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Abstract:

Updates of the mosaic fluid membrane model implicitly si.stain the paradigms that
bilayers are closed systems conserving a state of fl'nlitv and behaving as a dielectric
slab. All of them are a consequence of disregar..."q1 .vater as part of the membrane
structure and its essential role in the thermody:.mics and kinetics of membrane
response to bioeffectors.

A correlation of the thermodynamic proocrties with the structural features of water
makes possible to introduce the lipid v .mbrane as a responsive structure due to the
relaxation of water rearrangements ‘n the kinetics of bioeffectors” interactions.

This analysis concludes that the o1 . membranes are open systems and, according
to thermodynamic of irreve sib,2 formalism, bilayers and monolayers can be
reasonable compared unde. controlled conditions. The inclusion of water in the
complex structure makes feasible to reconsider the concept of dielectric slab and
fluidity.

Keywords: model membranes, lipid interphases, water in membranes,

thermodynamic response, relaxation processes.
Highlights:

e Membrane as a complex system includes water.

¢ Bilayers and monolayers are equivalent under thermodynamic grounds.
e Membrane is a responsive material.

¢ Membrane response derives from rearrangement of water organization.
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1. Cell membranes and bilayer structure in the context of cell behaviour.

Cells are complex systems in regard to function and crowded ones in regard to
structure. Complexity is understood in the sense :*at the constituents are
interconnected and interdependency, cooperativity ard cynergism are properties
inherent to the functionality and response of the whriie system to the environmental
conditions. Crowding means that cell componen.: are in close contact with each
other in an organized way in a constrained med:.

Most probably, complexity and crowding 2re interrelated concepts because the
interdependent connexion is likely producr:a ~ signals between the components and
this, in terms of efficiency (the ce.uli r economicity in biological definition and
maximal work in thermodynamic terms) .mplies close contacts. In this regard, here is
where interfacial properties of th~ n.acromolecular and supramolecular structures
take relevance much more wher. such structures are stabilized in water [1-5]. A
number of reviews of both crovding and confinement effects have appeared during
the last years [6].

In consequence, cells a» not an aqueous concentrated broth of macromolecules
floating in a bag ciosc1 vy the membrane but rather they keep a specific location in
the whole matrix. In wis context, the visualization of the membrane as a physical
barrier containing an aqueous dispersion is questionable and instead it must be
reconsidered as a structural integral part of the whole cell complex.

One of the central studies in cell biology is related to the structure and function of cell
membranes as an independent suprastructure. In this view, the membrane is
visualized as an autonomous entity with a selective permeability that regulates the
exchange of matter between two aqueous media, one in the exterior and other in the
interior of the cell. Special systems were postulated to explain the passage of water
and specific molecules such as amino acids, sugars and other biologically essential

compounds. Following this line of thoughts, the membrane is conceived as an



impermeable support in which specific proteinaceous components are responsible of
the exchange of matter. These were described as pores, facilitated transport or
active transport [7].

To give sustain to the multiplicity of functions and considering the richness and
variety of components, several cell membranes models have been proposed to
explain experimental facts. Among them, the Singer and Nicholson fluid mosaic
membrane model (SNFMMM) has been accepted as the more versatile and on this
base several improvements or modifications have been extensively discussed [8-13].
However, all of them rest upon the implicit paradigm that the membrane is a closed
and autonomous supramolecular structure and therefore \nembrane is taken as an
independent system obeying classical laws of homogel cot s and large phases such
as Van't Hoff for diluted solutions and Henry law fo- so ubility properties. This view
has been favoured by the investigations carried ~'n ‘1 experimental models that are
formed spontaneously when isolated lipids a~ dispersed in water due to its
amphipathic character. These aggregates «re considered as biomimetic systems of
cell membranes due to the facility to <udy its physical-chemical properties with
controlled composition [14-17]. In tt.'s regard, monolayers and bilayers have been
used alternatively to study differe.t processes. Nonetheless, the comparison of the
results and equivalence between o= two systems have been a matter of debate.
Thus, controversial proposals ncve emerged due to the fact that it is not clear in
what conditions bilayers ai.? monolayers are in the same thermodynamic state in
order to make the compcorison of a given phenomenon in the two systems feasible
[18, 19].

It is not the purpose f this review to describe the chronology of the membrane
models that have appeared in literature in the last 40 years. Excellent reviews have
been published in that sense, trying to improve or validate the Singer and Nicholson
model [9, 13, 20]. However, in order to point out and put into relevance the current
paradigms under which this model and its modifications lie, a short summary is
presented. Once this is clear, a rebuttal of the classical paradigms and its
consequences on membrane behaviour will be presented and new ones will be

proposed.

2.-The SNFMMM and its modifications.



The mosaic fluid model proposed by Singer and Nicholson has been taken as
a paradigmatic representation of the membrane considering the lipid bilayer as the
backbone where integral and peripheral proteins are inserted. All models and its
modification admit that the backbone structure of cell membranes is the lipid bilayer
mainly constituted by phospholipids that expose the hydrophilic head group to water
and exclude the hydrophobic acyl chains from water in the bilayer interior.
The central ideas of the SNFMMM reformulations are based on the introduction of
heterogeneities in the membrane plane due to the coexistence of different kinds of
lipids; the ability of some components to stabilize in its pure form as non bilayered
structures; the presence of packing defects between th lipids due to curvature,
domains, nanodomains, described with different name. (refts, pockets, protrusions,
etc.); the inclusion of high levels of proteins and (ans derations of dynamics and
fluctuations [9, 21-27].
In all of them, the bilayer is considered as the u.~rmodynamic stable phase and its
reactivity to exogenous bioeffectors (definr.a as protein or peptide insertion or any
solute in the adjacent media that adsc:hs, Inserts, penetrates or permeates the
membrane at different levels) is judy=d oy the appearance of a final end product in
which lipids fit with each other according to its geometrical shape (cylinder, conical,
inverted conical) that gives the su..’~ent flexibility to adapt to the peptide or to the
protein. For instance, the poss.ibi> tormation of non-bilayer structures is based on the
presence of conic shaped (f the pure dry lipid such as phosphatidilethanolamines,
which is extrapolated to he niaintained in the hydrated lipid, in a mixture with other
lipids and in the prese ce >f proteins [16, 21].
The concurrence of 2w microscopic methodologies (fluorescence, AFM among
others) has allowed to visualize the plane of the membrane as composed by
complex clusters of different types of lipids that organize laterally. These formations
are described by rafts or domains in a mesoscopic dimension. A large discussion on
the functionality of these domains or rafts has appeared in the last years [28-33].
The models for membrane-bioeffector interaction described with geometrical criteria
are not predictive. It is not clear at present if the properties conferred to the
membrane are due to the heterogeneities themselves or to the contact between
them [34].
The observation of lateral heterogeneities suggests a separation between ordered

and disordered regions [35]. This has been ascribed to specific intermolecular
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interactions and lattice deformation in the membrane plane. Moreover, lipids and
proteins exhibit interactions associated with a hydrophobic matching condition that
can lead to elastic distortions of the membrane matrix. This type of phenomenon, in
turn, gives rise to tensions between lipids and proteins, resulting in clustering of
specific lipid molecules around a protein or lipid-mediated protein—protein
interactions [36-38].

It is interesting to point out that membrane lateral heterogeneities, taken as structural
receptors of bioeffectors, allow to introduce a new classification of compounds
named linefactants, that are able to insert in the boundary separating two regions in
the lipid monolayer [39, 40]. In previous papers, this type ¥ compounds was named
as “molecular harpoons” to explain its insertion to the 1 en brane and disrupt it, in a
mechanism closed to detergency [41, 42]. For e>amjle, lysophosphatidylcholine
(lyso PC) is described as a conic molecule and hence its lysolitic action could be
explained because its conical shape fits into a cconical bilayer defect [43]. However,
the effectivity of the lyso compound dep=:nis on the membrane hydration state
because its action increases when a hvy >rtonic stress is applied to the membrane.
[44, 45]. A molecular view of the het~rcyeneities produced by osmosis (defect) was
provided by analysing the hydra.~n state of the carbonyl groups (CO) by Fourier
transformed infrared spectroscory . TIR) [46].

These results put into relevarice that the action of an external compound depends
not only on its geometrical _hape, but essentially on the hydration membrane state.
In particular, hydration play: a relevant role in the interfacial free energy, either
global due to phase state vr locally by the presence of packing defects.

That is, the efficiency of the action is determined by the energetic state of the
membrane surface at the moment the process initiates. This particular state has
been referred to as the propensity of the membrane to evolve to some particular
state or structure [47]. This propensity is just a surface free energy profile that should
be redefined in terms of a membrane model that is beyond the current paradigms
such as closed and autonomous phase. Thus, the membrane is responsive
according to the conditions at which it is subjected that determines its
thermodynamic potential to react. Under this view, few details are available at
microscopic level in regard to packing defects generated by lateral contact of

different lipids; protrusions from the membrane plane; local, spontaneous or induced



curvatures or reorientations of molecular residues described macroscopically as
clusters, rafts and domains.

Although it is recognized that biological membranes are not mere walls, they are
described as the milieu in which "important events in the physiology and pathology of
the cell" takes place (sic. Goii [9]). Implicitly, the membrane is taken as a support of
the important events but not as an integral part of the functionality. However, lipids
themselves have a role much more relevant than a mere support of proteins [48, 49].
The amphiphilic nature of phospholipids plays a key role in the formation of
aggregates in water. All models and its modifications admit that the bilayer array is
the backbone structure of cell membranes. The phospholiu.1s expose the hydrophilic
head group to water and exclude the hydrophobic acy: cheins to the bilayer interior
and pack laterally according to its geometrical shene. In particular, the bilayer is
formed by phosphatidylcholine (PC) which is deccribed as a molecule with a
cylindrical shape [16]. However, a point of ~uch more importance but less
emphasized in the analysis of the physical ~.n..mical properties of lipid membranes is
that the geometrical shape is stabilized i the aggregates by sequestering defined
amounts of water with a peculiar -t. bcnd arrangement. Thermodynamically stable
aggregates of PCs admit up to ¢ limit of around 22-24 water molecules per lipid
above the phase transition temgera*'re which results in a bilayer with an averaged
area per lipid of 64 A% and a tticnness of around 40 A [14, 50].

All the proposals to update the mosaic fluid membrane model sustain, directly or
indirectly, the classical r~rac\gms such as a dielectric slab, fluidity, closed system.
All of them, as it will k= d¢ scribed, are a consequence of disregarding water as part
of the membrane struc'ure and its essential role for the thermodynamic and kinetic
properties which are the key for membrane response in a dynamic picture.

The deviation from the predictions settled by these paradigms has been attempted to
be resolved by introducing entities that has not been experimentally demonstrated:
translocons, defects, etc. [51-53]. Several deviations from the predictions within this
approach are tackled by postulating models in which intermediate structures are
added or supposed to be formed, in addition to an extreme tendency to ascribe
relevant phenomena to proteins given the lipid the role of an inert supporting media.
The problem with these approaches is that: the formation of intermediate structures
is controversial, the unique input of proteins neglecting lipids is debatable; to

consider lipids only as a support material is against the principle of cell economicity
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given the great variety of lipids in a living cell. Last, but not least, the complex lipid
mixtures with or without proteins have unique mechano-chemical properties not
found in other materials [54-56].

Along the corrections of the models to explain deviations from the expected
behaviour, predicted by laws for macroscopic systems, the classical models do not
give satisfactory explanations on the reactivity of the membrane, that is, its response
to changes in the adjacent media. Much less if membrane is considered as in
integral part of the cell with interconnections with the cytosol. This is covered by
considering that the membrane behaves as a dynamic structure in opposition to a
static one (long term structures). However, it is not cleai .f the short-term structure
applies to the whole structure, to part of them, if the Hifferent parts have different
relaxation times and mean time of living. Moreover, hov/ these mean life times are
compatible with the thermodynamic response is 1'~cioar.

This breakdown of the classical paradigms make. r.ecessary to have a new frame of
reference for the biological membrane it tructure, components, functions and
interrelation with other cell supra structu.s. ror these reasons, the purpose of this
review is to install a refreshing view ~f t'ie lipid membrane properties in which water
presence is not ignored. Moreove. the interdependence of lipids and water gives as
a result a novel physical cherar.c! system that should be analysed "ab initio"
avoiding the analogies and corn.narisons with macroscopic systems, such as oily
macroscopic liquids and thick autonomous phases. In this regard, there are two ill-
defined examples: one, *he pid bilayer is treated as a macroscopic phase of low
dielectric permittivity anil the other, lipid monolayers are resembled to a
bidimensional gas on the water surface. Both views have weak thermodynamic
foundations and are contradictory in themselves. Moreover, they make the
comparison between lipid bilayers and monolayers as biomimetic systems
incompatible. These partial views hindered to have a picture of the membrane
properties compatible to its function in a complex system such as living cells

This review is organized as follows. In the first part the five common paradigms
implicit in all current models are presented and rebutted. In the second part, new
concepts about the membrane as a thermodynamic system will be given. In the third
part, a correlation of the thermodynamic properties with the structural features will be

discussed.



3. Classical paradigms implicit in current model membranes.

The current view of the structure and dynamics of the “fluid mosaic” model [8]
was influenced by the double layer of phospholipids proposed by Danielli and
Davson [57]. The interpretation of membrane phenomena based on this view is the
extrapolation of the thermodynamic laws valid for three-dimensional phases - large
enough to neglect interfaces- to one composed of two layers of molecules in which
the dimensions of the interfaces are equivalent to the whole phase.

This approach has installed a series of paradigms as follows below:

1.- the membrane is a non-polar slab uniform in tke direction normal to the
membrane plane disregarding interphases*.

2.- the membrane is a dielectric slab in which patrtitic:: «..... occur in the “bulk” of the
membrane taken this as a pure hydrocarbon phase

3.- the concept of fluidity is related to the viscurity properties of homogeneous
phases.

4.- the membrane is taken as a closed ~ st:m, i.e. no exchange of membrane
components with the adjacent media tun>s place.

5.- inherent to the last point, composi. \n of the membrane is described in terms of
lipid and protein constituents. Wate:, which is the stabilizer, is not taken into account
as an active component.

Although, theses paradigms a2 kiiown to be non-representative for lipid membranes
and functions, they are not =x,'icitly included in the current membrane models.

The re-evaluation an” ur-dating of these paradigms on the simple base of
considering water << p~=:¢ of the structure makes possible to introduce two new
properties of the lipid ».1embranes extensive to more complex systems such as: the
membrane as a responsive structure and the kinetic relaxation processes taking
place in them.

This conceptual frame brings different consequences in the interpretation of lipid
membrane processes. One of them is to resolve the apparent incompatibility of
analysis in lipid monolayers spread on an air-water interphase with those obtained

using closed vesicles as experimental model systems.

* the difference between interface and interphases will be a point of discussion.



4. Interfaces and interphases. The excluded volume concept.

Phospholipids, glycolipids, and sterols organize spontaneously in a double
layer, or bilayer in water due to its amphipathic character [8, 9, 57]. In this process,
PC which is one of the major components of lipid membranes stabilizes sequestering
around 22-24 water molecules per lipid above the phase transition temperature [14,
58, 59].

The current visualizations of the membrane take it as a rather uniform structure in
the direction normal to the membrane plane. A single scheme defines an imaginary
plane dividing the hydrophobic portions from the polar moieties oriented to the outer,
aqueous space. This plane runs along the ester union of .~e phospholipid’s groups,
and contains the CO groups [60, 61]. This ideal plan~ is defined as the interface
(spelled with C), and has no structural meaning, alt ourjh mathematically responds
to the Gibbs definition of surface tension.

The physical view along this definition has sevoral drawbacks. First, it has been
shown that the order of the acyl chains chenc,es from the CH, in position 1 near the
head group to the end methyl groun Jeep in the bilayer [62, 63]. The order
parameter describes different degree~ o’ freedom of the methylene groups according
to its position in the chains. The membrane is ordered up to the first four carbon
atoms (4 C) and is progressively c.oordered from 4 C to the end methyl group. This
point puts into relevance the imyartance of the head groups to impose an ordered
anisotropic structure. On ‘he other hand, the polar region is defined as a
homogeneous aqueous media in which no distinction is made between water
arrangements in the atjac 2ncies of the polar groups and the bulk water. That is, the
dielectric properties ai * the same in the polar head groups region and in water.
Experimental evidences make clear that this is not the case [64-66].

These two evidences make clear that the interface has no meaning in terms of the
physical description. In contrast, from the CO groups” region to the external plane of
the phosphate groups a bidimensional phase composed of hydrated polar groups
can be identified. This is called the interphase (spelled with ph and s) and describes
a phase interposed between two other phases (hydrocarbon region and bulk water).
This is in accordance to the definition of the interphase as a bidimensional solution of
hydrated head groups in water [67] (Fig 1). This region is not only structurally

important but also defines the thermodynamics of the bilayers. The layer of hydrated
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groups and its coexistence with labile water makes that this region can be treated as

a lattice solution [68].

Interface plane
— e

T T
Hydrocarbo Interphase
Region Region
|
L i |
Hydration Ilntermedim Bulk
Water Wat-.. ' Vater
L I 1 1

I E—

Fig. 1. Schematic description of the membrane
region in which the difference between interface (an
imaginary plane) and the interphase (a region of
peculiar physical chemical properties) are detailed.

A crucial concept in the definition of interphases, to introduce a new approach for
understanding cell matrix as a complex system, is the excluded volume. It is defined
in a general way as universal and entirely non-specific interactions having the
potential to significantly modulate the kinetics and equilibrium of a large number of

macromolecular reactions taking place in physiological fluid media [69]. Excluded
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volume effects can be classified according to its origin as macromolecular and
supramolecular crowding in which the contact between one of them and another
takes place through the environmental organization of the so called “solvent”. It is
precisely, the case that solvent is water, a mysterious liquid with unexpected
properties which versatility impose essential features in the thermodynamically and
structural properties of cell components [70, 71]. Macromolecules and
supramolecular aggregates preclude a macromolecular confinement of the solvent
attributed to a fixed (or confined) boundary around them.

In the particular case of membranes, this excluded volume is due to the sequestering
of water by the polar groups and the retention of water co.i1>sponds to the interphase
region defined above in figure 1. The excluded volume coricept is a crucial point to
understand the membrane properties both dynan.caly and statically as will be
shown below. The excluded volume concept alle**'s :a describe the effective area of
the lipid when hydrated in an aggregate as a hiayer. It has been an issue to
distribute water in the lipid aggregates to rier.ve area per molecule considering the
bilayer thickness values measured by X-/3y aiffraction [59, 72, 73]. The point is that
the stable value in each condition is ~clr.ieved by repulsion forces between the lipids
against the attractive ones [74]. The repulsive forces are due to water around the
lipid structure and can vary wi'n \~teral pressure or water activity changes (see
section 7). Moreover, the actuai 'ioid volume is derived introducing the molar water
volume that may vary accoi.'ing 0 the type of water-lipid interaction [75, 76].

A pioneer vision of exclulded volume in membranes was first introduced in analysing
permeability properties. 'he bilayer thickness contains about 20 A of excluded
volume ascribed to wa er immobilized by the head groups [77] that was considered
as part of the membrane structure in which confined water contributed to the
permeability barrier for aqueous solutes. The excluded volume was found to be a
function of the phase state of the lipids, curvature of the lipid aggregates, surface
charges and presence of adsorbed ions such as Ca®* among others [78-80].

In terms of interphases and its role in adhesion and adsorption phenomena, the
excluded volume is clearly related to the repulsion forces between bilayers described
as hydration forces or dipole potential [81-85]. The origin of those forces is related to
water polarized at the interphase in a great extent, in addition to the constitutive

dipoles such as carbonyl groups [86, 87].
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The excluded volume is useful to describe the geometrical property of the lipid

molecule considering the hydration water in the definition of the packing parameter,
v

a.l
where v is the molecular volume, a is the cross-sectional area of the headgroup, and

| is the length of the molecule [17, 88]

However, the lipid molecule is a dynamic structure and cannot be assigned in terms
of shape as such, and the geometric parameters should therefore be considered as
average molecular properties. It turns out that the fluctuations around the average
value can be assigned to the fact that excluded volume can be reduced or expand
according to the mechanical and chemical forces - ‘wvnich the membrane is
subjected. For instance, lateral pressure, changes . water activity (osmosis) or
solute that may interact with the polar groups dispiacing water from the lipid
hydration shell. This point will be discussed agai1 in section 7 and 8.

Finally, some points must be marked in figure L. 11e schematic picture represents
only a monolayer of the bilayer, that is farii..« bulk water. However, if this analysis is
made in a cell membrane, one monol-ye " is facing the cytosol that may have specific
properties since water can be organi.>d different than the external bulk water. A
discussion of how this kind of wate, may affect the water membrane organization
and vice versa, how the memhrene itself may induce order towards the cytosol is

open to discussion.

5. The membrane as = Jie.ectric slab.

The acceptunce u.at the lipid bilayer is composed by lamellar lipids derived in
the frequent consider..don that the membrane is an optimum insulator and such as it
would be non-compatible with cell function, i.e. life. The relevant biological role is
ascribed to proteins inserted in the bilayer implicitly denotes that lipids is taken as a
dielectric slab with little participation of water in the bilayer structure [48, 89].

In consequence, one of the most inspected subjects, in order to explain a sealed
membrane with specific proteins inserted in it has been protein membrane
interaction. This derived in the need to understand how different amino acids and
residues can stabilize in the membrane, taken it as a preformed oily phase.

This description of the cell membrane explained several experimental findings

showing that different components can permeate cell and lipid membranes according
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to its solubility in organic phases such as octanol [90]. This resource has been a
precursor of the SNFMMM [91-93].

A thermodynamic description based on the non-polar character of the membrane
core limited between the two ideal planes described by the interfaces in figure 1
considers the water-membrane partition of the solutes, in particular amino acids,
according to the so-called hydrophobic scale [90].

Table | shows non polar and neutral amino acids partition energies from glycine to
tryptophan, calculated from the partition of homologous peptides. A negative free
energy value of partition can be explained by a dominating positive entropy change
due to hydrophobic interactions, since no variation in the ;~rmation of -H bonds are
observed.

The inspection of the molecular structure of these am no acids indicates that the

entropy changes increase with the non-polar chai" length.

Amino Free energy Hya’onhobic Equivalent

acids (kJ/mol) ce.itre -H bonds
Glycine 0 _J_ 0
Methionine -1.05 2.- methylene 0.26
Cysteine -1 0o 1.- methylene 0.26
Isoleucine "2. 2.-CHs 0.31
1.-CH
- 1.- CH,
Leucine -1.67 2.- CH; 0.42
1.-CH
1.- CH,
T s -3.76 1.- Methylene 0.94
1.- hydroxyphenyl
Phenyl -5.02 1.- Methylene 1.25
alanine 1.- Phenyl
Tryptophan -7.53 1.- Methylene 1.88
1.- Indol
Table I|.- Free Energy Partition in lipid membranes of

hydrophobic and neutral amino acids (taken from ref 90)
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Therefore, the negative free energy change can be ascribed to a reorganization of
water from ordered clusters to less coordinated water molecules. This effect is
sometimes recalled as a classical hydrophobic effect [94].

According to Table II, polar and charged amino acids have positive free energy of
partition which would make thermodynamically impossible the transference from
water to the membrane. However, arginine and other amino acids have been found
to be able to incorporate the membrane [95-99]. As the molecular structure of these
amino acids does not justify the entropic change due to water organization, the free
energy rectification in order to turn it negative must include a negative term in
enthalpy. In other words, the process should be drivei. energetically instead of
entropically. This enthalpic change can be ascribed to ti = fc rmation of -H bonds.

In Table Il, an estimation of the numbers of H bond. th¢t each amino acid can form
in order to compensate the free energy change i< si.own. Histidine, Lysine. Aspartic
and glutamic acids show the formation of one <r two H bonds. This implies a
negative enthalpic change of around 4-8 k./r.ol considering 4 kJ/mol as the energy
of the H bonds.

Amino Froe encrgy  Hydrophobic Equivalent
acids ("J/mol) centre -H bonds
Glycine T 0 0 0
Valine 0.04 1.-CH 0.01
2.- CHj
Serine 0.21 1.- CH, 0.05
Threc.m.> 0.21 1.-CH 0.05
1.- CH;

“Alan.e 0.42 1.- CH, 0.10
Histidi' e 0.42 1.-CH, 0.10
Asparagine 1.25 1.-CH; 0.31
Proline 1.67 NH 0.42
Glutamine 2.51 2.- CH, 0.64
Arginine 3.34 3.-CH, 0.83
Histidine+ 4.18 1.- CH, 1.04
Lysine 4.18 4.-CH, 1.04
Aspartic acid 5.02 1.-CH, 1.25
Glutamic acid 7.90 2.- CH, 2.00

Table II, Free Energy Partition in lipid membranes
of charged and polar amino acids (taken from ref
90)
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It is also observed in Table | and Il that taking glycine as reference, the partition
amino acids free energy can shift from energy driven to entropic driven processes
across a value of free energy equal to zero. At AG=0, an entropy - enthalpy
compensation occurs that recalls to the case in which a phase equilibrium is
reached. That is, solute can exchange freely between both phases as water
molecules do in the liquid vapour equilibrium. In this condition, it is interesting and
conceptually rich to inspect the entropy - enthalpy compensation for different solutes
(Fig. 2). The enthalpic - entropic compensation denotes that data are organized by
structural considerations in different families of compounds according to molecular
features [100, 101].

60 L 1 ' 1 1 71 7 AL | T 120
m (4) ®
7) -100
40 m (3) - 80
3 / ® ) .
) N (2 I
§_ (2} 60
3 L
g 20+ " 40
/ (5) I
. e - 20
1, »~
s
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Fig. 2. Entropy - Enthalpy compensation of different
families of H-bound compounds. Black symbols
correspond to urea (1), ethanol (2), propanol (3) and ter
butanol (4); Blue symbols correspond to urea (1), ethylene
glycol (5), glycerol (6) and erythritol (7).

First family (black symbols: 1, 2, 3, 4 correspond to urea, ethanol, propanol and

terbutanol compounds respectively) represents compounds in which maintaining one
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-OH, methylene groups are added in a tetrahedral array. In this case, the increase in
entropy with methylene addition is 4.7, 30.8, 40.5 and 53.2 J/mol.K while the
enthalpy increase is between 5.6 and 15.4 kJ/mol.

The second family (blue symbols: 1, 5, 6, 7 correspond to urea, ethylene glycol,
glycerol and erythritol respectively) corresponds to molecules in which the hydrophobic-
hydrophilic balance is maintained. The addition of one -CH, to the chain is
compensated by the addition of one -OH group. In this case, the entropy changes
per -CH,OH is between 5.9 and 105.4 J/mol.K and for the enthalpy 5.6 and 41.8
kJ/mol, respectively.

The first family corresponds to compounds in which the 11y1rophobicity increases at
nearly constant -H bond formation. This would correspond to the classical
hydrophobic effect characterized by a large chanae in 2ntropy. The second family
shows compounds in which the ability to form -H ho.ds increases at nearly constant
hydrophobicity. It is observed that, in this case, u.~ entropic change is much lower in
comparison to the compounds in the first fzariv. In contrast, the values for enthalpy
are larger for similar values of entrcny. This is described as non-classical
hydrophobic effect [102]. The enthenir entropic variations according to molecular
features of the amino acids mcans that membrane solvent properties are not
homogeneous.

A peculiar case is urea that nts well in the two families. This may be due to the
particular property of urea i. form H bonds and being a water disrupting compound
[103-106].

Although experimenta ly tv:w information is available, a picture of the importance of
water in the partition o amino acids in lipid bilayers has been proposed by molecular
dynamics [97]. Different amino acids have different distribution and localization along
the membrane thickness. Lys, Glu, Asp and Arg may be located at the centre of the
membrane. Phe has a broad distribution in the membrane and Trp and Tyr localize
strongly at the interfacial region. The simulations provide a way to correct and predict
the penetration of amino acids or peptides that were not possible to explain by the
widely used hydrophobicity scale [90, 107]. According to this approach partitioning of
charged and polar side chains of amino acids is accompanied by water, which is
assumed to be located in defects in the lipid matrix. These defects allow to connect
the side chains to bulk water. It is claimed that water defects dominate the energetic

of partitioning in contraposition to the simple partitioning between water and a pure
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(dehydrated) hydrophobic phase. This distribution is an important feature to consider
the thermodynamics of lipid—protein interactions because they determine the driving
force for processes of insertion. However, although the role of water is emphasized,
not relevant details about the organization of water pockets in those defects nor,
their dimensions and physical chemical properties are known. The presence of water
affects the energetics of the amino acid stabilization in the membrane but the water
amino acid ratio in the lipids has not still been calculated.

The most striking finding is the possible formation of large water pockets that hydrate
the amino acid polar and charged residues along the acyl chains penetration. The
stability of these pockets is determined by a balance betw~en the cost of forming a
defect in the membrane and the energy gained by hydre tinp the polar side chain.
The proposal of the formation of water pockets in th» mi:mbrane phase is feasible if
water is admitted in the membrane structure. A~curding to the current paradigms,
solute partition in the membrane obeys the Henry < law in which membrane is taken
as a homogeneous and continuous oily urase. This law describes the partition
coefficient as a difference in the standai ' chemical potential of the solute in water
and the solute in the oily phase, te.-er both as pure phases. However, there are
several drawbacks in applying dirc~tly this law to membrane phenomena. Firstly, the
law is valid for solutes that beha' e’ 25 ideal gases in the gas phase. More precisely,
deviations from Henry's law arc certainly expected in crowded systems as those
described above. Secondly, the phases in contact, in which the solute dissolves,
should be completely in.misi.ible. This is also an ideal condition but can be easily
removed if phases arc lar je enough to neglect the region which they are in contact
with (i.e. the interphast ). It is immediate to realize that this is far from the case of a
lipid membrane in which the dimension of the interphase (as defined in figure 1) is
similar to the so-called bulk of the membrane (hydrocarbon phase).

The solubility of solutes under a new conceptual view of the membrane, should recall
that membranes are considered permeable to water. This has been demonstrated by
different experimental methodologies, such as diffusion of radioactively labelled
molecules and massive transport driven by osmosis [108]. So, water is present, at
least transiently, in the membrane phase.

The point is more complicated when polar solutes are considered. For instance,
glycerol or acetic acid can diffuse from one water solution to other through an oily

phase [109]. However, diffusion implies the entrance of water to the oily phase. That
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is, thermodynamically speaking the solute forms a mixture avid for water and
therefore a ternary system water-oil-solute is accomplished.

This phenomenon is also observed in lipid membranes. The permeation of a solute
such as erythritol, glycerol or urea in isotonic conditions produces a water
penetration along with the solute diffusion. As a result, a defined amount of water
copermeates with the solute [110, 111].

Therefore, in order to consider the whole information available to explain membrane
properties in regard to solute penetration (operationally called partition) in a real
condition, the system has to be considered as a mixture of lipids and water. The
guestion that merges now is if these mixtures are microscenically different along the
membrane to give confined regions with different solunilitv properties. The point is
how water is distributed between the hydrocarbon chiins and head groups.

In this condition, the difference in the partition sh~n' be ascribed to the influence of
water as a component of the membrane su''cture. Thus, the failure of the
characterization of the lipid membrane as a1 dielectric slab is derived from the
classical hydrophobic effect driven by a change of entropy by the loss of structured
water molecules around apolar solutc to interact with the hydrocarbon phase.

The presence of water in the lipiu matrix results in rheological, peculiar mechanical
properties such as fluid, elastic, 7«14 Feformable structures and the paradigm that the

lipid membrane acts as a genc:ric 'ow dielectric slab should be disregarded.

6. The fluidity concept. ‘Naier between chains.

Fluidity of mem.hrar es has been taken as a measure of the microviscosity. A
fluid phase is charactei zed by a poor lipid packing mainly of the acyl lipid chains and
thus a low microviscosity. In short, high fluidity has been identified as a liquid like
state and low fluidity as a rigid, likely solid media. Pure lipid membranes present a
transition from a solid (gel) phase to a liquid crystalline (fluid) phase at a temperature
determined by acyl chain length, unsaturation, head group nature and hydration level
[112]. The transition from the solid gel state to the liquid crystalline is concomitant
with an increase in the water lipid ratio from 7 to 22-25 water per phosphatidylcholine
and changes in the area per lipid and thickness [58, 113-115].

The so-called gel-fluid phase transition can be operationally determined by several
techniques: turbidity, refractive index, X-ray diffraction parameters (thickness and

area), dipole potential, fluorescence with located probes, electron paramagnetic
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resonance (EPR) with located probes, calorimetry and FTIR among others [115-
120]. For brevity reasons, and in the frame of this review only the refractive index
changes and the FTIR results will be described.

The refractive index is a measure of the density of the material. Its variations in a
lipid suspension can be followed by turbidity changes in which an abrupt decrease is
observed at the phase transition temperature. This increase in transparency of the
sample is a direct consequence of the decrease in lipid membrane density which can
be described as an expansion of the membrane lattice due to the concomitant
increase in water. The decrease in turbidity is counterintuitive since the expansion
would suggest an increase in the particle (liposome) diw . eter and hence turbidity
should increase [118]. This observation denotes that n acriuscopic changes are due
to modifications in the nature of the lipid memb-ane at microscopic level that
deserves detailed inspection.

Above the transition temperature, lipids in a bilavcr nave several degrees of freedom
e.g. diffusion along the plane of the r.embrane, rotation around an axis
perpendicular to the membrane plane. T ictuations in and out with respect to the
plane of the membrane as a cork .~ v.ater (protrusions), wobbling among others.
These degrees of freedom oo a consequence of the balance between
intermolecular interactions in the I'.*ize and the thermal energy [68]. When the last
predominates, fusion occurs. 1..» tusion temperature of dry lipids decreases in a
large extent when lipids aio hydrated. Interestingly, compounds that may replace
water in the dry lattice de ~ree se the temperature of fusion in an extent comparable to
that occurring in hydra‘ed ipids [121-123].

The generalization of \he term fluidity has installed the paradigm that in the liquid
crystalline phase, the membrane state is similar for different lipid matrixes. In this
direction, the postulation of water pockets in the membrane defects as described in
the previous section - as one of the resources to explain polar and charged amino
acids penetration that do not follow the hydrophobic scale- can be verified
experimentally applying FTIR analysis. As known, the frequency of a given group (v)

is directly related to the strength of the chemical bond (k), according to Eq. (1)

v=1/2 k (1)
= Tl.'.’u
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where p is the reduced mass

The symmetric vibrational frequency of -CH bonds in methylene groups in the
phospholipid’s acyl chains centred around 2850 cm™ in the gel state, increases when

the phospholipids aqueous dispersions go through the phase transition temperature
(Fig. 3).
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Fig. 3. i™"eyuency shift of methylene symmetric stretching mode (-
CH,) with te mperature. DMPC (black symbols), DPPC (blue symbols),
DMPE (red symbols), DOPC (green symbols). Adapted from ref 124.

The frequency increase is plotted as a function of the reduced temperature of the
lipids (T/T.) for a better visualization. This plot allows to compare lipids of different
chemical structure. As observed, the difference in the gel state is negligible in an
excess of water. However, above the transition temperature the frequency increases
according to chain length (DMPC to DPPC), head group (DMPE), and presence of
double bonds (DOPC). The low frequency values in the gel state are explained
because chains are in contact with each other due to the packing and hence the
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strength of the bond is weaker. These populations of methylene groups are
described as connected ones [124]. Temperature increases the degrees of freedom
producing a separation of the acyl chains due to a decrease in the lateral
interactions. In consequence, an increase in frequency is produced according to Eq.
(1). As stated above, the water content increases at the phase transition. Hence, it is
immediate to conclude that the spaces between chain residues above T. are filled
with water.

In order to corroborate the point that differences in frequencies in the so-called fluid
phase reflects the state of the CH, residues in terms of water inclusion, the
dependence of the CH, frequency with water activity is nresented in figure 4 for

temperatures below and above T.
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Fig. 4. Frequency shift of -CH, asymmetric stretching modes
of DPPC as a function of hydration at 22 °C (black squares)
and 50°C (red circles). Note that hydration decreases from
left to right. IvH,O/IvCH, represents the relative hydration
parameter (Ref 126).

It can be concluded that the connected populations appear at low water ratio and
isolated ones at high. The amount of water in the chain region is concomitant with

the hydration of the phosphate groups and modulated by the presence of carbonyl
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groups (CO)[68, 125, 126]. This means that in the so-called fluid region, the state of
the CH, differs with the type of lipids. In consequence, the description of the
membrane state by fluidity as a generalized term is misleading.

Therefore, the membrane is not a pure hydrocarbon phase and, in consequence,
density (as derived from refractive index), elastic, mechanical and dielectric
properties of cell and lipid membranes will be particularly affected.

One of the cell membranes components that may regulate the phase state is
cholesterol (Chol) by reducing and eliminating the enthalpy of the L./Lg phase
transition and by changing the mechanical rigidity and cohesiveness [127, 128] .
Both effects have been ascribed to inhibition of the rotauonal degrees of freedom
described by the CH, vibration states in figure 4. As pointed out before, the
hydrocarbon chain degrees of freedom are linkel' to the presence of water in
between the acyl chains.

In parallel to this, different fluorescent methodoloy’=s indicate that cholesterol affects
the emission Laurdan properties both in iso.rnpic and anisotropic media which is
ascribed to water membrane organization 65, 129-132].

In this regard, lipid chain order and .~ amount and dynamics of water molecules at
the glycerol backbone and acy. chain regions of the membrane have been
demonstrated by NMR [133] and F = spectroscopies [134].

Thus, it is likely that cholescer.' provides a more bulk-like environment for the
interfacial water molecules, due to an enhancement of local water density, a
reduction in their orienta.~nei degrees of freedom and an increase in the number of
hydrogen bonds at the hycrogen bond network interphase [125, 135]

This effect of cholester | on water content will be put into relevance in sections 8 and
9 were the responsiveness of the membrane to bioeffector is analyzed.

It is concluded that in the gel phase in the excess of water most of the CH,
population are connected with each other and above them the isolated population
depends on the type of lipid. Taken together with the conclusions described in
section 4 and 5, water appears as a critical component to define the membrane
phase state and its structural properties.

The description of the membrane as a complex system in which water is a singular
component and the concomitant thermodynamic properties will be discussed in the

next section.
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7. The membrane as an open system.

The evidences provided in the previous sections and the overwhelming
amount of information obtained using NMR, X-ray diffraction and FTIR spectroscopy
clearly demonstrates that water is a primary factor in membrane structure [136-142].
However, no model has included it as part of the membrane matrix and much less
has considered its thermodynamic properties in terms of membrane response and
membrane dynamics.

The amphipathic structure of phospholipids allows to stabilize them in aggregates
that has been used as biomimetic membrane systems. Iri 2ne case, when dry lipids
are mixed with water, they spontaneously organize ‘heriselves in bilayers, e.g.
liposome formation. The bilayer in aqueous medium is taken as the
thermodynamically stable phase of the membr~nc On the other case, when a
chloroformic solution of lipids are spread on ai. wr water surface a monolayer is
formed [143, 144].

The stabilization of lipid bilayers in werer aue to hydrophobic forces has been
explained on thermodynamic groun.s 4s a consequence of the entropic changes
induced in water structure [58]. The formation of a monolayer on the air-water
surface has considered the lipids 25 = gas spread on an inert solvent [143, 145]. The
information gathered from nioi.nlayers are the area per lipid and the surface
pressure (surface tension ~hariges). In bilayers, mostly accomplished in closed
vesicles, volume changcs a.e to water and solute fluxes can be measured. [18,
146]. How these daia h: one with the other can be a matter of debate and
controversial results in erms of comparison have merged.

Being water an exchangeable component of lipid membranes, as shown by
permeability studies, the lipid interphase defined in section 3 should be treated as an
open system and hence, thermodynamic of irreversible processes is the adequate
frame of reference [147]. This thermodynamic analysis is general enough to satisfy
the equivalence of monolayers and bilayers in terms of interfacial properties and the
conditions in which topological accidents appear to produce reactive sites and the

propagation of such interactions.
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Fig. 5. (A) Expansion (violet arrow) and compression (red arrrw, ~f a lipid monolayer with a
mobile barrier. (B) Shrinkage swelling of lipid vesicles under 1ype rtonic and hypotonic stress
Expansion and water influx (violet arrow) and compressio’: an 1 water efflux (red arrow).

The similitude of the expansion/compression prou +sses in monolayers and bilayers
are schematically shown in figure 5. In pat A, a lipid monolayer spread on the air
water surface is compressed by displ==n.2 a mobile barrier in a Langmuir balance
(horizontal red arrow). The external p.=<sure is counteracted by the resistance of the
lipids to compress and opposes w the barrier movement. This defines the surface
pressure described as the differen.2 between the surface tension of pure water

(y®) and of water with the lipin (v,
T = )/O -y

The displacement of t1e 1 arrier is a mechanical work done on the surface, defined
as

W=f.Al= (é) AM=yrA ()

where f is the force applied along a distance Al, y is the surface tension and AA the
change in area. The difference of the work to create the same increment of area AA

in pure water and on the surface with lipids is
W= (y°—y)AA = nAA (3)

In the scheme, the compression of the lipids produces a decrease in the area per

lipid, i.e. an increase in the surface lipid concentration (I')). As the lipid amount is
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constant, the compression produces a squeezing of water from the lipids pointed as
a water efflux (vertical red arrow in the figure). When the external pressure on the
barrier is released, the differences in water activity between the bulk and the
monolayer due to the lipid concentration produces a water flux into it (vertical violet
arrow) producing an expansion (horizontal blue arrow). Thus, an equilibrium point is
achieved at a given surface pressure and water activity. This point defines a state of
the monolayer at constant T.
In part B, a similar phenomenon can be described. If closed vesicles are dispersed in
hypertonic media with respect to the internal one (by increasing the concentration of
an impermeant solute in the external media), an efflux ¢ ‘vater is produced with a
consequently volume decrease (compression, red arrcws). In contrast, when
dispersed in hypotonic media a swelling is produ-ed (expansion, violet arrows).
Thus, the surface pressure (surface tension) 2mq the osmotic gradient (chemical
potential of water) are the intensive properu.~S that produce changes in its
conjugated extensive ones such as area an . \sater content, respectively [148].
The two phenomena are equivalent undc+ controlled conditions. In the first case, a
lipid-lipid friction counteracts the arec. changes induced by pressure. In the second, a
water-water friction modulates the ‘vater volume flux driven by the difference in water
chemical potential. However, su . f7.= pressure also produces water fluxes and the
chemical potential differences de:“ves in area changes.

7.1.- Thermodynamic f lireversible Processes (TIP)
According to the Therr.ndy @amic of Irreversible Processes (TIP) formalism, the
crossed processes al> di.e to the coupling of mechanical (n) and chemical (Auw)

phenomena that can be described as the total area variation (J;) given by:

Ja = Iwlwluy, — I (4)

and the total flux of water (J,,) by

Jw = —LwwlwAuy, + Ly (5)

I, is defined as the surface water concentration. The system is completely defined

by four coefficients in the absence of other forces: the mobility of water in water (lyw),
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the mobility of water in lipids (l..), the mobility of lipids in lipids (I..) and the mobility
of lipids in water (I.y). The first three ones have been experimentally determined. The
cross coefficients that relate area changes with water chemical potential and water
flux with surface pressure as non-conjugated forces are identified as the diffusion
coefficient of water in lipids and those of lipids in water, respectively [149].

Thus, Eg. (4) indicates that the fixing of a surface pressure as a controlled
independent variable determines univocally a value of water activity at the monolayer
interphase. In turn, Eq. (5) states that in bilayers, in which the independent controlled
experimental variable is the osmotic pressure, a value of it determines also
univocally the value of the surface pressure.

Although interactions between lipids in the monolayer lan 2 are taking into account
when the monolayer is considered as a van der Vagls gas, it is not enough to
reproduce the experimental surface pressure ve c“ea per molecule curves [149-
151]. This is due because the interaction of li.i4s with water in the subphase is
ignored, i.e. crossed coefficients in Eq. (4) ent. (5) are taken as zero.

A master equation for both systems can e ootained considering Eq. (4) and (5), at

the steady state

Lwlpy, — (6)

When experimental curves a-e i.*ted considering the coefficients in terms of self-
diffusion of water in water, lipid diffusion in lipids, and water in lipids, the only
adjustable coefficient is .nid In water that may vary along the compression curve.
With this criterion ~xp>rimental curve n/area per lipid are fitted satisfactorily below
and above the coexisti:nce region of liquid expanded and liquid condensed states
[149].
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Area/molecu'e 7A7)

Fig. 6. Surface pressure/area pe: mc.ecule isotherm for DPPC at 25
°C. Black solid line: experimental ac*a; fitting according to Eq. (6)
below (red curve) and above ‘areen curve) coexistence region.
Region between ab lines cor e« ~1ds to pure liquid condensed state
and region between cd lin.: t¢ pure liquid expanded state (Adapted
from ref 149).

When the cross-coefficier.s 7.re zero and | and I | are equal and introducing

Ay, = —RT In a,,
Eq. (6) reduces to Eq. (7)
n = —-[,RTIna,, (7

proposed by Defay-Prigogine, where a,, is defined as the water activity at the
interphase. Thus, the lipid interphase is considered as a bidimensional solution of
hydrated head groups as described in terms of excluded volume in section 3 [67,
152, 153].

The formalism is also suitable to fit swelling-shrinkage processes in closed vesicles.
Consequently, this formalism can also be applied to lipid vesicles subjected to an

osmotic unbalance between the inner and the outer compartments. The water
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volume flux produces a concomitant membrane expansion or compression and the
same reasoning is applied.

7.2.- Comparison between monolayers and bilayers.
Taken together this new approach for lipid membranes on thermodynamic grounds
allows to fill the gap in the controversy between the validity of monolayers and
bilayers as experimental model systems for lipid interphases and defines the lipid
membrane state that is responsible of the responsive structure as will be described
in the next section
The comparison between monolayers and bilayers is not only for an operational
convenience but to define, as precisely as possible, the u.~rmodynamic state of the
membrane in both systems in order to compare a give.» prcess. For that reason, it
is of interest to define the range at which a phenorxennn occurs along the n/ area
curve, which is the system with a better thermod:~au.:ic access.
In order to define the state of the membrane in te.~s of experimental conditions, it is
important to emphasize two aspects to mrare the comparison reasonable. In first
place, n/A curves are obtained by displaci.rq a barrier that is perturbing mechanically
the system. In order to consider eaci. nuint of the curve as a defined state closed to
equilibrium a quasi-static process must be carried out. This means that, the rate of
barrier displacement should be <«oa Znough to allow the system to reach equilibrium
rapidly. This procedure allows: to define each point of the curve as an "equilibrium"
state of the lipid in terms of water activity and surface tension (free energy) at
constant temperature, in ."e ibsence of any other forces acting on the system. Many
assays in literature ar> nit comparable because the rate of the barriers is not the
same or is too fast [1:)0]. The equivalence between monolayers and bilayers has
been accepted by the finding that at a surface pressure ca. 30 mN/m, the activity of
phospholipase A; is the same as that in bilayers. Thus, this value has been taken as
the surface pressure in a spontaneously formed bilayer. However, the assays do not
take into account the osmotic state of the liposomes (i.e. water activity) at which the
enzyme activity was measured [154-157].
Recently, monolayers and bilayers have been compared using Laurdan fluorescence
as an indicator of polarity and hydration [158]. The results indicate that a similar GP
value is found for monolayers and supported bilayers of DOPC, at a surface

pressure of around 26 mN/m. A similar analysis done in DPPC monolayers and
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bilayers in the liquid condensed state shows that GP values are the same at a
surface pressure of 28 mN/m. However, monolayers and bilayers of DPPC in the
liquid condensed state give a value of GP (0.6) different for that for DOPC (-0.25) in
the liquid expanded state suggesting that interphase organization is different at the
same surface pressure of membrane in the different phase states.

These surface pressure values are near to those reported previously for the
equivalence in the hydrolytic action of PLA; in PC monolayers and bilayers [154].
The observation that in both, lipids monolayers and bilayers, have similar surface
pressure for a given GP denotes that the hydration is equivalent in both
conformational states, independent of the lipids. The chai.es in Laurdan GP along
the surface pressure/area curve reflect changes in hydrai.on at the interphase as
schematically shown in Figure 5 and stated by equat.on t.

In figure 6, at low density states (large areas ne. lipid or high water/lipid ratio)
monolayers are described to be in the liquid exuornded state and the bilayers in the
La phase (usually described by the misleear.¢ term fluid phase). The high-density
state corresponds to monolayers in the ;. quid condensed state (low area per lipid)
and bilayers in the so-called gel state ‘Ic w water/lipid ratio). At low density states, the
lipid-lipid interaction is minimum <nd the lipids are fully hydrated. Then, the cross
coefficient in equation 6, I, rep e<c ~ts the lipid diffusion with its complete hydration
shell in a free water bidimensiong! layer.

At low density states, wawr aiffusion (l,) dominates in Eq. (6). However, this
diffusion is affected by tho imeraction of water with lipids (lw) which may vary if lipids
are below or above tho ph ase transition temperature. On the other hand, I.,, changes
at the high-density stai 2 since lipids diffuse frictioning their hydration shells. At this
stage, it may be considered that no free water is beyond the hydration shell.
Mechanical properties of cell membranes have been only considered in a model in
which cytoskeleton and the glycocalyx affect membrane organization [159].

In conclusion comparison of monolayers and bilayers can be done for the different
mechano-chemical states in which low and high density can be defined without
introducing any topological change such as collapse of the lipid head group and the
presence of curvature. This region is denoted in figure 6 between lines a and d. The

meaning of these limits will be discussed in the next section.

30



7.3.- Topological deviations and defects.
In order to determine the range of density at which monolayers and bilayers could be
thermodynamically equivalent, it is necessary to define the lipid states in extreme
conditions.
At large areas in monolayers, cohesion forces are neglectable and no monolayer is
formed (beyond line d in figure 6). This state is comparable to that in which the lipid
vesicles are subjected to drastic hypotonic solutions in which the permeability barrier
properties are lost and the content is leaked. On the other hand, at low areas (high
pressure), monolayers collapse and in the bilayers the hypertonicity makes the
membrane to compress and form protrusions and extrusiu.’s in which high curvature
regions can be formed (line a in figure 6). The surfac. properties of these regions
are completely changed and unknown [160].
The collapse of the monolayers and the bilayer< i1.nt only occurs when lipids are
squeezed by an increase in lateral pressure anu = decrease of the lateral space. It
can be also thought as a result of the redu~.u.n of the excluded volume of hydration
water that may be displaced or distorted, ~ffecting the hydrogen bonding distribution
and hence interfacial tension.
Taking into account these feauw'res, the overlapping and crossed coefficients
described in Section 7.1, are only ».old for certain range of surface/area curves. The
monolayer at areas higher than 25 A? does not present coherence (line d figure 6).
At low area, the limit of p.»ssure at which lipid abandon the planar geometry is
represented by line a in figLie 6. Beyond this point, without reaching the collapse
pressure, compressioi® ca distort hydration shells, reorient carbonyl and phosphate
groups, and cause loc\l curvature. All these changes will affect the excess of free
energy of the interphase and therefore its response to bind effectors. The regions
between lines a and d are those in which monolayers and bilayers can be
reasonable compared.
This also can be a consequence of the collapse of the structure according to the
water expelled or absorbed in a given adsorption process. The interaction process is
accompanied (coupled) to changes in the structural pattern of the membrane at
different levels (head groups, carbonyls, acyl chains) in relation to water
arrangements and lipid-lipid contact.
As described above, many improvements of the current models have introduced

heterogeneities in the membrane plane obeying to the complex lipid composition
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[161, 162]. Thus, topological features, defects, non-bilayer structures, curvature are
introduced as a result of the finding of visually identified morphologies in the
membrane plane, as a consequence of powerful microscopic methodologies. So far,
structures are explained on geometrical criteria considering the stabilization at long
time of the events [163].

The current view of membranes sees the bilayer as formed by heterogeneous
patches (“domains”), enriched in certain lipids and proteins with diameters ranging
between 0.1 and 1.0 ym which characteristic functional properties are ascribed to [9,
164].

The coexisting lipid domains in membranes gave place :» a theory, in which the
shape and size of a given domain would be the result ¢ an equilibrium between line
tension and electrostatic dipole—dipole interactions. Lin2 tension, that has units of
force, is the linear equivalent of surface tensio~ (units of force/length) for a one-
dimensional interface, i.e. it represents the inte.*<cial energy. Large line tensions
favour large domains with compact (idea'y circular) shapes, while large dipole—
dipole repulsion forces favour small doiains and/or domains with extended, e.g.
flower-like, shapes [165-168]. Hc~ surface pressure affects the contact of
incompressible domains or if the ctirfface pressure deforms such domains or if there
is a combination of both effects .. not known. In terms of confined regions and
crowded systems it becomes mperative to elaborate hypothesis in which the
contacts and deformability a. e due to the water arrangements.

The correspondence bet*ee . monolayers and bilayers from a thermodynamic point
of view is based on tt = ci terion that the membrane is an open system with respect
to water as one of tr.2 components. The possibility to understand on a unique
thermodynamic frame the behaviour of monolayers under mechanical stress and of
bilayers in an osmotic stress allows to analyse with a new perspective the dynamical
properties of lipid interphases. By this, it is not only understood that the components
have the possibility to rotate, protrude, flip-flop or exchange with the external media,
but also that they may form transient structures and fluctuations in local
arrangements. The point is that, taken in consideration the exchange of water with
the media in both systems by different forces (surface pressure or water gradient),
the mechanisms of insertion of external solute bioeffectors of different nature can be

related with such fluctuations and dynamical properties. The inclusion of fluctuations
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in terms of the hydration state of lipid membranes give place to define the membrane
as a “reactant” material.

The process described in Figures 5 and 6, is produced by the dissipation occurring in
isothermal conditions due to the relaxation of the surface tension and the water
chemical potential. In artificial systems such as monolayers and bilayers the process
run towards equilibrium and once there an external force must be applied to return
the system to the initial conditions. To hold the system in a given state (surface
pressure/area pair or a surface pressure /water activity state) a constant external
force must be maintained on it (for instance a pressure on the barrier).

However, in a cell it is possible that this condition can be accomplished due to the
coupling of other elements of the cell that accounts for t."e ri:covery stage in a cycle.
These elements can be the cytoskeleton and/or the coupling with the cytosol
considered as an organized structure in contrast * «. dilute ionic solution. These two
elements might operate on the recovery of the 1.»~.nbrane properties to start a new
cycle at expense of energy possible in a str.ar.y metabolic state. This means that the
restoration forces would make the systei:» to recover, probably to the proximities of
the initial state giving place to oscilla.2rv phenomena in which energetic and entropic
contributions interplay [169-171]. 'n the present review we restrict our analysis for
dissipative processes in artificial svs*em. The consideration of oscillatory phenomena
mostly due to the presence ot .1tosol or a cytoskeleton will be the aim of a next

work.

8. The responsive memb -ane.

It has been pos ulated that membranes are responsive materials [172, 173].
By this, it is understood that membrane can react to physical and chemical
perturbations (temperature, pressure, electric fields, chemicals) changing the
physical properties, such as, hydration, thickness, density and polarity.
The response of a membrane to bioeffectors (by this it is understood any compound
in the external media that interacts with the lipid membrane) is usually measured in
lipid monolayers in terms of the departure from the steady state fixed in the curve of
figure 6, at point given by a pair (surface pressure/area per lipid) that in fact
corresponds to a pair surface pressure/water activity according to equation 6. (Fig.
7A).
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Fig. 7. (A) Surface pressure changes after the inje.tio. of a bioeffector to the
subphase of a DMPC monolayer at 20 °C and an initi~' su:7ace pressure of 15 mN/m;
(B) Surface pressure response of a DMPC monc'aye. at different initial surface
pressures ().

In a less evident way the responsiveness can a'so “e measured in bilayers following
the change in the refractive index in a lipos e dispersion which reflects the change
in density of the lipid membrane by the ~oL.=rmeation of permeant solutes with water
[118, 174, 175].

In order to make clear the contrast of the current ideas based on geometrical criteria
and the thermodynamic view, let us «.onsider the arrow and the bow metaphor.

In the first one, the arrow shc ild it in a pre-existing specific site in the target. Arrow
and hole in the target skou:1 have complementary shapes as the key and lock
model. This approach is v2lid for any tension in the bow. The other view is that the
tension in the bow ahowe the arrow to produce by itself a hole in the target. The
tension in the bow is ejuivalent to the surface free energy excess produced by the
different states of the bilayer/monolayer described by a given surface pressure/area
per molecule pair in the curve of figure 6.

The tension has been insinuated in the definition of propensity [47], and it is
worthwhile to point out that this is a description of the driving forces that operates on
the system. These forces are gradients created by differences in temperature,
chemical potential, pressure, surface tension and electric potential. The relaxation of
these forces produces a decrease of the system energy to a final equilibrium or a

partial one.
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For the sake of simplicity let us focus on two forces: chemical potential of one of the
membrane components (water) and surface tension of the membrane. As lipids are
confined to the lipid membrane being this a monolayer or a bilayer, the variation in
chemical composition is given by water. The changes in water in the membrane
directly affects the chemical potential of the lipids, i.e. the interactions between them.
This will be reflected in the tension created at the interphase.
The point here is that water can exchange between bulk water and membrane phase
in a monolayer or a bilayer as well. The TPI formalism described above can, in
principle, be useful to correlate results employing monolayers and bilayers as
experimental systems to study the reactivity to bioeffectors.

8.1.- Deviations from equilibrium
The bilayer structure is taken as the equilibrium stat>, a departure of it, is described
by the formation of non-bilayer structures. Manv =xy erimental observations support
the idea that, in certain circumstances, a sma.. region of a cell membrane may
transiently adopt a non-bilayer architecturr: 116, 176, 177], but the conditions and
regions in which they occur are not defir.d. moreover, in spite of this uncertainty, it
is speculated that those transient str.oti.res may imply novel physiological meanings
for lipid phases. The observatio,. that some isolated lipids may stabilize in non-
bilayer structures is extrapolate 1 .« cell membranes accepting the coexistence of
both lamellar and non-lamella’ h.'as. The lamellar structure can be, at least locally in
time and space, easily disru,tea by a variety of events (protein insertion, electrical or
chemical gradients, etc. 71iis makes cell membranes potentially responsive to
stimuli. This response is measured by the structural organization appearing as a
consequence of the )rocess, i.e. the final product. In fact, the probability of
incorporation of a given bioeffector (peptide, protein, or any other compounds of
biological action) to a preformed membrane structure is validated by the formation of
a new structure explained by the matching of the spatial distribution of the proteins
and of the lipids, taking these last ones as flexible to adapt to non-bilayer structures.
However, the state of the membrane susceptible to trigger the process " ab initio" is
not considered. The propensity to a phenomenon to take place has been analysed
from the effector side (the arrow in the metaphor) but shallowly from the membrane
state (the bow tension). In fact, in both cases, the process depends on the
membrane and the bioeffector molecular properties before the event occurs. In other

words, membrane needs some kind of preparation (the tension in the bow) to accept
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the bioeffector. This does not imply a pre-existent site in the target (as in the
metaphor) but the interplay of attractive and repulsive interactions between
bioeffector and water; water and membrane, bioeffector and membrane.

In thermodynamic terms, the propensity is just the excess of free energy that a
system has accumulated in order to evolve to a state of lower energy. In practical
terms, the propensity is due to the surface tension of the membrane originated by
particular arrangements of H bonds of surfaces in contact with each other.

A measure of this response is shown in figure 7 A, in which the addition of solutes to
the subphase of a monolayer stabilized at an initial surface pressure =; produces a
subsequent increase in surface pressure to reach a new s:able higher value. It has
been proposed, under geometrical and excluded vol.'me considerations that the
effector can insert in spaces between the lipids creited at large areas which
consequently promotes an increase in the packirz o *he lipid’s monolayer. However,
although this interpretation can be reasonable to >.plain the final accommodation of
the lipid in the presence of the bioeffector, i. coes not explain the origin of the driving
force that makes the effector to insert into *he monolayer.

The increase in surface pressure .= 7. consequence of the decrease in surface
tension, i.e., a decrease in surface free energy with respect to that of the lipid water
interphase equilibrated in the atisz ~e of the effector. The surface tension change
can only be ascribed to water jivcn its ability to concert hydrogen bonds [178].

In part B of figure 7, it is ob_arved that the response decreases with the increase in
the initial surface pressure. rhe critical pressure (n.), at which there is no longer
response, represents the: state of the monolayer beyond which there is no
thermodynamic respon;e. If this state is considered as the maximum approach of
the hydrated lipids, surface pressure larger than 40-45 mN/m corresponds to
extremely low water activity. At this critical pressure, free water beyond the hydration
shell is not expected. Hence, the response of the monolayer is given by the amount
of water outside the first tight hydration shell of the lipids [87, 179].

The interpretation of the interphase as a bidimensional solution considers that polar
head groups are dissolved with its hydration shell [67, 152, 153]. In this approach,
the bioeffector dissolves in the interphase water decreasing the water activity. This
generates a gradient of water chemical potential between the interphase and bulk

promoting a water entrance by osmosis which produces a surface area increase.
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Thus, lipid surface pressure increases with water activity in accordance to Defay
Prigogine interphase model described in the previous section (Eq. 7). However, the
water entrance to the membrane interphase can be taken as just a variation of the
geometrical interpretation if some considerations on the water state are not
analysed.

The inspection of figure 6, indicates that in the regions in which there is no phase
coexistence (plain LC or LE phases), a small increase in area implies a drastic
change in surface pressure, i.e. in surface tension. An increase in area of only 3-4 A?
implies a decrease in surface pressure from 45 to 35 mN/m. This difference denotes
that water state available for the bioeffector to interact is ti .t a question of dimension
but of free energy accumulation. This implies a qualitatvelh important change of the
surface in terms of surface tension due to water proo >rtie s.

Data in figure 7B can be replotted in terms of the difference between the critical

surface pressure and the initial surface pressure \~iy. 8)
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Fig. 8. Perturbation of lipid monolayers vs. the decrease of the initial
surface pressure with respect to the critical values. (A) DMPC, (A)
DMPE, (¢) DPPC, (m) DOPC, (o) DPhPC.

37



The slope of each the curves (K) in figure 8 is directly related to the difference in
chemical potential of water between bulk (u,) in monolayer in the presence of

bioeffector (nwp) With respect to that difference in the absence of it (tw - pwe) (EQ. 8).

(.uw - /pr)

K =
(/JW — Hwe

(8)

The slope changes according to the acyl chain structure (length, unsaturation and
CO groups) which is congruent with the increase in isolated populations put into

relevance by FTIR in figure 3. This correlation is shown in \.qure 9.
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Fig. 9. Correlation between the relative difference in water chemical potential
given by Eqg. (8) (K) with CH, frequency stretching reflecting the isolated
populations of CH, for different lipids.

That is, the water available for the membrane response is related to the water
organized at the acyl chain regions, i.e. confined water.

In other words, the propensity of the membrane to react when it is chased by a
bioeffector is given by the water quality in the surrounding of the hydrated lipids. This

water confined between the hydrated head groups has different surface tension and
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dielectric properties than pure water since the H bond arrangements are influenced
by the lipid contours [180-182].

9. Relaxation processes.

Thermodynamics is a fundamental tool to understand the stability of a system but it
must be also taken into account that around equilibrium, fluctuations may occur.
Each of these fluctuations can be amplified by the prese ce of a bioeffector and the
response of the system to attain a new equilibrium is go*'c ne d by the kinetics. In this
regard, several aspects should be considered tha* inivuive simple and complex
mechanisms most related to structural changes «lo..g the process and ultimately
related to water lipid arrangements.

The kinetic profile of the evolution of the syst:m, observed in figure 7A, from an
initial state (m;) given by a surface pressure.v.at 2r activity value to a final one (r) can
be plotted in terms of the solution of tre cecaond Fick's law.

The changes in bioeffector surface cc~centration (") follows the Ward and Tordai
equation:

qu 1/241/2
F=MWD/t/ 9

where Cp is the bulk con..zntration, and D is the diffusion coefficient of the

bioeffector.

The surface pressure ¢ an be expressed in terms of interfacial concentration (') by
1 = [RT (10)

where T is temperature in kelvin and R is the gas constant.

Therefore, the surface pressure is a function of time as expressed by a second
Fick’s law solution for molecules diffusing from bulk solution at a distance x towards

the boundary surface of the monolayer according to

2RTC,
=—z bYmr
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where the bulk concentration (Cp) remains effectively constant during the process.

Then, the rate processes can be generally defined by the relaxation coefficient n by

Eq. (12) [183].

where C=
T

ZRTCb 1/2
1/2 D

ATl = C # t™

(12)

For n=0.5, the processes consider a constant diffusior. ~ocfficient following Fick’s

law and it is represented by a straight line in figure 1v ‘.. Larger values than 0.5

indicate that the diffusion coefficient varies along te »rocess which may be related

to a modification of the lipid matrix.

In order to show the dependence of the relaxatic~ coefficient with the membrane

state (determined by surface pressure au ‘vater activity) the effect of surface

pressure and cholesterol ratio on the v.. e ~f n is analysed.

In figurel0 A, it is observed that the .’ 1etic pattern evolves from a non fickean (n>

0.5) to a fickean (n=0.5) process wt.>n going from low to high pressures.
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Fig.10. Effect on the diffusion pattern in the interaction of a surface protein with PC/SA
monolayers with different: A) Surface pressure 22 mN/m (green circles) and 31.5
mN/m (orange squares) and B) different Chol ratio: Chol 0 (orange circles); 2,5 Chol
(green squares); 5 Chol (blue triangles) molar ratios; (Adapted from Ref 153.)
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The effect of the presence of water on the n value can be also observed when Chol
ratio is varied in the membrane. As discussed above the increase in cholesterol
decreases water in the membrane [129, 130, 184]. In figure 10 B, it is clear that the
increase of cholesterol displaces the behaviour to a fickean process. The
explanation of this observation is congruent with that assayed above for the surface
pressure.

Considering that the surface pressure on the monolayer fixes the interfacial water
activity, it may be concluded that the fickean process appears when water is
decreased in the membrane either by surface pressure increase or cholesterol
increase. In other words, the relaxation implied in a non fic:-ean process is related to
the presence of water and its reorganization. Taken togathir, the relaxation process
can be ascribed to water in the system confined between the lipids.

10.- Conclusions.

Due to its dimension’- two molecular leaflets ar.1 10 more than 2-3 layers of water molecules
per lipid - bilayers cannot be considerec® ~s o true phase in thermodynamic terms, i.e. a
region of space throughout which all phy.~ 4l properties of a material are uniform.

There are strong evidences that uhiformity is not present both at macroscopic and
microscopic scale along the directic n .,~*mal to the membrane surface. The first is revealed
when the incorporation of solut::s Joes not obey the Henry.s law, the second, when the
water content at hydrocarbon " inks are analyzed with FTIR spectroscopy.

The so-called concept of fluid . "ase - which is ascribed to be the most frequent state of cell
membranes- exhibit ligraa-crystalline properties and in consequence it is claimed to be
uniform. However, acc.vanig to the molecular structure of acyl chains (Fig. 3), hydrocarbon
region properties are i.ot the same for different acyl chains due to its different ability to
capture water.

Lipid bilayer inhomogeneities are noticed along the hydrocarbon region and in the polar
interphase, considering this as an aqueous bidimensional solution of hydrated polar head
groups. The organization of water molecules along lipids can therefore be visualized as
those facing hydrocarbon walls and those forming part in the first and the second hydration
shell in the polar groups. This gives a complex energetic map of the membrane surface. As
a consequence, a dynamic behaviour makes structures to fluctuate around a given one, and
simultaneous fluctuations in different regions can occur in a coordinated way. According to

the nature and strength of the interaction of the bioeffectors, the fluctuations can be

41



displaced changing transiently the local structure and /or to propagate to give a global
phenomenon (synergism).

The kinetic patterns deviating from a single diffusional process - in which the matrix
is maintained unaltered - show a clear dependence with water content as derived
from its behaviour with surface pressure and cholesterol (Fig.10). Thus, this strongly
suggests that fluctuations are due to water structural reorganization in the insertion
processes.

The relation of surface pressure in monolayers and bilayers cannot be only
operative. It also implies an important conceptual frame since they are related with
the interfacial water activity. This is to say that variation -.* the surface pressure are
indeed changes in the water surface activity due to rei'rrar gements of water and H
bonds between water and lipids.

In spite of the effort to validate the Singer and Nicnlson model on the basis of the
information obtained by optical methods, noin.> cf them takes into account the
thermodynamics implications of the doma’..> observed. Moreover, the paradigms
discussed in this review are not explicitly ::ori..dered in the schematic descriptions of
membrane models. It is clear that th 2 p’esent analysis has been done on the basis
of data obtained in model systems composed by only one or two lipids. A challenge
in the next future is to extent u.'s analysis to complex mixtures in which such
heterogeneities were observi.. 1iowever, few information is available in model
systems in order to accomp'shed such aim.

The standard cartoon of lip,d membranes as a two lipid leaflets is not enough to
describe the relevant role that membrane has in biological processes. This review
has focused on pn,sical chemical process of lipid interphases, mainly its
thermodynamics response. The evolution of the living systems has also its
thermodynamic background. The formation of autocatalytic ensembles in
compartmentalized systems i.e. a membrane of amphyphilic compounds enclosing a
specific media is due to water entropic changes. Evolution made that such barrier
could adapt to let in and out compounds of chemical reactions in a pre-biotic stage.
to allow the cell to maintain a steady state preserving a low entropy interior at the
cost of energy flow [185]. They conform extended surfaces in which chemical
reactions take place much faster that in tridimensional bulk solution.

The compartmentalization enclosed water that may acquire properties different than

a bulk phase due to the presence of macromolecules and the membranes. In a kind
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of physical symbiosis, membrane affects water properties and viceversa, water
affects membrane ones [186].

This speculation brings about some cautions in the visualization of the membrane as
an open system. It is usually understood that open is due to exchange of matter.
However, the point raised in the previous point also denotes that membrane must be
coupled to other elements of the cell to be operative (i.e, a device that may give
place to oscillations around a point to maintain a steady state at low entropy at
expense of exchange of minimum energy. The approach that cytosol may be
organized to accomplish this function is a possibility to be discussed. If this is so the
state of water in the cell is a matter of importance and asy ™ metry generated by this
condition cannot be disregarded in cell membrane funct.on.

The inclusion of the thermodynamic response ptt in.0 relevance the collective
properties of the membranes in terms of its c~mgasition and interaction with its
aqueous environment. In this context, as cells mc:’ regulate membrane composition,
they may, by extension, modulate water acuv.iv in terms of energy and structure. In
this regard, lipidomics show the coi:nlexity of plasma membranes in lipid
composition and its implication in s, n7ing processes. In this view lipidomics may
derive in aguaomics for which it .~ understood that water acts as a mirror of lipids
species and vice versa water propc<-ties determine lipid organization [68, 187]. How
do cells manage to tune these: n.:erphase properties to accomplished cell function is

a matter of future and excitii. discussion.
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