bilayer is thin enough for this conformation to accommo-
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Figure 4.4 Representative conformations observed for (A) penetratin and (B) transportan in SA
simulations. Phosphate beads are shown as orange spheres. All snapshots were taken in lipids with
PO tails except for (e) which corresponds to the shorter DHPC lipids.

date a transmembrane orientation for both the mastoparan and the galanin domains while
maintaining the interfacial anchoring of tryptophan and lysine residues. These simple struc-
tural observations suggest the relative distribution of hydrophobic and basic residues plays
an important role in the interactions of transportan with lipid bilayers. Altogether these
conformations also demonstrate the peptide flexibility and show that good conformational
sampling is achieved despite the CG representation. This is further evidenced by the bend-
ing of the o-helical model in (b) (Figure 4.4B) which brings the central lysines (K13 and
K17) closer to the phosphate groups of the lipids.

To investigate whether the lipid characteristics influenced the orientation and conforma-
tion adopted by penetratin and transportan, the final frame of each simulation was systemat-
ically examined. In order to avoid bias this was performed automatically by comparison of
the relative z position of specific backbone beads with respect to that of the bilayer centre.

Penetratin structures and the o-helical of model of transportan were deemed interfacial if
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Figure 4.5 Comparison of the positioning of transportan with respect to the lipid bilayer when in TM
(left) and TM* (right) conformations. The dashed and dotted line corresponds to the centre of the
bilayer (delimited by the solid horizontal lines). The backbone beads b1, b2 and b3 used to determine
transportan orientation and conformation are shown as black spheres and labelled with the residue
they belong to.

both termini were on the same side of the bilayer centre and transmembrane otherwise. The
case of the NMR-based structure of transportan was less straightforward due to the different
transmembrane conformations described above. The following definitions, relying on three

backbone beads (see Figure 4.5), were implemented:

Interfacial: b1, b2 and b3 all belong to the same leaflet

TM: b3 belongs to a different leaflet than bl and b2

TM*: bl belongs to a different leaflet than b2 and b3

» U-shape: b2 belongs to a different leaflet than b1 and b3

At this point it should be mentioned that while lipids self-assembled into bilayers within
a few tens of seconds, the peptides did not necessarily adopt their final orientation or confor-
mation immediately afterwards and intermediate metastable states following bilayer forma-

tion were observed. In particular, penetratin and transportan were seen to reach an interfacial
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orientation after first adopting an unstable transmembrane conformation. Interestingly, the
reverse evolution was never observed. However, running the simulations for 500 ns allowed
the systems to relax and ensured the orientation and conformation identified in the final
frames corresponded to equilibrium states rather than transient artefacts. The relative sta-
bility of transmembrane and interfacial orientations will be examined later in the thesis, as

well as that of the transmembrane conformations of transportan.

4.3.3 Preferential orientation and conformation of a single peptide

Figure 4.6 summarises the distribution of orientations and conformations identified. It re-
veals a significantly different patterns between penetratin and transportan with respect to
the relative stability of their interfacial and transmembrane orientations. In the case of pen-
etratin, only marginal evidence of a transmembrane orientation is observed, suggesting that
the interfacial state is more favourable regardless of the lipid environment. In contrast,
transportan can adopt a transmembrane orientation in all environments and this is found to

be the predominant orientation in most systems.

Interestingly, the data suggest that the shorter length of penetratin does not account
for its preferential interfacial orientation. Indeed, thinner bilayers (DHPC and DLPC) do
not appear to favour this orientation whereas it is encountered in two DSPC simulations,
thereby demonstrating that it is able to span even the largest of the bilayers studied. Further-
more, the o-helical model of penetratin is observed in a transmembrane orientation more
frequently than the more disordered NMR-based structure even though it is more compact
and cannot be stretched in a similar fashion (see (b) and (c) in Figure 4.4A). Rather, the
difference between the two peptides likely reflects their distinct composition. The high den-
sity of positively charged residues and partially secondary amphipathic nature of penetratin
(Figure 4.1) are best accommodated at the lipid-solvent interface instead of within the hy-

drophobic bilayer core (here it should be stressed that penetratin was never detected to reside
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Figure 4.6 Distribution of orientations and conformations in the last frame of the SA simulations
of transportan and penetratin in different lipid environments. For the sake of clarity the number of
simulations in which the peptides adopted an interfacial orientation are not specifically represented
but when the peptides did not adopt a transmembrane orientation they were always observed to be
interfacial.

in the solvent but was always associated to the lipid bilayer). On the other hand, transportan
predominantly hydrophobic nature (Figure 4.2) is consistent with the more favourable trans-

membrane orientation observed.

Apart from the above considerations, the possible influence of the different lipids is dif-
ficult to assess based on the limited number of simulations. High-throughput MD [471] may
allow the detection of statistically meaningful patterns but would require significantly more
computational time. It may simply be pointed out that the U-shape conformation is only
observed in the DHPC bilayer, thereby illustrating the influence of the bilayer thickness on
transportan possible transmembrane conformations. The secondary structure of transportan

does not seem to fundamentally affect the relative stability of either the transmembrane or
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interfacial orientation, and although in the case of the NMR-based structure comparatively
fewer simulations lead to a transmembrane state in DPSC, DOPC and POPC bilayers, the
statistical significance of this observation remains to be demonstrated. The relative distri-
butions of the TM and TM* conformations does not yield a clear picture either: in the lipid
environments where both are observed TM* appears predominantly sampled, however the
TM conformation is more often detected overall. This suggests that these two conformations

are similarly energetically favourable.

4.3.4 Interfacial depth of insertion

The residues distribution in the interfacial states of penetratin and transportan were ex-
amined in order to assess whether further differences between the two peptides could be
detected in the simulations (Figure 4.7). The analysis revealed that, regardless of the sec-
ondary structure and presence of anionic lipids, transportan inserted more deeply into the
bilayer than penetratin. Indeed, penetratin sits within the plane of the phosphate head groups
whereas transportan center of mass appears to sink approximately 3 to 5 A below. In ad-
dition to being again consistent with the hydrophobic nature of transportan compared to
the poly-cationic one of penetratin, this is also in very good agreement with independent
atomistic MD studies which found that penetratin and transportan approximate depths of
insertion in a DPPC bilayer were, respectively, 1 A and 4 A below the nitrogen atoms
present in the lipid head groups [173, 175].

The residue distribution did not appear to be particularly influenced by the secondary
structure of the peptides as very similar profiles were obtained for both the o-helical mod-
els and the NMR-based structures. On the other hand, a slightly narrower distribution was
observed for penetratin in the presence of anionic lipids as the arginine and lysine residues
were dragged closer to the interface by the negatively charged serine head groups, thereby

becoming less exposed to the solvent. Although this is a subtle effect, similarly shifted
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Figure 4.7 Distribution of residues in the interfacial orientation of (A) penetratin and (B) transportan.
Hydrophobic residues are shown in dark red, positively charged ones in dark blue and the overall
peptide density in black. The solid lines correspond to the NMR-based structures and the dotted
ones to the o-helical models. The density profiles were obtained using the Gromacs utility g_density
once the bilayer had self-assembled and the peptide reached an interfacial orientation. The average
profile for each lipid environment was calculated by averaging the profiles obtained for each repeat
weighted by the respective number of frames they represented (0 if the peptide never reached an
interfacial orientation). The corresponding standard deviation is shown as a shaded area.

profiles were detected by Lensink and co-workers in a previous atomistic MD study [170].
These results are thus evidence that electrostatic interactions play a crucial role in the in-
teractions of penetratin with lipid bilayers and they are in good agreement with its stronger
affinity for anionic membranes compared to zwitterionic ones that have been observed ex-
perimentally [136, 322, 328, 447, 449, 450] and in previous all-atom simulations [170,

171]. In contrast, no such effect was observed for transportan which is in agreement with
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experimental evidence of strong binding to both anionic and zwitterionic membranes pre-

dominantly dominated by hydrophobic interactions [443].

4.4 Embedded simulations of penetratin and transportan

Numerous experimental studies have shown that the lipid bilayer destabilisation caused
by membrane active peptides is concentration dependent and more pronounced at higher
peptide-to-lipids ratios (P:L) [472—477]. Accordingly, the mechanisms suggested for the
formation of peptides-induced transmembrane pores as well as the commonly accepted
Shai-Matsuzaki-Huang (SMH) model of membrane destabilisation by antimicrobial pep-
tides (AMPs) all rely on the involvement of several peptides [42—44, 478] (see 1.2.1). This
is further supported by several MD simulations of AMPs which revealed the necessity for
these peptides to form aggregates in order to penetrate the membrane and induce perturba-
tions [177, 178, 373, 421, 479]. A computational investigation of the membrane toxicity of
CPPs must therefore involve the study of their collective behaviour. To this end, I performed
simulations of systems where several penetratin and transportan peptides were initially em-
bedded in a monomeric state in pre-formed bilayers. Although it might be argued that such
a set-up does not appropriately reflect the mechanism by which CPPs enter the membrane
(especially so if it involves cooperation between the peptides), it is important to remember
that experiments showed the kinetics of CPPs translocation is on the order of minutes [93,
99] and therefore remains beyond the timescales accessible by MD simulations. Conse-
quently, in contrast to AMPs, spontaneous insertion of CPPs in the lipid bilayer has never
been observed in MD simulations bar one controversial study where the system simulated
was not electrically neutral [179, 374]. Embedding the peptides into the membrane is thus
a reasonable approach to study the peptide-peptide and peptide-lipids interactions within
the lipid bilayer that may contribute to its destabilisation and has been employed in a num-

ber of previous MD studies of CPPs [174—176]. In order to assess the influence of lipids
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distribution on the peptides behaviour, penetratin and transportan were embedded in both
an asymmetric membrane model and a symmetric one and, as previously, both the NMR-
based structures and the a-helical models of the peptides were investigated. Additionally,
control simulations of zwitterionic and anionic membranes involving a single embedded
peptide were also performed. These also provided a complementary approach to the self-
assembly simulations discussed previously and allowed to further characterise the stability

of the transmembrane orientation for transportan and penetratin.

4.4.1 Simulation setup

The simulations performed are summarised in Table 4.2. A single peptide was embedded
in zwitterionic (DOPC) and anionic bilayers (POPC:POPS mixtures) containing 512 lipids
in order to assess the influence of anionic lipids on its stability. Simulations of 8 peptides
embedded in the same 512-lipid zwitterionic bilayer were also performed to study the effect
of cooperation on peptides stability and peptide-membrane interactions. Similarly, 8 pep-
tides were inserted into the 1300-lipid asymmetric membrane model AMv1 presented in the
Table 4.2 Embedded simulations of transportan and penetratin performed. The initial peptide-to-
lipid ratio is indicated by the P:LL column but the exact ratios varied for each simulation due to the
insertion technique which required removing a few lipids to make room for each peptide (see text

for details). For transportan NMR-based structure the TM conformation was used. In asymmetric
membranes the outer leaflet corresponds to the zwitterionic one.

Lipid composition P:L Orientation Duration (us)  Repeats
Single peptide simulations
DOPC 1:512 - 1 5
POPC(85%):POPS(15%) 1:512 - 5
POPC(70%):POPS(30%)  1:512 - 1 5
Multiple peptides simulations
DOPC 8:512 - 5 5
AMv1 8:1300  Nter outwards 5 5
AMvl 8:1300  Cter outwards 5 5
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previous chapter (see 3.2.1): this allowed to investigate whether a smaller P:L ratio and the
lipids asymmetric distribution influenced the outcome of the simulations. The number of
peptides to embed and the sizes of the bilayer patches were chosen so that the correspond-
ing P:L ratios in the DOPC and AMv1 multiple peptides simulations (respectively 1:64 and
approximately 1:160) were within the range of those used in experimental studies of mem-
brane actives with lipids vesicles where bilayer perturbations were reported [472, 474-4776,
480]. However, it is important to bear in mind that the P:L ratios in macroscopic systems
represent an average value that cannot be translated into a corresponding number of peptides

at the molecular scale due to local fluctuations in peptides concentrations.

The g_membed utility developed by Wolf and co-workers [481] was used to insert the
peptides into the bilayer. In short, their approach follows a four-step process: first the pro-
tein to insert is overlaid in the desired position onto the pre-formed bilayer; second, its
width is dramatically decreased in the x,y plane; third, lipids and water molecules over-
lapping with the compressed protein are removed, and finally, the protein is grown back
to its full size in a short MD simulations. Compared to methods relying on the removal
of a membrane patch, this technique attenuates the perturbations of the equilibrated bilayer
as a minimum number of lipids has to be removed (typically around 6 in the case of the
peptides studied) while those in the vicinity of the protein are slowly pushed away in or-
der to gradually accommodate its presence as the protein is grown back to its original size.
The main advantage of using g_membed is the ability to set up proteins in a transmembrane
orientation in environments where this orientation cannot otherwise be obtained via SA sim-
ulations, either because of the nature of the peptide (e.g. penetratin preferential interfacial
orientation in various bilayers, as illustrated in Figure 4.6) or that of the model membrane
(e.g. asymmetric lipid distribution). However, it should be noted that the protocol presented
in the previous chapter to control the lipid composition of pre-formed bilayers (see 3.3.2)

later provided another way to achieve the same result from any transmembrane conforma-
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tion obtained via SA. Simulations relying on this alternative approach will be presented in
the next chapter but here transportan and penetratin structures were simply embedded with
the g_membed tool so that they best spanned the lipid bilayers. In systems involving sev-
eral peptides these were positioned randomly without being in contact with each other. The
peptides were all inserted with the same relative orientation to the bilayer. The simulations
were then run using the same settings as described in 4.3.1, with the 8-peptide systems run
for longer (5 ps) than the single peptide ones (1 us) in order to allow time for the peptides

to interact.

4.4.2 Monomers stability

The final orientation and conformation of penetratin and transportan in single peptide sim-
ulations was determined in the same way as described previously (4.3.2) and the results re-
vealed a very different pattern for the two peptides (Figure 4.8). Indeed, whereas transportan
remained in the initial transmembrane orientation in all simulations, penetratin predomi-
nantly adopted an interfacial orientation. This is in agreement with the findings obtained
from the SA simulations and confirms that the transmembrane orientation is more stable for
transportan than penetratin. Interestingly, this orientation also appeared marginally more
stable for the o-helical model of penetratin than the NMR-based structure. This is again
consistent with the outcome of the SA simulations (see Figure 4.6): in addition to support-
ing the hypothesis that the peptide length does not play a determinant role in the prefer-
ential membrane orientation of penetratin, it also provides some evidence that its a-helical
secondary structure does influence its affinity for the hydrophobic membrane environment.

Altogether, the simulations performed suggest that while it is possible for penetratin to
adopt both a transmembrane and an interfacial orientation, the interfacial state is more en-
ergetically favourable as the transmembrane orientation is unstable on the timescale of the

simulations. It is interesting to note that penetratin almost exclusively reached the leaflet
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Figure 4.8 Orientation of transportan and penetratin in the last frame of the embedded simulations
involving a single peptide. In the repeats where the peptide adopted an interfacial orientation the
leaflet reached is referred to with respect to the initial peptide position.

closer to its C terminus. This may be explained by the predominant role of electrostatic in-
teractions and the higher density of positively charged residues in this part of the sequence
dragging the peptide towards the lipid-solvent interface. The minor stabilisation of the trans-
membrane orientation by the presence of anionic lipids supports this hypothesis, and so does
the fact that the only two simulations in which penetratin reached the Nter leaflet (see Fig-
ure 4.8B) occurred in the most anionic bilayer, since both observations suggest stronger
interactions between penetratin and the Nter leaflet.

On the other hand, transportan transmembrane and interfacial orientations appear simi-
larly favourable. Although the transient partially-inserted states observed in some SA simu-
lations before the peptide reached the bilayer surface (see 4.3.2) suggest the interfacial state
may be more energetically favourable, the transmembrane orientation is stable enough to

prevent a single peptide from leaving the lipid bilayer to reach an interfacial orientation.

4.4.3 Peptide collective behaviour

Representative snapshots of the evolution of the systems containing 8 peptides are presented
in Figure 4.9. They show that, in contrast to penetratin, transportan peptides can aggregate
into oligomers. These different behaviours, as well as the influence of the peptides sec-

ondary structure and the lipids distribution on the peptides stability, are discussed below.
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Aggregation

In the case of penetratin, the peptides were observed to adopt an interfacial conformation
within a few hundreds nanoseconds in all simulations (see (b) in Figure 4.9A) which is in
agreement with the previous single peptide simulations. Transient interactions are observed

between a few peptides when in a transmembrane orientation (see snapshot at 0.1 ps) but
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Figure 4.9 Comparison of the evolution with time of a system containing 8 (A) penetratin and (B)
transportan peptides. The top row is a top view of the system, with the simulation box sown in black,
and the corresponding side view is shown in the bottom row. Peptides are shown as cartoon and for
clarity only the phosphate beads of the lipids are shown, as orange spheres.
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once interfacial the peptides diffuse independently at the bilayer surface, without aggregat-
ing, for the rest of the simulations (see snapshots at 1 pus and 5 us). Although these results
differ from those of a previous full-atom MD study where aggregates of 8 penetratin pep-
tides formed at the lipid-solvent interface and led to invagination of the lipid bilayer [374],
they are in agreement with another atomistic study which showed no tendency for aggre-
gation [170]. They are also further supported by an experimental study where the authors
did not detect oligomerisation of membrane-bound penetratin peptides [446], in contrast to
other poly-cationic peptides [156]. Conversely, in transportan simulations, the peptides re-
mained in their transmembrane orientation and as they diffused through the lipid bilayer they
progressively clustered into larger and larger aggregates (Figure 4.9A), which is consistent
with the self-association of primary amphipathic CPPs observed experimentally [482—-484].
Visual observations of the clusters formed by transportan revealed that they did not adopt a

stable, well defined structure but, rather, were highly dynamic as illustrated in Figure 4.10.

Figure 4.10 The flexibility of NMR-based structures (A and B) results in more disordered aggregates
than those involving a-helical models (C). Horizontal lines indicate approximate bilayer boundaries.
The red peptide in (A) illustrates how a peptide within a cluster can be entirely located in one leaflet.

In particular, the flexibility of the NMR-based structures appeared crucial in leading to
more disordered aggregates as they involved peptides in different conformations, including
some close to an interfacial state (eg red peptide in Figure 4.10A). Nonetheless, different
clusters shape could be identified and these will be discussed in details in the next chapter.

In order to quantitatively describe the aggregation of peptides and assess whether it was

influenced by their secondary structure of the lipid distribution, I tracked the evolution with
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time of the size of the biggest transmembrane cluster. This first required correctly identi-
fying transmembrane clusters, which proved more complex than anticipated. Indeed, the
criteria used earlier to determine the orientation and conformation of a single peptide (see
4.3.2) would fail to detect some peptides involved in clusters as being transmembrane (see

Figure 4.10A). The approach eventually chosen relied on a two-step process:

1. Detection of clusters. Peptides clusters were detected, regardless of the peptides ori-
entation, using the NetworkX Python module [485]. In short, this algorithm works
by connecting together points which are within a specified distance of each other. In
each frame of the simulations, the distance between each peptides was calculated, us-
ing the minimum distance between their particles, and the resulting distance matrix
was processed with NetworkX. A cutoff of 8 A was chosen to define contacts between
peptides. Although contact between two CG beads is usually considered to occur at
a distance of 6 A, a slightly less stringent criteria was favoured in order to minimise
high frequency noise. In practice this means that, for a given frame, a peptide was
considered to be part of a cluster with other peptides if any one of its particles was
within 8 A of a particle belonging to one of the other peptides. Another cluster de-
tection technique relying on a density-based approach was also tested [486], but the
NetworkX connectivity-based method provided the best match between the clusters

identified automatically and visual observations!.

2. Test of their transmembrane status. In each frame the closest phosphate bead
to each peptide particle within a cluster was determined. The whole cluster was
then considered to be transmembrane if these phosphate beads belonged to differ-
ent leaflets. This approach was also used to determine the orientation of peptides in a

monomeric form (clusters of size one).

IThis is an example of how the analysis of dynamic systems in MD simulations can greatly benefit from
research in other fields and how the modular Python-based approach makes this convenient.
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Figure 4.11 Evolution of the size of the biggest transmembrane clusters. The red and green lines
correspond to transportan and penetratin clusters respectively. In asymmetric membranes, the solid
lines correspond to simulations where the N terminus of the peptides was oriented outwards (in
the zwitterionic leaflet) while the dotted lines correspond to the opposite orientation (C terminus
outwards). Individual profiles were calculated for each repeat and the plots shown correspond to
the average profile for each lipid environment, thus explaining why non integer cluster sizes are
represented.
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The transmembrane aggregation profiles obtained are presented in Figure 4.11. Compar-
ison of the red and green lines provides quantitative evidence of the distinct behaviours of
penetratin and transportan observed in Figure 4.9. In DOPC membranes, the data also reveal
the influence of the secondary structure on the kinetics of aggregation and the stability of the
peptides clusters. In the case of transportan, the aggregation of o-helical peptides appeared
slowed down compared to that of the NMR-based structured ((a) in Figure 4.11A and B).
This suggests that transportan flexibility is an important parameter in the aggregation pro-
cess and the formation of stable peptide-peptide interactions. The structures presented in
Figure 4.10 also illustrate how a polymorphic structure may be better accommodated within
a cluster. On the other hand, in the case of penetratin, the a-helical models led to larger
transmembrane clusters over longer periods of time. Although this is in apparent contradic-
tion with the transportan results, it can be explained by the greater transmembrane stability
of the fully a-helical structure observed previously for this peptide which allowed more time
for penetratin peptides to meet and interact while in a transmembrane orientation. However,
the clusters formed by a-helical penetratin remained small (trimers) and short-lived with the

peptides eventually adopting an interfacial orientation after a few microseconds.

Additionally, the simulations performed in the AMv1 model plasma membrane demon-
strated that the behaviour of the peptides was also affected by an asymmetric lipid distri-
bution, particularly so when using the NMR-based structures. Indeed, the transmembrane
stability of penetratin and the size of transportan aggregates appeared to be significantly in-
fluenced by the peptides initial orientation ((b) in Figure 4.11A). When positioned with their
C terminus in the zwitterionic leaflet, a few penetratin peptides were found to remain in a
monomeric transmembrane state throughout the simulations. This further supports the in-
volvement of electrostatic interactions suggested previously (see 4.4.2) and can be explained
by the relative positioning of penetratin asymmetric distribution of positive charges with re-

spect to the anionic leaflet. When penetratin is positioned with its N terminus outwards, the
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destabilising effect of the higher density of positive charges at its C terminus, which drag
the peptide towards the interface, is enhanced by their interactions with negatively charged
phospholipids present in the inner leaflet; on the other hand, in the opposite orientation,
the C terminus charges provide an anchor in the zwitterionic leaflet that counter-acts the
interactions between the anionic leaflet and the N terminus charges. The inability of the o-
helical model to stretch to the same extent as the NMR-based structure may explain why the
effect is less pronounced in these simulations. In the case of transportan, smaller aggregates
formed when the NMR-based structures were oriented with their C terminus outwards. It
will be demonstrated in the next section that this is also due to the influence of membrane

asymmetry on the stability of the transmembrane orientation for transportan peptides.
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Figure 4.12 Evolution of the potential energy of (A) a POPC:POPS (85:15) system containing a
single transmembrane transportan, and (B) a AMv1 system containing 8 transmembrane transportan.
The energy of the whole systems were obtained using the Gromacs g_energy utility and the profiles
coloured based on the size of the biggest transmembrane cluster. The average energy in (A) is
reproduced in (B) as a grey line. The profiles allow for qualitative comparison only as the systems
were of different sizes. In both cases the zero was set to the initial potential energy.

The comparison of transportan aggregation in the AMvl and DOPC membranes also
showed the influence of peptides concentration as the smaller DOPC membrane allowed
peptide-peptide interactions to occur on a shorter timescale. However, the aggregation pro-
cess appeared equally favourable in both environments. The stabilising effect of oligomeri-

sation was further supported by the evolution of the systems potential energy (Figure 4.12).
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Translocation

The number of peptides involved in transmembrane clusters and in an interfacial orientation
in the last frame of each simulation is shown in Figure 4.13. As expected, the distribution of
penetratin peptides confirms that very few retained their initial transmembrane orientation.
It also shows an asymmetric distribution of interfacial peptides between the two leaflets in
agreement with the role of electrostatic interactions described above. Indeed, the data show
that penetratin preferentially reached the leaflet closer to its C terminus but that the presence

of anionic lipids in the opposite leaflet counter-balanced this pattern to some extent.
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Figure 4.13 Orientation of transportan (red bars) and penetratin (green bars) in the last frame of the
simulations involving 8 embedded peptides. The results of the different repeats were added together
and in each plot thus represents the distribution of 40 penetratin and 40 transportan peptides. In
DOPC simulations the leaflets are referred to with respect to the initial peptide position.
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Interestingly, a few transportan peptides were also found to be in a final interfacial orien-
tation. Here, it may be important to stress again that these do not take into account peptides
which may be lying parallel to the bilayer surface but were still in contact with a trans-
membrane cluster. Combined to the earlier observations that monomeric transportan could
not switch from a transmembrane to an interfacial orientation (see Figure 4.8), those results
therefore indicate that the peptides detected as interfacial adopted this orientation within
a transmembrane cluster from which they were then able to separate. This suggests that
the aggregates formed by transportan may be a meta-stable intermediate state allowing the
peptide to "translocate" and reach the more stable interfacial orientation. The fact that in
simulations involving the o-helical models the peptides remained in a transmembrane ori-
entation is evidence that conformational flexibility plays an important role in the ability of
the peptide to reach the bilayer surface. Also, in asymmetric membranes, not only was
translocation significantly enhanced when transportan was inserted with its C terminus out-
wards, but the peptides also all translocated towards the anionic leaflet. This indicates that
the stability of transportan clusters is dependent on their lipid environment and explains the
different aggregation profiles observed in Figure 4.11A(b). This will be examined in more
details in the next chapter.

Altogether, these results suggest that the asymmetric distribution of negatively charged
lipids, located in the inner leaflet of the plasma membrane only, may provide a driving
force for the translocation of CPPs and they highlight the need to use biologically relevant

membrane models to study their collective behaviour.

Desorption

Finally, it should be mentioned that in all but one of the DOPC simulations involving pen-
etratin NMR-based structures, several peptides were observed to leave the lipid-solvent in-

terface for the bulk solvent phase. In all cases, desorption required the cooperation of two
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Figure 4.14 Desoprtion of an interfacial penetratin peptide from a DOPC membrane. The lipids are
shown as transparent spheres, with the phosphate bead in orange, the choline bead in blue and the
other beads in grey. After independenty diffusing at the bilayer surface, two penetratin peptides in
an interfacial orientation interacted eventually leading to desorption of one. The process typically
occurred over a few tens of nanoseconds.

peptides and snapshots illustrating the process are presented in Figure 4.14. interestingly,
once they had left the lipid bilayer the peptides eventually bound back to it after randomly
diffusing through the solvent and sometimes crossing the boundaries of the simulation box
(in this case the leaflet they had first reached when switching from a transmembrane to an

interfacial orientation was taken into account in Figure 4.13).

This is in good agreement with the weak binding of penetratin to zwitterionic mem-
branes that has been reported experimentally [136, 322, 328, 447, 449, 450]. Furthermore,
the fact that o-helical models remained bound to the lipid bilayer is consistent with experi-
mental studies showing this conformation is more stable than a disordered one when pene-
tratin resides at the lipid-solvent interface [135, 443-445, 487] and supported by in vitro ex-
periments which demonstrated that the binding of secondary amphipathic peptides to zwitte-
rionic bilayers, in contrast to anionic ones, was dependent on their a-helical structure [488].
The need for two peptides to cooperate as well as their relative orientation suggest that pep-
tide flexibility plays an important role in allowing escape from the bilayer. Indeed, as can
be seen in Figures 4.14B and C, the desorption occurs through peptide-peptide interactions
along the solvent exposed C terminus of the peptide remaining bound to the membrane. |

therefore calculated the solvent exposure of penetratin residues when in an interfacial ori-
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Figure 4.15 Solvent exposure of penetratin residues when in an interfacial orientation in a DOPC
bilayer. Positively charged residues are shown in dark blue, polar and hydrophilic ones in light green
and hydrophobic ones in dark red. In each repeat, the average distance along the z axis between the
residues beads and the phosphate beads plane was calculated. The plots shown correspond to the
average between repeats and the error bars indicate the standard deviation. The dashed rectangles
highlight the different mobility of the C terminus residues.

entation for both the a-helical model and the NMR-based structure (Figure 4.15). I found
that the difference between the two conformations is mainly located towards the C terminus,
with the WKK motif more exposed to solvent and much more flexible as indicated by the
large error bars. Given that the interfacial depth of insertion was found to be very similar
for the two conformations (see Figure 4.7), this may actually account for the inability of the
a-helical models to form interactions leading to their desorption, and, similarly to what was

observed regarding aggregation of transportan peptides, it again highlights the importance

of secondary structure in peptide-peptide interactions.

4.4.4 Peptide-membrane interactions

In addition to comparing the collective behaviour of penetratin and transportan, their respec-
tive influence on the lipid bilayer was also investigated and the impact of their presence on
the bilayer thickness and acyl chains order parameters was studied. Indeed, visual inspec-
tions of the simulations revealed that the peptides appeared to induce some degree of local

disorder in the membrane, and one would expect these two bilayer parameters to capture
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this effect. However, the local calculation of these properties raises technical difficulties
and several publications have been dedicated to this issue [489, 490]. Yet, the methods
proposed in the literature all require averaging of the data over tens of nanoseconds (80 ns
in [490]) and although this is a valid approach to characterise pure bilayers or the effect of
a single protein on which the systems can be centred, it is not suitable to the description of
simulations involving several highly mobile peptides that can form dynamic aggregates. I
therefore implemented a custom approach allowing to estimate those parameters on a shorter

and more local scale in order to characterise bilayer perturbations induced by the CPPs.

Bilayer thickness

The lipid bilayer thickness is traditionally measured as the distance along the z axis be-
tween opposite phosphorous atoms (all-atom simulations) or phosphate beads (CG repre-
sentations). For a global characterisation of the system the peak-to-peak distance between
the density profiles of the reference particles in the upper and lower leaflets is used. In con-
trast, a local calculation of the bilayer thickness involves processing each reference particle
in each leaflet and assigning it a thickness value. As described in [489], this is achieved by
finding the nearest neighbour of a reference particle in the opposite leaflet and subtracting
their z coordinates. However, because only the x and y directions are taken into account
to pair particles in opposite leaflets, this method only works in small, planar bilayers and
leads to artefact in membranes with locally curved areas. It can be argued that the natural
fluctuations and undulations observed in larger bilayers are smoothed out when performing
time averages but the dynamic behaviour of the peptides occurred on too short timescales to
allow such smoothing as the peptides would have diffused significantly during the averaging
window. In any case, the fact remains that the planar approximation is not an accurate way
to measure bilayer thickness in very large lipid bilayers with significant, non-transient, cur-

vature as will be presented at the end of this thesis. Additionally, with a technique relying on
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a single nearest neighbour, the results can be strongly perturbed by the position of a single
phospholipid, which might not be an accurate representation of the local thickness. Again,
time averaging allows to mitigate this issue to some extent. In order to overcome those
problems, the nearest neighbours of a reference particle were identified using the euclidian
distance between particles and the local bilayer thickness was determined by calculating the
average distance of each reference particle to its five nearest neighbours, as illustrated in

Figure 4.16.
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Figure 4.16 Calculation of local bilayer thickness. The phosphate beads of the lipids are shown as
spheres. The coloured beads represent reference points (red) and their five nearest neighbours in
the opposite leaflet (black). The thickness associated to each reference point is the average distance
between red and black beads. This method does not require the bilayer to be in the x,y plane.

For visual representation, a 2D thickness matrix was built by binning the phosphate
beads in a 40 x 40 grid based on their x,y coordinates. The AMv1 membranes containing
1300 lipids measured approximately 18 x 18 nm and each grid cell thus had an approximate
area of 20 A2. This is about 3 times smaller than the area per lipid of POPC [491] and
while it provides a good resolution it also means that the grid was sparsely populated by the
lipids. To improve grid sampling the data of 10 consecutive frames were binned together,
which corresponded to a reasonably short averaging window of 2 ns. For each grid cell con-
taining at least a particle, a thickness value was then calculated by averaging the thickness
associated to the phosphate beads present within the cell. The thickness value of empty grid

cells was iteratively calculated by averaging the values of the 8 neighbouring cells, taking
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Figure 4.17 Snapshots of the thickness of the asymmetric AMv1 bilayer in the presence of (A) 8
transportan peptides using the NMR-based structures, (B) 8 transportan peptides using the a-helical
structures and (C-D) 8 penetratin peptides using the NMR-based structures. In (C) all the penetratin
peptides but one are still in a transmembrane orientation whereas in (D) they have all reached the
bilayer surface. Bilayer thickness in the presence of o-helical models of penetratin is not shown but
was similar to that observed with the NMR-based structures. The snapshots were obtained by aver-
aging the data over 10 consecutive frame, corresponding to an averaging window of 2 ns. Thickness
values below 25 A are coloured in red. Peptides are represented in black by their Ca backbone.
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periodic boundary conditions into account. The thickness matrix was then plotted using

matplotlib [492] and a bicubic interpolation between grid points.

Using this custom approach, the evolution of the bilayer thickness was examined in the
simulations performed and snapshots representative of the findings are presented in Fig-
ure 4.17. The analysis revealed that, unlike penetratin, transportan peptides were able
to induce significant local thinning of the lipid bilayer. This effect appeared most pro-
nounced when the peptides aggregated, as evidenced by the comparatively unperturbed bi-
layer around the monomeric peptide in Figure 4.17A. In addition, bilayer thinning was also
enhanced around transportan NMR-based structures compared to o-helical models. These
observations suggest that peptides cooperation and structure flexibility play a crucial in the
interactions of transportan with lipid bilayers. The comparison of the aggregates formed by
transportan, presented in Figure 4.18, further support this hypothesis. Indeed, the snapshots
reveal that bilayer thinning is induced via the formation of flexible clusters able to "pinch"
the bilayer by dragging the lipid head groups into the membrane core. The influence of the
size of transportan aggregates, as well as that of the membrane composition and asymmetry,

on the extent of the membrane thinning will be examined in detail in the following chapter.

Figure 4.18 Bilayer thinning induced by transportan clusters in simulations using (A) NMR-based
structures and (B) o-helical models. The orange spheres represent the lipids phosphate beads. In
(A) the compact and flexible cluster shape drags the lipids head group inside the membrane core
by forming a funnel-like invagination. In (B), although lipids in the lower leaflet are attracted by
the loose arrangement of the more rigid o-helical structures, they do not penetrate the membrane as
deeply as in (A).
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In the case of penetratin, regardless of the secondary structure, transient bilayer thin-
ning was observed when the peptides were in a transmembrane orientation (Figure 4.17C),
but the peptides appeared to have no effect on the membrane thickness once they reached
the bilayer surface. It is interesting to note that, when in a monomeric transmembrane
state, penetratin peptides induced more thinning than transportan peptides (by a few A).
This is consistent with penetratin higher charge density and the strong interactions between
its cationic residues and the bilayer surface that have been described in the previous sec-
tion. The hypothesis that electrostatic interactions play a critical role in the perturbation
of the bilayer may also explain why the bilayer thinning is enhanced by the aggregation of
transportan peptides since clustering of the peptides leads to an increase in the local charge
density. Conversely, the inability of penetratin to aggregate within the membrane due to the
instability of the transmembrane orientation prevents further thinning of the bilayer.

It should be noted that the different extent to which penetratin and transportan disturb
their local lipid environment is in qualitative agreement with the greater membrane destabil-
isation reported experimentally for transportan (see 4.2.2). However, it should be stressed
that neither pore formation nor water permeation were observed in any of the transportan
simulations performed, in contrast to what has been reported in previous CG simulations of
antimicrobial peptides [178, 182, 422]. This is an important point as it shows that, despite
its primary amphipathic nature, CG representations can distinguish between the membrane

destabilisation induced by this CPP and the membrane lytic activity of AMPs.

Acyl chain order parameters

A standard way to measure the fluctuations of the orientation of lipid molecules in a bilayer

around a reference axis is to calculate the second rank order parameter presented in [493]:

(3(cos6;j) — 1) (4.1)
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where 6;; represents the angle of the bond between the atoms i and j with the reference axis
and the angular brackets denote an ensemble average. Order parameters can be determined
accurately in lipids bilayer by solid-state ’H NMR experiments [494] and, despite compara-
tively limited time and population sampling, atomistic molecular dynamics simulations have
been shown to satisfyingly reproduce the Scp and corresponding Scc values [495]. In CG
simulations, an equivalent definition relying on the vector between consecutive lipid beads
has been used [237] and shown to be in good agreement with data obtained using full-atom

representations [496].

It is important to understand that order parameters correspond to an ensemble average
over time and as such depend on both the system disorder and its orientation. For example,
an Scc order parameter close to zero can correspond to a very disordered system or to a well
ordered system where the lipids chains are all oriented so that 8 ~ 55°. In order to provide
a simple metric describing the orientation of each lipid in each frame of the simulations
performed, equation 4.1 was adapted to calculate an average order parameter value, P, for

the acyl chains of a given lipid:

I (Beos?6, 1) + 572, (3eos26,— 1)

P
2 2 na +ng

(4.2)

where n4 and np represent the number of bonds taken into account in the acyl chain of each
lipid tail. The 6; angles were measured with respect to the z axis and the P, value is thus a
simple measure of the overall orientation of the lipid tails relatively to the bilayer normal, as
illustrated in Figure 4.19. Here it is important to stress that due to the flexibility of the two
acyl chains, P is a fairly crude metric of a lipid orientation with different conformations
possibly leading to the same average value. Furthermore, the method assumes that the
bilayer is contained within the x,y plane with its local normal parallel to the z axis and it
therefore suffers from the same limitations as those discussed in the previous section on

bilayer thickness. However, unlike the simple approach implemented to measure the local

126



Comparison of the stability of two cell-penetrating peptides in lipid bilayers

bilayer thickness, the definition of a local normal to the lipid bilayer is a complex problem

that yet remains to be solved.

v avg | z axis

00
Q

Figure 4.19 (A) Approximate overall angle between a lipid acyl chains and the bilayer normal, rep-
resented by the z axis. (B) Schematic representations of the acyl chain orientations corresponding to
different P, values. It is important to bear in mind that the acyl chains are flexible and can adopt in-
dependent orientations and that therefore different lipids conformations can lead to the same average
P, value.

In spite of these shortcomings, the comparative analysis of the simulations performed
proved informative, as can be seen in Figure 4.20. Transportan clusters appeared to influence
the orientation of the lipids in their vicinity, and Figure 4.20A again illustrates the crucial
role of aggregation in the peptides ability to disrupt the lipids organisation as the orientation
of the lipids around the monomeric peptide is not modified. Similarly to what was observed
regarding the bilayer thickness, transportan NMR-based structures also induced stronger lo-
cal membrane perturbations than the o-helical models, although the difference appeared less
pronounced than for their respective thinning effect. The decrease of the P, value induced
by transportan aggregates on neighbouring lipids show that those lipids tend to adopt a par-
allel orientation to the bilayer (see Figure 4.19) and is consistent with the pinching of the
membrane described previously (Figure 4.18). Conversely, previous MD simulations have
shown that an increase in the acyl chains order parameters led to a thickening of the lipid bi-
layer [353, 497]. While these results may be in agreement with the structure of a disordered

toroidal pore as observed in CG MD studies of AMPs [177, 178, 422], it is important to
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Figure 4.20 Snapshots of the lipids average order parameter P; in an asymmetric AMvl1 bilayer in the
presence of (A) 8 transportan peptides using the NMR-based structures, (B) 8 transportan peptides
using the a-helical structures and (C-D) 8 penetratin peptides using the NMR-based structures. The
systems are the same as those presented in Figure 4.17, the peptides have been omitted for clarity
but their position is delimited by red rectangles. The lipids are represented by their phosphate beads
only, shown as spheres coloured based on the P, value associated to the lipid. Each plot contains the
data of 25 consecutive frames (corresponding to 5 ns) in order to increase spatial sampling.
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bear in mind their limited extent and that the bilayer integrity was maintained in all simula-
tions with no signs of pore formation. Interestingly, although penetratin also induced some
local disorder of the acyl chains when in a transmembrane orientation, the effect appeared
to vary greatly between peptides (see Figure 4.20C), somewhat in contrast to what had been
observed for the bilayer thickness. On the other hand, none of the interfacial penetratin
peptides had any influence on the orientation of the lipid bilayer (Figure 4.20D).
Altogether these results provide additional evidence of the different destabilising effect

that penetratin and transportan on lipid bilayers.

4.5 Conclusion

In this chapter I presented comparative simulations of transportan, a chimeric primary am-
phipathic peptide, and penetratin, a secondary amphipathic peptide derived. Transportan has
been shown to be more membrane toxic than penetratin. The CG simulations performed re-
vealed that the peptides adopted different preferential orientation in presence of a membrane
mimicking environment and that, in contrast with transportan and its more hydrophobic na-
ture, the transmembrane orientation of poly-cationic penetratin was highly unstable. Despite
the reduced resolution of the CG representation, the results obtained were consistent with
previous full-atom MD studies of these peptides when residing at the lipid-solvent interface.

In agreement with experimental studies, penetratin was also found to exhibit weaker
binding to zwitterionic membranes when using a disordered structure model, with the co-
operation of several peptides leading to temporary desorption of the membrane surface. In-
terestingly, simulations of penetratin peptides embedded in an asymmetric membrane also
showed that, driven by electrostatic interactions, they preferentially translocated towards
the inner anionic leaflet, which is consistent with their cellular internalisation of CPPs. It
should be pointed that this effect would be further enhanced by the presence of a transmem-

brane potential. On the other hand, transportan peptides aggregated into large disordered
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transmembrane clusters over the course of the simulations. Transportan behaviour was also
influenced by its secondary structure, with the slower rate of aggregation observed for o-
helical models showing that peptides flexibility is an important parameter in the formation
of stable peptide-peptide interactions. The importance of cooperation between peptides was
illustrated further by the ability of some transportan peptides to reach the bilayer surface
and leave the transmembrane cluster they were involved in whereas monomeric peptides re-
mained in a transmembrane orientation. This suggests that transportan aggregates represent
a metastable state allowing the peptide to translocate. The stability of transportan clusters
was influenced by the asymmetry of the membrane and, again, peptides were observed to
preferentially translocate towards the anionic leaflet. Altogether these findings thus high-
light the importance of using biologically relevant membrane models for the in silico study

of CPPs.

Finally, I also presented the implementation of methods allowing to characterise local
membrane perturbations induced by the peptides on a short timescale compatible with their
dynamic behaviour. The use of these methods showed that transportan aggregates led to
significant thinning of the lipid bilayer and disorder of the lipids acyl chains. This is con-
sistent with recent dynamic light scattering and solid-state NMR studies which showed that
the ability of antimicrobial peptides to form oligomeric aggregates in the cell membrane en-
hance their potency [498-500]. However, unlike what was reported in previous simulations
of antimicrobial peptides [177, 178, 422], no pore formation was observed and the bilayer
integrity was maintained in all simulations. In contrast, penetratin unstable transmembrane
orientation only induced minor and transient perturbations of the membranes. These results
are in good agreement with the respective membrane toxicity of transportan and peptides
reported experimentally and provide a framework to study CPP-induced membrane per-
turbations via CG MD simulations. They also showed that the flexibility of the peptides,

allowing transportan to adopt different transmembrane conformations, appeared to play an
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important role in their ability to aggregate into membrane destabilising structures. In the rest
of the thesis I will therefore focus on NMR-based structures of transportan to characterise

in more details the perturbations this CPP can induce in plasma membrane models.
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Chapter 5

Aggregation of transportan peptides and

associated membrane perturbations

5.1 Introduction

In the previous chapter, comparative simulations of the collective behaviour of transportan
and penetratin, two well studied CPPs, revealed that only transportan molecules could form
transmembrane aggregates that appeared to correlate with local perturbations of the lipid
bilayer. This is in good agreement with the greater membrane toxicity reported for trans-
portan experimentally [128, 143, 146, 456, 462, 466] and makes this peptide a suitable
candidate to explore in silico the destabilisation of lipid bilayers induced by the activity of
a CPP. In this chapter I will therefore focus on the characterisation of the aggregates formed
by transportan molecules and on how they influence the local properties of their lipid envi-
ronment. In particular, the aim of this chapter is to take advantage of CG MD simulations
to address limitations associated with experimental techniques that hinder the elucidation

of the mechanisms by which CPPs interact with lipid bilayers. Indeed, although several in
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vitro studies have shown that the destabilisation of lipid bilayers by membrane active pep-
tides is concentration dependent [472, 474-477] and suggested that such molecules are only
active as aggregates [498-500], it remains difficult to obtain experimental evidence for the
exact numbers of peptides involved in transient clusters [44, 501]. Similarly, dye-leakage
assays [502] or electrophysiological measurements [180] usually performed to assess the
extent of membrane destabilisation induced by CPPs do not readily inform on the peptide-
lipids structures at the origin of bilayer perturbation. Additionally, while X-ray based tech-
niques such as small-angle X-ray scattering (SAXS) [101, 503] or lamellar X-ray diffraction
(LXD) [504] allow to monitor the evolution of bilayer properties such as thickness in the
presence of CPPs, they correspond to ensemble measures which do not give access to the
extent of local perturbations. Likewise, although the use of symmetric vesicles with dif-
ferent lipid mixtures has demonstrated the importance of composition on the interaction of
membrane active peptides with lipid bilayers, highlighting for instance the role of anionic
lipids (eg [505]), MD simulations present an opportunity to investigate such preferential in-
teractions at the molecular level in model membranes where the distribution of lipid species
is precisely controlled in each leaflet. This chapter thus expands on the results shown in
the two previous ones in order to present an in-depth study of the evolution of the size and
structural characteristics of transportan aggregates and of the local membrane perturbations
induced by these in biologically relevant lipid environments. In this regard, a systematic
investigation of the influence of lipid species distribution on transportan transmembrane
stability and its destabilisation of the membrane model is performed, notably to assess the

effect of asymmetry in the plasma membrane of mammalian cells on the behaviour of CPPs.

5.2 Transportan in biological membrane models

All the results presented in this chapter rely on simulations involving the NMR-based struc-

ture of transportan as described in 4.2.3. Unlike the a-helical model presented previously
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(see 4.2.3), this structure corresponds to an actual experimental structure determined in a
membrane mimetic environment [426] and its flexibility around the central kink linking the
galanin and mastoparan domains appeared to play a crucial role in transportan ability to
form transmembrane oligomers and disturb the lipid bilayer (see 4.4.3). This first section
details the choice and method of the simulations executed in order to perform a systematic

study of the behaviour of this transportan structure in biologically relevant systems.

5.2.1 Composition of membranes

The AM model described in Chapter 3 was selected as a model of a mammalian cell plasma
membrane since, as explained earlier, it allows a simple comparison of the respective in-
fluence of the lipid species in each leaflet. In order to assess the role played by membrane
asymmetry, transportan was also studied in presence of symmetric membrane models that
had the lipid composition of the zwitterionic leaflet (SMz) or that of the anionic leaflet
(SMa). Finally, as a control, I also performed simulations of transportan in presence of a

simple POPC bilayer. Table 5.1 summarises the composition of the different bilayers used.

Table 5.1 Lipids composition of the membrane models used in this chapter. The SMz and SMa
models are symmetric membrane models with the respective compositions of the outer and inner
leaflets of the asymmetric membrane model (AM). The pure POPC bilayer acts as a cholesterol free
zwitterionic control. Both POPC and POPE are zwitterionic lipids, while POPS has a negatively
charged head group. Structures of the lipids are detailed in Appendix A.

AM
POPC SMz SMa outer inner
POPC % 100 60 25 60 25
POPE % - 15 25 15 25
POPS % - - 25 - 25
CHOL % - 25 25 25 25

These membrane models allowed me to study transportan in presence of a biologically
relevant environment (AM), as well as to separately assess the role of properties thought to

be involved in the activity of CPPs such as the presence of anionic lipids, cholesterol and
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curvature inducing lipids as well as membrane asymmetry.

5.2.2 Simulations performed

In most of the simulations performed transportan was initially embedded in the lipid bilayer
but a few simulations were also performed starting with transportan in an interfacial orien-
tation to check whether spontaneous insertion into the lipid bilayer could be observed. All
the simulations referred to in this chapter are summarised in Table 5.2 and the two sections

below provide details on why and how these were set-up.

Embedded simulations

As mentioned in the previous chapter, the use of the Gromacs g_membed utility raises issues
regarding the stability of the systems created as well as their reproducibility. To remediate
this problem, the embedded simulations performed in this chapter relied on a different ap-
proach: a frame was selected from self-assembly (SA) simulations to provide an equilibrated
structure of transportan embedded in a lipid bilayer and then the in-house script described in
section 3.3.2 was used to achieve the desired lipid composition. The system obtained in this
way can then be replicated along the x and y directions in order to create larger membrane
patches containing several embedded peptides, as represented in Figure 5.1.

This protocol allowed me to assess the stability in each membrane model of the two pos-
sible transmembrane conformations identified in Chapter 4 (TM and TM*, see Figure 4.5)
by performing small single peptide simulations over an extended timescale (5 ps). The im-
pact of multiple transportan peptides on the different lipid bilayers were then studied by
performing larger simulations involving 9 peptides. For the sake of simplicity, all the pep-
tides were positioned with the same initial orientation in systems involving the AM model,
and simulations were performed for both possible initial orientations, either starting with the

N terminus positioned in the zwitterionic leaflet ("Nter outwards") or with the C terminus.
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Table 5.2 Simulations of transportan in different membrane models. TM and TM* indicate the
starting conformation of transportan when initially positioned in a transmembrane orientation; this
specifies the position of the kink in transportan structure and whether the galanin or mastoparan
domain is closer to the membrane surface (see Figure 4.5 in previous chapter). In asymmetric mem-
branes, the orientation of transportan peptides is indicated by specifying which terminus was closer
to the outer (zwitterionic) leaflet for transmembrane conformations or, in the case of an interfacial
orientation, by simply indicating in which leaflet the peptides resided. P:L indicates the respective
number of peptides and lipids in the simulations.

Lipid Initial Initial Duration
composition P:L conformation orientation (us) Repeats

Embedded simulations: small membrane (ES)

POPC 1:124 ™ - 5 3
SMz 1:124 ™ - 5 3
SMa 1:124 ™ - 5 3
AM 1:124 ™ Nter outwards 5 3
AM 1:124 ™ Cter outwards 5 3
POPC 1:124 T™* - 5 3
SMz 1:124 T™M* - 5 3
SMa 1:124 T™M* - 5 3
AM 1:124 TM* Nter outwards 5 3
AM 1:124 TM* Cter outwards 5 3
Embedded simulations: large membrane (EL)
POPC 9:1116 ™ - 15 3
AM 9:1116 ™ Nter outwards 15 3
AM 9:1116 ™ Cter outwards 15 3
SMz 9:1116 T™M* - 15 3
SMa 9:1116 TM* - 15 3
Interfacial simulations: large membrane (IL)
POPC 9:1116 interfacial - 15 1
AM 9:1116 interfacial outer leaflet 15 1
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Figure 5.1 Flow chart illustrating how the simulation systems were built. Transportan peptides are
represented in red as cartoon, the lipids phosphate beads as orange spheres and water particles in
blue as small spheres. The lipid composition was controlled using an in-house script [403] and the
relative % of the POPC, POPE, POPS and CHOL species in each system is summarised in Table 5.1.
See Table 5.2 for details on the ES, IL and EL simulations.
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Interfacial simulations

As illustrated in Figure 5.1 a similar approach to that described above was used to build
systems were transportan was initially in an interfacial conformation. The goal of these
simulations was to check whether several transportan peptides could cooperate to penetrate
the lipid bilayer as had been reported for other membrane active peptides in previous com-

putational studies [177, 178, 183, 346, 421, 422].

5.3 Transportan orientation and conformations

This section first discusses the influence of the lipid environment on the stability of trans-

portan orientation and conformation.

5.3.1 Relative stability of transmembrane monomers

The relative stability of transportan TM and TM* conformations was examined by compar-
ing the outcome of the simulations containing a single peptide in different lipid bilayers.
The conformation adopted by transportan at the end of these ES simulations is summarised
in Table 5.3. As can be observed in this table, transportan preferentially adopts a TM con-
formation when transmembrane, thereby indicating that the TM* state is less energetically
favourable. However, the AM and SMa simulations also highlight the importance of the
distribution of anionic lipids on the stability of transmembrane conformations. Indeed, the
fact that transportan remained in a TM* conformation in two AM simulations (when ori-
ented with its N terminus outwards) and in one SMa simulation may suggest at first that
negatively charged lipids can have a stabilising effect on this cationic peptide. Yet, the
opposite is observed in AM simulations where transportan was oriented with its C termi-
nus outwards: not only did the TM* conformation never remain stable but in two repeats

transportan reached an interfacial orientation on the anionic leaflet from a TM conforma-

139



Aggregation of transportan peptides and associated membrane perturbations

Table 5.3 Final conformation adopted by transportan in the ES simulations. The lipid composition
of the different membrane models can be found in Table 5.1. TM and TM* indicate the different
transmembrane conformations, they differ by the position of the kink in transportan structure and
whether the galanin or mastoparan domain is closer to the membrane surface (see Figure 4.5).

Lipid Transportan Conformation
composition orientation t=0us t =5Us
POPC
POPC #1 - T™* ™
POPC #2 - T™* ™
POPC #3 - TM* ™
POPC #4 - ™ ™
POPC #5 - ™ ™
POPC #6 - ™ ™
AM
AM #1 Nter outwards T™M* ™
AM #2 Nter outwards T™* T™*
AM #3 Nter outwards T™* T™M*
AM #4 Cter outwards TM*  interfacial (inner leaflet)!
AM #5 Cter outwards T™M* ™
AM #6 Cter outwards T™M* ™
AM #7 Nter outwards ™ ™
AM #8 Nter outwards ™ ™
AM #9 Nter outwards ™ ™
AM #10 Cter outwards ™ interfacial (inner leaflet)
AM #11 Cter outwards ™ ™
AM #12 Cter outwards ™ ™
SMa
SMa #1 - T™* ™
SMa #2 - T™* TM*
SMa #3 - T™™* ™
SMa #4 - ™ ™
SMa #5 - ™ ™
SMa #6 - ™ ™
SMz
SMz #1 - T™* ™
SMz #2 - T™™* ™
SMz #3 - T™* ™
SMz #4 - ™ ™
SMz #5 - ™ ™
SMz #6 - ™ ™

1. Transportan adopted a TM conformation before reaching the inner leaflet.

140



Aggregation of transportan peptides and associated membrane perturbations

tion. Interestingly, transportan did not reach an interfacial orientation in any other of the
simulations performed (Table 5.3). Here it should also be noted that the transition from
one conformation to another was irreversible and transportan was not observed to alterna-
tively sample different conformations or orientation in any of the simulations performed.
This implies that in an asymmetric membrane anionic lipids can actually either stabilise or

destabilise transportan transmembrane conformation depending on the peptide orientation.

As summarised schematically in Figure 5.2, altogether these observations support the
idea that the TM* conformation is less energetically favourable than the TM one but also,
and perhaps more importantly, that both these transmembrane conformations are meta-
stable and that their stability can be influenced by the lipid environment. Additionally,
the results suggest that the transmembrane states remain less favourable than an interfacial
orientation, although the ability of a single transportan molecule to reach the bilayer surface
appears limited and dependent on the destabilisation induced by its orientation in an asym-
metric membrane. In order to investigate this hypothesis further, I examined the evolution
of the systems total potential energy. This is a fairly crude metric as it does not discriminate
between the specific contributions of, for instance, peptide-lipids or peptide-water interac-
tions. However, given the simplicity and small size of the systems in the ES simulations, it is
a convenient tool to monitor whether a change in transportan conformations correlates with
a change on the potential energy of the system. As illustrated in Figure 5.3, the adoption
by transportan of a TM conformation from an initial TM* one did not impact the potential
energy of the system. This was in sharp contrast with what was observed when transportan
reached an interfacial orientation from a transmembrane one. It implies that the relatively
close TM and TM* conformations also correspond to energetically similar states, thereby
allowing transportan to transition from one to the other on the timescale of the simulations
performed. This is consistent with the outcome of the self-assembly simulations performed

in the previous chapter that led to an approximately equal proportion of TM and TM* con-
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Figure 5.2 Schematic representation of the relative stability of transportan transmembrane confor-
mations in different membrane environments. The TM and TM* conformations are represented in
pink and cyan respectively while the zwitterionic and anionic leaflets of asymmetric bilayers are
represented in yellow and red. The numbered arrows refer to the outcome of the 5 ps ES simulations
summarised in Table 5.3. (A) Symmetric membranes simulations (POPC, SMa or SMz) show that
the TM conformation is more stable than the TM* one. (B) and (C) show that in asymmetric mem-
brane models both transmembrane conformations are destabilised when transportan N terminus is
oriented "inwards" ie in the anionic leaflet, while the TM* conformation appears stabilised when the
N terminus is positioned in the zwitterionic leaflet.
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Figure 5.3 Impact of transportan conformation and orientation change on the system’s total potential
energy. (A) corresponds to simulation SMz #1 and (B) to AM #4. The evolution of the system’s total
potential energy was obtained using the g_energy utility and the value at t = 0 ns was used as refer-
ence. The average potential energy was calculated over 200 consecutive data points, corresponding
to a time window of 40 ns, and were then coloured depending on the information and orientation
status of the transportan peptide. Transportan orientation and conformation was determined for each
frame using the relative position of three beads with respect to the center of the bilayer, as detailed
in the previous chapter (4.3.2).

formations (see 4.3.3). On the other hand, the interfacial orientation of transportan appears
to correspond to a much more energetically favourable state for the system. However, it in-
volves a significant re-arrangement of transportan interactions with neighbouring molecules
and it is thus reasonable to assume that the observation of such a transition is hindered by its
associated energetic cost. In this context, it is particularly interesting that the distribution of
anionic lipids in the different model membranes used influenced the ability of transportan
to reach an interfacial orientation. Most notably, neither symmetric membrane models pre-
sented here nor in the previous chapter allowed a single transportan molecule to translocate
and reach the bilayer surface. Figure 5.3 also illustrates that once transportan adopted a new

conformation or orientation it did not sample the previous one again.
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In agreement with the observations presented in the previous chapter, the ES simulations
therefore indicate that a balance between electrostatic and hydrophobic interactions with
the lipid bilayer account for the conformations adopted by transportan. Interestingly, they
further demonstrate that, in addition to the relative distribution of basic and hydrophobic
residues within the peptide sequence, the distribution of anionic lipids within the membrane
plays an essential role in the relative importance of these interactions. Although there is little
structural evidence to compare them to, such results are thus encouraging as they highlight
the importance of membrane asymmetry which is an important feature of the biological
membranes of interest but is difficult to reproduce in experimental membrane models and,

hitherto, had not been studied computationally either.

5.3.2 Kinetics of clustering and translocation

Interfacial simulations

When initially positioned in an interfacial conformation (IL simulations) the transportan
molecules randomly diffused on the bilayer surface during the course of the simulations:
no collective behaviour was observed and no peptide entered the lipid bilayer, regardless
of the lipid composition. Although this is consistent with previous computational studies
of transportan and its peptide analogues [174, 175] these were performed in symmetric
lipid bilayers and involved a maximum of two peptides. The results presented here thus
show that, within the CG model used, cooperation between multiple peptides does not allow
transportan to insert into the lipid bilayer. Interestingly, this is in contrast with simulations
of AMPs but consistent with the relatively less membrane disrupting nature of transportan
compared to these [177, 178, 183, 346, 421, 422].

Additionally, the AM simulations demonstrate that the introduction of an asymmetric
distribution of anionic lipids does not influence the ability of transportan molecules to enter

the lipid bilayer. This is somewhat unsurprising since, as explained in Chapter 3, a molecule
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sitting on the surface of the membrane is not influenced by the electrostatic properties of the
opposite leaflet as a result of the limitations of the treatment of electrostatic interactions in
the CG model (see 3.4.2). Indeed, although it can always be argued that the simulations were
not performed on a sufficiently long scale, in vivo experimental studies have demonstrated
that passive internalisation of several CPPs was enhanced by the presence of a transmem-
brane potential [131, 328-331]. In order to specifically study the internalisation process
of transportan molecules it may therefore be interesting to repeat the IL simulations after
incorporating an electrical gradient in my membrane model in order to be able to compare

these computational findings with experimental data.

Embedded simulations

>
w

Zwitterionic anionic

3 ( POPC
— SMz

| «:r AM Cter outwards
2 == AM Nter outwards

size of biggest TM cluster
s oo
| |

size of biggest TM cluster

1 ; ‘ ; 1- ; ; ;
0 5 10 15 0 5 10 15

time (us) time (us)

Figure 5.4 Evolution of the size of the biggest TM transportan cluster in membranes containing (A)
zwitterionic lipids only and (B) zwitterionic and anionic lipids. The profiles corresponding to the
three repeats were averaged for each membrane model.

In agreement with what was observed in the previous chapter, (see 4.4.3), transportan
peptides were found to aggregate when initially embedded in the lipid bilayer. Transmem-
brane aggregates were detected using the same connectivity based approach and cutoff (8 A)
as described in 4.4.3, and the evolution with time of the size of the biggest cluster was fol-

lowed in each simulation (Figure 5.4). The longer simulations presented here as well as
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the diverse membrane models revealed insights on the characteristics and stability of the
clusters formed. Notably, the stability of transportan TM aggregates was found to depend
on the lipid environment and membrane models could be clearly separated into 2 groups
based on the presence or absence of anionic lipids. In the case of lipid bilayers containing
zwitterionic lipids only, transportan formed large aggregates eventually involving almost all
of the peptides (Figure 5.4A). On the contrary, in membranes containing anionic lipids the
clusters were less stable which prevented the aggregation of peptides into very large clus-
ters: as shown in Figure 5.4B a smaller maximum cluster size was reached and afterwards

the number of peptides involved in the largest cluster decreased continuously.

The difference in clustering kinetics between membranes containing anionic lipids and
those containing only zwitterionic lipids is further apparent when tracking peptides indi-
vidually throughout simulation. The approach chosen to graphically represent such multi-
dimensional data for each simulation is detailed in Figure 5.5, and the comparison of the
respective patterns obtained in Figure 5.6 and Figure 5.7 then illustrates the influence of the
presence of anionic lipids on transportan clustering. In Figure 5.6 it can be seen that the
octamers and nonamers formed are stable on the scale of several microseconds. In contrast,
Figure 5.7 presents a very different pattern where although peptides aggregated rapidly into
oligomers most were short-lived. However, Figures 5.6 and 5.7 also show that in both zwit-
terionic and anionic membranes the instability of transportan clusters was due to peptides
leaving the clusters as they reached the bilayer surface and adopted an interfacial conforma-
tion (dark and light grey bands) rather than to the clusters separating into smaller transmem-
brane units. These results thus suggest that transmembrane clusters represent a transition
state allowing transportan molecules to reach an energetically more favourable interfacial
orientation. These findings are consistent with recent atomistic simulations of melitin, an
antimicrobial peptide, which showed that the energy barrier for transition from a surfacic

to a transmembrane state was significantly decreased when a melitin molecule was already
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Figure 5.5 Graphical summary of the evolution of clustering in EL simulations (9 peptides). The
size of the transmembrane cluster each transportan molecule is involved in is followed throughout
the simulation and represented by a colour coded horizontal band. Snapshots corresponding to three
different times and cluster distribution are shown in the top row. The bottom diagram illustrates how
when a peptide is determined to be an interfacial orientation rather than within a transmembrane
cluster, a grey colour code is used to indicate which leaflet it sits on. The algorithm presented
in 4.4.3 is used to determine the peptides orientation and explains why molecules loosely involved
in disordered transmembrane clusters can be detected as interfacial.
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Figure 5.6 Aggregation and translocation of transportan peptides in membranes containing zwitteri-
onic lipids only. Transmembrane peptides are coloured based on the size of the cluster they belong
to. The leaflet reached by peptides that translocated to an interfacial state is coloured based on its
position relative to the initial orientation of the peptides.
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Figure 5.7 Aggregation and translocation of transportan peptides in membranes containing zwitteri-
onic and anionic lipids. Transmembrane peptides are coloured based on the size of the cluster they
belong to. Leaflets towards which peptides translocated are indicated either by their anionic or zwit-
terionic nature (AM simulations) or by their position relative to the initial orientation of the peptides
(SMa simulations).
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embedded in the bilayer due too cooperation between peptides [S06]. Additionally, they also
indicate that while the aggregation of transmembrane transportan peptides is favourable in
all membrane models, the presence of anionic lipids destabilises the aggregates formed and
facilitates the translocation of transportan. Control simulations performed with the force
field MARTINI 2.2 (see 2.2.2, with and without polarisable water, led to similar aggrega-
tion patterns. These observations complement the findings regarding the transmembrane
stability of a single transportan molecule reported earlier (see 5.3.1) and demonstrate the
importance of cooperation between peptides on peptide-membrane interactions. In particu-
lar, they are consistent with both previous computational studies [177, 178, 183, 346, 347,
421, 422] and experimental evidence [498-500] suggesting that membrane active peptides

are only active as aggregates.

Furthermore, the simulations performed also suggest a pattern regarding the leaflet to-
wards which the transportan peptides translocated (Figure 5.8). The most striking result
was observed with the AM membrane when transportan was oriented with its C terminus
outwards as all the translocations observed in those simulations occurred towards the in-
ner, anionic leaflet. Similarly, when transportan was initially oriented with its N terminus
outwards a few peptides translocated towards the outer, zwitterionic leaflet but the majority
also translocated towards the anionic leaflet (Figure 5.8B). In SMa simulations the distribu-
tion of translocated peptides was also very asymmetric as the leaflet in which transportan N
terminus was initially positioned was reached by twice as many peptides than the C termi-
nus leaflet (Figure 5.8D). A similar trend, although based on a few translocations and less
pronounced, was observed with the SMz membrane (Figure 5.8C). The longer simulations
discussed in this chapter thus expand on those presented in the previous chapter and con-
firms that the distribution of charged lipids can drive the translocation of peptides as evoked
in 4.4.3. They also highlight the importance of being able to sample longer time scales: al-

though the simulations performed in Chapter 4 suggested that the clusters formed by trans-
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Figure 5.8 Relative distribution of interfacial and TM conformations in the final frames of EL sim-
ulations. For each membrane model the percentages were calculated after aggregating the data from
all three repeats.

portan peptides did not correspond to stable structures these were were not long enough to
appropriately investigate their metastable properties. In this regard it is worth noting that the
translocations were all irreversible on the timescale of the simulations performed: although
they occasionally regained contact which the extremities of transmembrane clusters, none of
the peptides that had reached an interfacial conformation were observed to re-enter the lipid
bilayer. This is consistent with the results from the IL simulations discussed in the previous
section and further shows that interfacial transportan are stable even in the presence of TM
aggregates.

Altogether these results stress two interesting points. First, they highlight the impor-
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tance of membrane asymmetry and suggest that transportan will preferentially translocate
towards the anionic leaflet regardless of its orientation in the lipid bilayer. This is par-
ticularly encouraging as anionic lipids are predominantly found in the inner leaflet of the
plasma membrane and the model presented here is therefore consistent with the peptide
internalisation into cells. And second, the fact that the model used could also capture a
preferential translocation towards the N terminus leaflet shows the influence of residue dis-
tribution on peptide - membrane interactions and highlights how such coarse-grain models
can contribute to provide insights into the mechanisms of action of membrane active pep-
tides. These observations are in good agreement with in vitro experiments [131] suggesting
that the translocation of CPPs is a physical process governed by electrostatic interactions,
the efficacy of which can be modified by altering the charge of the peptides. The interplay
between the distribution of residues and that of lipids is developed in more detail in the next

section.

5.3.3 Density profiles of transportan clusters

Visual inspections of the simulations revealed, as suggested by Figures 5.6 and 5.7, that the
transmembrane clusters formed by transportan were highly dynamic. As a consequence,
it was not possible to identify well defined nor representative structures to characterise the
different shapes and conformations of such flexible, out of equilibrium, oligomers and a
statistical approach relying on density distribution was privileged. This is a standard ap-
proach and the Gromacs utility g_density is commonly used to perform this task, however
it was not suitable for the problem investigated here as it cannot discriminate peptides based
on their clustering status. In the following sections I therefore briefly present the method
implemented to calculate density profiles for each of the cluster size dynamically identified

during a simulation before then discussing the results obtained.
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Method

For each frame in a trajectory the following algorithm was used:

1. Transmembrane clusters were identified as described in section 4.4.3 and their re-
spective center of geometry was calculated. The algorithm described in [507]! was

implemented in order to deal with clusters spanning periodic boundary conditions.

2. For each cluster, a cylinder parallel to the z axis and centered on the cluster centre of
geometry was defined and only the particles within it were considered. This was done
in order to focus on transmembrane residues and prevent nearby interfacial peptides
from biasing the distribution profiles. The cylinder radius was set to 30 A for all
clusters (evidence supporting this distance is presented in section 5.4) and the cylinder
boundaries along the z axis were set at respectively 40 A above and below the upper

and lower bilayer leaflet.

3. The z coordinates of the particles selected were then stored in a different data structure

for each cluster size.

Once all the frames were processed a relative distribution density was obtained by bin-
ning the coordinates into slices 0.5 A thick and normalising the histogram by the overall
number of particles selected (residues and water particles were treated independently to
obtain their respective distribution profiles). This procedure thus allowed to obtain quantita-
tive and normalised profiles for each simulation while still taking into account the dynamic

nature of the clusters formed.

IThis is another concrete example of how technical hurdles in the analysis of MD simulations can be
overcome thanks to progress in other disciplines.
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Figure 5.9 Influence of the lipid environment and cluster size on transmembrane peptides density
distribution profiles. (A) Schematic representation of transmembrane cluster of different sizes: the
density profiles are then obtained by projecting the number of particles on the z axis. The density
profiles obtained for each size cluster size group are shown in (B-D) for symmetric membranes and
(E-F) for asymmetric membranes. The cartoons represent the three different schematic residues
distribution identified for the largest clusters (tetramers and above).

154



Aggregation of transportan peptides and associated membrane perturbations

Results

Despite the very dynamic structures of the clusters formed, clear patterns emerged from the
density profiles obtained (Figure 5.9) and provided evidence that both membrane compo-
sition and cluster size influenced the transmembrane residues distribution. In symmetric
membranes the peptides aggregated into an asymmetrical hourglass shape with the residues
distribution shifted towards the N terminus (dark red lines in Figure 5.9B,D and E). Al-
though the asymmetry of the larger clusters was most pronounced in the zwitterionic mem-
branes, the redistribution of the residues within the membrane with increasing cluster size
can be observed in all cluster sizes. Furthermore, the comparison of the SMz and POPC
profiles suggest that larger transportan clusters adopt the same shape, regardless of the ini-
tial transmembrane conformation of transportan (TM* for SMz and TM for POPC, see
Table 5.2). Following those observations, the results obtained with the AM model then il-
lustrate how membrane asymmetry can re-arrange the residues distribution by shifting the
density profile towards the anionic leaflet. The slight asymmetry observed in the SMa mem-
brane became indeed much more pronounced when transportan was positioned in the AM
membrane model with its C terminus outwards (Figure 5.9C). In contrast, when transportan
was positioned with its N terminus outwards, a "symmetrysation" of the residues distribu-
tion could be observed (Figure 5.9A). In addition, the influence of increasing cluster size on

residues distribution can again clearly be seen.

Altogether, these observations confirm those made previously (see 5.3.2 and 4.4.2) re-
garding the asymmetric distribution of translocated peptides as the preferred leaflets corre-
late with the density profiles observed in the different lipid environment. The hypothesis of a
preferential translocation towards the N terminus leaflet in symmetric membranes is indeed
supported by the asymmetric residues distribution observed in these environment. Simi-
larly, the different redistributions of residues observed when lipid asymmetry is introduced

are consistent with the translocation patterns observed in the AM model.
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5.4 Characterisation of membrane properties

This sections now focuses on the influence of the different transportan aggregates described
previously on the properties of their lipid environment. In particular, the effect of membrane

composition and cluster size are discussed.

5.4.1 Bilayer thickness and lipid tails order parameter

A similar approach to that described above (see 5.3.3) was implemented to calculate aver-
age perturbation profiles based on the methods described in section 4.4.4. As can be seen
in Figure 5.10 this analysis revealed that two factors contributed to membrane perturba-
tion: transportan aggregation and the presence of anionic lipids. The influence of cluster
size on membrane thinning of the SMa membrane model is illustrated in Figure 5.10D and
the simulations snapshots presented in Figures 5.10A-C provide further structural evidence.
Transportan peptides appear to drag neighbouring lipids head group into the bilayer core
and therefore the aggregation of several peptides lead to a more pronounced effect: as more
lipids are pulled into the membrane the range of the perturbation increases and the disor-
dered cluster environment allows for the stabilisation of lipids deeper into the membrane. It
is also interesting to note that lipids appear to be interacting mainly with the N terminus of
transportan: this is consistent with the density profiles observed previously and suggests the
involvement of electrostatic interactions between transportan central lysines (K13 and K17)
and the lipids negatively charged phosphate groups. This hypothesis is further supported
by the clear correlation observed in Figures 5.10F-H between increased thinning and the
abundance of anionic lipids, with the SMa and SMz membrane models being respectively
the most and least perturbed. In addition, these three figures demonstrate that the increase of
membrane thinning with cluster size is observed in all membrane models and in particular

they show that the perturbation induced by a transportan monomer is the same regardless
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of the lipid environment which further stresses the importance of peptide cooperativity re-
garding peptide - membrane interactions. At this point it should be mentioned that similar
perturbation profiles are observed with the AM membrane model regardless of transportan
orientation. While it is interesting to note that very different clusters shape (see Figure 5.9)
can lead to similar membrane thinning it should be noted that, first, the POPS concentration
is the same in both cases; second, a significant standard deviation in the immediate vicinity
of the clusters is associated to the profile obtained when transportan is oriented with its N
terminus outwards (Figure 5.10H); and finally, the statistical approach used does not readily

inform on which structures are involved in the perturbation of the bilayer.

Another result worth commenting on is the difference observed between the SMz and
POPC membranes as both are zwitterionic and accommodate peptide clusters with simi-
lar density profiles (Figure 5.9). One might imagine that the presence of POPE, known
to induce spontaneous membrane curvature, would enhance bilayer deformation, however,
membrane thinning occurs via pinching of the lipids leaflets which corresponds to somewhat
positive membrane curvature (Figure 5.10A) whereas POPE induce negative membrane cur-
vature given the smaller size of its head group. In contrast, the results are consistent with
the presence of cholesterol in the SMz membrane as it is known to straighten the lipids acyl
chains and to rigidify lipid bilayers [317, 318]. The increased membrane thinning observed
in the POPC membrane is therefore a consequence of its greater deformability. Although the
exact cholesterol content of the plasma membrane is the subject of much debate (see 3.2.1),
these results highlight the importance of the lipid composition used in computational stud-
ies as well as the relevance of the latter to investigate the role played by lipid phases on
the activity of CPP suggested by some experimental studies [91]. The membrane thicken-
ing effect of cholesterol is quantified in Table 5.4. These values also illustrate again the
local nature of the membrane thinning induced by transportan, as the presence of peptides

led to only a marginal decrease in membrane thickness, and are consistent with solid-state
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Figure 5.10 Influence of lipid environment and cluster size on transportan induced perturbations.
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trimer and (C) a hexamer. (D,E) Influence of cluster size on local (D) bilayer thickness and (E) lipid
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the shaded area the corresponding standard deviations.
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NMR experiments which demonstrated that the thinning of phospholipid bilayers induced
by antimicrobial peptides was much more modest than the ordering and thickening effect of
cholesterol [505].

Table 5.4 Influence of lipid composition and peptides presence on membrane thickness. For each
simulation the thickness was calculated as an average over all lipids and over the entire length of
the simulation (see 4.4.4). The fluctuation represents the corresponding standard deviation and the
numbers between parenthesis correspond to the standard deviation between repeats.

Lipid Initial Transportan Thickness (A)
composition P:L conformation  orientation average fluctuation
Without cholesterol

POPC 0:1116 - - 40.69 +2.20

POPC 9:1116 ™ - 40.42 (0.01)  +2.50 (0.02)
With cholesterol

AM 0:1116 - - 42.57 +2.20
SMa 0:1116 - - 42.64 +1.96
SMz 0:1116 - - 42.56 +2.04
AM 9:1116 ™ Nter outwards  42.05 (0.10)  £2.63 (0.18)
AM 9:1116 ™ Cter outwards  42.11 (0.02)  £2.53 (0.03)
SMa 9:1116 TM* - 41.93 (0.15)  +3.05 (0.19)
SMz 9:1116 TM* - 42.19 (0.04)  +2.30(0.01)

In addition to membrane thinning, Figure 5.10E shows that transportan clusters also per-
turbed the tail orientation of neighbouring lipids, the effect being again more pronounced
as the clusters are larger. The decrease in the tails order parameter indicate that lipids in the
vicinity of the peptides are on average at a greater angle with the local bilayer normal (as-
sumed to be along the z axis). This is an interesting result which complement the thickness
data to provide a more comprehensive picture of the membrane deformations. In particular
it might be tempting to interpret the pinching of the bilayer by transportan clusters (Fig-
ure 5.10A) in terms of the mechanisms that have been suggested for membrane perturbation
by antimicrobial peptides [42—44] (see 1.2.1) and argue that the results presented here are
consistent with a structure similar to that of a disordered toroidal-shaped pore [47]. How-

ever, it is important to stress that no pore formation was observed in any simulations: the
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membrane integrity was maintained with no permeation by water particles (as evidenced
by the density profiles presented in Figure 5.9). In this regard, the large fluctuations of the
lipid tails order parameter reported in Table 5.5 illustrate the higher mobility of lipids and
emphasise that the statistical nature of the properties characterised cannot easily be simpli-
fied into a well defined structure. The decrease of the average tail order parameter in the
absence of cholesterol is nevertheless significant and provide another metric demonstrating

its rigidifying effect on the lipid bilayer, in agreement with in vitro measurements [505].

Table 5.5 Influence of lipid composition and peptides presence on lipids tails order parameter. For
each simulation the order parameter was calculated as an average over all lipids and over the entire
length of the simulation (see section 4.4.4). The fluctuation represents the corresponding standard
deviation and the numbers between parenthesis correspond to the standard deviation between repeats.

Lipid Initial Transportan P2
composition P:L conformation  orientation average Sfluctuation
Without cholesterol
POPC 0:1116 - - 0.28 +0.21
POPC 9:1116 ™ - 0.28 (0.00) +0.21 (0.00)
With cholesterol
AM 0:1116 - - 0.38 +0.21
SMa 0:1116 - - 0.40 +0.21
SMz 0:1116 - - 0.37 +0.21
AM 9:1116 ™ Nter outwards  0.37 (0.00) +0.21 (0.00)
AM 9:1116 ™ Cter outwards  0.37 (0.00) +0.22 (0.00)
SMa 9:1116 T™* - 0.38 (0.00) +0.22 (0.00)
SMz 9:1116 TM* - 0.37 (0.00) +0.21 (0.00)

5.4.2 Recruitment of lipids

The results presented in the previous sections repeatedly suggest anionic lipids play a par-
ticular role in the interactions of transportan with lipid bilayers. The distribution of lipids
species around transportan peptides was therefore investigated to further characterise possi-

ble preferential interactions. To this end the lipids whose phosphate head group were within
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50 A of the cluster axis defined in 5.3.3 were selected and binned into 1 A wide circular
bands; once all the frames were processed the relative % of each lipid species was then

calculated for each band. The lipid distribution profiles thus obtained demonstrated that

transportan indeed strongly clustered anionic lipids (Figures 5.11).
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This result is consistent with previous observations and is strongly supported by exper-
imental evidence [321, 508-510]. Furthermore, the data confirmed the size dependence of
the clustering effect, with larger transportan aggregates able to recruit more anionic lipids,
and, perhaps more surprisingly, also revealed a strong influence of transportan orientation,
with the C terminus inducing less clustering, particularly so for smaller peptides cluster sizes
(Figure 5.11A). Interestingly, the distribution of transportan charges in the various models
used was found to provide a plausible explanation to both of these observations. Indeed, in
the AM model the charge distribution in transportan monomers is slightly asymmetric and
shifted towards the N terminus (Figures 5.12A and C), which is consistent with the overall
residues distributions seen in Figure 5.9. This suggests that, as proposed by the authors
of several experimental studies [321, 335], clustering of anionic lipids is a function of the
cationic charge density and not a straightforward consequence of a net positive charge. As
the cluster size increases, the correlation between the evolution of charge distribution and
the higher recruitment of anionic lipids further supports this hypothesis. When transportan
is oriented with its N terminus outwards the asymmetry of the distribution is shifted towards
the C terminus for large clusters (5.12A), thus explaining why the difference in POPS clus-
tering observed between (a) and (c) in Figure 5.11A becomes less pronounced. Although
the results obtained with the SMa model are less striking, the correlation between charge

density and POPS recruiting is similar (Figures 5.12B and (b) in 5.11A).

As anionic lipids are recruited by transportan clusters, the distribution of zwitterionic
lipids is modified accordingly (Figure 5.11B). In particular, it is interesting to note that the
smaller head group of POPE does not lead to its enrichment in the vicinity of transportan
clusters, and that no discrimination between POPE and POPC is observed (Figure 5.11C),
which is in contrast to what has been suggested experimentally [S11]. The large standard
deviations reported for symmetric membranes which might suggest otherwise are actually

the consequence of a single lipid getting "stuck” in poorly sampled areas and do not reflect
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Figure 5.12 Influence of lipid environment and cluster size on transportan charge distribution. Solid

lines represent averages between simulations and the shaded areas the corresponding standard devi-
ations.

a consistent pattern (they do, however, highlight the importance of sampling and repeats).
Nevertheless, combined to aggregation results presented in the previous section, the data
shown in Figure 5.11 may help to explain the somewhat paradoxical higher perturbations
of zwitterionic membranes compared to anionic ones that has been reported in some stud-
ies [146]. Indeed, although less pronounced, significant perturbation of the zwitterionic
membrane models was also observed and could be enhanced by the greater stability of
transportan clusters in these lipid environments (see section 5.3.2). Finally, cholesterol dis-

tribution was also investigated but found not to be perturbed by the presence of the peptides.

5.5 Conclusion

The results presented in this chapter show that transmembrane transportan can disrupt bio-
logically relevant membrane models by forming metastable aggregates and provide insights
regarding the driving forces at play. The study of transportan monomers highlighted the
importance of the primary amphipathic nature of the peptide and showed that a balance
between electrostatic and hydrophobic interactions with the lipid bilayer accounted for the

transmembrane conformations identified. In the simulations involving several transportan
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peptides it was difficult to associate a defined transmembrane state to peptides involved in
the disordered and dynamic clusters observed, but a statistical approach unambiguously re-
vealed a shift of the distribution of residues towards the N terminus consistent with a TM
orientation that best accommodated the hydrophobicity of transportan main helix. However,
the asymmetric introduction of anionic lipids also highlighted the crucial role of electrostatic
interactions. These lipids were found to decrease the stability of transmembrane clusters by
promoting the translocation of transportan peptides towards the anionic leaflet, which cor-
responds to the cytosolic leaflet. In addition to justifying the relevance of using asymmetric
bilayer models these remarks provide a basis for explaining how membrane asymmetry can
impact peptide-membrane interactions: in one orientation (C terminus outwards) the effects
of hydrophobic and electrostatic forces are conjugated leading to a heavily asymmetrical
distribution of residues within the bilayer and translocation towards the inner leaflet only,
whereas in the other (N terminus outwards) the two forces are conflicting resulting in a
more balanced distribution of residues that can explain why a few peptides were observed

to translocate towards the outer leaflet.

The simulations performed also revealed that these aggregates induce thinning of the
membrane, disordering of the lipid tails and disruption of the lipid distributions. While the
defects observed remain local (within a 30 A range) they are consistent with the membrane
toxicity of transportan observed experimentally [128, 143, 146, 456, 462, 466] and are
in good agreement with the experimental evidence available regarding the origins of such
destabilisation. Indeed, the importance of membrane active peptides concentration and co-
operativity reported in the literature [472—477] correlates with the aggravating influence of
the cluster size on the extent of the defects observed. Similarly, the preferential interactions
of transportan with anionic lipids is in agreement with studies showing that cationic AMPs
and CPPs induce clustering of anionic lipids [S08-510] and the simulations performed fur-

ther supported the experimental hypothesis of the role of cationic charge density [321]. Im-

164



Aggregation of transportan peptides and associated membrane perturbations

portantly, the extent of the perturbations also depended strongly on the lipid composition:
they were significantly enhanced by the presence of anionic lipids, while that of cholesterol
appeared to hamper them. This is in accordance with the antimicrobial activity of trans-
portan [123, 143, 147, 467] and the suggestion that membrane asymmetry provides a basis
for the selective toxicity of membrane active peptides (see 3.1.1).

Finally, the transient and disordered nature of transportan clusters, which did not involve
membrane permeation and required a statistical approach for their study, differs from pre-
vious computational studies of membrane active peptides leading to poration of the lipid
bilayer [182]. Bearing in mind the ambivalent nature of transportan, which exhibits both
AMP and CPP characteristics, the cooperative translocation and bilayer destabilisation ob-
served are consistent with both the cellular internalisation of transportan and its moderate
membrane toxicity. They demonstrate the membrane models and the analysis approach
presented here are both relevant and suitable to the study of the origins of the membrane
toxicity of CPPs and provide a computational framework for further investigations of the
peptide-membrane interactions involved. In this regard, the following chapter will focus on
the characterisation of an additional type of membrane perturbation, namely the ability of

transportan clusters to induce trans-bilayer diffusion of lipids.
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Chapter 6

Characterisation of lipid flip-flops

induced by transportan

6.1 Introduction

In addition to the membrane perturbations described in the previous chapter, the simula-
tions performed also revealed the occurrence of phospholipid transbilayer movement, or
flip-flops. This is an interesting observation since the hydrophilic head group of phos-
pholipids makes their crossing of the hydrophobic bilayer core particularly unfavourable.
Indeed, as discussed in Chapter 3, experimental studies showed that unassisted transmem-
brane diffusion of lipids in bilayers was a slow process occuring over the range of hours to
days [295-298, 512] (see 3.1.1). Accordingly, the ability of biological membranes to main-
tain their lipid composition relies on flippase enzymes to actively transport specific lipid
species between leaflets [299-302]. The disruption of the plasma membrane inter-leaflet
lipid asymmetry, in particular the exposure of phosphatidylserines to the extracellular leaflet,

has been shown to be involved in cell recognition by macrophages and the onset of apopto-

167



Characterisation of lipid flip-flops induced by transportan

sis [303-305] as well as various pathologies [306—308]. In this context, the ability of some
CPPs to disrupt the compositional asymmetry of the plasma membrane of mammalian cells
could contribute to their membrane toxicity in a similar fashion to what has been been sug-
gested for some proapoptotic proteins [513]. Additionally, the transmembrane diffusion of
phospholipids could also indicate local permeation of the membrane and possible leakage
of the cell content. This is supported by several in vitro studies that showed that mem-
brane destabilisation by antimicrobial peptides also corresponded to an increase of the rate

of phospholipid flip-flops by several orders of magnitude [40, 514, 515].

Numerous molecular dynamics studies have focused on the characterisation of phospho-
lipid flip-flops [400, 516-522]. However, due to their slow nature, flip-flops do not occur
spontaneously in simple lipid bilayers on the timescale of MD simulations as these remains
limited to the order of hundreds of microseconds even for the less computationally expen-
sive coarse-grained models. Consequently, the aforementioned studies relied on various ap-
proaches to investigate flip-flop events. In particular, the potential of mean force (PMF) for
phospholipid flip-flops was determined using umbrella sampling methods [406], whereby
the phospholipid of interest is restrained at various depths inside the lipid bilayer [400, 516,
521, 522]. Somewhat unsurprisingly, the free energy barrier was found to increase with the
bilayer thickness and the degree of unsaturation of the lipids acyl chains, thereby confirm-
ing the importance of membrane properties on the energetic cost associated to flip-flops.
Using atomistic representations, this barrier was calculated to be approximately 30 kT in
a dipalmitoylphosphatidylcholine (DPPC) bilayer, twice as high than in a thinner dimyris-
toylphosphatidylcholine (DMPC) bilayer where the acyl tails are two hydrocarbons shorter
in length [522]. Remarkably, this is in excellent agreement with the experimentally de-
rived activation energy of approximately 32 kT for flip-flops in DPPC vesicles reported
several decades ago by McConnell and co-workers [295]. In other simulations, applica-

tion of a transmembrane electrostatic potential, created either by electrical pulses [517,
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518] or an explicit ionic charge imbalance [519], as well as chemical destabilisation of
the lipid bilayer [520] have been used to trigger flip-flops and investigate their molecular
mechanisms. Despite the different approaches used, these studies suggest that flip-flops
were pore-mediated. They yielded conflicting results regarding the respective importance
of electrostatic and hydrophobic interactions but consistently agreed that the creation of wa-
ter defects in membranes constituted the rate-limiting step of the flip-flop process, with the
diffusion of phospholipids along the pore walls then occurring within tens of nanoseconds.

Additionally, all-atom simulations performed to investigate the influence of model trans-
membrane helices on the PMF of flip-flops concluded that the presence of a hydrophobic
peptide only led to a marginal decrease of the free energy barrier [523]. These findings were
confirmed by a recent experimental study [524]. However, in the same study, the authors
also demonstrated that the promotion of flip-flops could be achieved in large unilamellar
vesicles by substituting a hydrophobic residue with a charged one in the peptide transmem-
brane region. To date, spontaneous flip-flops in the presence of cationic membrane active
peptides have only been reported in two MD studies of AMPs, which both involved perme-
ation of the membrane by water particles, and the flip-flop events were not analysed further
by the authors [177, 346]. In contrast, in the simulations performed here, multiple flip-flops
were observed to occur in the presence of transportan peptides and without pore formation.
This chapter presents an in-depth study of these events as well as a discussion of how they

relate to experimental observations and previous computational findings.

6.2 Flip-flopping lipids

6.2.1 Simulations

All the results presented in this chapter are based on the set of simulations presented in

the previous one. These simulations correspond to systems where either one or nine copies
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of transportan NMR-based structure were embedded in the asymmetric plasma membrane
model AM presented in Chapter 3 as well as in symmetric bilayers with the composition of
its zwitterionic (SMZ) and anionic (SMa) leaflet respectively and in a simple POPC mem-
brane. Details about these simulations were previously summarised in Tables 5.1 and 5.2.
It should be mentioned that similar phospholipids flip-flops to those discussed in this
chapter were also observed in the simulations performed in Chapter 4 which involved eight
copies of the NMR-based structure of transportan in the AMv1 bilayer (see 4.4.3) but these
were not taken into account in the systematic analysis presented here. It is also worth
stressing again that while cholesterol molecules rapidly diffused between leaflets (see 3.2.4),
no phospholipids flip-flops were observed in any of the pure lipid bilayers, regardless of
asymmetry. This is consistent with previous CG MD simulations of lipid bilayers [400] and

the slower passive transbilayer diffusion of phospholipids due to their higher energy cost.

6.2.2 Identification method

Snapshots illustrating the successive stages observed during a phospholipid flip-flop event
are presented in Figure 6.1. As can be seen, the flip-flopping process involves an intermedi-
ate orientation in which the acyl chains of the flip-flopping lipids reside roughly parallel to
the local membrane plane. Although such an event can be identified by visual observation
of the MD trajectory, this subjective and tedious approach is prone to error and does not
scale to the analysis of several systems containing more than a thousand lipids each (see Ta-
ble 5.2). However, the implementation of an automated approach presents some difficulties.
First, the membrane thinning induced by transportan clusters and the associated dragging
of lipids head groups into the bilayer core can render the leaflet detection algorithm [485]
inefficient by the "bridging" effect of those central lipids (see 4.4.3). And second, once
leaflets are identified a criteria must be defined to tell flip-flopping lipids apart from those

lipids merely pulled into the bilayer. To address those issues associated with "on-the-fly"
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t1 =7209 ns t2 =7519 ns t3=7745ns

Figure 6.1 Successive stages undergone by a flip-flopping lipid (show in black) in presence of a
transportan cluster. The orange spheres represent the phosphate beads of non flip-flopping phospho-
lipids (tails are omitted for clarity) and their presence deep into the bilayer illustrate the difficulty of
automated, on-the-fly detection of flip-flops.

detection of flip-flops, I simply relied on the comparison of the leaflets composition between
the first and final frames of the simulations. It is important to note that while this approach
is robust and practical, lipids undergoing an even number of successive flip-flops cannot be
detected. However, the results discussed below suggest that, unlike cholesterol (see 3.3.3),

phospholipids only flip-flopped once on the timescale of the simulations performed.

6.2.3 Results

The flip-flopping events detected are summarised in Figure 6.2. Overall, a total of 64 flip-
flops were detected. As can be seen, the vast majority (89%) involved anionic lipids which
is in agreement with experimental reports [514, 515, 525] and further supports the role of
electrostatic interactions. Interestingly, while POPS lipids from the N terminus leaflet and
the C terminus leaflet were observed to flip-flop in equal proportion in the SMa model, a
different pattern was observed in asymmetric membranes. Indeed, while a similar number
of POPS flip-flopped when transportan was positioned with its N terminus outwards, half
as many did when it was positioned with its C terminus outwards. As for zwitterionic

membranes, although very few flip-flops were observed it should be noted that most of
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Figure 6.2 (A) Total number of flip-flops observed in each membrane model. The flip-flop direction
relative to the peptides is determined based on the flip-flopping starting leaflet. (B) Evolution of the
z coordinate of a flip-flopping lipid phosphate group (black line) and of the its tails order parameter
(red line). The times indicated correspond to the snapshots presented in Figure 6.1.

them occurred in the POPC bilayer which is consistent with its greater deformability due to

the absence of cholesterol as discussed in the previous chapter (see 5.4).

The comparison of the evolution of the z coordinate of the phosphate head group of the
flip-flopping lipids identified with that of their tails order parameter (example provided in
Figure 6.2B) showed they were consistent with the structures observed in Figure 6.1 thereby
validating the detection algorithm implemented. Indeed, the penetration of the lipid into the
bilayer correlated with a change in its orientation and indicated that the flip-flopping process
involved a transient orientation orthogonal to the bilayer normal as the lipid was in the inter-
leaflet area. Satisfyingly, a similar correlation was reported by Gurtovenko and co-workers
in a previous united-atom study of flip-flops, thereby demonstrating that despite their lower
resolution CG representations can provide valuable insights in the molecular mechanism
of flip-flops [519]. Such a transmembrane orientation makes sense as it allows the flip-
flopping lipid to minimise the repulsive interactions between its charged head groups and its
hydrophobic environment as well as the steric clashes between its tails and the acyl chains of
the neighbouring lipids. As a side note it should be mentioned that such an analysis assumes
the local bilayer normal is parallel to the z axis, which may not hold true if the membrane

deforms too severely.
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Figure 6.3 Evolution of the z coordinate of the phosphate group of flip-flopping lipids in each sim-
ulation. Lipids for which the flip-flopping process took over 1 us are indicated by a dotted line. In
(B) the species of the flip-flopping lipid is specified on each graph and in (c) the lightest shade of
grey correspond to run #2. Anionic and zwitterionic leaflets are represtend by red and yellow lines
respectively. The direction of flip-flops with respect to transportan peptides and the membrane is
indicated on the cartoon representation of the cluster shape.
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Additionally, Figure 6.2B also suggests that peptide-induced flip-flops are rapid events.
I investigated this further by tracking the evolution of the z coordinate of the phosphate bead
of each flip-flopping lipid detected. The results, presented in Figure 6.3, show that bar a few
lipids which appeared to become trapped in the membrane core, all flip-flops occurred on
a timescale of hundreds of nano seconds. Interestingly, previous atomistic MD simulations
of defect-induced flip-flops reported somewhat faster translocation times, in the order of
tens of nanoseconds[519, 520]. Although small, these differences may be characteristic of
the different mechanisms involved, as in those simulations flip-flops were mediated by water
pores. As also illustrated by Figure 6.3 the majority of flip-flops happen at different points in
time evenly distributed during the simulations: this is consistent with the absence of stable
pore channels and in agreement with the experimental work of Almeida and co-workers
who proposed that for such membrane active peptides "dye efflux and lipid flip-flop occur
concomitantly with the transient peptide-induced perturbation of the membrane" [120, 148].
However, the correlation between peptide translocation and lipid flip-flops that has been
suggested by other authors [346, 525] is less clear: while visual observations does show
that transportan peptides are able to drag some phospholipids along as they translocate, the
results obtained also provide abundant evidence that flip-flops occur independently of such
translocations as illustrated by Figure 6.1. In particular, it is interesting to note that no flip-
flops were observed in one AM simulation (run #3 in Figure 6.3D) despite the translocation

of most transportan peptides (see Figure 5.7C).

6.3 Interactions of flip-flopping lipids with transportan

The fact that no flip-flops were detected in the ES simulations suggest that the cooperation
of several peptides is needed to induce such events. The influence of the size of transportan
clusters and how flip-flopping lipids interact with such aggregates was therefore investigated

and the results are presented below.
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6.3.1 Method

For each flip-flopping lipid, the number of peptide particles in contact with the phosphate
head group was recorded using a 6 A cutoff along with the size of the cluster the corre-
sponding transportan molecule was involved in. The distribution of the total number of
lipid-peptide contacts with respect to cluster size was then calculated after having separated
the lipids into two groups based on the flip-flop direction relative to the peptides. In order
to check that flip-flops were indeed triggered by the transportan clusters and not pollute
the results with random interactions due to the diffusion of lipids, a further distinction was
made between contacts occurring during the flip-flopping event and those that happened
either before of after. This required establishing a criteria defining the start and the end of
each flip-flop, which, for reasons similar to those described previously regarding the identi-
fication of flip-flops (see 6.2.2), can be problematic. This was achieved using the following

protocol:

1. Ineach leaflet, the 5 non flip-flopping lipids closest to the flip-flopping lipid of interest
were identified based on inter phosphate groups distances and their centre of geometry

(respectively Gjoyer and Gypper) Was calculated.

2. The distances separating the flip-flopping lipid phosphate group from Gy,,,., and
Gypper (respectively djoyer and d,pper) were then calculated as well as the distance

between Gjoyer and Gypper (dj—y,)-

3. For a lipid reaching the upper leaflet from the lower one, the flip-flop was considered
to start the first time dj,., > 0.1d;_, and to be over as soon as d,pper < 0.1d;_,,. The

corresponding rule was used for flip-flops occurring in the opposite direction.

This approach has the advantage of taking local membrane deformations into account
and, importantly, it also works regardless of the local orientation of the membrane as there

is no need to assume that the bilayer is in the (x,y) plane.
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6.3.2 Influence of cluster size

The overall distribution of contacts flip-flopping POPS lipids formed with the different sizes
of transportan clusters is presented in Figure 6.4. As can be seen, these results demonstrate
that, regardless of direction, flip-flopping lipids were interacting with larger transportan
clusters as they crossed the membrane. In particular, it can be seen that clusters smaller
than tetramers were virtually never involved during flip-flops and merely sampled outside
the event window through random diffusion of the lipids. On the other hand, the fact that

larger clusters (tetramers and above) account for most contacts both outside and during flip-
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Figure 6.4 Relative distribution of contacts between flip-flopping POPS and the different sizes of
transportan clusters. Data was aggregated for all POPS flip-flops as variations in the sampling of each
cluster size between the different systems prevented averaging and comparison between different
simulations.
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flops suggest that these aggregates allowed lipids in their vicinity to overcome the energy
barrier associated with the crossing of the hydrophobic bilayer. It is consistent with the
snapshots presented in Figure 6.1 where, according to the criteria presented above, only the
second stage t2 is detected as during the flip-flop. It should also be noted that, despite the
variations in clustering patterns observed between simulations (see Figure 5.7), the contacts
occurring outside the flip-flopping window adopt a somewhat gaussian distribution centered
on hexamers (Figure 6.4A) or pentamers (Figure 6.4B), whereas the distribution of those
occurring during flip-flops tend to increase with cluster size. Altogether, these observations
suggests that concentration of transportan peptides plays a key role in their ability to induce

flip-flops and that tetramers represent the oligomerisation threshold triggering such events.

6.3.3 Preferential sampling of basic residues

Following the previous observations, the nature of the contacts engaged by flip-flopping
lipids with transportan clusters was further investigated by comparing the residues sam-
pled with their occurrence in transportan sequence. The results presented in Figure 6.5
clearly demonstrate an enhanced sampling of basic and polar residues at the detriment of
hydrophobic ones. This is unsurprising given the hydrophilic nature of the lipids phosphate
head group and it complements the structures observed in Figure 6.4A to suggest that it is
the aggregation of transportan peptides, rather than their translocation, that allows lipids to
flip-flop by providing a favourable "hydrophilic path" within the membrane hydrophobic
environment.

This analysis also revealed that with the AM model sampling of basic residues was fur-
ther enhanced when transportan was positioned with its C terminus outwards (Figure 6.5D),
whereas the opposite orientation led to a similar pattern to that obtained with SMa (see Fig-
ures 6.5C and A-B respectively). Similarly to what has been observed in previous sections

regarding clustering of anionic lipids and the number of flip-flops, this is reminiscent of the
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Figure 6.5 Distribution over residue types of contacts between flip-flopping POPS and transportan
clusters. Residues were classified as follow: basic = ARG, LYS; polar = SER, THR, ASN, GLN,
HIS; hydrophobic = VAL, ILE, LEU, MET, PHE, PRO, CYS, TYR, TRP. The "backbone" category
contains ALA and GLY as in the CG Martini representation they are represented by a single bead.
Distribution profiles were calculated for each flip-flopping lipid: the bar plots represent the average
calculated for each membrane model and direction and the error bars the corresponding standard
deviation.

influence of asymmetry and peptide orientation on residues distribution (see section 5.3.3).
The density profiles of basic and hydrophobic residues were then calculated in each mem-
brane environment in order to assess how their distribution correlated with their sampling
by flip-flopping lipids and the results are presented in Figure 6.6. This revealed that basic
residues were selectively sampled by the lipids even in an environment where hydrophobic

residues were highly predominant. Figures 6.6D and E show that the hydrophobic to basic
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Figure 6.6 (A-C) Influence of lipid environment on residues distribution in transportan clusters in-
volving four or more peptides. (D-E) Preferential sampling of basic residues by lipids during flip-
flops: contact profiles with basic and hydrophobic were calculated for each flip-flopping lipid and
then averaged (solid blue and red lines, with corresponding standard deviations shown as shaded
areas) while the relative distribution within clusters of particles belonging to basic and hydrophobic
(respectively b, and h,) was averaged between simulations (data shown in green). The black arrows
in (D) and (E) indicate the direction of the flip-flops, from the anionic leaflet to the zwitterionic one.

residues ratio indeed needs to be in excess of 4 to 1 for the number of hydrophobic contacts
to be greater than that of basic ones. In the light of these results, the influence of peptide
orientation observed in Figures 6.5 can be explained by the different shapes of transportan
aggregates.

However, it is interesting to note that the contact profiles in Figure 6.6 may appear at
odds with the relative number of flip-flops observed for each orientation (see Figure 6.2A).
Indeed one might imagine that flip-flops would be more facilitated by clusters providing a
path that involves fewer unfavourable hydrophobic interactions than favourable basic ones,

but the data show otherwise. This suggests that other factors are at play and that the relative
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distribution of hydrophobic and basic residues cannot directly account for the enhanced

mobility of the flip-flopping lipids.

6.4 New insights in the mechanism of flip-flops

6.4.1 The role of local charge density

Together with the correlation between positive charge density and the clustering of anionic
lipids identified in 5.4.2, the above observations prompted me to investigate the role played
by the distribution of charges in lipid flip-flops. To this end, I calculated the average charge
density profiles around transportan clusters within a 30 A radius, following the method pre-
sented in the previous chapter (see 5.3.3). For the sake of simplicity, only the negative
charge of POPS lipids, corresponding to their phosphate bead, was taken into account in
order to calculate the lipids contribution and the zwitterionic species POPC and POPE were
ignored. The results are presented in Figure 6.7. As can be seen, transportan aggregates in-
volving four or more peptides led to a continuously positive total charge density in the core
of the lipid bilayer whereas smaller clusters did not. This suggests that the critical size effect
observed in Figure 6.4 corresponds to the ability of larger clusters to provide a continuous
positive charge distribution throughout the membrane. Furthermore, it provides a basis to
explain the importance of peptides concentration and cooperation reported experimentally.
Indeed, while it is difficult for the basic residues of a single transportan molecule to span
the bilayer, it can be hypothesised that the aggregation of several transportan provides a
scaffolding structure allowing their redistribution. However, as discussed previously, it is
important to bear in mind that the disordered and dynamic nature of these clusters do not
correspond to defined and stable structures. In this regard, in addition to the need for pep-
tide aggregation, Figure 6.7 also provides evidence that the shape of the clusters formed

strongly influences the charge density throughout the lipid bilayer. In particular, the AM
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Figure 6.7 Influence of lipid environment and cluster size on local charge density. The distribution
profiles were averaged between repeats and the standard deviation shown as transparent areas. The
percentages indicate the proportion of the contacts (during flip-flop) between flip-flopping lipids and
transportan peptides that are accounted for by clusters within the size range represented. For the sake
of simplicity only POPS lipids were taken into account to determine the lipids contribution.

simulations where transportan was positioned with its C terminus outwards led to the least
favourable charge density profile, featuring a pronounced dip in the centre of the bilayer (in
Figure 6.7B), due to the highly asymmetric distribution of the cationic charges. Interest-
ingly, detailed analysis of each of these simulations, presented in Figure 6.8, revealed that
the number of flip-flops observed correlated with the charge density in the bilayer centre.
Most notably, the absence of flip-flops corresponded to the simulation (repeat #3) where the

charge density dropped to virtually zero.

181



Characterisation of lipid flip-flops induced by transportan

A 0 flip-flop B 3 flip-flops C 5 flip-flops
(repeat #3) (repeat #1) (repeat #2)
; N-ter : :
& 6 \ 6 ¥ - 6
oL ) \ : C-ter N-ter :
; N-ter, |\ N A :
m&" 3 ' \ : C-ter 3 g Y : { 34 % / \ : C-ter
> p \ ; ’/ ; N i ’ N N
— . H ~.
> . ’ : \ 7~ :
g ) | H i \ /
s 3 Ll ‘ : 3 \ /
o) i 0 H | 0
=) v VS
g -6 Lol -6 \ 6
£
o
-9 + -9 + -9 +
-40 -20 0 20 40 -40 -20 0 20 40 -40 -20 0 20 40
z distance to bilayer center (A) z distance to bilayer center (A) z distance to bilayer center (A)
Leaflets: === anionic zwitterionic Charges: ====ions ==== lipids ==== peptides = {otal

Figure 6.8 Influence of cluster shape on local charge density: individual charge density profiles
for AM simulations where transportan peptides were positioned with their C terminus outwards.
In each simulation the average profiles were calculated for all cluster sizes involving four or more
peptides with the standard deviations thus corresponding to intra-simulation fluctuations for this size
range. For the sake of simplicity only POPS lipids were taken into account to determine the lipids
contribution. The number of flip-flops observed during each repeat is indicated on each plot.

6.4.2 CG flip-flops dot not reveal water permeation of membranes

Altogether these observations suggest that transportan clusters need to provide a continuous
"hydrophilic path" within the membrane in order to trigger flip-flops. This is in accordance
with a recent experimental study by Kaihara and co-workers who found that a hydrophobic
membrane spanning peptide could enhance flip-flops following the introduction of charged
residues in the transmembrane region [524]. Indeed, the results presented here lend molec-
ular level support to the hypothesis that a locally polar region within the lipid bilayer is
instrumental to the ability of phospholipid to flip-flop. Similarly, previous MD simulations
found that more or less transient water pores provided hydrophilic defects that allowed flip-

flopping lipids to cross the hydrophobic membrane barrier [400, 516-522].

In contrast with these studies, which described a pore-mediated flip-flop mechanism
akin to what is observed during electroporation of lipid bilayers [526, 527], the integrity of
the membrane was not compromised during any of the simulations performed here. This

is illustrated in Figure 6.9 where the effective electrostatic potential maps and water den-
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Figure 6.9 Influence of cluster size on the effective electrostatic potential (C-D) and corresponding
water density (E-F). In (C) and (E) a transmembrane trimer is present in the centre of the AM bilayer
and represented in (A). In (D) and (F) it is a hexamer, as shown in (B). The effective electrostatic
potential was calculated as described in 3.4.1 using a spacing of 1 A along each axis and an averaging
window of 100 ns. Importantly, in (D) and (F) the averaging window was centred on a flip-flop event.
The relative distribution of water particles was calculated using similar parameters by simply binning
the water particles into the tridimensional grid. The 2D maps were then obtained by averaging the
data over an x, z slice centred on the transportan cluster and with a thickness corresponding to half the
length of the simulation box along the y axis. In (C) the positive potential inside the bilayer observed
for x ~ 70 A corresponds to a secondary cluster partially present in the averaging slice.
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sity profiles associated to transportan clusters which respectively did (hexamer) and did not
(trimer) induce flip-flops are compared. It can be seen that water particles did not penetrate
the lipid bilayer regardless of the cluster size, even though the hexamer plots were ob-
tained during a flip-flop event. On the other hand, the effective electrostatic potential maps
reveal that the larger transportan cluster leads to a continuous positive effective potential
across the membrane. In contrast, in the case of the cluster involving only three transportan
molecules, the extent of the positive effective electrostatic potential created by the peptides
basic residues was limited to the vicinity of the leaflet surfaces and did not "bridge" the
bilayer core. These observations further illustrate the influence of cluster size and residues
distribution on the electrostatic properties of the bilayer core presented in Figure 6.7. Impor-
tantly, they also provide molecular insight regarding how transportan clusters can impact the
local properties of their membrane environment and induce lipid flip-flops. Indeed, the re-
sults presented here suggest that flip-flops are triggered by electrostatic pores resulting from
the aggregation of four or more transportan molecules. Crucially, although these events cor-
respond to a significant perturbation of the properties of the membrane model, flip-flops
relying on such peptide-induced defects do not require membrane permeation, unlike the

water pore-mediated mechanism reported previously.

However, it is important to bear in mind that the absence of membrane permeation by
water particles may be due to limitations of the CG MARTINI model used. Indeed, the
coarse description of water particles may prevent the observation of small water defects
such as single file water structures. In a previous combined CG and atomistic study of ag-
gregates formed by the AMP alamethicin, atomistic simulations revealed the formation of
water pores whereas only a few water beads were found inside the lipid bilayer in CG sim-
ulations [528]. Interestingly, atomistic simulations performed by Tieleman and co-workers
where water ingress in the lipid bilayer was still observed when 4 water molecules were teth-

ered together [400] suggest that the coarse size of CG water particles is not the main factor
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preventing the formation of such water pores. Rather, it is likely that the simple descrip-
tion of water electrostatic properties, as discussed in 3.4.1, plays a preponderant role in the
absence of formation of local water defects. Therefore, while it is very interesting that, un-
like what was observed for previous CG MD studies of AMPs [178, 182, 422], transportan
aggregates were not observed to permeabilise the lipid bilayer despite triggering lipid flip-
fops, it is not possible to conclude, on the sole basis of the CG simulations presented here,

that transportan peptides cannot lead to the formation of water defects inside the membrane.

6.4.3 Influence of transportan on the free energy barrier of flip-flops

In order to estimate the effect of transportan clusters on the energetic cost associated to lipid
flip-flops, free energy profiles were calculated by Boltzmann inversion of the anionic lipid
densities and compared to that obtained in membranes which did not contain any peptides.
The results are presented in Figure 6.10 and show that, as expected, the energy barrier es-
sentially corresponded to the crossing of the bilayer hydrophobic core. Importantly, this
analysis allowed to quantify to what extent the presence of transportan molecules and their
clustering lowered this free energy barrier. Indeed, in the presence of the larger transportan
clusters (tetramers and above) the free energy barrier of flip-flops was estimated to be around
3 kT in the SMa model, while in the AM model it was around 4 kT when transportan was
positioned with its N terminus outwards and 5 kT otherwise. Those numbers were approxi-
mately 4 kT higher in the presence of the smaller clusters. In the control simulations which
did not contain any peptides no flip-flops were observed. However, unlike what the blue
lines in Figure 6.10 might suggest, this of course does not mean that the free energy barrier

is infinitely high but merely too high to allow sampling during the simulations performed.

The free energy barrier values obtained (or absence thereof) are in very good agreement
with the extensive computational work carried by Tieleman an co-workers to characterise

the PMF of flip-flops. Their findings [516, 522] indicate that flip-flops occurring on a mi-
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Figure 6.10 Influence of lipid environment and transportan TM clusters on total charge distribution
and the free energy profiles of phopsholipids flip-flops. The free energy was calculated by Boltzmann
inversion of POPS lipids density and the profiles presented were then obtained by averaging either
between repeats (EL simulations) or 3 successive 5 pus windows (control simulations). In (A) the data
of the simulation for which no flip-flops were observed was excluded.
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crosecond timescale had to overcome a free energy barrier of approximately 6,4 kT and
they estimated the energetic cost of unassisted POPC flip-flop to be 35,6 kT which corre-
sponds to a flip-flop rate on a timescale of hours to days in accordance with experimental
reports. While their values were obtained using the united-atom Berger force field [529],
Tieleman’s group also published a later study where the Martini model was shown to satis-
fyingly reproduce the atomistic energy profiles in the absence of pore formation [400]. In
this context, the free energy barrier estimates of 3-5 kT obtained here in the presence of the
larger transportan clusters are consistent with their lifespan of several microseconds as evi-
denced earlier in Figures 5.7 and 5.4. Furthermore, the fact that both the greatest reduction
of the free energy barrier and the most significant bilayer thinning were obtained with the
same membrane model (SMa) is consistent with the detrimental role of membrane thickness

on the energetic cost of flip-flops that is demonstrated in reference [522].

In light of the above considerations, the decrease of the free energy barrier of flip-flops
measured is in good agreement with the order of magnitude of the acceleration of the flip-
flops rate that Fattal and Matsuzaki reported experimentally in the presence of antimicrobial
peptides [514, 515]. However it is important to stress that unlike the peptides they studied,
transportan clusters did not lead to pore formation thereby suggesting that membrane per-
meabilisation is not necessary for flip-flops to occur. In this regard, the results obtained are
in very good agreement with the experimental observations of Zhang and co-workers who
found that some AMPs induced flip-flops at lower concentrations than those causing vesicle
leakage [40]. In particular, the simulations performed provide molecular level support to the
authors hypothesis that such flip-flop events were mediated by disordered transmembrane
aggregates of peptides, the collapse of which also possiby providing a pathway for peptides

translocation.

Finally, the data presented in Figure 6.10 also illustrate the clear correlation between

the decrease of the free energy barrier to flip-flops and the increase of the charge density
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Figure 6.11 Charge density in the middle of the lipid bilayer discriminates between flip-flopping and
non flip-flop inducing transportan clusters. For each simulation the (A) POPS density at z =0 and
(B) the corresponding relative free energy, assumed to be the free energy barrier to flip-flop, were
plotted against the total charge density at z = 0.

throughout the lipid bilayer for all three sets of simulations. The analysis performed is there-
fore in agreement with the hypothesis of Kaihara and co-workers presented earlier according
to which the introduction of a local polar region in hydrophobic membrane-spanning pep-
tides enhance flip-flops by reducing their activation energy [524]. Importantly, it further
complements their experimental work by providing a quantification of the free energy bar-
rier reduction due to peptides aggregation. Interestingly though, and rather surprisingly,
the comparison of the profiles associated to the larger clusters reveal that a greater positive
charge density does not appear to lead to a lower free energy barrier. This is further illus-
trated by plotting the anionic lipids density, or free energy, against the charge density at
z = 0 for all simulations individually, as presented in Figure 6.11. Such scatter plots suc-
cessfully separate all the clusters that trigger flip-flops from those that do not (in particular
they deal correctly with the case of the AM simulation for which no flip-flops were observed
despite the presence of a large transportan aggregate), which confirms the relevance of the
charge density in the membrane core as a metric to assess the ability of transportan clus-

ters to enhance flip-flops. Although a cutoff value of approximately 3.5 10* e.A=3 can be
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identified, it is not clear how the free energy barrier then relates to the charge density be-
yond this threshold. It is likely that the transient structures adopted by transportan clusters
during the flip-flops are of importance and further analysis of the flip-flops would require
defining some relevant structural criteria. At this point, it is worth mentioning that the criti-
cal charge density can also be achieved in zwitterionic membranes due to the similar shape
of transportan clusters to that observed in the SMa model (see Figure 5.9). The marginal
number of flip-flop observed in these membranes is then consistent with the hypothesis that
electrostatic interactions are the driving force of the peptide-mediated flip-flops: negatively
charged phospholipids are able to take advantage of the "cationic path" created by trans-
portan clusters whereas in zwitterionic this is counter-balanced by the additional presence
of a positive charge. In particular, this is in good agreement with previous experimental
findings where the flip-flop rates of different lipid species were observed to correlate with

the total number of charges present in the phospholipids head group [530].

6.5 Conclusion

The simulations performed showed that aggregates formed by transportan molecules trig-
gered the transbilayer movement of phospholipids. These flip-flops were found to present
four main characteristics: first, they were fast and occurred on a timescale of a couple hun-
dreds nanoseconds; second, they occurred in the presence of transmembrane transportan
clusters involving at least four molecules; third, they involved preferential contacts with
basic residues; and fourth, they almost exclusively implicated anionic lipids.

The analysis presented in this chapter demonstrated that these observations support the
hypothesis that flip-flops were driven by electrostatics interactions following the modifi-
cation by transportan clusters of the charge density profile within the membrane. In par-
ticular, the assumption that transportan molecules need to provide a continuous "cationic

path" through the lipid bilayer to trigger flip-flops can account for the importance of pep-
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tides cooperation and the influence of cluster shape and residues distribution on the number
of flip-flop events observed. Importantly, in contrast with the water pore-mediated mecha-
nism observed in previous computational studies [400, 516-522], flip-flops were found to
be peptide-mediated and to occur through an electrostatic pore which maintained membrane
integrity and did not involve water penetration. Furthermore, the calculation of the flip-flop
free energy profiles allowed to quantify the reduction of the energy cost associated to cross-
ing of the hydrophobic bilayer during flip-flops in presence of transportan peptides. In spite
of the different mechanism involved, the free energy barrier estimates of 3-5 kT obtained
and the short sub-microsecond timescale of the flip-flopping events were in good agreement
with previous MD investigations of the PMF of flip-flops [516, 522]. They were also con-
sistent with the enhancement of the rate of flip-flops reported in lipid vesicles in presence of

AMPs [514, 515].

The results obtained agree well with in vitro studies which demonstrated that flip-flops
could be promoted by peptide-induced modifications of the local electrostatic properties of
the bilayer interior [524]. Similarly, the simulations performed are consistent with exper-
imental evidence that membrane active peptides aggregates can mediate flip-flops without
causing membrane leakage [40] and provide molecular insights in the mechanism involved.
In this regard, the findings presented here are again consistent with the ambivalent nature
of transportan and its moderate membrane toxicity as a CPP. Indeed, in contrast to what
has been reported in previous CG simulations of AMPs [178, 182, 422], the metastable ag-
gregates formed by transportan molecules did not lead to permeation of the lipid bilayer.
Nevertheless, they did induce significant destabilisation of the membrane and, notably, led
to the externalisation of POPS lipids in the plasma membrane model which could contribute
to their cytotoxic activity. Additionally, the absence of formation of stable channels and
the stochastic nature of the successive flip-flopping events observed are consistent with the

suggestion that the graded efflux of vesicles content induced by some membrane active is
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due to transient peptide-mediated membrane defects [120, 148].

Altogether, these results further confirm the relevance of a CG approach to investigate
peptide-induced membrane perturbations. Most notably the smoothing of the energy land-
scape allowed the spontaneous sampling of events otherwise inaccessible by atomistic sim-
ulations. However, this comes at the price of the structural accuracy of such reduced res-
olution models [400, 531] and further investigations of the mechanisms involved in the
membrane defects induced by CPPs and their possible ability to trigger transient leakage
will require more detailed representations, similarly to what has been done to study the

membrane poration mechanism of AMPs [422, 528].
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Chapter 7

Future directions

Having spent the previous four chapters presenting the different simulations and analysis
performed to explore the origins of membrane destabilisation induced by cell-penetrating
peptides, I briefly review the main findings in this final chapter before presenting possible

directions to further investigate and validate the results obtained.

7.1 Summary of findings

An asymmetric lipid bilayer was developed to model the plasma membrane of mammalian
cells and study the influence of lipids distribution on the interactions of CPPs with biologi-
cally relevant membranes. In 2011, at the time this effort began, nearly all MD simulations
of bilayers reported in the literature were performed using symmetric bilayers. Although
several computational tools have recently simplified the building of complex membrane
models with different lipid mixtures in each leaflet, the simulations performed in this thesis
shed lights on the possible concerns associated to the use of such bilayers. In particular, it
was shown that the relative distribution of lipids, and notably that of cholesterol molecules,

should remain simple enough in order to avoid unwarranted mechanical stress on the bilayer
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and to detect the preferential interactions of CPPs with different species.

The ability of transportan, a membrane toxic CPP related to antimicrobial properties,
to destabilise such a biologically relevant lipid bilayer was then systematically investigated
using a series of simulations with different control membranes. The suitability of coarse-
grained representations to discriminate between CPPs perturbing cell membranes to differ-
ent extent was first demonstrated by performing a comparative study of penetratin, a CPP
with no haemolytic nor cytoxotic activity, and transportan. In good agreement with ex-
perimental data, the stronger affinity of penetratin for the surface of anionic lealfets was
reproduced while transportan molecules formed metastable transmembrane aggregates that
correlated with local defects of the bilayer. Additionally, these simulations also highlighted
the importance of the relative distribution of hydrophobic and basic residues in the ori-
entation and conformation adopted by transportan peptides. Following these preliminary
observations, an in-depth study of the interactions of transportan clusters with their local
lipid environment provided further insights on the mechanisms by which membrane active
peptides can perturb bilayers. Although the transient and disordered nature of the clus-
ters required the implementation of a statistical description of their structural properties,
the stability and shape of transportan oligomers were clearly shown to depend on the lipid
composition of each leaflet and, in the case of and asymmetric membranes, on the initial
orientation of the peptide. This, in turn, led to perturbations of different extent in different
lipid bilayers, thereby confirming the importance of membrane asymmetry on the activity of
CPPs and the need to use biologically relevant membrane models. In particular, local thin-
ning of the bilayer and disordering of the lipids acyl chains induced by transportan clusters
were promoted by anionic species and hindered by the presence of cholesterol molecules, in
agreement with the hypothesis that compositional differences between bacterial membranes
and the plasma membrane of mammalian cells contribute to the selective disruption of the

former by AMPs. The size of transportan clusters was also found to be an aggravating fac-
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tor on the extent of the perturbations induced, in accordance with the cooperative activity of
membrane active peptides observed experimentally. Most notably, aggregates involving four
or more molecules were found to trigger the flip-flop of anionic lipids. Crucially, the sim-
ulations performed revealed a new pathway for such events that was peptide-mediated and
did not involve water penetration in the membrane, in contrast to previous computational
investigations of flip-flops. Indeed, flip-flops occurred through a transient electrostatic pore
which was formed by the distribution of basic residues within transportan clusters. Such
structures provided a continuous cationic path that significantly lowered the free energy
barrier associated to the crossing of the bilayer hydrophobic core by the phospholipids head
groups. Remarkably, this mechanism is in good agreement with experimental findings that
membrane active peptides can induce local bilayer perturbations and phospholipid flip-flops
without causing membrane leakage. Overall, the simulations and analysis performed sup-
port the hypothesis that cellular internalisation of transportan occur via the formation of
metastable and unstructured aggregates simultaneously inducing transient local membrane

defects.

These conclusions are schematically represented on Figure 7.1. While the limitations
of the CG model used should be borne in mind, it is of particular interest that, unlike what
has been reported in previous CG MD studies of membrane active peptides, the collective
behaviour of transportan did not involve poration of the bilayer and was dependent on the
asymmetry of the membrane model. The simulations performed thus extend on existing
computational studies, mostly involving simple symmetric bilayers and AMPs, to demon-
strate that moving along the spectrum of membrane perturbation induced by a given mem-
brane active can be achieved by changing the type of target membrane. As for the ability of
membrane active peptides to enter cells in an energy independent fashion, the computational
study presented here strongly suggests that it is driven by the asymmetry of the plasma mem-

brane and electrostatic interactions with the anionic cytoplasmic leaflet. Having established
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Figure 7.1 Schematic representation of the range of peptide-induced membrane perturbations char-
acterised in this thesis (darker red represents more important perturbations). Penetratin, a non mem-
brane toxic CPP, was observed to reach an interfacial orientation without perturbing the bilayer.
Conversely, the translocation of transportan, a more membrane toxic CPP, was shown to depend
both on its ability to form transmembrane clusters and on an asymmetric distribution of anionic
lipids, with peptides translocating towards the cytoplasmic (anionic) leaflet of the plasma membrane
model. Transportan aggregates also induced local membrane destabilisation, such as bilayer thinning
and lipid flip-flops. The size of the clusters was an aggravating factor of the extent of these perturba-
tions which appeared to be driven by the ability of peptides to accumulate a positive charge density
(blue plus signs) within the membrane interior, as evidenced for instance by the corresponding lower-
ing of the free energy of lipid flip-flops. Membrane perturbations induced by transportan molecules
were also compounded by the presence of anionic lipids, suggesting the perturbations mechanisms
observed form the basis of antimicrobial activity in presence of symmetric bacterial membranes.

these results, a future series of systematic simulations of different CPPs would then help
to understand which peptide characteristics contribute to membrane destabilisation versus
translocation.

Finally, in addition to offering new molecular insights into the mechanisms by which

membrane active peptides can interact with lipid bilayers, the various methods presented in
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this thesis provide a computational framework for further investigations of out-of-equilibrium

simulations of peptides or protein behaviour in complex membrane models.

7.2 Insilico and in vitro: bridging the gap

Although the systems studied in this thesis allowed to gain insights in the collective be-
haviour of transportan peptides and how it could lead to membrane destabilisation, their
small size and limited number of peptides does not readily allow comparison with experi-
mental conditions. Here, I present preliminary results illustrating how future research direc-
tions based on a large scale approach can build on the work presented previously in order to

address these issues and complement the findings obtained.

7.2.1 Large scale CG simulations

The simulation protocol presented in Chapter 5, whereby small systems are duplicated in
the x and y directions to create larger ones (see Figure 5.1), was used to create very large
systems containing in excess of 50,000 lipids and approximately 500 transportan molecules.
Such systems contained more than 3 million particles and simulations had to be executed on
dedicated High Performance Computing (HPC) facilities located in France (Curie) and Ger-
many (HERMIT) where up to 8000 cores were used simultaneously. Figure 7.2 illustrates
the difference of scale between such systems and those containing 9 transportan molecules.

These large scale CG simulations address several shortcomings of the smaller systems.
For instance, as can be seen in Figure 7.2, they allow for greater membrane deformation
which may help to assess whether the dynamic properties of CPPs influence, or are in-
fluenced by, the local curvature of the membrane as such a mutual dependence has been
evidenced for AMPs [532]. Crucially however, they provide significantly increased sam-

pling of the events investigated. In particular, significant features of peptide-peptide and
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Figure 7.2 Snapshot from a simulation of the AMLarge model containing approximately 54000
lipids and 500 transportan peptides (red). The AM system studied in previous chapters, which con-
tained 9 transportan peptides, is represented to scale for reference. Lipids are represented as spheres
and coloured as follows: phosphatidylcholine (POPC) in green, phosphatidylethanolamine (POPE)
in purple, phosphatidylserine (POPS) in orange and cholesterol (CHOL) in white. For clarity, phos-
phate beads are shown as solid spheres while tails particles are transparent.

peptide-lipid interactions can be identified more easily. Correlation between the size of
the clusters formed, their structural characteristics and the membrane perturbation they in-
duce can be established with more certainty and investigated further. Similarly, the greater
number of flip-flops allows to better characterise these events and to confirm the validity of
the mechanism suggested based on the observation of smaller systems. Additionally, the
size of the aggregates formed by the peptides is not anymore restricted by the total num-
ber of molecules available, thereby providing more data on the stability of these oligomers.
Likewise, the large number of peptides present in the system allow to easily detect towards
which leaflet they preferentially translocate. Overall, the simulation of a population of pep-
tides provides a way to statistically describe the systems simulated and therefore to assess
the validity of the hypotheses derived from the analysis of smaller systems. Figure 7.3
illustrates the kind of metrics that can be extracted from the simulation of such large sys-
tems. In particular, these results unambiguously demonstrate the preferential translocation

of transportan molecules towards the cytosolic leaflet.

In the future, the data obtained from these large scale simulations could be used to fit

kinetic models describing the events observed, be it peptide aggregation and translocation
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Figure 7.3 Evolution of the distribution of peptides and of the total number of flip-flops observed
in the AMLarge system. (A) Evolution of the percentage of peptides represented by different size
groups of transmembrane (TM) clusters (left axis) and of the percentage of peptides having reached
an interfacial orientation (bold lines, right axis). (B) Evolution of the sizes of the biggest (dotted line)
and most representative (solid) TM clusters (left axis) and evolution of the total number of lipids that
flip-flopped from the inner to the outer leaflet (bold line, right axis). With the exception of two POPC
lipids which flip-flopped from the outer to the inner leaflet (not shown), all flip-flops corresponded
to POPS lipids. Cluster sizes were obtained by sampling the trajectory every 8 ns and smoothing the
results over 10 consecutive data points, thereby leading to non-integer sizes.

or the rate of flip-flops. Such models could then provide a basis for qualitative, if not
quantitative, comparison with experimental observations. Additionally, the dimensions of
those large systems, measuring approximately 150 nm in the x and y directions, are within
reach of the spatial resolution provided by super-resolution light microscopy [533-535]. It
is thus not unreasonable to think that the largest features of such peptide-membrane systems

revealed by MD simulations could be directly compared with experimental observations

relying on high-end imaging techniques.

7.2.2 Remaining challenges

In spite of the advantages discussed above compared to smaller systems, large scale MD
simulations did present several challenges of their own. These highlighted that the ability to
extract biologically relevant information from such systems is not solely limited by access
to HPC facilities. Some of the issues that should be addressed by future investigations are

presented below.
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Figure 7.4 Snapshots from a simulation of the AMLarge system. The bilayer built is perfectly pla-
nar bilayer (t = 0 ps). As the simulation progresses, the large simulation box allows for membrane
undulations. After a few microseconds, a bleb appears that then leads to a diverging tubulation
process. Peptides are shown as cartoon in red. Lipids are represented as spheres and coloured as
follows: phosphatidylcholine (POPC) in green, phosphatidylethanolamine (POPE) in purple, phos-
phatidylserine (POPS) in orange and cholesterol (CHOL) in white. For clarity, phosphate beads are
shown as solid spheres while tails particles are transparent.

Stability of asymmetric membrane models

As illustrated in Figure 7.4, simulations of a large bilayer with the composition of the AM
model revealed significant deformations. In particular, buckling of the membrane occurred
over a timescale of a few microseconds, a duration for which similar but medium size sys-
tems remained essentially planar. At first, it is tempting to suggest that such deformation is
due to the presence of transportan molecules and could not be observed in smaller systems
as they contained too few peptides and were more constrained by periodic boundary condi-
tions. Indeed, Huang and co-workers have shown that AMPs caused surface expansion of
giant lipid vesicles [415] and, accordingly, the only large scale CG MD study of membrane
active peptides available in the literature did report that the presence of surfacic AMP led to
membrane buckling [344]. However, control simulations showed that the large AM bilayers
consistently led to such deformations regardless of the presence of transportan molecules or
of their initial orientation, thereby suggesting these resulted from the intrinsic mechanical

properties of the membrane model rather than from its interactions with the peptides.
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As a preliminary investigation of the influence of lipid composition on the ability of a
bilayer to deform, I performed a series of comparative simulations of symmetric and asym-
metric membranes and recorded the extent of their undulations along the z axis. The results
are presented in Figure 7.5. As can be seen, striking differences were observed between
the membrane models but no clear picture emerged regarding the role played by each lipid
species. Notably, an "increase" of the asymmetry in the AM model by replacing POPC
lipids present in the inner leaflet by POPE lipids led to a decrease of the extent of the bi-
layer deformation. Also, it is important to note that in contrast to the simple undulations
observed in the other systems simulated, the buckling of the AM bilayer appears to be a
diverging process, thus suggesting that this large membrane is mechanically unstable. Ex-
tensive theoretical work has been carried out on the characterisation of the elastic properties
of membranes and it will be interesting to investigate how such large scale MD simulations
relate to it and can provide molecular insights on the influence of lipid composition on the
mechanical properties of lipid bilayers [536-540]. Additionally, it may provide a tool to
quantify the consequences of the methodological issues associated to building of asymmet-

ric membranes which were discussed in Chapter 3 (see 3.2.4).

Technical issues

The large size of the systems also led to several technical issues which were not encoun-
tered, or to a minor extent, with smaller systems. In particular, the extent of the deformation
of the membrane and the corresponding deviation from planarity, while an interesting fea-
ture of such systems, proved problematic. Indeed, the assumption that the lipid bilayer
remains essentially flat throughout the simulation does not hold anymore and, consequently,
all analysis methods based on the x,y, z axes of the simulation box fail. For instance, the cal-
culation of the radial density distribution of residues or charges around transportan clusters

will necessitate the definition of a local referential based on the local normal to the bilayer.
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Figure 7.5 Influence of lipid composition on very large bilayers undulations. Average distribution
of the z coordinates of phosphate beads in (A) a pure POPC bilayer, (B) an asymmetric bilayer
containing POPC in the outer leaflet and POPE in the inner leaflet, (C) a modified version of the
AM model where POPC lipids in the inner leaflet have all been replaced by POPE lipids, and (D)
the AM model. All systems were pure membranes (no peptides) which contained approximately
50,000 lipids. Distribution profiles were obtained for each leaflet by averaging the z coordinates of
phosphate beads over the first microsecond of the simulations, after a 100 ns equilibration period.
Outer and inner leaflets are shown in blue and red respectively. The vertical dashed lines indicate
the most sampled positions for each leaflet. In (D) the shifting of the distribution of z coordinates
towards higher values corresponds to the beginning of the formation of a localised membrane bleb.

Similarly, the quantification of the local membrane curvature, necessary to investigate its
possible correlation with the dynamic properties of peptides or simply to compare the re-
spective deformation of different systems, will also require the ability to determine the local
normal to the membrane. However, this is not a straightforward task, all the more so in
systems where peptides can induce local perturbations of the bilayer. Additionally, besides
requiring access to dedicated HPC resources, traditional "big data" issues are associated
to simulations of very large systems as they require significant storage capacity as well as
analysis tools able to process the amount of data produced. This is compounded by the fact
that important deformations of the bilayer can lead to crossing of the periodic boundaries:
not only larger box sizes must be used to ensure that the bilayer does not interact with itself,
but post-processing of the trajectories obtained may also be required to re-position all non-
solvent particles within a unique simulation box. In this regard, future investigations may
benefit from approaches relying on an implicit solvent description.

Altogether, these observations illustrate how large scale CG MD may provide a promis-

ing approach to compare simulations data to experimental evidence but that it is conditional
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Figure 7.6 Atomistic representation of an AM bilayer containing 9 transportan molecules. This
was obtained by converting a CG (MARTINI force field) system, where transportan molecules had
already aggregated, back to a united-atom representation (GROMOS53a6 force field) using an in-
house fragment-based approach [254]. The resulting atomistic system was then simulated for 200 ns
using a 2 fs time step. Peptides are shown as cartoons and the phosphorous atoms of lipids are
represented as orange spheres while their other particles are omitted for clarity. Water particles are
shown as smaller, transparent, red (oxygen) and white (hydrogen) spheres. The inset corresponds
to a zoomed view of the trimer delimited in the full system (rotated by 180°) where transportan
molecules are shown as cartoons and sticks and water molecules within 6 A of them are represented
as solid spheres.

on the development of appropriate tools to efficiently analyse and extract relevant informa-

tion from such systems.

7.3 Towards experimental validation

Thanks to their reduced computational costs, medium size CG MD simulations such as
those presented in this thesis, allow the exploration of different membrane models and the
systematic investigation of their interactions with various membrane active peptides. With
the use of large scale CG MD, the statistical significance of findings derived from the study
of such systems can then be assessed and results from the simulations can be more readily
compared with experimental observations. Conversely however, because of the reduced res-
olution of the CG representation structural details possibly providing important information

regarding the mechanisms by which peptides molecules interact with each other or neigh-
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bouring lipid species are not fully accessible. As illustrated in Figure 7.6, the conversion of
a CG system back to atomistic representation presents a convenient way to study in greater
details structures detected in CG MD simulations. In particular, the atomistic resolution
can help to better characterise flip-flops and/or transient water defects. As a result, such a
multiscale approach could allow to identify the key peptide residues involved in such pertur-
bations. Accordingly, substitutions that enhance peptide translocation but hinder membrane
destabilisation could be suggested. The properties of these mutants could then be tested
in vitro hence providing a screening procedure to identify new peptides that promote the

desired therapeutic effect in vivo.
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Appendix A

Lipid structures

This appendix contains the structural formulas of the various lipid species used in the sim-

ulations presented in this thesis.
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Figure A.1 Chemical structure of the glycerophospholipids used in the asymmetric membrane mod-
els. The POPC, POPE and POPS species all possess a palmitoyl and an oleoyl chain while their

headgroups are respectively constituted by a phosphatidylcholine, a phosphatidylethanolamine and
a phosphatidylserine.
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Figure A.2 (A) Chemical structure of a phosphatidylcholine lipid with respectively fully saturated

acyl chains (DPPC) and chains containing one unsaturation each (DOPC). (B) Chemical structures
of phosphatidylcholine with saturated acyl chains of various lengths.
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Lipid structures

A * PPCS (18:1-16:0): N-palmitoyl-D-erythro-sphingosylphosphorylcholine

.P ",
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Figure A.3 Chemical structure of the sphingolipids used in the AMv1 model. (A) The sphingomyelin
used has an acyl chain of similar length to that of the glycerophospholipids. Sphingomyelins with
a longer or shorter acyl chain or possessing a phosphoethanolamine head group instead of a phos-
phocholine also exist. (B) The chemical structure of the ceramide lipid used is similar to that of
sphingomyelin bar the head group.

HO

Figure A.4 Chemical structure of cholesterol, the only sterol included in the membrane models.
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