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Abstract

The biological intracellular vesicles, formed from the cell membrane or from different cell orga-
nelles, play a main role in the intracellular transport, transfer and exchange of molecules and in-
formation. Extracellular vesicles are also detected in organisms belonging to any of the three main
branches of evolution, Archaea, Bacteria and Eukarya. There is an increasing consensus that these
vesicles are important mediators of intercellular communication. All the intracellular and extra-
cellular vesicles present a characteristic lipid composition and organization that governs their
formation, targeting and function. This paper gives an overview of the lipid chemical and physical
structure, strongly related to their biological function. The properties and role of the different
types of lipids from membranes and vesicles are described. Then, their physical structure is
shown as self-associated in a bilayer and organized as a lyotropic liquid crystal. The present paper
underlies the structural similarity between these biological vesicles and a new synthetic material,
the “liquid crystalline fullerodendrimers” obtained from the biological model. It is composed of a
basket of carbon associated with a liquid crystalline material and has been shown to exhibit highly
efficient properties of information transfer. Our observation stresses the essential role of the lig-
uid crystalline structure of lipids in their function as biological nanovehicles of information. The
comparison with the synthetic material contributes to a better understanding of the role of lipids
for cell communication in living organisms.
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1. Introduction

Living matter components execute, in living creatures, a harmonious dance to a music, the rhythm of which go-
verns each instant of cell life and whose harmony allows the life to exist in “the silence of the organs”. From the
organism to the organ, from the organ to its cells, from the cell to the organelles and down to each molecular
component of the living matter, life is the result of concerted movements in both spatial and temporal dimen-
sions.

Among the organelles that govern intercellular communication, the cell membrane, a structure of lipid mole-
cules organized in an asymmetric bilayer in interaction with proteins and in contact with both the external sur-
roundings and the internal aqueous solvent and solutes, is the master of this interplay. Cell membranes from un-
icellular or pluricellular organisms constantly form lipid vesicles, which either move internally from the cell
membrane to sites within the cell and back, or which are externalized from the cell into the surrounding envi-
ronment. All this vesicular traffic governs the transport of materials and the transfer of information.

2. From the Unicellular Organisms to the Central Nervous System of Mammalians

Cell membranes, as well as vesicle production, are suggested to be present at the origin of the Last Universal
Cell Ancestor (LUCA), a putative cell type about 3.6 billion years old [1]. From the prokaryotic unicellular or-
ganisms to primitive eukaryotes at the border between the vegetal and animal kingdoms, like the amoebae Dic-
tyostelium discoideum [2] and the algae [3], up to mammalian cells [4], the formation of intracellular and ex-
tracellular membrane vesicles of different sizes, origin and functions (Figure 1) has been shown to be a property
of almost all cell types. In all cases, whether intra- or intercellularly, the vesicles function as nanovehicles for
transport and transfer of material and information.

A

v 1

early
endosomes

extracellular

space = ‘[
fusion with ate ; i
plasrl.;??:e:v':brane endosomes KILV degradative’ MVB Q
SXOSIMOS ‘exocytic' MVB T shedding
/ microvesicles
i MVB \ O

lysosome

”///\uz ? ),
spoptotic col | : — x
g 8 7 — v 2

microvesicles
O apoptotic bodies

Figure 1. Schematic representation of the release of extracellular membranous microvesicles into
the extracellular space. A: Release of exosomes, following intracellular endocytic traffic, and
shedding of microvesicles from the plasma membrane. B: Shedding of microvesicles from the
plasma membrane and generation of apoptotic bodies from apoptotic dying cells. Figure repro-
duced with permission from [24]—see for details.
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2.1. Intracellular Vesicles and Molecular Traffic

The essential role of intracellular vesicles formed from the cell membrane or from different cell organelles in the
intracellular traffic has very recently been emphasized by the attribution of the 2013 Nobel price to Rothman,
Sudhof and Schekman. Indeed, many intracellular vesicles, such as clathrin-coated vesicles (Figure 2) [5] [6],
vesicles from Golgi [7] [8] and synaptic vesicles [9] [10] have been thoroughly studied.

All these vesicles play a main role in the transport, transfer and exchange of molecules and information
throughout the different cell organelles. They present a characteristic lipid composition and organization that
govern their formation, targeting and function. It is worth noting that the lipid composition of the vesicles is of-
ten different from that of the cell membranes from which they derive [11] [12], with specific lipid recruitment
and/or exclusion.

2.2. Extracellular Vesicles as Mediators of Cell Communication

Extracellular vesicles are detected in organisms belonging to any of the three main branches of evolution: Arc-
haea, Bacteria and Eukarya.

2.2.1. Archaea

In the Archaea of the order Thermococcales, “virus-like” vesicles were recently described [13], with unique si-
milar morphologies as those observed in enrichment cultures of anaerobic hyperthermophilic Archaea from
deep-sea vents. Whereas these particles appeared associated with cellular DNA, highly resistant to DNAse treat-
ment and heat denaturation, the authors were unable to isolate viruses from these strains of Archaea, but they
observed that most of the tested strains produce “virus-like vesicles” of different structures. As some of these
vesicles were very similar to membranes vesicles produced by bacterial species, they suggested that production
of membrane vesicles might be a widespread feature of the microbial word.

2.2.2. Bacteria
Many gram-negative bacteria use extracellular signals to communicate and coordinate social activities. It has
been described that the cell walls of gram-negative bacteria possess a dynamic feature that is not seen in their
gram-positive counterparts [14]: outer membrane vesicles are constantly being discharged from the surface of
the cell during bacterial growth. Such a phenomenon has to be related to the structure of the gram-negative bac-
teria outer membrane (as well as the plasma membrane). Indeed, they possess a lipid-rich outer membrane and a
thin peptidoglycan layer that separates the external environment from the periplasm. This outer membrane con-
tains proteins, phospholipids, and lipopolysaccharides (LPS). The lipid bilayer constituents of these bacteria, are
fluid and in continual rapid motion. At the nanoscale level, components such as LPS are constantly in motion.
They move at high speeds laterally around the cell, and they are, at the same time, rotating on their long axes.
Even the O-side chains are flexing back and forth and seem to be driven entirely by entropy. Environmental
conditions (e.g., temperature) and molecular associations affect free motion.

Such characteristics allow the formation and release of vesicles. In these, the outer membrane of the bacte-
rium is abruptly changed to the high-curvature form of the vesicle, but LPS and phospholipids are still integral
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Figure 2. Schematic representation of clathrin coated vesicles [5]. A: membrane budding with
the formation of the clathrin network; a) lipid bilayer b) inserted proteins c) clathrin network; B:
coated vesicles with internalized material (a, b, c, as in A).
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constituents of the vesicle bilayer, with the phospholipid asymmetry retained. By electron microscopy, vesicles
appear spherical with a bilayer membrane, electron-dense luminal content, and an average diameter of 50 - 250
nm, depending on the bacterial strain. Extracellular secretion of products is the major mechanism by which
gram-negative pathogens communicate with and intoxicate host cells, signaling molecules being packaged into
membrane vesicles that serve to traffic those molecules within a bacterial population. Removal of these vesicles
from the bacterial population halts cell-cell communication.

These findings illustrate a novel mechanism for delivery of a signal critical for coordinating group behavior in
Pseudomonas aeruginosa, indicating that a prokaryote possesses a signal trafficking system with features com-
mon to those used by higher organisms [15]. By virtue of their characteristic lipid composition, leading to small
size, adhesive properties, and ability to carry and deliver toxic components into host cells, outer membrane ve-
sicles are likely to play a significant role in disseminating virulence factors for gram-negative pathogens [16].

2.2.3. Eukarya

1) Dictyostelium discoideum

In the Eukarya branch of the evolutionary tree, Dictyostelium discoideum, an ancestral non-pathogenic amoe-
ba, placed at the border between the plant and animal kingdoms, is equipped with a lipid membrane that plays a
critical role in many aspects of cell development. Extracellular vesicles, detected in the surrounding medium [2]
[17] [18], have been shown to play the role of vehicles for intercellular communication. Lipid analysis of the bi-
layer surrounding the vesicles showed [2] beside the phospholipids and lipids common in the plasma membrane:
PC, PI, PS and PE, sphingomyelin, PG and DPG, the presence of lyso bis-phosphatidic acid (LBPA), a lipid in-
ducing membrane fusion [19] [20]. Such data emphasize the role of the nature of the lipids in the formation and
function of the vesicles of the amoebae Dictyostelium.

All the other characteristics of D. discoideum extracellular vesicles and their use for drug delivery have al-
ready been described [17] [21] [22].

2) Mammalian cells

Membrane extracellular vesicles (see [23] [24]) (Figure 1) have been described as originating from almost all
mammalian cell types: human blood cells (platelets [25], B lymphocytes [26], dendritic cells [27]-[29], but also
from intestinal epithelial cells [30] or from different pathological cells [4].

They are MVB-derived exosomes [31]-[36] (Figure 1A), microvesicles originating from plasma membrane
budding [37] (Figure 1A), or apoptotic bodies (Figure 1B).

2.2.4.Virus

Although not belonging to the above classes, but detected in the three branches of evolution, viruses are indeed
also particles that may possess a lipid bilayer and an envelope [38]. They behave similarly to the membrane ve-
sicles from bacteria by transferring their genetic material content.

The genetic material of viruses is either surrounded by a protein shell and/or by a bilayer of lipid originating
from the host cell in which the virus replicated. Budding of these enveloped viruses occurs either from the plas-
ma membrane or from intracellular compartments. As the lipid composition of the plasma membrane differs
significantly from that of intracellular compartments, virus budding is probably dictated by the lipid composition
of the membrane from which it buds [39]. Together with the lipid sorting occurring during the enveloped virus
budding, it suggests that viral lipid composition plays an important role in enveloped virus function / pathoge-
nicity [40]-[42].

3. Properties and Role of Different Types of Lipids

The lipids common to most of the cell membranes contribute by their different properties to the membrane func-
tions.

3.1. Phospholipids

The phospholipids that comprise the major part of all lipids in the cell membranes [34] [42] [43] are characte-
rized by the nature of their charged polar heads, the length of the hydrocarbon tails and the nature of the fatty
acyl chains, whether saturated or polyunsaturated. The network of charged polar heads, positive, negative, or
neutral, constitutes the barrier of electrical potential that interacts with the external and internal aqueous me-
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Figure 3. Molecular representation of the lipids. A: Glycosphingolipids: Gal Cer: galactosyl-
ceramide; SPHM: sphingomyelin B: Glycerophospholipids: PC: Phosphatidylcholine; PE:
Phosphatidylethanolamine; PS: Phosphatidylserine; PL-PE: Plasmalogen-Phosphatidyletha-
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dium, i.e. ions and all solutes [44].

3.2. Glycolipids-Sphingolipids

It is currently accepted that cell signalization (intra- and intercellular) is transmitted through specialized domains
of lipids (micro or macrodomains) of the cell membrane. For some years, these domains have been called “rafts”
[45], even if they were originally described much earlier [46] by researchers specialized in lipid dynamics.

Sphingolipids (Figure 3), known to be receptors for a number of vegetal and bacterial toxins and for viruses
[471], are the most important components of these domains, namely glycosphingolipids with their sugar compo-
nent that appears to play a specific role at the interface between the fatty acyl chains and the aqueous solvent
[48]. In the Central Nervous system (CNS), as well as in some specialized cells like epithelial cells, the presence
of a relatively high amount of glycosphingolipids has been described and studied for their role in these cells, in
relation to their structure and dynamics [49] [50].

Wallace et al. [51] [52] have proposed a theory for the role of lipids in the CNS computing capacity and in
memory, based on quantum mechanics. In addition, in the function of synaptic vesicles in the CNS, a quantum
mechanical solution has been proposed [53] for the transmission of the neural influx through synaptic mem-
branes. Such functions of these lipids characteristic of the neural membranes are to be linked to new advances in
artificial intelligence [54] [55]. These authors have built a cortex-inspired silicon circuit that multiplies and se-
lects features in its input, using a network of neuron-like elements. Molecules of the type of neural lipids are ac-
tive in the networks of neurons that select and multiply input signals [56]. As in the computer technology, the
gate and interface functions permit the transfer of information. Here the neural lipids, with their specific struc-
tures and properties, are the key for understanding information transfer and memory [57] [58].

3.3. Cholesterol

Cholesterol is an essential structural component in the cell membranes of most vertebrates [59], with other ste-
rols being found in vegetal cells. The biophysical characteristics of these sterol molecules make them special
components of the membrane. The polycyclic hydrophobic part of cholesterol’s structure penetrates inside the
fatty acid chains of the lipids, and contributes in a negative way to the “fluidity” of the membrane by modifying
the *“order parameter” [5].

4. Structure of the Lipid Bilayer from Membranes and Vesicles

It seems interesting to underline the common structural, liquid crystal characteristics of cell membrane and
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membrane vesicles, whatsoever their different lipid and protein composition. The structure of the lipid bilayer of
cell membranes and vesicles plays an essential role in the function of these organelles in the cell. Such a struc-
ture is stabilized by the participation of the different molecular components in interaction, namely lipids and
proteins.

Based on the model of biological membrane structure, synthetic nanostructures: “liquid-crystalline fullero-
dendrimers” have been constructed (Figure 4) [60] [61]. The authors underline the interest of development of
new classes of liquid-crystalline materials in which information at the molecular level is transferred from an in-
itiator core to the periphery at the nanometer scale. Indeed, such molecular devices would show outstanding
performance by combining the electrochemical and photophysical properties of the components.

Indeed, the liquid crystalline structure of the biological lipid bilayer can be compared to the smectic A, lyo-
tropic systems formed by amphiphiles and water.

Amphiphilic molecules, like lipids, associate in such pattern that there is a minimum of free energy. There are
several geometric patterns described and by addition of water, the crystal structure collapses into the formation
of a lamellar structure [62]. These systems have the characteristics of liquids along the plane of the layer and
respond like solids to a force perpendicular to the layers; the deformed state can be adopted without the density
of molecules per unit surface of the layer being fundamentally altered, while the thickness of the layers is only
slightly modified [63]. The characteristics of elasticity [64]-[66] linked to the deformability of the lipid bilayer,
are determinant for the formation of vesicles from a cell membrane, as well as for their fusion and fission [42]
[67]. That allows a drastic change in the radius of curvature from the cell to the vesicle membrane, with ex-
change of lipids from internal vesicles with those of the reconstituted cell membrane.

The miscibility rule in these structures, analogues to liquids, applied only for a molecule of the same structure
as the one in the bilayer: lipid molecules in the present case. Liquid diffusion, which tends to make the densities
uniform, is the essential phenomenon. In the case of inclusion of a molecule of a different nature and structure, a
protein for instance, the local change of symmetry induces long-range effects that distort the layer and create
twists. In the liquid crystal model of cell membranes, transient lipid domains of specific type of lipids [43],
which display positional and orientational order, have been described [46] as being limited by proteins or by
protein-cholesterol complexes, and accounted for as defects in the lattice. The privileged sites for the formation
of accumulations of these lipids would be defects as in a solid crystal.

Some of these properties of the liquid crystal structure of biological membranes and vesicles appear funda-
mental to understand their formation and organization, and eventually their functions [67]. It is interesting to
report here the function of neural membranes in the binding of neurotransmitters and other ligands [52]. These
membranes, rich in the different types of glycosphingolipids, have been regarded as a lipid molecular lattice,

A B

Figure 4. Schematic comparison of biological coated vesicles and synthetic liquid crystalline
fullerodendrimer. A: Coated vesicles: carbon coat a surrounding the liquid crystalline lipid
bilayer b-from [5]-; B: Liquid crystalline fullerodendrimer: carbon coat a and liquid crystal-

line material b-from [61].



A. Alfsen, I. Tatischeff

which displays phase transitions between liquid and gel states on a time scale of picoseconds and in lipid do-
mains of length of 100-1000A°. Such transitions are associated with high membrane permeability to Na+, cho-
lesterol and other ionic and molecular species and hydration-layer formation on the outer membrane surface that
govern their function.

The “structured water” participates by an important entropy contribution to the charge transfer from the polar,
neutral and charged amino-acid residues to the sugar ring of the glycolipids [48] [68]. Thus, lipid dynamics in
such structure appears to play a key role in the regulation of protein-lipid interaction, in the function of the
membranes, and in the formation of all types of vesicles, whether external vesicles of intercellular transport or
secretion, or internal vesicles for intracellular transfer of material and information.

Any signal from outside the cell will be received and transduced [69] through the lipid bilayer of the cell
membrane, whose lipid composition and transmembrane and proximal membrane proteins govern the dynamics
of this process [42] [58]. Therefore, the lipid composition and the characteristic structure of the different cell
membranes, as well as those of the vesicles formed from different types of cell will be determinant for their spe-
cific nature and function [12] [42].

5. Protein-Lipid Interactions

As mentioned above, the inclusion in lipids of molecules of a different nature and structure, like proteins, in-
duces long-range effects that distort the lipid layer and create twists.

In the liquid crystal model for cell membranes, transient lipid domains [43] have been described [46], limited
by proteins or by protein-cholesterol complexes. But what probably determines the nature of the dispersion of
protein molecules within biological membranes, but also of ions, sterols, solutes of the surrounding water, would
be the selective affinity of different parts of these molecules with different parts of the lipid host molecules [5]
[70]. The paraffinic parts of the lipids attract each other as in the case of cholesterol, whereas the aromatic por-
tions are repulsed [63] [71]. If the proteins are able to modify the structure of the lipid bilayer, the protein-lipid
interaction leads to a specific structure for the intra-membranous portion, as well as for the membrane proximal
sequences of these proteins [40] [72] [73].

6. Conclusions

As a conclusion, it seems worth to stress the electrochemical properties of the cell membranes: the network of
charged-positive, negative- or neutral polar heads, which constitutes the barrier of electrical potential that inte-
racts with the external and internal aqueous medium, ions and all solutes [44]. The lipid bilayer, providing a hy-
drophobic barrier separating the intra- from the extra-cellular aqueous compartment, has a negative charge on
both sides, mainly due to the negatively charged phospholipids. The surface negative charges are provided by a
variety of molecules inserted in, or attached to the membrane (proteins, glycolipids, proteoglycans), which con-
tributes to the charge density. On each side of the membrane, there is a positive ionic cloud facing the negative
charge layer and providing the system with electroneutrality.

Such a structure has been reproduced in the construction of synthetic nanostructures such as “liquid-crystal-
line fullerodendrimers” [60] [61]. In these new classes of liquid-crystalline materials, information at the mole-
cular level is transferred from an initiator core to the periphery at the nanometer scale. Indeed, such molecular
devices would show outstanding performance by combining the electrochemical and photophysical properties of
the components. A schematic comparison of the image of such synthetic material (see Figure 4B made from
[61]), with the representation of the clathrin-coated vesicle, as observed by electron microscopy [5] (see Figure
4A made from [5]) appears very suggestive of the important role of the lipid structure as biological vehicle of
information.
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