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The scope of the present review focuses on the interfacial properties of cell membranes that may establish a
link between the membrane and the cytosolic components. We present evidences that the current view of
the membrane as a barrier of permeability that contains an aqueous solution of macromolecules may be
replaced by one in which the membrane plays a structural and functional role. Although this idea has been
previously suggested, the present is the first systematic work that puts into relevance the relation water—
membrane in terms of thermodynamic and structural properties of the interphases that cannot be ignored in
the understanding of cell function. To pursue this aim, we introduce a new definition of interphase, in which
the water is organized in different levels on the surface with different binding energies. Altogether
determines the surface free energy necessary for the structural response to changes in the surrounding
media. The physical chemical properties of this region are interpreted in terms of hydration water and
confined water, which explain the interaction with proteins and could affect the modulation of enzyme
activity. Information provided by several methodologies indicates that the organization of the hydration
states is not restricted to the membrane plane albeit to a region extending into the cytoplasm, in which polar
head groups play a relevant role. In addition, dynamic properties studied by cyclic voltammetry allow one to
deduce the energetics of the conformational changes of the lipid head group in relation to the head-head
interactions due to the presence of carbonyls and phosphates at the interphase. These groups are, apparently,
surrounded by more than one layer of water molecules: a tightly bound shell, that mostly contributes to the
dipole potential, and a second one that may be displaced by proteins and osmotic stress. Hydration water
around carbonyl and phosphate groups may change by the presence of polyhydroxylated compounds or by
changing the chemical groups esterified to the phosphates, mainly choline, ethanolamine or glycerol. Thus,
surface membrane properties, such as the dipole potential and the surface pressure, are modulated by the
water at the interphase region by changing the structure of the membrane components. An understanding of
the properties of the structural water located at the hydration sites and the functional water confined around
the polar head groups modulated by the hydrocarbon chains is helpful to interpret and analyze the
consequences of water loss at the membranes of dehydrated cells. In this regard, a correlation between the
effects of water activity on cell growth and the lipid composition is discussed in terms of the recovery of the
cell volume and their viability. Critical analyses of the properties of water at the interface of lipid membranes
merging from these results and others from the literature suggest that the interface links the membrane with
the aqueous soluble proteins in a functional unit in which the cell may be considered as a complex structure
stabilized by water rather than a water solution of macromolecules surrounded by a semi permeable barrier.
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1. The membrane in an integrated cell system

According to the current paradigm, a cell is described as a
compartmentalized system in which the cell membrane is the
barrier of contention of an aqueous solution of cellular material.
This reductionistic approach ignores that cytoplasm is crowded
with macromolecules and it is hard to understand cell function
without a connection between the intracellular material and the
cell membrane.

Virtually all biological macromolecules and among them mole-
cular assemblages such as membranes, maintain a hydration shell [1].
Response to changes in the external conditions has been obtained in
real time by following metabolic states in relation to bound water
molecules [2,3]. In the light of this evidence, this review focuses on
the role of water at membrane surfaces as a connecting material with
structural and dynamical properties imposed by the contact with
lipids.

In this regard, one of the problems in understanding the lipid
functionality in biological membranes is the fragmented way in which
their properties have been studied. While a great emphasis has been
put in the resolution of the structural properties, thermodynamic
analysis has been relatively scarce. Although a thermodynamic
equivalence of monolayers at collapse and fully hydrated bilayers
has been proposed by modulating the surface pressure as a function of
water activity [4], the relation between those structures and its
surface thermodynamic response is not clear.

On the other hand, extrapolation of the results in lipid model
systems, (of a limited number of synthetic components) to real
membranes (a complex mixture), has resulted in simplistic models for
membrane structure and, which is more important, its function. While
clearly such models has been useful as a preliminary approach in the
understanding of organization, polymorphism and phase states, they
don't account for the complex membrane surface structure in which
there is a spatial distribution of charged sites, counterions, and coions
with their corresponding hydration shells. In addition, cell membrane
function also should account protein-membrane interactions. Thus,
the point raised that lipid structure is the key for the water surface
activity should be understood in the context that membrane contains
intrinsic proteins and others attached to the surfaces constituting a
much complex structure in terms of bidimensional domains and trans
membrane asymmetry. Certainly, the current state of art in modeliza-
tion and water structure does not allow going further than model

membranes of a few components. However, the correlation of thermo-
dynamic properties and structural arrangements presented with
model membranes is a first step to account explicitly and system-
atically structural-function relation.

As derived from the analysis of surfaces of lipid membranes
emerging from studies in phospholipid monolayers, nuclear magnetic
resonance and molecular dynamic simulation, the state of water near
the interface presents peculiar thermodynamic and structural proper-
ties [4]. Under this scope, the heterogeneity in the chemical
composition of the lipid membranes acquires a new projection since
the different groups esterified to the phosphate in phospholipids and
the consideration of the carbonyl groups as a second hydration center
give a wide versatility of the surface properties due to their differences
in water organization.

The link between the membranes with aqueous soluble proteins in
a functional unit demands a clarification of the relation between the
structure of water imposed by the different lipids and lipid moieties,
with its corresponding thermodynamic stability.

The stabilization in water of structures composed by those
different types of lipid molecules [5-8], specifically of widely different
head group structure, introduces changes in the normal liquid water
network [9,10]. It may be reinforced or it may collapse, increasing the
density depending on the hydrophilic-hydrophobic character of the
exposed groups. The non-polar surfaces reinforce the hydrogen bonds
of the low density water clusters. The collapse of this type of
organization can result from the stronger water-lipid interaction in
the hydrophilic portions. In both cases, a change in the surface free
energy could be the origin of the driving force to aggregate non-polar
surfaces such as membrane-membrane or membrane-peptide
contacts.

It is clear that lipid heterogeneity would account for different
exposures of hydrophilic-hydrophobic regions according to the
different groups esterified to the phosphates (choline, ethanolamine,
glycerol, and inositol). Voluminous groups can extend from the
phosphate group vicinity according to the balance of steric factors and
hydration [11]. The membrane ensemble results in domains unevenly
distributed in the plane of the surface that protrudes at different
distances into the solution (Fig. 1). The rectangle in Fig. 1 denotes the
different membrane group-water interaction of different excess free
surface energy. This free energy excess could be the key to trigger and
modulate the response of membranes to different changes in the
environment.
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Fig. 1. Protrusion of the groups esterified to the phosphate in the surface of the
membrane.

The interfacial energies in heterogeneous mixtures will be
governed by the lateral interaction within the bilayer and with the
aqueous solution at the different phase states of a lipid membrane
[12-14]. The cohesive forces between the chains, which tend to
minimize the area exposed to water, are counteracted by the repulsive
forces between head groups buffered by the hydration. The net
attractive forces between head groups mediated by water bridges or H
bonding such as in PC's and PE's can be drastically altered by the
hydration giving place to different lipid surface arrangements and
interfacial area per molecule.

Changes in the composition of the solution in contact with the
membrane can affect this picture. In this context, osmosis denotes
a special situation. It induces changes in the water activity
producing membrane curvature, as those resulting from the
osmotic shrinkage of cells or liposomes, or membrane expansion
as in swelling. The local changes of packing leads to the formation
of defects in the membrane interface. From the surface energy
point of view, defects mean more reactivity and they are favored in
solid-like materials such as membranes in the gel state or in the
borders of coexisting gel-fluid domains [14-16]. From the struc-
tural view, defects should probably be characterized by an
organization of a few water molecules in a pocket or restricted
domains between lipids, establishing equilibrium between fjords
and reefs topography as described in micelles [17,18]. Defects in the
interfacial packing could be modulated in a much more complex
manner when the surface is composed by groups protruding to the
aqueous phase as shown in Fig. 1. Details of the organization of
water at the defects are not available but they have been
postulated as targets where amphiphilic molecules bind and
displace water [19,20].

Therefore, the equilibrium area developed as a compromise
between the packing of complex mixtures of head groups and the
interactions of hydrocarbon chains depends on head groups type and
size and, in consequence, water-hydrocarbon contact can be altered
by changes in temperature and water content.

Drastic decrease or increase of temperature causes alterations
on the water bound to membranes. The order-disorder in the
hydrocarbon chains produces the expansion or contraction of the
membrane and consequently in water activity at the membrane [4].
This produces changes in the surface free energy (surface pressure)
that may trigger adsorption of compounds from the solution.

Under a thermodynamic view, these coupled phenomena show
the membrane as a mechano-electro-chemical system. Chemical
composition in the water phase may cause area and surface
potential changes and vice versa. The different rearrangements of
water or water displacement can be the vinculating material.
Solutes excluded from the membrane interphase may cause an
osmotic stress at the surface. Other types of solutes may adsorb or

penetrate into the lipid membrane interphase at different depths
competing with the hydration water of the surface groups. In both
cases, the hydration energy of the solute and of the lipid surface
should be included in the thermodynamic balance considering in an
explicit way the interfacial properties. For this, the changes of the
water intimately related to the structure at different levels should
be considered. The distinction between two types of solutes that
may cause hydration stress: one that is excluded from the surface
and another that can replace water at the surface, will be a useful
tool to distinguish water at different states, in terms of the energy of
binding to the lipids and hence its structural organization. The
solutes replacing water would denote the hydration water, solutes
excluded from the interphase and extruding water from it would
denote confined water or osmotic water. In both case, they may
trigger differ effects on the area per lipid and the organization of
dipole and ions determining the surface potentials. The under-
standing of the variations produced by these hydration stresses on
the different lipids and lipid mixtures can be followed by the
changes in the water-lipid interaction and could be physiologically
important.

2. The interphase region in a lipid membrane

The study of the interfacial thermodynamics needs a novel
visualization of the membrane interphase to introduce the relevance
of water in membrane structure. The consideration of the membrane
in its functional role implies that it should be able to respond to
changes in the environment, as those named above causing hydration
stress. To accomplish this, the evaluation of the membrane phenom-
ena in terms of surface thermodynamics requires the lipid membrane
to be visualized as a material with unique mechanical and electrical
properties inherent to its interfacial stability. In this approach, water
and solutes interacting or penetrating the membrane play a role of
surface active agents. In this sense, the approach of the membrane
taken as an inert phase interposed between two compartments is
unsatisfactory. In consequence, a model in which the dynamical
properties are reflected should be provided. The dynamics of water
exchange between the surface groups and the group would give place
to fluctuation at local level in restricted domains of the membrane
surface.

This interfacial phenomenon would take place in a 40 A thick
membrane in which the 40% of its thickness is occupied by an aqueous
region [21,22]. Within this limit, we introduce a description of the
region of the lipids in the membrane in contact with the aqueous
phase: the interphase region. In this, water is considered as a
component of the membrane, organized in different levels: the
hydration water and the confined water.

The first includes water tightly bound to the groups and excludes
large water soluble compounds, such polyethylene glycols. The second
corresponds to water that may dissolve low molecular weight
compounds such sugars and aminoacids. This water has different
thermodynamic properties than that in the bulk. The physical
chemical properties of this region allow an explanation of the
interaction of proteins from the aqueous environment and the
modulation of enzyme activity by the introduction of metastable
structural properties that may fluctuate between different states of
comparable energies.

The interphase region is defined between an internal plane (the
water-hydrocarbon interface) and an external plane (the slipping
plane in contact with the bulk aqueous phase). A scheme of the
interphase that will be analyzed and justified along this work is
presented in the Fig. 2.

The outer plane (A) is drawn tangentially to the external surface
of the phosphate or bulky polar groups, although this may vary,
depending on the volume of the groups esterified to the phosphate
(see Fig. 1). For convenience, we will define this plane as that
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Fig. 2. The interphase of a lipid membrane. The interphase region confined between two planes: An inner plane containing the carbonyls (- - -) and an outer plane tangent to the
external phosphates (...). The region between the two planes confines the hydrated groups and water.

tangential to the phosphates. This plane divides the region dragged
by the membrane from the bulk aqueous phase in an electro-
phoretic mobility assay. The inner plane (B) divides the low
dielectric constant region of the hydrocarbon phase from the polar
region.

The 20 A thick region confined between the two planes is defined
as a bidimensional solution in which the polar head groups are
hydrated. In this, water and hydrated moieties are located and there
are enough arguments to consider that its properties differ from the
bulk water. One of them is the partial specific volume of water [4], the
other dielectric properties. The hydrophilic-hydrophobic character of
the exposed groups may reinforce or collapse the hydrogen bonds of
the water clusters, thus affecting the density. The dielectric constant in
this region is much higher than that of the hydrocarbon core (c.a. 2)
but different than that corresponding to bulk water (c.a. 78).The
alignment of the water dipoles may decrease the dielectric constant to
about 40 in this region as predicted by molecular dynamics and
fluorescent measures [23,24].

The conceptual definition of the interphase as a bidimensional
solution composed by hydrated groups and water helps to understand
many of the responses of the lipid membrane to changes in the
environment. One of them is the adsorption of anions and anionic
groups at the Stern layer, considering the hydration shell of phosphate
and the choline groups, which insert a net charge at the surface.
Another is the adsorption and subsequent penetration of peptides and
proteins [25-28].

An additional property derived from the alignment of the water
dipoles is that the region is impenetrable by another interphase. That
is, two interphases repel each other. This argues in favor of the
definition of an excluded volume containing the different types of

water and the polar groups contributing to the permeability barrier
[21].

3. Excluded volume and area per lipid

When cells are exposed to changes in the osmotic pressure of the
external environment, water is displaced between the inner and the
outer compartment of the cell.

The first response to changes in the osmotic pressure is the
variation of the cell volume. This is due to changes in the chemical
potential of water inside or outside the cell that drives the flux of
water across the cytoplasm membrane.

It is crucial for the cell recovery after dehydration that the water
not to be extracted below a certain level [29,30]. If this occurs the
changes due to dehydration are irreversible and the cell dies. These
results have many implications. The elimination of this water affects
the overall structure of proteins and membranes. For protection, the
cell responds to osmolarity changes by activating a metabolic pathway
denominated “osmoregulation” [31]. To accomplish this, transmem-
brane proteins can adopt new conformations and associations, and
then modify their interactions with the lipid membrane [29,32,33].

To achieve the volume changes and recovery, cells must behave as
osmometers [21,34,35]. In Fig. 3, the linear relation between the
volume of the cells and lipid vesicles with the inverse of NaCl
concentration in the outer solution are shown. This linear relation
indicates that cells and vesicles obey the van't Hoff law for ideal
osmometers. In these graphs, the extrapolation to the y axis allows
calculating the non-osmotic volume. This is related to the volume of
the material that cannot be reduced by osmosis. Part of this volume is
related with the barrier of repulsion opposing the interpenetration of
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Fig. 3. Osmometer behavior of cells and lipid vesicles. Volume % of cells (m) and of lipid
vesicles ([1) exposed to increasing concentrations of NaCl in the outer media. Final
volumes are plotted as a function of the inverse of NaCl concentration to show the
behavior of cells and lipid vesicles obeying the Boyle-van't Hoff equation.

the interphase regions described in the previous section [36-39].
Vesicles prepared with lipids also show a non-osmotic volume.
Although much lower than the whole bacteria, it is far from zero. This
volume has been shown by different methodologies to correspond to
water sequestered by the membrane. Thus, part of the excluded
volume found in cells corresponds to the excluded volume in the
membrane phase. Taken together, the decrease of cell volume below
the critical point of dehydration implies elimination of water from
membrane structure. Hence, certain level of water at the membrane is
essential for cell functions.

As defined previously, one of the properties of the interphase
region is to be impenetrable. This is derived from the results in Fig. 3
and accounts for the repulsive forces between adjacent interphases. It
has been related to the partial specific volume and the dielectric
properties of the interphase region by the repulsive forces due to
hydration that account for the dipoles at the interface constituting the
dipole potential (see below) [40]. The excluded volume of a membrane
is the volume occupied by constituents that do not act as solvent for
solutes of the aqueous phase, i.e. it counteracts the permeation across
the membrane. It includes the molar volume occupied by the lipids
and the molar volume of water immobilized by them. It has been
calculated that the average thickness is 1 nm, which is two to three
layers of water at most. Simulation studies have shown tetrahedral
ordering in the interphase, and orientation ordering extending
approx. 0.7 nm into the water phase from the average [41]. The
bilayer of phosphatidylcholines in the fluid state incorporates water
up to a water/lipid ratio of 18-20 as found by DSC constituting the
excluded volume that contributes to the bilayer thickness [42,43].

The aim is now to discuss the contribution of the excluded volume
of the membrane in terms of structural dimensions (thickness and
area per lipid) to the thermodynamic behavior of the interphase
region of the model in Fig. 2.

The excluded volume in a fully hydrated state is directly related to
the area per lipid of membranes in the different states. There are
different methods to calculate the area per lipid.

One of them relies on the determination of the interbilayer
distance by X-ray diffraction derived from the electron density of the
phosphates as a function of water content [44,45].

This can be accomplished by two procedures. In one of them, lipids
in the dry state are hydrated step by step to reach full hydration. When
water exceeds that needed to fully hydrate the lipids, the interbilayer
distance increases and the bilayer thickness and area show no further
changes.

In another experimental design, water from fully hydrated lipids is
extruded by applying osmosis outside the compartments enclosed by

the bilayers. In this case, macromolecules that are able to swell in
water such as polyethylene glycol or dextran are used [37-39]. Using
the very accurate thickness data obtained from X-ray diffraction, and
knowing the volume of the lipids, it is possible to derive the
corresponding area.

Stabilization of the water-lipid interphase corresponds to the
incorporation of water molecules to the lipids in order to reach a
stable area per lipid. Water becomes distributed around the polar
head groups, phosphate and choline, with a small penetration into the
carbonyl region as derived from X-ray studies [21,27,44-46].

However, it is difficult to separate the area calculation from other
physical changes occurring in the membrane during the determina-
tion, especially when osmotic stress is employed. This is because the
interphase can be altered by the changes in water activity in the bulk.

As stated by Nagle and Tristam-Nagle [22] and references therein,
area values reported in the literature are scattered in a range of 50%.
One correction introduced by these authors, which seems to be
satisfactory, is the consideration of fluctuations. However, details on
the physical meaning of these fluctuations are not given. As will be
discussed below they may be related to the dynamical properties of
the groups at the inner and outer planes of the membrane described in
the previous section.

An alternative (and direct) method is to determine the area per
lipid in a monolayer spread on an air-water surface. The principal
drawback to area determination in monolayers is to adjust the lateral
pressure to that corresponding to a bilayer. In this method, one has to
decide at what surface pressure the area is determined. For example,
at the pressure of collapse, the area is much lower than that at
pressures similar to those corresponding to a bilayer. This means that
interphases of monolayers and bilayers are compressible and lateral
forces of compression can squeeze water from the lipids.

As the area per lipid may vary with the applied lateral pressures,
which is the limit corresponding to the bilayer in equilibrium?
Moreover, what distortion may induce the lateral pressure on the head
group conformation, carbonyl arrangements and apolar groups'
exposure according to the fluctuations discussed previously?

A strategy to tackle this problem consists in the spread of lipids in a
monolayer at the air-water interface at constant area and tempera-
ture. For this, no assumptions are required, but it needs a skillful
precision in its determination and the acceptance that a monolayer is
energetically equivalent to a bilayer. In this regard, many papers have
demonstrated that this is the case [47,48], although several others
have challenged it [49].

An answer to these questions is to work with monolayers that
spontaneously accommodate at an air-water interface in the absence
of any lateral forces, except that of the adjacent lipid molecules. In this
method, it has been argued that the excess of lipids achieved when the
monolayer is saturated forms vesicles or liposomes in the subphase
underneath the monolayer [48]. In the equilibrium, the chemical
potential of lipids is the same in the monolayer than in the liposomes.
Therefore, the interfacial properties can be accepted to be equal.

The method consists in the determination of the area per lipid from
surface pressure (1) vs. nmoles of lipids by adding aliquots of lipids in
an organic solvent to the surface of water at constant area (Fig. 4).

The sequential addition of lipids to an air-water surface increases
the surface pressure due to the decrease in the surface tension.
Saturation is reached at a surface pressure corresponding to the lipids
and to the temperature denoted by the arrows in Fig. 4. In the fluid
state at 28 °C, a lower amount of lipids is needed to achieve the
saturation in comparison to the gel state at 18 °C due to the higher area
per lipid. In the monolayer method, the uncertainty is £0.5 nmol of
lipid.

From this, a careful extrapolation can give the limit area per lipid
when the monolayer is not subject to any external force. The values of
the area per lipid obtained with this method are 65.4+4.4 A? for the
fluid state and 56.4 A2 for the gel state [50-52].
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Fig. 4. Determination of the area per lipid in monolayers. Saturation values of DMPC
monolayers spread on an air-water interphase at 18 °C ({J) and 28 °C (m). Arrows
indicate the saturation value at which areas are calculated (see text and refs. 50-52).

The values derived from X-ray diagrams for DMPC (30 °C) are
60.6 A% with fluctuations [22] and between 59.7-65.2 A? when
fluctuations are not considered [44,51,52-61].

The difference between the lower and the higher values in both
methods is 5 A%, which is a distance of around one water molecule.
The differences in area related to fluctuations could then be ascribed
to different water organization and molar volume in the adjacencies of
the polar and non-polar groups of the lipids. This assumption deserves
adetailed discussion of the effect of water extrusion on phosphate and
carbonyl arrangements, i.e. on the topology of the outer and inner
plane of the interphase region of Fig. 2.

4. Levels of hydration at the membrane

In both methods used to determine the area per lipid, the
membrane appears to stabilize a water arrangement which is a
compromise between the orientations imposed to the water
molecules by the groups of different chemical nature and the
water structure of the network bulk liquid. This compromise
defines the aqueous region of the interphase. Dry lipids dispersed
in water form bilayers when the lipid phase reaches the saturation
level. In the monolayer, the free surface of water saturates at a
given amount of lipids. In both cases, the full hydration level is
ascribed to the excluded volume described above that includes
water molecules at different depths. For the corresponding
thickness of 20 A, 11-12 water molecules are located out of the
membrane inner plane in Fig. 2.

In the curves of X-ray, Bragg spacing versus hydration saturation
levels near 12 water/lipid, as observed experimentally by Hristova and
White [62] and marks the completion of the first hydration shell [63—
64]. In monolayers at constant area, the saturation is reached for 11
water molecules per DMPC at 30 °C a value near to that found in
inverted micelles [65]. This data are resumed in Table 1.

Thus, water at the interphase is not constrained to the polar
groups as derived from the Gaussian distribution emerging from
X-ray studies. Water beyond the first hydration shell may be
related to the extension of water into the water-hydrocarbon
interface [27].

The centers of hydration of the phospholipids are the phosphate
and the carbonyl groups. Data of FTIR in Table 1 reports that dried
lipids exposed to water vapor show a downward shift in the
asymmetric stretching frequency of the phosphate of phosphatidyl-
cholines reaching a constant value when a ratio of six water molecules
per lipid is attained [66,67].

After full hydration, the asymmetric stretching of phosphate
groups is displaced to higher values when exposed to hypertonic
solution of PEG. This shift was interpreted as a consequence of the
dehydration of the PO due to the osmosis [68,69].

These two lines of evidences suggest that water volume in the
lipids can be roughly identified in a similar way as that organized
around an ion: a first tightly bound water and a second loosely bound
shell. The first hydration shell is water excluded from the volume to
dissolve solutes. Outside that region, solvent properties depend on the
type of ions and its concentration. Water bound to the membrane is
sequestered and unable to dissolve solutes. Thus, this region also
contributes to the permeability barrier [21,34]. Loose water might
account for the dissolution of some polar solutes in the interphase
region affecting the water activity and for the fluctuations in the
standard deviation in the area determination.

Loose water can be displaced by osmosis. The tightly bound water
can be replaced in drastic conditions by specific compounds that may
mimic water [30,70-72]. The limits between both effects will be given
by the size, shape and the type of the molecule and the energy by
which each water molecule is bound to specific groups.

4.1. Specific sites for hydration water

The two different types of water distinguished as tightly bound
and another displaced by osmosis suggests that water molecules
included in the excluded volume are not energetically equivalent. How
can we identify structurally and thermodynamically the difference?
Phospholipids bind approx. 0.5-3 water molecules/lipid very tightly.
The energy to remove these water molecules is c.a. 40 k]/mol [73],
which is equivalent to the energy of a hydrogen bond. Therefore,
inherent to the different water distribution in the structure, water
bound to lipids may have different thermodynamic properties, such
as, activity.

When a weighted amount of DMPC, fully hydrated in water and
then dehydrated at 70 °C and under vacuum, is introduced in a sealed
chamber at constant temperature, the activity of water at equilibrium
is a,,=0.480+0.01[74]. Therefore, some water remains attached to the
lipids with the ability to exchange even after the drastic drying.

Interestingly, when the liposomes are dried with the same
procedure in the presence of increasing trehalose ratio, the water
activity decreases to a,,=0.327, a value comparable to that found in
saturated solutions of MgCl,.6H,0, denoting a decrease of the water in
contact with the lipid with the ability to be exchanged with the vapor
phase [74]. This means that in the presence of trehalose less water
remained attached to the lipids. In other words, trehalose molecules
have been able to displace exchangeable water from some sites.

In Table 1, it was shown that water bound in reverse micelles were
about 12-14 water molecules per PC. When a chloroform lipid
solution is titrated with a solution of trehalose, the water per lipid
decreased to a limit value of 7-8 water molecules for 4 trehalose/lipid.

The lower value of 7-8 water molecules can be identified as those
tightly bound to the lipid which cannot be displaced by trehalose.
Interestingly this is a value very close to that found for the frequency
shift of the phosphate groups when dried lipids are exposed to water
vapor (Table 1). It is concluded that phosphate group in the lipid

Table 1
Water/lipid in PC's and PE's as determined by the reverse micelle formation and by the
limit of saturation in monolayers

Water per lipid at Water per lipid ~ Water per lipid Water at
the break of Bragg  in monolayers in micelles [65] phosphate
spacing [64,64] [50,52] (FTIR) [66,67]
DMPC 12 11 12-14 6
DMPE ND 9 4 ND




E.A. Disalvo et al. / Biochimica et Biophysica Acta 1778 (2008) 2655-2670 2661

Table 2
Frequency values of the carbonyl group population for DMPC membranes in different
phase states

DMPC Ppfem™! st C=0  Tpfem ™! st Difference between
(Unbounded) C=0 (Bounded) bound and unbound
[108-109] frequencies Av /cm™'

Fluid phase (Ly) (30 °C)  1738,0 1721,5 15,5

Ripple phase (Pg") (18 °C)  1742,0 1724,0 18

Planar gel phase 1738,4 1730,7 7,7

(L") (10 °C)
Solid DMPC 1740,0 1740 -

membrane is a primary hydration site with c.a. six water molecules
stabilized in a strong environment [66,67,75].

Phosphate groups are the sites of the phospholipids that may
immobilize water in a tetrahedrical array by attaching the molecules
through hydrogen bonding with the PO groups. On the other hand, the
choline group appears to have a clathrate-like shell. Considering the
difference between the lower value obtained for the phosphates with
that obtained with calorimetry (18-22 water molecules per lipid), we
deduced, that there are 10-12 water molecules in a less tightly bound
hydration shell [76-88].

The location of these 10-12 water molecules can be found around
other polar groups such as the carbonyl groups and beyond the inner
plane as deduced from the calculation of water per lipid in
monolayers.

Carbonyl groups are also a center of hydration but with a more
complicated behavior. Hiibner and Blume [89] suggested that the
resolvable subcomponents of the vc—o bands of diacyl phospholipids
may reflect subpopulations of hydrogen-bonded and non-hydrogen-
bonded ester carbonyl groups. This suggestion has been adopted in
the interpretation of the vc—o bands in several studies of diacylglicer-
olipid bilayers [75,89-99]. For fully hydrated phosphatidylcholines,
the high and low frequency components of the vc—o bands cannot be

assigned to the individual ester carbonyl group of acyl chains
esterified at the sn;- and sn,-positions of the glycerol backbone.
These studies indicate that the carbonyl groups at the sn; and the sn,
position in phospholipids consists in two populations: one hydrated
(bound) and another non-hydrated (non bound) [89-92].

Carbonyl groups are affected to a more significant degree for
lipids arrayed in the L, phase than in the gel phase. A number of
spectral features reveal the lyotropically triggered chain-melting
transition as well as other structural rearrangements of PC's [93-
96,102]. In consequence, the CO groups can be arranged in one
population exposed to the water phase and another facing the
non-polar bilayer side (Table 2). In this Table it is also observed
that the difference in frequencies between the two populations
depends on the topological phase state of the surface. Thus,
carbonyl exposure to water depends on the water-lipid ratio at
each phase state. A schematic orientation of these possibilities is
drawn in Fig. 5 (part A).

The interesting point is that each of sn; and sn, populations split in
those two states, which may be explained as a consequence of a
dynamic exchange of water in the inner plane as a result of the
permutation of the CO from one position to the other. The dynamic
orientation of the CO across the inner plane of Fig. 2 implies a
fluctuation around the stable position. Fluctuations can be local and
independent of each other making the surface more heterogeneous at
the membrane plane.

This accounts for the diffuse limit at the water-hydrocarbon
interface and the fluctuations in the water penetration [95,96].
Considering these properties, it is reasonable to understand the
variations in the values of area through the volume determination. As
an aside, it suggests that carbonyl group may, in certain stages,
determine the area per lipid (see Table 3 below).

As pointed out later by Nagle and Tristam-Nagle [22] the difficulty
to quantify the structural properties is the presence of fluctuations in
fully hydrated lipids.
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Fig. 5. Defects in the lipid surface. Schematic representation of the orientation of the C=0 at the water-membrane interface (A), phosphocholine or ethanolamine (P-N) alignment (B)

and CH, exposure (C).
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Table 3
Frequency shift of the asymmetric stretching band of PO groups in PC and ether-PC's in
the presence of polyhydroxylated compounds (T=18 °C) in P/, phase

Ppfem™! st A¥fem™! Area per lipid
antisym PO3 (A%)
Pure DMPC (28 °C) 1229.5 0 65.4+4.4
Pure DMPC (18 °C) 1228.2 0 56.28 2.5
PC/arbutin (0,10 M) 1212.7 -16.8 844123
PC/trehalose (0,10 M)(28 °C) 1207.0 -225 112.6+18.7
PC/phloretin (1:1) 1200.0 -295 845106
Pure di (ether) PC (18 °C) 1225.5 0 67.7+1.3
Pure di (ether) PC (28 °C) 1225.5 0 84.68+1.3
Di (ether)PC/trehalosa (28 °C) ND ND 84.68+1.5

In agreement with our considerations related to the sharpness of
the planes defining the interphase region, the fluctuations account for
the lack of insight on the organization at the carbonyls in the inner
plane, the water penetration beyond that plane and, in consequence,
the exposure of hydrophobic regions to water.

The non-osmotic water derived from the non-zero volume at
high osmotic pressures (Fig. 3) is probably the water sequestered by
the lipid at the interphase region of Fig. 2 in the first and second
shells. More water than that previously estimated could be present
in the hydrophobic region, i.e., beyond the inner membrane plane of
the carbonyls [103]. A fraction of water is at the membrane inner
plane and another underneath it in discrete sites (named indis-
tinctively as defects, hydrophobic pockets etc.). They may be
assumed as dynamic domains were carbonyl groups oscillate
between different orientations and hydration states and affected
by the lateral contact of the P-N dipole whereas in PC's and PE's
membranes.

Knowledge on dynamic structural properties of the lipid inter-
phase includes the mobility of those groups and the water exchange in
this region and is a step toward comprehending the fluctuations and
the thermodynamic interfacial instability of the bilayer. This may help
us to understand the interaction of biomolecules with the membrane
and provide reasoning to the mechanisms of several surface
phenomena of biological relevance such as, membrane fusion,
protein-membrane interaction and even permeability.

In the case of phospholipid bilayers, the hydrating water molecules
are less hydrogen bonded than those in water, which is dependent on
lipid head group [100,101,104,105]. This gives hydration a certain level
of lability that could be the thermodynamic base for functional
membrane phenomena in terms of changes in the interfacial tension.
This implies to distinguish osmotic water and non-osmotic water at
the interphase region included in the hydration layer of the head
groups but with different energetic content.

As described above, the phosphate and carbonyl groups are
considered hydration sites in phospholipids.

The phosphate group is accessible in PC's to the compounds in the
water phase, as shown by the shift in the asymmetric frequency,
producing an increase in the area per lipid (Table 3). This mechanism
is general enough to admit that it may be applied to free sugars, amino
acids or those attached to peptides and proteins.

Table 4
Effect of OH compounds on the population of carbonyl groups of PC's

Table 5
Water displacement for hydration sites by different oh compounds [68]
Ay Water molecules remained
in the hydration shell
DMPC 0.480+-0.011 18
DMPC:Phl (1:0.3) 0.441+-0.015 16.5
DMPC:Phl (1:1) 0.317+-0.015 12
DMPC+Tre 0.15 M 0.265+-0.006 7
Ether-PC:Phl (1:0.3) 0.307+-0.011 11.5
Ether-PC:Phl (1:0.3)+Tre 0.15 M 0.278+-0.010 7

As inferred above, carbonyl groups may have a role in the
determination of the area per lipid. In this Table, it is observed that
the area of the ether derivatives of PC is higher than the ester PC, a
fact not observed in the PE's. In addition, a different picture to that
found in phosphates is obtained when the carbonyl groups are
observed (Table 4). Apparently, these groups may adopt different
orientation with respect to the plane. This is derived from the
different distributions obtained when the lipids interact with H-
forming compounds in which the spatial conformation of the OH
groups differs. Trehalose, a molecule having all the OH in the
equatorial position, decreases the frequency of both carbonyl group
populations, indicating that it binds to all of them. Sucrose (with a
60% of equatorial OH's) and phloretin (with a phenol group) do not
affect the bound and unbound carbonyl groups. Arbutin (which
combines glucose with a phenol moiety) displaces the formerly
hydrated population to higher frequencies and binds the non-
hydrated one.

Trehalose maintains the difference between the frequencies of
bound and unbound carbonyl groups found in pure hydrated DMPC.
Phloretin and sucrose decrease slightly that difference between the
two CO populations. In contrast, arbutin produces a notable decrease
[106-109].

The interaction of the different OH compounds with the
phosphate and/or carbonyl groups, displaces different amounts of
water. Trehalose, which interacts with phosphate and carbonyl
groups of DMPC displaces 11 water molecules (Table 5) [72]. This
effect has been ascribed to the formation of stronger H bonds
between the lipid and trehalose than with the water congruent with
the FTIR results (Table 3 and 4).

As shown in Table 3, the area per lipid is affected by trehalose when
carbonyl groups are present. Therefore, part of the water replaced by
trehalose could be inserted at the carbonyl level. In the same Table 3,
another polyhydroxylated compound, such as phloretin (Phl), affects
the phosphate bands increasing the area per lipid but no effects on the
carbonyl groups are detected. In this, the water displacement is much
lower (Table 5).

Water activity levels in the mixtures are added for comparison.

5. Effect of water on surface potentials

The definition of the interphase region is useful to analyze also
the electrical properties derived from the organization of water,

Pp/cm™! st C=0 Displacement of unbound

Pp/em™! st C=0 Displacement of bound Difference between bound

(Unbounded) frequency from pure lipid (Bounded) frequency for pure lipid and unbound frequencies
Afffem™! Avffem™! Avffem™!
Pure DMPC 1742.0 0.0 1724.0 0.0 18
PC/trehalose (0,10 M) 1734.2 -7.8 1715.0 -9.0 19
PC/sucrose (0,10 M) 1743.5 +14 17281 +4.1 15
PC/phloretin (1:1) 1740.0 +2.0 1725.0 +1.0 15
PC/arbutin (0,10 M) 1737.3 -4.7 1728.7 +4.7 9

(T=18 °C) [106-108].
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constitutive dipoles and ions in this domain. As said, the hydration
state would determine the orientation of the dipolar and charged
groups at the interphase region. Two important properties inherent
to water and ion distribution must be considered in this context:
the surface charge potential and the dipole potential. The adsorption
of anions and anionic groups at the Stern layer can be dependent on
the hydration shell of phosphate, carbonyl and choline groups
[25,26].

5.1. The surface charge

An electrical surface potential drop can be considered in the region
defined between the inner plane dividing the water-hydrocarbon
phase and the external plane dividing the bulk water and the polar
region (Fig. 2).

The structure of this region may be described as the electrical
double layer in which different arrangements can be distinguished.
One is constituted by fixed charged groups on the phospholipids:
i.e. the negative charges of the phosphates and the positive charges
of the choline or ethanolamine in the case of PC's and PE's
respectively. This can be identified as the inner Helmholtz layer.
The presence of these charges induces the distribution of counter-
ions with their respective hydration shells (Fig. 2). These counter-
ions could be large anions, such as, chlorides that specifically
adsorbs by non Coulombic forces (chemical or van der Waals
interactions) or cations that shield the electrical charges of the
fixed and adsorbed anions. The first constitute the Stern layer and
the second the diffuse double layer, which thickness is a function of
the temperature and on the ionic strength of the aqueous solution
[117-120].

The limit between this layer and the aqueous phase can be
defined in electrical terms as the slipping plane, which determines
the zeta potential [121]. This is usually measured by means of the
determination of the electrophoretic mobility of liposomes or
vesicles in aqueous media. For convenience, our main source of
data is PC's, for which it has been proposed that the phosphate
group is in an outer plane with respect to the choline. Thus, we take
the slipping plane corresponding to the zeta potential as that near
the tangent of the hydrated phosphates. However, care must be
taken to extrapolate this criterion to lipids with other polar heads
groups such as phosphatidyl inositol or phosphatidylserine in which
the groups esterified to the phosphates can protrude and penetrate
to a larger distance from the surface into the bulk water phase (see
Fig. 1).

5.2. The dipole potential

The orientation ordering extending approx. 0.7 nm into the water
phase from the average gives place to the dipole potential. The
hydration of the polar groups promotes the polarization of water
molecules at the water-hydrocarbon interface described by the inner
membrane plane in Fig. 2.

The total water molecules of hydration detected by calorimetry
and located by the scheme of Fig. 3 in the stabilization of the area
per lipid, are oriented in a solid angle with respect to the normal to

Table 6
Dipole potential of DMPC and DMPE with and without carbonyl groups in the presence
of trehalose

(I) Dipole potential (mV) (II) Dipole potential (mV) Difference
(without trehalose) (with 0.15 M trehalose) (I-11)
DMPC 4491 391.7 60
Di(ETER) PC  360.0 325.7 35
DMPE 525.5 464.5 60
Di(ETER) PE 362.8 369.8 8
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Fig. 6. Relation between the decrease in dipole potential with the water displacement
by trehalose and phloretin in different lipids. (®) dipole potential (#) water activity aw.

the membrane plane [4]. In the Fig. 2, the orientation is mainly
given by the constitutive groups CO and PO. The first consists of a
population that is located normal to the hydrocarbon-water
interface and contributes by themselves to the dipole potential
[122].

As described, hydration affects the head group orientation, as
measured by the P-N vector. At low hydration, the sign of the
membrane dipole potential is reversed with the membrane interior
negative relative to the interlamellar region [64].

Carbonyl and phosphate groups in the polar head of the lipids are
able to form hydrogen bonds along their free electron pairs. Water
bound to them appears to be polarized and contribute to the dipole
potential of the interface.

The amount of water bound decreased by the polyhydroxylated
compounds such as trehalose, sucrose or arbutin (Table 4 and 5)
decreases the dipole potential (Table 6) [50,52,68,72,106,107,122].
Fig. 6 indicates that there is a direct correlation between polarized
water in the polar groups and the dipole potential.

6. The dynamic properties of the interphase region

One of the problems in the visualization of membrane properties
as an interfacial phenomenon is that they are taken as static
structures. For the understanding of the versatile response of the
membrane to changes in the adjacencies, it is essential to take into
account that the polar head groups of the lipids are not located as in
a homogeneous perfect plane and that the limit between the polar
and apolar regions depicted in Fig. 2 is rather diffuse. The degrees of
freedom of the lipid constituents admit fluctuations in the definition
of the outer and the inner plane of the model introduced in the
previous point. The outer plane fluctuates because the group
esterified to the phosphate may have different projections on the
membrane normal according to the state of hydration. In turn, the
inner plane is affected due to water penetrating to a certain extent
into the glycerol region which, in the fluid state, is manifested by a
high lateral mobility of the membrane components [27]. Therefore,
it is expected that this complexity would give place to cross
phenomena between different properties such as hydration, pack-
ing, surface potential and surface tension. Precisely, these features
make it possible that the changes occurring in the adjacencies of the
membrane be sensed, modulated, attenuated or amplified into
signals by the introduction of metastable structural configurations
that may fluctuate between different states of comparable energies.
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The appearance of those states at the inner and the outer planes
may account for the dynamical aspects of the interphase.

In the inner plane, carbonyl groups may change its orientation with
respect to the membrane plane modifying the exposure of apolar
regions (CH;) to water (Table 2).

In the outer plane, the mobility of the head group would depend on
the hydration of phosphate groups and the esterified groups (choline,
ethanolamine or others) modulating the lipid-lipid and lipid-water
contact reflected in the surface potentials (Table 6).

The degrees of freedom of carbonyls and phosphates are not
independent and they have consequences on the adsorption of counter
ions and ions in the Stern layer according to the distribution of water
layers and dipoles described in the previous point [26].

The appearance of these singularities in the membrane surface
involves the dynamical response to physicochemical agents account-
ing for the functionality and regulation. This is known as a non
autonomous phase which accounts for the variations in surface tension
due to changes in the phases connected by the interphase region [28].

To discuss these properties we have to consider the energetics of
hydration and the water confined between the groups involved in the
excluded volume and the area per lipid of the interphase region.

The conformational equilibrium can be altered by perturbations
such as the electrical field and the osmotic stress. Then, the analysis of
these properties involves fluctuations in the dynamics of the head
group orientation triggered by hydration (osmotic) stress, electric
fields and surface active agents in correlation to lipid-lipid lateral
interactions.

Failures in the structural arrangements in the inner and the outer
plane may give place to the formation of defects consisting in the
exposure of apolar regions to the water phase.

6.1. Surface changes by osmotic stress

The lipid bilayer is a sensitive material for conveying information
in the osmotic conditions of a cell to the regulatory machineries.
Under the scope of this review and based on the model introduced in
Fig. 2, it is of interest to describe the effects of the osmotic stress on the
physical state and molecular interactions in the bilayer influencing
lipid packing and dynamics, 2-dimensional ordering and the different
microdomains [1,64,68,123,124].

As shown above, hypertonic unbalance causes water outfluxes
affecting the volume of the cells or liposomes reaching the excluded
volume as a limit of approach of bilayers when water in the
interlamellar space is extruded. The well-known reviews of Rand
and Parsegian [36] emphasized bilayer interactions with structural
data on lipid bilayers denoting the presence of repulsive hydration
forces at the membrane interphase.

The presence of water affects the lipid-lipid interaction and it
appears to be nearly the same as in excess water when, approximately,
ten water molecules/PC is reached, as judged by T,,, and lipid rotational
mobility [102]. Interestingly this is the number of molecules that
appear to stabilize underneath the inner membrane plane as inferred
from monolayers and micelle experiments and near the hard core for
phosphates obtained with FTIR (Table 1).

On the other hand, hypotonic swelling produces the stretching of
the membrane against the cohesion forces.

Water moving out (into) the interbilayer region into (from) the bulk
water is accompanied by an increase (a decrease) in the head groups
packing. The pattern of order in the head groups has been interpreted
as a ‘quasicritical’ fluctuation near T, comparable to that occurring
around the main phase transition. Such fluctuations show a correlation
between reduced ordering and increased hydration observed near Ty,
which is consistent with the prediction of an osmotic model [110].

The osmotic stress produced between the interphase region and
the bulk solution by the asymmetric distribution of solutes would
affect the distribution of the carbonyl groups. Data in Table 7 show that

Table 7
Effect of the uneven distribution of oh compounds on the population of carbonyl groups
of PC's

DMPC DMPC/Arbutin  Afjem™! DMPC/Arbutin  Afijcm™!
(0.10 M) sym (0.10 M) asym
(isotonic) (hypertonic)
[108.109] [108.109]
Pplem™ ! st 12295 1212.7 -16.8 12114 -18.1
antisym PO3
Vp/cm™! st sym PO; 10863  1085.2 -11 1083.2 =31
fq,/cm'l =0 1742.0 17373 -4.7 1730.6 -114
(unbounded)
Vpfem™! 17240 17287 4.7 1717.5 -6.5

C=0(bounded)

there are qualitative changes in the carbonyl groups when arbutin is
only outside in comparison to when arbutin is evenly distributed
between the inner and the outer solutions. In this case, the frequency of
both carbonyl population's shifts to lower values. These results suggest
that the interaction of some OH compounds may be affected by the
hydration level of the bilayer. In other words, the displacement of
water can enhance the interaction of OH compounds with the groups.

This partial dehydration can enhance OH solute intercalation.
Although what kind of water is displaced is not a straightforward
issue, structural changes would be expected by water extrusion below
the limit of ten water molecules.

The occurrence of osmotic stress enhancing solute interaction or
changes in the molecular packing does not require an osmotic
gradient across the membrane. Also in the absence of a transmem-
brane osmotic gradient, the osmotic strength produced by dextran
or polyethyleneglycol extrudes water from the bilayer [68,69]. This
can be understood assuming that osmosis can be produced as a
consequence of the difference in water chemical potential between
the interphase region and the bulk. The removal of water from the
hydration shell of the lipids diminishes the effective size of the
headgroup, compressing the membrane [69]. The energetics of the
conformational changes of the lipid head group related to the head-
head and head-water interactions will be in accordance with the
energy of binding of the water molecules to the groups. Hence,
structural arrangement such as, alignment with respect to the
membrane plane, free volume of the groups and packing density
may occur as a result.

6.2. Water activity and head group mobility

NMR studies have indicated that water molecules associated with
the lipid headgroups are in exchange with bulk water [125,126]. This
exchange was already put into relevance when the water activity in
lipids was discussed (Table 5).

The widths of the P-N vector distributions and the choline
segment relaxation response to hydration indicate that the headgroup
is capable of undergoing a substantial range of motion. An increased
alignment of the average lipid headgroup with the bilayer surface was
observed lowering the water content. In this context and in relation to
the discussion in the next point, this reorientation affects the surface
dipole potential which shows a reversal in sign in going from 11.4 to
5.4 waters/lipid, due to the depletion of the headgroup hydration shell
[104,105,127,128].

In this regard, it is interesting to denote that the dipole potential of
lipid monolayers is increased in the presence of high molar
concentrations of sucrose in parallel to the dehydration of the surface
groups [68,71].

6.3. Effect of electrical fields

It is known from deuterium magnetic resonance NMR studies,
that the surface charge density of a phospholipid membrane is
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correlated with the P-N dipole conformation. In this sense, the
orientation attained by the polar head groups of lipid molecules
works as a molecular electrometer [115,116]. At constant tempera-
ture, the P-N dipole orientation can be affected by an external
electrical field. This idea has been applied in the context of a model
[117] for the interpretation of the electrochemical response obtained
in cyclic voltammetry experiments, performed on DMPC and DMPE
monolayers adsorbed onto mercury electrodes. This experimental
system has been employed from the 60's for basic studies of lipid
monolayers and several applications have been performed on DOPC
monolayers [117-120].

When a potential sweep is applied across a phospholipid mono-
layer adsorbed on Hg, the presence of a capacitive peak at about
-0.80 V against Ag|AgCl is observed [131]. The peak potential (E,)
corresponding to DMPE is farther from the zero charge potential than
that corresponding to DMPC, taken as a reference the value
determined for DOPC (Ep,.=0.070 V) [129]. This would be indicative
of a higher energy involved in the process, which is congruent with a
higher lateral interaction between polar head groups in DMPE than in
DMPC. As it is known, the polar heads of DMPE have the capability of
establishing hydrogen bonds between the HsN* group of one molecule
and the PO group of an adjacent molecule [130-133].

As observed for both phospholipids in Fig. 7 and Table 8, the
capacitance of the system in the state previous to the peak, is lower
than the corresponding value obtained after the peak. This indicates a
change in the thickness or of the dielectric constant of the monolayer.
However, these changes are not enough to explain the magnitude of
the capacitance increase. Therefore, these alterations should be
concomitant to an increase in the permeation of the monolayer to
water and ions.

These results could be interpreted as a consequence of the rotation
of the P-N dipole group, around the chemical bond between it and the
glycerol backbone. The electrical field would reorient the groups
against its hydration shell.

As described in Table 2, the exposure of the carbonyl groups is
probably due to the curvature of the bilayer at different phase states
which are related with changes in the hydration state. Further studies
should be done to clarify these arguments.

Thus, the carbonyl and phosphate groups at the interphase present
dynamical properties related with the interaction with the water
phase. In this condition, these groups are, apparently, surrounded by
more than one layer of water molecules. The first one is tightly bound
by H bonds to the phosphates or stabilized as clathrates around the
choline. A second layer is loosely bounded.

In conclusion, the changes in hydration cause a reorientation of the
charged groups and the effect of the electrical field affects water
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Fig. 7. Voltammetric response of DMPE in the central region of potential range.
Temperature=23°C. Sweep rate=1V s

Table 8
Potential peaks and capacitance variations in DMPC and DMPE monolayers adsorbed on
mercury

Lipid E, (V) Capacitance before Capacitance after Difference
peak (uF cm™2) peak (uF cm™2) (WF cm™2)

DMPC -0.72 2.2 8.2 6.0

DMPE -0.84 2.2 7.1 4.9

rearrangement being osmotic and electric properties two interdepen-
dent phenomena.

7. Surface defects

In the previous points, the organization at the interphase and the
possibility of orientation of constitutive groups (CO and P-N) in
relation to hydration was discussed. This picture was described for a
membrane equilibrated in water in the absence of external forces. The
problem to derive interphase thermodynamic properties can be
focused by identifying how water interacts with the different lipid
groups and how structural changes result from them. In principle,
water faced to polar surfaces will be qualitatively different from that
faced to non-polar surfaces at the membrane interphase. Thus,
differences in the excess free energy of the surface at each region
would be expected.

As pointed out, area determination is crucial for the under-
standing of membrane behavior. One reason is because its
magnitude depends on the average stabilization of surface groups
such as carbonyl and phosphates. The fluctuations of these groups
around an equilibrium value are a consequence of the liquid (soft)
character of the material. Although long-range forces operate to
maintain a bidimensional coherent structure, at short range
(molecular scale at few neighbors) the organization can be modified
from one point to another. When the fluctuation does not follow a
common oscillation (harmonic movement) defects in terms of
dynamic ones can be formed. The defect is then, a spontaneous
local arrangement with a limited lifetime which can be paralleled to
the fluctuations in the inner plane limit.

Furthermore, the fluctuations imply the exposure of the mem-
brane surface to the water phase affecting water structure in different
extents and orientations. Some of them would correspond to a
strengthening of the lattice array in pure water and some would
promote its disruption. Hence, the coexistence of groups of different
polarities determines the organization of water in the different
arrangements. Therefore, fitting of those arrangements in the lateral
network may account for appearance of structural defects in the
surface.

The induction of defects can be achieved by the coupling of area/
thickness due to a thermotropic phase transition in excess of water; or,
at constant temperature, by affecting the water activity at the
interphase region by osmotic stress.

Both factors may produce defects at the interphase by different
arrangements as described in Fig. 5: the arrangements of carbonyl
groups (A), the alignment of the phosphocholine group (P-N group)
with respect to the membrane plane (B) and the exposure of
hydrophobic moieties (C).

7.1. Carbonyl arrangements

The preferred interfacial area per molecule is modulated by the
hydrophobic interaction and the repulsive forces between head
groups. The cohesive forces between the chains tend to minimize the
exposed area to water, while the head group repulsion result in its
expansion.

In this context, carbonyl groups in phosphatidylcholines have an
important role in area determination (Table 3). As derived from
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monolayer studies in ether and ester lipids the area per lipid in DMPC
gel state is 56.3 A2 and for diether of the same length (ditetraceylPC) in
the same state is 67.7 A%. However, for ester and ether derivatives of PE
the area is 56.3 A in both cases. This suggests that CO (and therefore
its hydration) becomes important when strong lateral interactions
such as those between P-N bindings are absent.

It is known that the surface topography in phosphatidylcholine
membranes varies below and above the pretransition and above the
main transition temperature. The planar arrangement below the
pretransition evolves into a ripple (corrugated) phase above it [12,13].

The formation of the corrugated phase profile in the pretransition
is mainly dependent on the interfacial energies governed by the
lateral interaction within the bilayer. Recent results suggest that
carbonyl groups are involved in this process [109].

An increase in temperature introduces more disorder in the
hydrocarbon chains while the higher water concentration enhances
the lateral repulsion within the head groups. They result in the
enhancement of water-hydrocarbon contact area, an effect strongly
disfavored by the hydrophobic characteristic of the chains. A physical
packing frustration may develop as a compromise between the
equilibrium packing area in the head group region and in the
hydrocarbon chains when hydration changes.

The packing frustration leads to different arrangements of carbonyl
groups. In Table 2, the relative frequency values of the two carbonyl
population are reported for ripple (Py"), planar gel (L"), and fluid phase
(Ly). It may be observed that in the ripple phase the difference between
the frequencies of the bound and unbound carbonyl groups is 18 cm™ .
However, at 10 °C at which DMPC is in the planar gel phase (no ripples)
the difference decreases to 8 cm™! for which the separation between
the two populations cannot be identified without error.

As pointed out above, water is unevenly distributed at the inner
membrane plane of Fig. 2, penetrating into the carbonyl region. It is
interesting in this regard to recall that in solids, the frequency of the
carbonyl band is centered at 1740.0 cm™ . In fully hydrated lipids, two
components are observed; one population is centered at 1742 cm™!
and another at a much lower frequency [89-93,109]. This suggests
that, at equilibrium, a dynamic conversion between the two popula-
tions takes place maintaining a fraction of the total carbonyl
population towards the water and another segregated from it. The
lateral packing determines the magnitude of these fractions. Packing
frustrations produced by the spontaneous curvature could result in a
displacement from one fraction to another and defects in which the
exposure of the carbonyl groups could be magnified.

7.2. Exposed CH, regions

The titration of liposomes with hydrophobic probes denotes that a
given amount of apolar moieties are accessible from the water phase.
Merocyanine 540 shows a 570 nm peak for membranes in the fluid
state that disappears when they are cooled down below the phase
transition temperature to the gel phase. Similar results were obtained
with ANS [111].

The exposure of apolar regions to the aqueous phase means an excess
of surface free energy [103] that could be functional to the insertion and
adsorption of different types of molecules. In first place, this accounts for
a water organization that may drive hydrophobic interactions with
aminoacids or peptide residues. On the other hand, this water
organization causes an interfacial surface tension different than that
when the polar head groups are packed as rigid hydrated spheres. The
coexistence of the hydrated polar head groups with regions in which
hydrophobic groups are exposed, results in a surface of heterogeneous
polarity that may be identified as defects (Fig. 5, part C).

The defects of hydrophobic polarity explain why amphipathic
molecules such as lysophosphatidylcholines can insert as molecular
harpoons or the activity of surface enzymes, such as phospholipase, is
enhanced. In both cases, the hydration state of the interphase affects

the interaction and the hydrolysis, respectively. In the first case, the
lysoPC penetrates into the bilayer by interacting with the carbonyl
groups. Interestingly, OH-bonding compounds that bind to carbonyl
groups inhibit the penetration of such harpoons molecules [99,112]
and the enzymatic activity of phospholipase [20,113].

7.3. P-N alignment

Haines and Leivovitch [114] have pointed out the importance of the
head polar dipole on the formation of kinks along the membrane
affecting the water permeability.

The P-N dipole of the head group in a PC or a PE bilayer may have
different positions between a direction normal or parallel to the
surface membrane. As pointed out by NMR studies the P-N dipole lays
on the membrane surface and penetrates slightly into the hydrophobic
plane in the case of PC's. This group behaves as an electrometer and, in
consequence, it may reorient by the application of an electrical field
across the membrane interphase (115, 116) (Fig. 5, part B). The
displacement is counteracted by the strength of the interaction of the
polar groups with water and with the lateral lipids.

Thus for PC's and for mixtures PC's-PE's, it is likely that an
additional reason for the roughness of the surface is the hetero-
geneous orientation of the P-N groups. The slight penetration of the
choline group into the hydrocarbon plane is another possible source of
defects in the membrane surface.

FTIR results also point out the different exposure to water of the
phosphate group depending on the area available for the head group.
Although phase transition does not produce significant changes in the
phosphate hydration, the presence of carbonyl group has important
effects.

As reported [51,52], the area per lipid in DMPC is 56 A% and in the
etherPC is larger (64 A2). In the first case, the phosphate band is
centered at 1229 cm™! and in the etherPC at 1225 cm™!, which
indicates that the increase in area due to the absence of carbonyl
groups promotes a higher hydration of the phosphates. These results
suggest the cooperative properties of interfacial groups such as
carbonyl and phosphates due to hydration.

8. Structural water in the hydration sites and the functional
confined water

Analysis of the excluded volume suggests a question: is it
constituted by only one kind of immobilized water and what is its
activity in thermodynamic terms?

The definition of the interphase region allows an understanding of
the behavior of the membrane assuming that the interphase is a
bidimensional solution of hydrated head groups [134]. The hydration
water is that found to be displaced by OH compounds described in the
previous section that amount 7-11 water molecules.

Under the concept of this model the osmotic pressure can extrude
water from this region. This water would be beyond the hydration
water molecules i.e. the difference between these molecules and the
total amount of 18-20 found by DSC.

The dissolution of some solutes in the interphase region in the water
beyond the hydration shell of the groups promotes a decrease in the
chemical potential of water. In consequence an entrance of water from the
solution is equivalent to an increase in the lateral surface pressure [135].

The results allow distinguishing between the two kinds of water
at the interphase region one corresponding to non-osmotic and
another to osmotic water. These different possible arrangements
assumed by the water molecules around the phosphate and carbonyl
groups are responsible for the chemical and biological behavior of
these systems.

For convenience, we will distinguish the non-osmotic water as the
hydration water in the polar groups and as confined water that with
osmotic activity.



E.A. Disalvo et al. / Biochimica et Biophysica Acta 1778 (2008) 2655-2670 2667

The finding that peptide penetration within phospholipid mono-
layers depends on the surface pressure of phospholipid molecules
opens several questions on the properties of the interphase region.
Increasing the lipid pressure, the DPPC monolayer becomes almost
insensitive to peptide penetration at a pressure of 27-30 mN/m. This
limit defines the “cut off” above which no interaction of peptides with
the monolayer is detected.

The “cut off” surface pressure for melittin penetration was found to
be 45 mN/m with PC and 60 mN/m with phosphatidylglycerol (PG)
Other studies showed that the penetrating peptide adsorption, 16
amino-acid sequence extracted from Antennapedia homeodomain,
was maximal for DPPC pressure of 10-15 mN/m [136,137]. In our
model, the limit “cut off” is related to the absence of confined water.

What makes that below the “cut off”; the addition of proteins at
the subphase produces an increase in the surface pressure?

The initial value of the surface pressure will be a function of the
water molecules affected by the lipids: i.e.,, number of lipids and
degree of hydration of the lipid specie. A given amount of specific lipid
molecules spread at the air-water surface would give a value of
interfacial tension (Fig. 8) [138].

To produce a significant change by protein adsorption the surface
pressure must be below 40 mN/m for PC's.

The “cut off” pressure for different PC's is, in average, around
40 mN/m. This is significantly lower than the surface pressure of a
saturated monolayer of PC which averages around 46.6-48.0 mN/m.
That is, the pressure at which the protein does not penetrate is
considerable lower than the pressure at which the head groups are
packed. (Table 9). This indicates that the excess free energy required in
order to protein to adsorb is not related to the structural limit at which
the polar head groups are in contact through the hard-core hydration
shell. In other words, water thermodynamically active would be
beyond the hydration shell.

For lipids having strong lateral interactions such as PE's, the
corresponding surface pressure at saturation is very similar to that for
PC's (45 mN/m). However, the cut off pressure is 30.6 mN/m, much
lower than for PC's of similar acyl chain. Therefore, the excess of
surface energy is lower than in PCs and therefore a much lower
interaction of the protease for the same surface pressure is observed in
comparison to PC's.

Summarizing, at a similar surface pressure, the changes produced
in PC's are larger than in PE's. This means that the propensity of the
interfacial change is larger when the hydration of the lipids is higher
and the lateral interactions are weaker.

AIT(mN/m)

initial (MN/m)

Fig. 8. Change in interfacial tension of monolayer when a protein is injected at the
subphase as a function of its initial value. Changes of the surface pressure of monolayers
of phosphatidylcholine with different acyl chains, due to the protease, at 25 °C. (®)
DPhPC; (7)) DOPC; (A) DMPC; (4¢) DPPC; (A) DMPE. Final enzyme concentration in the
subphase was 1.57 puM. Each point was measured by triplicate. Each point and its
repetitions were independent measures.

Table 9
Cut off and saturation area for different monolayer [138]
TYPe of llpld cht offt sd Hsaturation +sd ATl (mN/m)
(mN/m) (mN/m) (Msaturation™IT cut off)
DPhPC 39.6+0.4 48.0£0.7 8.4+11
DOPC 41403 47209 5.8+12
DMPC 41.5+0.5 47.8+0.8 63+13
DPPC 39.5+09 46.6+0.6 71£15
DMPE 30.6+0.1 45.0£0.5 14.4£0.6
D(ether)PC 319403 48.0£0.7 16.1£1.0
D(ether)PE 29.4%0.6 44.5+0.5 15111

For a given cut off, the slopes of the curves depend on the acyl
chain length (Fig. 8). The slope of the AIT vs IT curve increases as
DPPC<DMPC<DOPC<DPhPC[138]. That is, for a given hydration shell,
the interaction varies with the unsaturation or branching of the acyl
chains. This can be interpreted as a consequence that for unsaturated
lipids more confined water is available at the interphase.

When lipids are spread on the surface of an air-water solution a
decrease in the surface tension is observed. However, the decrease in
surface tension does not drop to zero after the monolayer is formed
unless it is at its highest packing, i.e. the cut off. That is, when the
hydration shells of the polar groups enter into contact.

Thus, the interaction of the protease with the membrane is
controlled in large extent by the specific ability of the different lipid
components to interact with the water phase. In particular, the
arrangements around the carbonyl and phosphate groups are
responsible to change the force profile of the interface being this
described roughly as hydrophobic or hydrophilic character [139]. This
imposes energetic and entropic restrictions to water that affect
protein interaction.

Sequestering of water by the lipids in the formation of a monolayer
imposes a different organization for which the water activity at the
interphase region is decreased [140]. This could be related to the
formation of clustering or tetrahedrical arrays around the phosphate
groups or the clathrate forms induced by hydrophobic regions and
cholines, respectively.

Immobilized hydration water and confined water determines the
surface free energy. The high free energy of the interphase region is
responsible of the surface tension.

The connection between the surface pressure and the thermo-
dynamic activity of water is described by [135,140].

w=RTInga; + A = RTIna,,

m=(RT/A)Inay/a;

Replacing 1 for pure water and 0.268 for a,, and a;, as that found in
trehalose solutions respectively, (see Table 5) we find that the surface
pressure is around 10 mN/m. This is the change observed at low
surface pressures in Fig. 7.

The relation between hydration and confined water determines
the water activity that the protein needs to interact with the
membrane.

9. Corollary: does water at biological membrane interphases play a
functional role?

The reductionistic approach that considers the membrane as a
simple permeability barrier ignores the correlation between the
cytoplasmic crowded macromolecules and the different states of the
membrane caused by different water stresses.

The cell function is inherent to the fluctuations in local arrange-
ments due to water exchange and this works as a connection between
the intracellular material and the cell membrane. A fraction of water at
the membrane level, possible at the inner plane and another
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underneath it in discrete sites (named indistinctively as defects,
hydrophobic pockets etc.), may be assumed as dynamic domains were
carbonyl groups oscillate between different orientations. In addition,
hydration states affect the lateral contact of the P-N dipole in a
qualitatively different magnitude in PC's and PE's membranes
affecting the surface charge potential [146].

This means that the propagation and amplification of the surface
effect depends on the lipid constituents [147,148].

The organization of water at the defects is not available but they
have been postulated as targets where amphiphilic molecules bind
and displace water [19,20]. The insertion of different types of
molecules that may mimick water shed some light on the possible
structure of these defects. Recent molecular dynamic studies showed
that in fully hydrated DMPC bilayers, the headgroups are extensively
charge paired and hydrogen bonded with water molecules, forming a
network structure in the headgroup region [141,142]. Even in a crystal
of DMPC dihydrate, phosphate groups from two monolayers are linked
together by a highly ordered water ribbon, and two adjacent
phosphate groups in the same monolayer are bridged by a water
molecule [143]. Thus, we would expect that the ordering of the water
and the headgroups are strongly coupled.

This could be one of the several links proposed to master the
functionality and its physiological state of living cells. By this it is
understood that cells have a stationary value in the amount of water
for which the maximum efficiency in its macromolecular structure is
expressed. One expression of the physiological state of living cells is
given by the protein-membrane interactions. Its understanding
requires a detailed knowledge of the structure and the dynamical
properties of the chemical groups, namely the sites of hydration at the
membrane surface, extensively discussed in this review and the
influence of water on protein dynamics [144]. The synergism of their
respective hydrations could be modulated by the lipid species (in
terms of head group and fatty acid chains) usually found in biological
membranes [146]. Surface pressure (osmotic pressure) displaces
water not severely bound; electrical polarization of the interphase
groups may produce water exchange and H-bonding or apolar groups
may replace water tightly bound to the exposed centers. These effects
change the dipole potential, the area of the lipid interphase, the local
defects and the ion distribution at the double layer [149].

The concept structure-function relationship is traditionally
employed to frame an overwhelming amount of information obtained
by a diversity of methodologies. These ones are able in certain stages
to give details of structure at molecular level.

In order to establish a dialogue with the cell, signals derived from
the metabolic process or as a response to environmental changes have
to be interpreted. Welch and Berry [145] suggested that a proton
network is involved in regulating enzyme reactions within the cell,
reactions that are predominantly of a redox nature. Proton currents
may well flow throughout the extracellular matrix, and linked into the
interior of every single cell through proton channels.

Volume and cell membrane potential are probably the most
evident signal from which cells denotes the environmental changes.
As seen in this review, both are directly or indirectly determined by
the organization for water at membrane level and within this at the
interphase [149].

In physical terms, signal can be interpreted as the thermodynamic
response of a system in a time dependent (irreversible) or a time
independent (reversible) way. None of these extremes appear to be
operative in a biological system. Therefore, fluctuations around
metastable positions may be a reasonable answer. The vitality of a cell
should be related to the control on these metastable states in the
metabolism. These states, for many reasons appear related to hydration
states. The equilibrium swelling of the lipids is relevant at the molecular
level to modulate the phase state of the lipid membrane and it surface
properties. The partial enthalpies of the process of hydration vary with
the water content and this with the phase state of the membrane and the

types of solutes interacting with it [147]. The thermodynamic picture is
related to the surface thermodynamics [150]. The interpretation of the
energetical changes needs to include the degree of freedom of the
molecular species involved in the process [147]. In this review we
extensively have shown this in terms of water and fluctuations of the
surface groups of membrane constituents. Although still limited in the
number of species considered, this illustrates on the importance of
giving interpretation to the molecular mechanisms governing cell
response.

The prefix “meta” means beyond, behind, the end to which the
actions or desires are directed. Bolism states by organism reactions.
Metastability accounts for states that could further evolve to others.

Altogether metabolism means change or movement towards new
metastable states.

The description of the membrane interphase as a non autonomous
region appears as paradigm in the cell response giving relevance to the
essential component of water.
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