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Abstract

Modulating the relative humidity (RH) of the ambient gas phase of a phospholipid/water sample for modifying the activity of
phospholipid-sorbed water [humidity-controlled osmotic stress methods, J. Chem. Phys. 92 (1990) 4519 and J. Phys. Chem. 96 (1992) 446]
has opened a new field of research of paramount importance. New types of phase transitions, occurring at specific values of this activity, have
been then disclosed. Hence, it is become recognized that this activity, like the temperature 7, is an intensive parameter of the
thermodynamical state of these samples. This state can be therefore changed (phase transition) either, by modulating 7" at a given water
activity (a given hydration level), or, by modulating the water activity, at a given 7. The underlying mechanisms of these two types of
transition differ, especially when they appear as disorderings of fatty chains. In lyotropic transitions, this disordering follows from two
thermodynamical laws. First, acting on the activity (the chemical potential) of water external to a phospholipid/water sample, a transbilayer
gradient of water chemical potential is created, leading to a transbilayer flux of water (Fick’s law). Second, water molecules present within
the hydrocarbon region of this phospholipid bilayer interact with phospholipid molecules through their chemical potential (Gibbs—Duhem
relation): the conformational state of fatty chains (the thermodynamical state of the phospholipid molecules) changes. This process is slow, as
revealed by osmotic stress time-resolved experiments. In thermal chain-melting transitions, the first rapid step is the disordering of fatty
chains of a fraction of phospholipid molecules. It occurs a few degrees before the main transition temperature, 7;,,, during the pretransition
and the sub-main transition. The second step, less rapid, is the redistribution of water molecules between the different parts of the sample, as
revealed by T-jump time-resolved experiments. Finally, in lyotropic and thermal transitions, hydration and conformation are linked but the
order of anteriority of their change, in each case, is probably not the same.

In this review, first, the interactions of phospholipid submolecular fragments and water molecules, in the interfacial and hydrocarbon
regions of phospholipid/water multibilayer stacks, will be described. Second, the coupling of the conformational states of phospholipid and
water molecules, during thermal and lyotropic transitions, will be demonstrated through examples.
© 2004 Elsevier B.V. All rights reserved.
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Water is the bathing medium of most biological assem-
blies. However, many of its properties are still poorly
understood. Despite this poor understanding, it is becoming
recognized that water molecules trapped in the infractuos-
ities of the interface of biological assemblies play an
essential role. As a matter of fact, owing to their small size,
water molecules can occupy the smallest free-volumes
within these assemblies (Sections 4.2 and 4.3) and, thereby,
can induce important effects on their conformation through
the interdependence of their chemical potential and that of
biological assemblies (Section 2.7, [1,2]). As regards the
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phospholipid matrix of cell membranes, its interaction with
bathing water depends on the location of the water mole-
cules with respect to the phospholipid ones. Water mole-
cules, if present as an external medium, govern the
aggregation mode of phospholipid molecules, due to the
hydrophobic effect by which their apolar parts (the fatty
chains) are shielded from a contact with water for minimiz-
ing the overall free energy. The shape of resulting phospho-
lipid aggregates depends on the interplay of different forces,
such as the van der Waals attractive forces between fatty
chains and the repulsive forces between the electric dipoles
of the PCs and PEs polar heads, for instance. Water
molecules, if located in spaces between headgroups, form
intramolecular and intermolecular H-bonded cross-bridges
between these headgroups (Section 3.4). Water molecules, if
trapped in the interbilayer spacing of phospholipid/water
multibilayers, mediate hydration forces (Section 3.1, [3]).
Finally, water, added to dry phospholipid micelles in an
apolar solvent, leads to water-in-oil microemulsions (reverse
micelles, Section 3.6). In these microemulsions, phospho-
lipid molecules are assembled as a monolayer at the inter-
face between the water and the apolar solvent. In addition to
these known effects, it is becoming evident that water
molecules accommodated in the free-volumes of the hydro-
carbon region (Section 4.3) act on the conformation of fatty
chains (Section 5.3.2). This last point will be discussed
below based on recent experimental results.

Till a few years ago, the control of the thermodynam-
ical state of water was poor. Recently, the innovative
method of humidity-controlled osmotic stress (Section
2.7) has enabled to adjust this state precisely. Several
essential aspects of membrane—water interactions have
thus become better understood, owing to several experi-
mental methods presented in Section 2. Owing to new
calorimetric methods, the energetics of the binding of
water molecules to model membranes has been deter-
mined (Section 2.8, [4,5]). Owing to H-NMR measure-
ments, the motions of the phospholipid headgroups of
labelled phospholipid/water multibilayers have been found
to be governed by the activity of the interbilayer water
(Section 3.5, [6,7]). Owing to vibrational spectroscopies
and linear dichroism (using oriented phospholipid films),
conformational changes of phospholipid submolecular
fragments and interfacial water molecules have been found
to be coupled (Section 5.3.1, Ref. [8] and references
therein). In addition, simulation methods, which have
known a recent huge development [9], have provided
experimentally inaccessible information.

The goal of this review is commenting on these break-
throughs without eluding their thermodynamical sources
essential to their recognition. The review of the relevant
bibliography has ended with the year 2003. We will essen-
tially discuss results obtained with the most studied phos-
pholipids, i.e. electrically neutral phosphatidylcholines (PCs)
and phosphatidylethanolamines (PEs) with symmetric satu-
rated and monounsaturated fatty chains. We will concentrate

on phospholipid/water multibilayers which are the most ther-
modynamically stable form of phospholipid lamellar phases.

2. Experimental methods of study

Methods used to extract information on the structure and
the dynamics of phospholipid/water multibilayers resemble
windows opened up to a moving panorama. During their
aperture, the positions of atoms of phospholipid molecules
and the exchanges between the different pools of sorbed
water (Sections 3.2.2 and 5.2.2) are time-averaged. From
then on, the spatial scale (microscopic or mesoscopic) in
which the positions of atoms of phospholipid and water
molecules are averaged depends on the time window of the
observation method [10].

2.1. X-ray and neutron scattering

X-ray and neutron radiations can inform on the structural
order of assemblies of phospholipid and water molecules.

The small-angle X-ray diffraction patterns consist of a
series of sharp lines representing the successive orders of
diffraction by the lattice formed by repetition of unitcells [11].
From their interval, the dimensions of these unit cells, like the
lamellar repeat period for lamellar phases, ¢, can be directly
deduced. In addition, the profiles of these diffraction lines
give access to the distribution of the electron density in the
sample. In case of lamellar phases, this distribution exhibits
two maxima, corresponding to the electron-dense phosphate
headgroups, and a minimum corresponding to the center of
these bilayers (Fig. 8b). The interval between the maxima
provides, directly, the head—head separation in these bilayers
and, indirectly, the thickness of their hydrophobic region after
assessing the thickness of the hydrophilic region [12].

The wide-angle X-ray reflections correspond to the chain
packing in a cross-section perpendicular to the normal to a
phospholipid bilayer. They provide direct information on
this packing.

A combination of X-ray and neutron diffraction data with
computer-aided fitting has enabled to obtain the positions of
the different phospholipid submolecular fragments along the
normal to a phospholipid bilayer [13]. The resulting distri-
butions of the probabilities of occupancy of these fragments
along the bilayer normal reflect the short-range fluctuations
responsible for the disorder within a unit cell of the lattice
(Section 4.1). The long-range fluctuations in the relative
positions of the different unit cells have been recently
determined by Petrache et al. [14] and the relevant “liquid”
crystallography method reviewed by Nagle and Tristram-
Nagle [15].

2.2. NMR spectroscopy

In NMR experiments the energy levels of the spins of
atom nuclei are governed by the interaction between a static
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magnetic field and the electric field gradient (efg) of the
chemical bond binding, for instance, a deuteron atom to
another atom (the tensor 7). H-NMR spectra provide two
types of information (for an example of spectrum, see Fig.
12). First, the interval between the two resonance lines, i.e.
the quadrupolar splitting Avg, informs us on the degree of
order of the orientation of a D-containing fragment. This
orientation can be defined with respect to a director axis, D
(which is the bilayer normal in lamellar phases). The angle 8
between a C—D bond and D suffers thermal fluctuations
which can be expressed in the form of an order parameter,
Scp, as:

Scp = 1/2(3cos?f — 1) (1)

where the brackets denote a time averaging. If D makes
itself an angle 0 with the static magnetic field, the expres-
sion of Avq, as a function of Scp and 0, is [16]:

Avg = 3/2(e*qQ/h)Scp(3cos?0 — 1). (2)

At each 0 value corresponds one Avg, value. If the sample
(in a lamellar phase, for instance) is not oriented, the
spectrum is an average over all the molecular orientations
(a powder-type spectrum). The extraction of each Avg value
corresponding to each 0 value requires either a deconvolu-
tion of the spectrum (DePacking procedure) or a macro-
scopic orientation of the sample. Knowing Avo=/(0), Scp
can be calculated from Eq. (2).

The time window of *H-NMR experiments is about
10~ ° s: during this time interval, the molecular motions
are averaged. Nevertheless, information about these motions
is accessible by measurements of the relaxation times fol-
lowing sequences of pulses of magnetic field, resulting in an
echo signal. From the attenuation of this echo due to thermal
motions, one can deduce the dynamics of the orientation of
the D-containing fragment corresponding to different corre-
lation times.

2.2.1. Correlation times assignable to different types of
motions

Let us consider the time-dependent position of a D atom,
defined by a structural parameter X. At the instants ¢ and
t+1, the values of X barely differ if 7 is small: X(z+ 1) is
called “correlated” with X{(t). According to the magnitude
of 7, the time-averaged product, (X(0)x X(7)), takes
different values. For 1=0, we have:

(X(0) x X (1)) = (X(0)). (3)

For 7 values large with respect to the characteristic period of
the fluctuations of X, the correlation vanishes and we have:

lim(z — 50) (X(0) x X(1)) = (X(0)) x (X(x)) = (X).
(4)

The decrease of (X(0) x X(7)) from (X?) up to (X)?
can be described by the exponential exp( — 1/t.) where . is
the correlation time of the parameter X.

The relaxation times 7 and 75 correspond to two types
of echo attenuation. The spin—spin (transverse) relaxation
time, 75, characterizes slow thermal motions (t, ~ 10~ ¢ s)
whereas the spin-lattice (longitudinal) relaxation time, 77,
reflects the energy exchanges between the spin system and
the lattice. It is related to the corresponding correlation time,
Te, as [17]:

1/Ty = 3/8(q0/h)*(1 = S¢p e (5)

T, is relevant to fast motions (1077 s<7, <10~ '" s)
such as the rotation of molecules as a whole (10~ '°<
7.<10"? s) and their lateral diffusion (t, ~ 5 x 10~ % s).
Let us note that the motions of methylene groups within
the phospholipid fatty chains are much faster (t. ~ 5—
20 % 107 1% s).

2.3. FT-IR spectroscopy

The absorbance of an IR radiation in a region of the FT-
IR spectra, 4, is function of the amplitude of the electric
field of the incident radiation, |E|, and of the oscillating
transition moment, |dw/dQ| (the variation of the electric
dipole along the coordinate Q):

Ao |E.du/90|* = |E|*x|0u/0Q|*cosT. (6)

In Eq. (6), I' is the angle between the £ and 9du/0Q
vectors. Through this angle, the magnitude of the absor-
bance informs us about the orientation of du/0Q, i.e. the
orientation of the corresponding chemical bond, on the
condition that the sample is macroscopically oriented and
the radiation linearly polarized. In Fig. 1 [18] is schematized
a polarized attenuated total reflection (ATR) experiment in
which the phospholipid film is spread on a crystal (of
germanium or ZnSe) and the polarized IR beam totally
reflected. The resulting evanescent wave is absorbed by the
phospholipid film. This ATR method has two advantages:
(i) the orientation of the film enables linear dichroism
measurements to be performed; (ii) the absorption of the
solvent (water) is greatly attenuated preventing an overlap
of the water and phospholipid CH, FT-IR bands. The
dichroic ratio is defined as [18]:

R=A;/A1 = (E;; x du/30)° /(EL x dp/00)? (7)

where A4, and 4, are the absorbances corresponding to
polarization planes parallel and perpendicular, respectively,
to the Y-axis (components of the electric field equal,
respectively, to £, and E ). If the orientation of the
chemical bond corresponding to the transition moment of
interest makes an angle I' with the bilayer normal (the Z-
symmetry-axis in Fig. 1), the order parameter, Sig,
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Fig. 1. Geometry of the different orientations axises in an experiment of ATR FT-IR linear dichroism, reproduced from Ref. [18] with permission. An
orthogonal system of axises, X, Yand Z, is linked to a phospholipid/water multibilayer sample spread on a crystal, with the bilayer normal confounded with the
Z-axis. EL and E// represent the directions of the two polarization planes of the incident IR radiation, the latter being parallel to Y. The orientation of the
oscillating transition moment, du/90, is shown to make an angle I" with the bilayer normal.

corresponding to the statistical average of its orientation, is
defined as:

S = 1/2(3cos*I" — 1). (8)

If 6, is equal to 45° (Fig. 1), the ratio of the refractive
indices of the phospholipid film and the crystal equal to 0.6
(ZnSe crystal), and the phospholipid film thick, the dichroic
ratio is equal to [19]:

R=(2+2.5558)/1 — Si. (9)

Hence, Sir can be calculated knowing R.

2.3.1. Informations provided by IR bands on the state of
interfacial water

The broad IR v;3(OH) band, centered at 3400 cm™ 1,
corresponds to several coupled OH vibrational modes: the
fundamental symmetrical (v;) and antisymmetrical (v3)
stretching, and the second overtone of the bending (v;)
vibrational modes. These different modes can be uncoupled
by using 1:9 mol/mol H,O/D,0 mixtures (Section 5.3.1.1).

Besides, FT-IR spectroscopy is especially suitable for
identifying H-bonds between interfacial water molecules
and phospholipid headgroups. Generally speaking, the
formation of a H-bonded complex between two atoms
A and B, A—H...B, leads to a weakening of the A—H
bond and, thereby, a downshift of the frequency of the
A—H stretching vibration by a few tens of cm™'. The
width in frequency of the v;3(OH) band reflects the
distribution in strength of the H-bonds between phospho-
lipid and interfacial water molecules.

2.4. Fluorescence spectroscopy

In fluorescence experiments, a fluorescent probe absorbs a
photon and emits another one from its lowest excited state,

after a fast nonradiative relaxation. This process corresponds
to a time window of about 10~ ? s. The water molecules
present in the environment of such probes are able to modify,
at one and the same time, their steady and time-resolved
emission spectra enabling the hydration level [20] as well as
the dynamics of this hydration [21] to be probed.

The first approach (wavelength-selective fluorescence or
REES effect, [20]) is based on the red-edge effect shifting
fluorescence emission spectra. It rests on the similarity
between the lifetime of the excited state of a fluorophore
(~ 10" 7 s) and the delay required for the reorientation of
the water dipoles surrounding it (if present) due to the
electric field created by its excitation. Its observation
requires that the fluorophore has differently relaxed states
and that its excitation increases its dipole moment. From
then on, if this excitation arises from the red-edge of its
excitation spectrum, it will selectively excite the molecules
surrounded by water dipoles oriented like in a relaxed state.
The resulting emission spectrum is shifted with respect to
that resulting from an excitation at the maximum of the
excitation spectrum: this is the REES effect.

The second approach (solvation dynamics [21]) is based
on the time-dependent shift of the fluorescence emission
spectrum of a fluorophore excited by light pulses (Stokes
shift due to the reorientation of surrounding water dipoles),
during the delay for its emission. The resulting time-
resolved emission spectra enable to assess the dynamics of
reorientation of these water dipoles. This dynamics has
provided information on the delay for the exchange of
phospholipid-H-bonded interfacial water molecules with
neighbouring molecules, able to replace them after their
release (Section 3.6).

When the fluorescence absorption spectrum of a mol-
ecule (an acceptor) overlaps the fluorescence emission
spectrum of another neighbouring molecule (a donor), an
energy transfer from the excited donor to the acceptor
can result, without the appearance of a photon: this is a
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fluorescence resonance energy transfer (FRET). The rate
of this transfer depends on the extent of the spectral
overlap and of the distance between the donor and
acceptor molecules [22].

2.5. Calorimetric methods

Two types of calorimetric methods are currently used to
obtain information on the energetics of the thermodynamical
transitions experienced by phospholipid/water multibilayers
[23].

In differential scanning calorimeters, two cells containing
respectively the phospholipid sample and the buffer are
heated at the same programmed rate. If a thermally induced
phase transition occurs in the sample, a disequilibrium in
temperature between the two cells occurs due to the addi-
tional heat capacity of the sample, c,, at the transition
temperature. This disequilibrium should be cancelled by
an additional electric power which informs us on the
enthalpy of the phase transition, AH, through the relation:

AH = /cpdT. (10)

In Eq. (10), the integration is made in the temperature range
of this transition.

In titration calorimetry, one of two reactants (like water
and phospholipid in a phospholipid/water sample) is step-
wise added in a reaction cell, at fixed temperature. The heat
evolved at each step informs us on the partial enthalpy
(Ahyyq, Section 2.8) at each stage of the reaction. In case of
a phospholipid hydration, an abrupt change of A/y,yq during
the hydration process signals a lyotropically induced tran-
sition of this phospholipid (Section 5.3.1.2, Fig. 20).

2.6. Dielectric spectroscopy

Dielectric spectroscopy investigates the dynamics of
electric dipoles, like those of PC and PE polar heads,
and interfacial molecules bound to them, in alternating
electric fields. The response of these composite dielectrics
is reflected by their complex permittivity, &(v)=¢'(v) —
ie"(v), where the functions &(v) and &"(v) represent the
dielectric spectra [24]. The frequencies v=(27t) ' at which
¢"(v) is maximum define the relaxation times. For the
phospholipid polar head dipoles, these maxima take place
around 10° Hz whereas, for associated water dipoles, they
occur around 10'° Hz.

2.7. New humidity-controlled osmotic stress method

Generally speaking, within phospholipid/water multibi-
layer samples, internal water (water in the interbilayer
spaces, schematized in Fig. 2 by the compartment II) should
be distinguished from external water (the hydration source,
schematized in Fig. 2 by the compartment I). When these

two types of water molecules have different chemical
potentials (different activities a, and a.), the system is
not at equilibrium. This disequilibrium generates a flux of
water across the peripheral phospholipid bilayer (schema-
tized by dashes in Fig. 2). This flux, J(z), flows in the
direction of the negative gradient of the water chemical

potential (Fick’s law, [25]). It can be expressed as:
J(z) = —[C(z) x D(z)/RT] x du(z)/dz (11)

where C(z) and D(z) denote, respectively, the concentration
and the diffusion coefficient of water at the position z along
the bilayer normal. This transport phenomenon can be more
generally written, in the formalism of the nonequilibrium
thermodynamics, as a relationship between a flux and a
“conjugate” force through a phenomenological coefficient,
as schematized in Fig. 3 [25]. When the “conjugate” force
is a difference of osmotic pressure between the hydration
source and the interbilayer spaces (compartments I and II in
Fig. 2), it is spoken of an osmotic stress of the sample.
The osmotic stress method consists in modulating the
Gibbs free energy of a phospholipid/water sample by
modifying the osmotic pressure of the hydration source. If
ny and ny, represent the number of phospholipid and
associated water moles in one monolayer of phospholipid
bilayer, and Ay and Apl their respective chemical poten-
tials, the Gibbs free energy of this monolayer, per mole of
phospholipid, at given temperature, 7, and pressure, p, is:

G(T,p) = Apy, + (ny/nL)Apy = Apg + RyApy, (12)

where R,, denotes the water-to-phospholipid molar ratio. As
apparent from Eq. (12), the derivative of G with respect to
Ry, is the chemical potential of internal water:

(0G/0Ry)r, = Auy. (13)

In Eqgs. (12) and (13), Aps and Ay are referred to reference
states represented by the compartment 0 in Fig. 2. These
reference states are, for water, the pure free water (ag=1,
ue=0) and, for the phospholipid, the fully hydrated state in
which the amount of internal water is large enough so that
its activity is equal to that of free water. As a matter of fact,
when the phospholipid is not fully hydrated, the activity of
internal water is lower than that of free water. In fact, water
molecules trapped in the interbilayer spaces of a phospho-
lipid/water multibilayer are composed of numerous popula-
tions, which have different activities depending on their
distance from the interface (Section 3.2.1). As a first
approximation, they can be represented by a single space-
averaged activity aw < 1. If an osmolyte is introduced in the
hydration source, leading to an osmotic pressure 7oy, the
chemical potential of the water molecules of this source,
Apl,, is related to mogy by:

A,u{v = RTlnafV = — Vg Tosm (14)
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0 water : pure
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I

1I aw # awI — grad (Lw) # 0
( water ﬂux)

II I

Interbilayer water (awHS D

ay = ay —> grad (},lw)=0
( equilibrium)

Fig. 2. Scheme of the different steps of hydration/dehydration of the peripheral bilayer of a phospholipid/water multibilayer sample. The compartments 0, I and
11 schematize respectively the reference states for phospholipid and water (activity equal to aJ), the thermodynamical state of water (liquid or vapour) in the
hydration source (activity equal to ay,), and the thermodynamical state of the interbilayer water in the hydrated sample (activity equal to am). This peripheral
phospholipid bilayer is schematized by dashes. The variations of the molar enthalpy during the transfer of 1 mol of water from the hydration source (I) to the
sample (IT) (Ahfyq (vapour) or Ahfyq (liquid)), or the inverse (Ahfenya (Vapour) or Ahfenyq (liquid)), are indicated by arrows. When no equilibrium exists
between the states of water in I and II, a gradient of the water chemical potential across the peripheral phospholipid bilayer results, generating a flux of water

across this bilayer (Fig. 3, Section 2.7, Eq. (11)).

where vy, is the molar volume of water. Under equilibrium
conditions between compartments I and IT (Fig. 2):

d(A/lg,) = d(A,UfN) = —VodTosm- (15)

Now, in the two-component phospholipid/water samples
the chemical potentials of water and phospholipid compo-
nents are interdependent, owing to the Gibbs—Duhem
relation [25] which writes, at constant 7" and p, as:

d(Apy) + (n /nL)d(ARY) = 0. (16)

In the new humidity titration methods, initiated by Smith
et al. [26] and recently developed by Binder et al. [4] and
Markova et al. [5], the hydration source is the water vapour,
the activity of which, a\l,v, is equal, by definition, to the ratio
of the partial pressure of water vapour by the saturation

pressure at the same temperature, i.e. the relative humidity
of the gas phase, RH:

a{v = (.pw/psat)I =RH = exp(A,u{V/RT). (17)

Although in this case no osmolyte is present in the
hydration source, this method is related to the osmotic
stress method and called humidity-controlled osmotic
stress. It has opened, owing to its simplicity, an attractive
new field of research. Indeed, it permits to control the
state of water in the hydration source and, consequently,
the state of water in a phospholipid/water sample, better
than a regulation of the osmotic stress by adding solutes
to external water.

2.8. New calorimetric methods for measuring the energetics
of the hydration of phospholipid model membranes

The energetics of the hydration of a phospholipid sample
has been determined owing to new calorimetric methods. As
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Limit of the hydration shell

I i
hydration source _ interbilayer water
-‘———*—
p"=RTIna"

W =RTIna' 7z
|
|

The water flux from I to II is associated to a “conjugate” force according to the

relation:

Flux =

hydraulic conductivity « reflection coefficient

phenomenological coefficient X driving force

Am (difference of osmotic
pressure)

rate by force unit x concentration

- dp/dz (chemical potential
gradient)

Fig. 3. Scheme showing the exchange of water molecules between a hydration source (I) and the interbilayer spacing of a phospholipid/water multibilayer (II).
The expression, in the formalism of the nonequilibrium thermodynamics [25], of the flux of water from I to II, as a function of the “conjugate” force, is given

for two types of conjugate forces.

a matter of fact, this energetics is defined by the three
interdependent following state functions which depend on
the activity of the sorbed water:

AGhyq(ay) = AHpyqg(ay) — TAShya(ay,). (18)

In Eq. (18), AHpyq and TAS,q are the enthalpic and entropic
terms of the variation of the Gibbs free energy, AGyyq.

In a first method [4], AGyyq has been calculated by
decomposing, for instance, a dehydration process into a
series of elementary steps at the end of which the sample
and the hydration source are in equilibrium (a4 =as, in
Fig. 2). For each decrement of R, d(R,), the small
variation of AGgepyq is:

d(AGdehyd) = A#UV X d(Rw) = A:“LV X d(Rw)
= RTIna!, x d(Ry). (19)
The global AGgenyq, corresponding to a dehydration from

the fully hydrated state to a state with a water activity
equal to a, is obtained by integration of Eq. (19):

AGgenyd (T, a) :/ Apll(a) x [dR,,/da] x dd"
!
a
=RT / Ina' x R, x da'. (20)
1

Its calculation requires to know the function R, =f(ay,) at
the temperature 7, called a sorption isotherm.

Sorption isotherms have been generally assessed by
gravimetry through equilibria between the phospholipid/

water sample and a hydration source in which water mole-
cules have different activities (cf. for instance Refs. [4,27]).
However, in a second method, using an especially double-
twin calorimeter, Markova et al. [28] have simultaneously
determined the amount of water sorbed by a phospholipid
and the corresponding enthalpy of hydration, AHjyq. This
calorimeter consists in two chambers (vaporization and
sorption ones) containing, respectively, liquid water and
the phospholipid sample, connected by a tube. The flow of
vapour water from the vaporization chamber to the sorption
one is controlled by the enthalpy of water vaporization and
the diffusion through the connecting tube. Hence, on condi-
tion that the water flow remains constant (steady state in the
connecting tube), both the sorption of water by the phospho-
lipid and the corresponding partial enthalpy of hydration,
Alhyq, can be simultaneously measured at a constant water
activity [5]. If the hydration is accompanied by a phase
transition, it appears a plateau on the plot of AH}y4 versus
Ry, The features of the sorption isotherms of phospholipids
depend on the nature of their polar head and the degree of
saturation of their fatty chains. The PC heads sorb more water
than PE ones and the unsaturated phospholipids more water
than the saturated ones. The R, values at full hydration of PC
and PE multibilayers, in various thermodynamical states,
have been reviewed [29].

Finally, as a third method, Binder et al. [4], using a
humidity titration calorimeter (Section 2.5), have indepen-
dently determined AH},yq from the heat exchanged between
a phospholipid sample of known mass and a gas with
controlled RH, circulating above it. The exchanged heat,
corresponding to an infinitesimal sorption of water vapor,
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Ahf,yd(ai,), is transformed into that corresponding to a
sorption of liquid water, Ahfyq, through the relation:

Alhyg = Ahtya — Aheond = —Ahenya (21)

where Alynq is the known molar heat of water condensation
(—44.6 kJ/mol, at 25 °C). The cumulated variations of
enthalpy accompanying a stepwise dehydration of a phos-
pholipid sample from the fully hydrated (ah=1) to a less
hydrated (a4 < 1) state is obtained by integration:

AHjepyq = Ahenya X (3Ry,/dal,)dal,. (22)
1

The values of AGdehyda AHdehyd and _TASdehyd
(obtained by difference through Eq. (18)) during a dehydra-
tion of POPC/water multibilayers, at 25 °C, are represented
in Fig. 4 [4]. The Gibbs free energy of dehydration is
positive and significant only for R, <5: the dehydration is
not a spontaneous phenomenon. In this R,, range, AHyepyq is
negative (exothermic process) and decreases in absolute
value when increasing Ry, (vanishing for R,>5). As to
— TAS4enya, it is positive (entropically unfavorable process),
superior to AHgenyg, and vanishes for R>5. In contrast, a
phospholipid hydration is a spontaneous phenomenon
where both the enthalpy and entropy variations are positive
for R, <5. The smaller the amount of sorbed water, the
stronger is its interaction with phospholipid headgroups.
Similar results have been obtained with Markova et al.’s [5]
double-twin calorimeter.

The hydration-induced favorable gain in entropy has
been assigned to motions of reorientation and protrusion
of headgroups. As a matter of fact, the water accessible

(AG, AH, -TAS) / kJ/mol

1 " 1 n 1 " 1 2 | .

20 2 4 6 8 10

water per lipid, R,

Fig. 4. Variations as a function of the water-to-phospholipid molar ratio, R,,
of the three state functions (AH, AG and — TAS) defining the energetics of
the dehydration of POPC multibilayers at 25 °C (reproduced from Binder et
al. [4] with permission). AH values, measured by humidity titration
calorimetry through Eq. (22), are represented by circles. AG values,
measured by gravimetry, through Eq. (20), are represented by squares.
— TAS values are obtained by difference through Eq. (18). The variations of
these state functions vanish for R,>5.

surface area (ASA) of fluid DPPC bilayers has been
found by simulations [30] twice larger than the area
projected perpendicularly to the bilayer normal, mainly
because of the protrusion of the trimethylammonium
headgroup.

3. Interactions of phospholipid layers with water within
the interfacial region

3.1. Repulsive and attractive forces between phospholipid
bilayers of a multibilayer stack, mediated by water

Generally speaking, the total force, F, between two
surfaces separated by a distance ¢ is determined by the
change in Gibbs free energy, G, corresponding to an
infinitesimal variation of this distance, at given temperature
and pressure [31]:

F = —(0G/0¢);,, (23)

The sign convention in Eq. (23) is such that repulsive
forces are positive. If a volume ¥ of liquid is present in the
space between these surfaces, the total force per area of the
surfaces represents the osmotic pressure of this liquid,
Tosm» and, if this liquid is incompressible, it can be written
as [31]:

Py = Fio/area = —1 /area(0G/0) .,
= _(8G/8V)]jp = Tlosm- (24)

In case of apposing bilayers of a phospholipid/water
multibilayer stack, the volume of water within the inter-
bilayer spaces, is equal, per phospholipid molecule, to:

VL:vanW:I/EALx/W (25)

where A is the area per phospholipid head, 7, the thickness
of the aqueous interbilayer spaces and v,, the molar volume
of water. The osmotic pressure 7.y, can then be written:

Tosm = —1/vw(0G/0ny) . (26)

Plots of m,, as a function of /Z, for several PCs in
various thermodynamical states, have been found to super-
impose in the 4 A< lw<8 A range [32]. Therefore, in this
/. range, the predominant interaction between apposing
bilayers is of the same kind and qualified hydration pres-
sure, Phya: Phyd ~ — Tosm [3,33]. The origin of this pressure
is still debated [34—36]. In order to know if protrusion
motions of headgroups ([30], Section 2.8) is the cause of the
hydration force, Binder et al. [37] have used polymerizable
phospholipids for which a cross-linking of polar heads by
polymerization prevents such protrusions. As a result, the
Pyya=f(¢y) plots are superimposed before and after poly-
merisation (Fig. 5), precluding these protrusions as the
cause of the hydration force.
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Fig. 5. Variation of the hydration pressure (represented by the “equivalent”
osmotic pressure, Tosm, Section 3.1) between PC and PE layers as a
function of the distance between these layers, ¢/, or r, (reproduced from
Ref. [37] with permission). (a) apposing bilayers of DTDPC and DTDPE/
water multibilayers in the fluid lamellar phase, at 25 °C. (b) DTDPE
monolayers delineating water cylinders (of radii r,) in the Hy phase, at
50 °C. In (a) and (b), open squares correspond to monomers and full circles
to polymers: the unique regression lines between both types of symbols
testify to an independence of the hydration pressure on the polymerization
of these phospholipids suppressing protrusion motions of headgroups
(cf. text, Section 3.1).

Using the X-ray diffraction/osmotic stress method [12],
the function Ppyq=f(¢\) has been found to have the
following phenomenological expression [33]:

Phyd = Poexp(—/w/)t) (27)

where Py and A represent characteristic parameters.

The modification of the variation of the Gibbs free
energy of hydration of a phospholipid monolayer in a
multibilayer stack, during a variation dJ of the associated
aqueous volume, can be expressed from Eqs. (24)—(27):

d(AGhyd) = —dVL X Tosm = dVL X Phyd
=1/24; x d¢ x Poexp(—&w /7). (28)

However, other types of interaction pressures than the
hydration pressure have been acknowledged such as: undu-
lation repulsive pressure, Py,q (due to out-of-plane fluctua-
tions of fluid bilayers), electrostatic repulsive pressure, Py
(in the case of charged phospholipids) and short-range steric
repulsive pressure, Py. The contributions of these different

pressures, based on a Petrache et al.’s [14] analysis of X-ray
lines shapes, have been reviewed by Mclntosh [38]. They
are represented in Fig. 6, as a function of the average
thickness of the aqueous interbilayer spacing. These plots
indicate that Ppyq dominates the repulsive interactions in
the 5 A</,<13 A range. At larger /, values (and
lamellar repeat distances, ¢), there is a preponderance of
the undulation pressure (Fig. 6) whose expression, as a
function of 7, is [39]:

Puna~ (ks T)* ) (K£)* (29)

where kg is the Boltzmann constant and K. the modulus of
bending rigidity.

3.1.1. Intermembrane structures formed by removal of
interbilayer water (stalk hypothesis)

The afore-commented short-range repulsive forces be-
tween apposing bilayers can be overcome under certain
conditions of hydration, pH, temperature or charge density
(in oppositely charged vesicles). In these conditions, for
instance, two unilamellar vesicles can fuse: their bilayer
membranes merge into one, the rupture of which leads to an
exchange of their contents. Information on this fusion
process mainly arises from the action of fusogenic proteins
on phospholipid membranes [40,41]. However, the lipid
composition, especially the incorporation of charged phos-
pholipids into them, is also involved in this process. When
neutral planar bilayers pressed out towards each other are
subjected to an electric field, the capacitive current of the
contact region informs us on its area [42]. Addition of
lysolipids, either to the contacting (cis) or to the distal
(trans) monolayers, respectively inhibits or promotes the
fusion. When two oppositely charged giant vesicles enter
into contact in an electrophoretic chamber, hemifusion or
full fusion occurs depending on their charge density [43].

The fusion process implies substantial rearrangements of
phospholipid and water molecules, especially in the inter-
facial region. The putative intermediate arrangements of
these molecules give rise to warm debates about their free
energy and their order of succession (Ref. [41] and refer-
ences herein). The driving force of these rearrangements
probably is not the same according as vesicle membranes
are neutral or charged. In case of neutral vesicles, research-
ers generally agree in recognizing three motifs. In a
successive order, first, a necklike structure called stalk (in
form of hourglass, Fig. 7B), which connects facing mono-
layers of apposing bilayers, would be formed. Second, the
radial expansion of this stalk, via a lipid diffusion-con-
trolled process, gives rise to a hemifusion diaphragm
(called also transmonolayer contact (TMC), Fig. 7C). These
TMC can aggregate into stacks of rhomboids [44]. TMC
are under stress due to the curvature of contacting (cis)
monolayers and to the high free energy of the hydrophobic
interstices (stippled areas in Fig. 7C). For a critical value of
the tension of the hemifusion diaphragm, TMC can rupture
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Fig. 6. Plots of the different components of the total pressure P, between apposing EPC bilayers in the fluid lamellar state, as a function of the thickness of the
aqueous interbilayer spacing, ¢, (reproduced from Ref. [38], with permission). These different components have been calculated from an analysis of the
profiles of the diffraction lines obtained by X-ray diffraction [14]. As shown on this plot, the undulation repulsive pressure between two apposing bilayers

dominates, at full hydration, for />12A.

leading to the formation of a fusion pore (called also
interlamellar attachment (ILA)). These ILA resemble to
two halves of cylinders of the inverted hexagonal phase,
Hy, apposed back-to-back. Such an ILA allows the ex-
change of the contents of fused vesicles. The major imped-
iment opposing to the observation of such intermediate
structures is their short lifetime. For instance, TMC arrays
with a quasi-hexagonal symmetry have been observed by
time-resolved cryotransmission electron microscopy of
POPE MLV a few seconds after a pH-jump (triggering
the fusion), but the expected corresponding isotropic reso-
nance in *'P-NMR could not be observed after a few
minutes [45]. In these circonstances, the recent identifica-
tion of a stable rhombohedral phase, from X-ray diffraction,
for a pure phospholipid like diphytanoylphosphatidylcho-
line (DPhPC) represents an important breakthrough [46,47].
The corresponding electron density distribution has been
found to resemble that of crystals of transmembrane pores
formed by intercalating fusogenic peptides into phospho-
lipid multibilayers [48]. The stability of this rhombohedral
phase, intermediate between the Hy; and L, phases during a
RH-controlled hydration, probably arises from the bulki-
ness of DPhPC fatty chains due to the branchment of
methyl groups. As a matter of fact, this bulkiness leads to
a favourable negative intrinsic curvature of DPhPC layers
(Section 5.2.3).

In case of the fusion of charged vesicles, a recent
microfluorimetric imaging method, coupled with fluores-
cence resonance energy transfer (FRET, Section 2.4) data,
has provided an unambiguous proof of the existence of a

hemifusion intermediate [43]. Fluorescence spectra rele-
vant to the fusion of two oppositely charged and differ-
ently labeled vesicles (DiO-labeled (the donors) and Rh-
PE ones (the acceptors)) have been collected by a digital
camera. The time-resolved spectral changes, registered as
a function of the distance along the fusion axis, have
provided information on the diffusion of the fluorescent
probes (and, thereby, of phospholipid molecules) during
the fusion. Video images, simultaneously but more slowly
obtained, demonstrate that, in this case, a flattening of
vesicles occurs, creating a tension within the contact
region [43]. This tension is increased by the neutraliza-
tion of the charges borne by each vesicle, and, when
exceeding the lysis tension of the contacting bilayer,
leads to its breakdown.

3.2. Modifications of the properties of water at the interface
of phospholipid layers

The way by which phospholipid monolayers and bilayers
affect the state of water at their interfaces includes several
structural and thermodynamical properties.

3.2.1. The network of H-bonds is modified

In pure liquid water, the optimal coordination of mole-
cules is tetrahedral and although H-bonds experience un-
ceasing fluctuations of their lengths and angles between
them, within randomly formed clusters, they form and break
cooperatively. Near a surface or in confined spaces (like the
free-volumes within the hydrocarbon region of phospholipid
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Fig. 7. Intermediate structures postulated by the stalk theory of membrane
fusion and inverted hexagonal phase formation from a lamellar phase ([44],
reproduced with permission). Phospholipid monolayers are represented as
slabs. (A) Apposed bilayers in a multibilayer stack. (B) Stalk formed from
phospholipids in the contacting (cis) monolayers. This structure is
cylindrically symmetric around the dashed vertical axis. (C) Hemi-fusion
intermediate or trans-monolayer contact (TMC). The distal (trans)
monolayers form a bilayer hemifusion diaphragm. (D) The rupture of the
diaphragm (left) produces a fusion pore or interlamellar attachment (ILA).
This step corresponds, for instance, to the fusion of two unilamellar vesicles
with mixing of their contents. An accumulation of ILA can lead to the Qy
phase. Alternatively, near the L, — Hy transition temperature, TMCs
assemble to form rhomboids as precursors of the Hy; phase (right).

bilayers, Section 4.3), this tetrahedral coordination is broken
down because H-bonds are formed with phospholipid head-
groups and the network of H-bonds is modified. The
resulting states of water have properties (density, coordina-
tion number, strength and lifetime of H-bonds) different
from those in free water.

Information on these different properties has been pro-
vided by simulations. First, within a phospholipid bilayer,
when approaching the hydrocarbon region, the number of
neighbours of one given water molecule decreases, whereas
the ability of this molecule of making H-bonds with these

neighbours increases [49]. Second, the electrostatic potential
due to the charges borne by phosphate and ammonium
headgroups leads to an ordering of the dipoles of interfacial
molecules. By artificially splitting the contributions of water
and phospholipid molecules to the global electrostatic
potential, these contributions appear as mirror images
[36]. However, the charged headgroups, if projected on
the bilayer normal, are at different positions and the result-
ing charge viewed by interfacial water molecules is nega-
tive. Consequently, the water dipoles, although they are
quasi-parallel to the interface, point towards the interior
region [36,50,51]. It results to a small residual negative
potential at the interface, as experimentally measured [52].
A sign reversal of this residual potential is obtained by
reducing the hydration level (from R,=11.4 to 5.4 for
DOPC bilayers) [53].

These results convey the idea that membrane—water
interfaces are very rough and diffuse: at the interface of a
phospholipid layer, water is perturbed by up to 1 nm away
from it [36].

3.2.2. The water density is increased

The first water molecules sorbed by phospholipids have a
molar volume, v, smaller than that of the completely H-
bonded free water (i.e. 1 cm® g~ ' or 30 A3 per molecule). As
a matter of fact, during a stepwise phospholipid hydration,
sorbed water molecules are successively accommodated in
spaces between headgroups and in the interbilayer spacing
[54]. The proof of the increased density of phospholipid-
sorbed water has been provided by applying a hydrostatic
pressure on DOPE membranes in the Hy; phase [55].

3.2.3. The freezing point of the interbilayer water is
depressed

Several results using different methods (RX diffrac-
tion [56], DSC [57-62] and Raman spectroscopy [63])
have agreed in establishing a supercooling of the inter-

facial water. This freezing point depression results from

the fact that the interbilayer water has an activity lower
than 1.

3.2.4. The motional freedom of water molecules is reduced

The dynamics of the orientation of water electric dipoles
at the interface of phospholipid layers (either in phospho-
lipid/water multibilayers or in phospholipid-based reverse
micelles) has been determined by dielectric spectroscopy
(Section 2.6). Sorbed water molecules have a relaxation
time different from that of pure water because their orien-
tational mobility is reduced [24]. Recently, Nandi and
Bagchi [64], recollecting a lot of dielectric spectroscopy
data, on several types of biomolecules, have rationalized
them in terms of a dynamic equilibrium between free and H-
bonded water molecules in the hydration shell of these
biomolecules (Section 3.6).

Generally speaking, the mobility of water molecules
confined in small spaces is reduced. The correlation time
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(Section 2.2) of motions of the interbilayer water in DOPC/
water multibilayers is three times lower at low hydration
(narrow interbilayer spaces) than at full hydration [65].
Similarly, water molecules in the core of phospholipid-
based reverse micelles, whose dimensions are directly
related to R, are slowed down when R, is small enough
[66].

This reduction of the motional freedom of water mole-
cules results from their confinement and should not be
attributed to their H-bonds with the phospholipid head-
groups (Section 3.6). This has been recently confirmed by
a study of collective motions of water molecules in nano-
pores with radii of 1 to 5x 10~ ? m [67]. When the nano-
pore radius is equal to 1x 10~ m, the orientational
mobility of enclosed water molecules, compared with free
water molecules, is slowed down by a factor of 10.

3.3. Hydration level dependence of the structural param-
eters of phospholipid/water multibilayer stacks

The thicknesses of the water and phospholipid layers,
/w and /1, in lamellar phases of phospholipid/water multi-
bilayers, depend on the hydration level. Starting from a
slightly hydrated state, these multibilayers swell by addition
of water. However, this swelling is not uniform and sorbed
water not homogeneously distributed. Especially, in the
fluid (L,) phase, water can accommodate within defects,
as identified by freeze-fracture [68]. The presence of such
defects leads to an overestimate of the Z,, value based on
gravimetric measurements, and, consequently, an underes-
timate of /;, obtained, from the lamellar repeat distance,
/=01 +7/, measured by X-ray diffraction. In addition, the

approximation of non-penetrating water and phospholipid
steric layers is coarse. In order to take into account these
complications, different methods have been used [12,69].
One of them is developed in the recent Nagle and Tristram-
Nagle’s review [15]. We will limit ourselves to reproduce
their detailed figure (Fig. 8). As shown in the right part of
Fig. 8c, the interbilayer water is distributed in two pools, the
steric water layer and the water in spaces between phos-
pholipid headgroups comprised, respectively, between D/2
and D/2 and between D and Dj/2. Water molecules within
the latter pool represent ~ 30% of the total, in the fully
hydrated DPPC and DMPC gel (L) phases [15,70], against
38% in the fully hydrated DMPC fluid (L) phase [70] to be
compared with ~ 50% in DLPE gel and fluid lamellar
phases [12,15].

3.3.1. The area per phospholipid molecule is correlated
with the interfacial water activity

The area per phospholipid head, A, barely different from
the area subtended by phospholipid chains, Acpy, in phos-
pholipid lamellar phases, reflects important phenomena, as
follows.

On the one hand, Ay is linearly related to the average
C-D bond order parameter, -Scp (Eq. (1)), determined by
2H-NMR [71]. Scp, in turn, is partially related to the wave
numbers of the stretching vibrations of the CH, segments of
fatty chains (v and v,(CH,), [72,73]). Consequently, a
correlation between 4 and these wave numbers is expected.
This correlation has been demonstrated by following the
effect on FT-IR spectra of either an osmotic stress on fluid
DTDPC/water multibilayers, or, a compression of a DMPE
monolayer in a Langmuir trough [37]. As shown in Fig. 9b,
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Fig. 8. Three modes of representation of structural data relative to fluid DPPC/water multibilayers (reproduced from Nagle and Tristram-Nagle review [15],
with permission). (a) Distribution of the probabilities of occupancy of phospholipid submolecular fragments and interbilayer water molecules along the bilayer
normal, p, as a function of the distance from the bilayer center, obtained by simulation [103]. (b) Electron densities profiles, p*, obtained either from X-ray
scattering experiments (solid line, [156]), or from simulation (dots, [103]). (c) Volumetric repartition of interbilayer water in two approximations, either non-
penetrating phospholipid/water layers (left) or distribution of interbilayer water into two pools (spaces between phospholipid headgroups, and steric interbilayer
space, see text, Section 3.3) (right), the scale of abscissas is the same in (a), (b) and (c).
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Fig. 9. Illustration of the relation connecting the area per phospholipid
molecule in a phospholipid layer, 4y, and the wave number of a spectral
benchmark of the degree of order of the phospholipid fatty chains (the
maximum of the CH, symmetric stretching band, v{(CH,)) (reproduced
from Ref. [37], with permission). Ay is varied by applying a lateral pressure
either directly, or indirectly, through an osmotic stress. [a] Compression
isotherm of a DMPE monolayer, spread at the air—water interface of a
Langmuir trough, at 25 °C (line), and wave numbers of the maximum of the
vs(CH,) band, obtained by infrared reflection-absorption in situ (symbols).
The curve corresponding to the interpolation of these experimental points is
superimposed to the compression isotherm and exhibits an abrupt
decrement at the liquid-expanded-solid-condensed transition. [b] Correla-
tion between A and the wave numbers of the maximum of the vs(CH,)
band for the previous DMPE monolayer and for DTDPC bilayers under
osmotic stress. These latter bilayers were either in a monomeric state (at 10
°C (p) and 25 °C (w)) or in a polymerized state (at 25 °C, full circles).

the maximum wave number of the v{(CH,) band has been
found to be proportional to A4;. The agreement between
results obtained for DTDPC multibilayers and DMPE
monolayers has additionally demonstrated that a lateral
compression due to an osmotic stress has the same effect
as a direct lateral compression, namely increasing the degree
of order of phospholipid fatty chains.

On the other hand, A; is linked to the activity of the
interfacial water through the lateral tension defined by
1=—(0G/0A4L)7, , [74]. As a matter of fact, in the elastic
limit of deformation of a bilayer, 7 is equal to [74]:

T =Ky X (AL — 4o) /4o (30)

where K, is the area compressibility modulus and 4, and
Ap the areas per phospholipid molecule in the fully
hydrated state and in a stressed state. Now, t is related

to the work of the osmotic pressure 7.5y, Using Eq. (28),
this work is equal to:

d(AGdehyd) = —Tosm X dVL = *1/2nosm(/wdAL +ALd/W)
(31)

From the definition of 7, it results:

T =1/2%0smfw = Tosm X Ry /AL (32)

Substituting v in Eq. (30) and replacing 7., by its
expression (Eq. (14)) lead to [74]:

Ay = A1 + (RTRyInay,) /KA. (33)

Eq. (33) establishes a linear correlation between 4; and
ay, (since In ay, ~ 1 — ay, as a first approximation, when a,
is around 1). As a matter of fact, such a correlation has been
experimentally observed in the range 0.94 <a,, <1, as
shown in Fig. 10-(1) [74]. If the modification of a,, is
accompanied by a phase transition, the plot A =flay)
exhibits a discontinuity (like at a,,=RH=0.35, at 25 °C,
for POPC multibilayers, as shown in Fig. 10-(2), [75]).

3.4. Network of H-bonds at the interface of phospholipid
layers (from simulations and experiments)

The organization of the interfacial region of phospholipid
layers has been studied by experiments [76—79] and simu-
lations [51,80,81]. It differs for PE bilayers from PC ones.
During a stepwise hydration, the interfacial water molecules
form H-bonds, first, with the PO, headgroup [76,77] and,
second, with the C=0 headgroups [78]. However, for PCs
only, water molecules assemble in the form of a clathrate
hydration shell around the hydrophobic N(CHs); group
[81,82]. Besides, for PEs only, the amine hydrogens, in
addition to H-bonds with water, form also H-bonds with the
C=0 group of the P chain of the same phospholipid
molecule [79] and the PO; group of an adjacent phospho-
lipid molecule [51,79,80]. In addition, apposing PE bilayers
are linked by bridges of H-bonded water molecules that
make shifted with respect to PC ones their n,s,—¢, plots
(Section 3.1, Fig. 5, [37,83]). As a matter of fact, these
bridges prevent the interbilayer spacing from expanding.

Recent simulations have provided important new infor-
mation on the organization of the interfacial region of fully
hydrated fluid phospholipid bilayers [50,84,85]. Intramo-
lecular and intermolecular (between adjacent phospholipid
molecules of a same layer) H-bonded water bridges
(identified by geometric criteria) link different oxygen
atoms (Fig. 11, [84,85]). These bridges form and break
unceasingly but if the separation between the two oxygen
atoms of interest lasts less than 6 x 10~ ' s, they identi-
cally reform. Their average lifetime is estimated to over
5x 10~ ' s [84]. In addition, opposite charges borne by
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Fig. 10. Illustration of the relation connecting the area per phospholipid molecule in phospholipid/water multibilayers, 4;, and the activity of the interbilayer
water, a,, regulated, either, by the RH of the vapour phase, or by addition of polyethylene glycol to external water. (1) Relation between 4 and a,, for DMPC-
d54/water, SOPC-d35/water and SDPC-d35/water multibilayers, at 30 °C, in absence of transition (reproduced from Ref. [74], with permission). The two types
of symbols correspond to two methods of calculation of 4; . (2) Plots of 4;, the lamellar repeat distance, ¢, the phospholipid bilayer thickness, ¢} , and the half-
thickness of the hydrocarbon region, /¢, as a function of a,, =RH, for POPC multibilayers (reproduced from Ref. [75], with permission). Discontinuities on

these plots signal phase transitions.

phosphate and trimethylammonium headgroups of adjacent
phospholipid molecules form charge pairings when they
are distant from less than 4 A [85]. These charge pairings,
like H-bonded water bridges, form and break with a
frequency of 10" s~ '. However, the electrostatic interac-
tion remains and, thereby, the lifetime of the charge
pairings is as long as 1.4 ns. Finally, 93% of molecules
of a phospholipid layer are linked by charge pairing and
76% by water bridging, thus leading to an interfacial
network of short-range attractive interactions.

The presence of such a network of H-bonded water
bridges, at the interface of phospholipid layers with water,
is confirmed by the interfacial migration of charges ob-
served using Langmuir troughs.

These migrations of charges, at the surface of phos-
pholipid monolayers spread at an air—water interface,
have been observed under certain conditions. In a first

type of experiments, such a migration has been observed
by compressing the monolayer up to a critical value of
Ap (60 A2 corresponding to a distance between polar
heads of 8 10\). It is revealed by a jump of the conduc-
tance between two parallel electrodes crossing the inter-
face [86]. On the other hand, such a migration has been
triggered by injection of protons into a compartment of
the trough separated in volume from the subphase [87].
The rate of this migration has been followed owing to a
pH-sensitive fluorescent marker. This latter interfacial
charge transport has been found to disappear when
compressing the monolayer up to the liquid-expanded—
solid-condensed transition [87].

In a second type of experiments [88], a purple mem-
brane, containing bacteriorhodopsin labelled by pH-sensi-
tive fluorescent probes, has been flashed on its extracellular
surface. The resulting protons then migrate along the
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Total=2.0H-bonds

Fig. 11. Overview of the H-bondings of a nonesterified P-oxygen (Oy4) of a
DMPC bilayer, in the fluid lamellar phase, with R,=22.5, with other
oxygen atoms, via water cross-bridges (represented by stippled grey areas).
The linked oxygen atoms belong to either the same molecule (intramolec-
ular H-bonding) or adjacent molecules (intermolecular H-bonding)
(reproduced from Ref. [84], with permission). The presence of H-bonds
has been deduced from geometric criteria by calculations and quantitated in
relative values with respect to a total number of 2.

membrane, up to its cyfoplasmic surface, from which a
fluorescent signal is emitted after a certain delay. From this
delay, the rate of proton migration has been assessed as
26x10 °ms .

In a third type of experiments, a phospholipid monolayer
is spread in a Langmuir trough whose subphase is a weak
acid in which an electrode is immerged [89]. At the surface
of this electrode, the acid is reduced. The resulting ion
diffuses towards the surface where it deprotonates the
phospholipid. The subsequent interfacial migration of
charges is revealed by an amplification of the current due
to this electrochemical process.

Whatever the actual mechanism of this charge transport
from one phospholipid polar head to the adjacent one at the
surface of a phospholipid layer (cf. [90] for a discussion of
these mechanisms), they require the presence of H-bonded
water bridges between the phospholipid polar heads. As a
matter of fact, the maximum distance between two atoms to
form a H-bond is around 2.8 A [91], and charge transports
have been observed for distances between polar heads as
long as 8 A. The lifetime of such water bridges (5 x 10~ !
s) is then sufficient to account for the observed transport rate
(2.6x10" > ms .

3.5. Coupling and hydration dependence of motions of
phospholipid headgroups and interfacial water molecules

The hydration level of phospholipid/water multibilayers
has an effect on both the order of orientation and the
mobility of interfacial molecules. In addition, this mobility
is coupled with that of phospholipid headgroups during
changes of temperature. The effects of hydration level and
temperature, followed by H-NMR [6,7,65,92—94] and
dielectric spectroscopy [95,96], will be successively consid-
ered below.

Upon increasing hydration, the spin-lattice relaxation
rate, 1/T) (the rate of damping of motions, Section 2.2) of
D atoms of the choline group of PC bilayers decreases up to
a plateau at R, =14—18. This indicates that this group, as
one unit, becomes more mobile [65]. Importantly, after
converting R,, into a,, by using sorption isotherms [6], the
1/T values appear linearly related to ay, for 0.4 <ay, <1 [7].

By comparison, the hydration-dependent orientational
mobility of the P"—N" dipoles is revealed by dielectric
spectroscopy (Section 2.6). In case of DMPC/water multi-
bilayers, it increases by a factor of 5, from R, =6 to Ry, =15
[96].

Concerning the interbilayer water molecules of phospho-
lipid/water multibilayers, the degree of order of their orien-
tation is reflected by the “H-NMR parameter Avq (Section
2.2). In the fluid lamellar phase, upon increasing hydration
at fixed temperature, Avy decreases whereas the diffusion
coefficient parallelly to the interface, D,, increases, both
continuously [92,93]. Two different interpretations of this
result have been given. First, the presence of discrete water
shells (with fixed Avg and D)), between which exchanges of
molecules occurring in a time short on the time window of
H-NMR have been assumed [93]. Second, it has been
assumed that water molecules are distributed into surface-
slowed down and free ones, this distrubution being modu-
lated by the hydration level [92]. After converting R,, into
ay, using sorption isotherms, Avg values appear linearly
related to a,, [6].

Let us now examine the effect of the temperature 7,
independently to any phase transition. From the temperature
dependence of the dielectric relaxation of P~—N" dipoles,
the energy barrier opposed to their motions has been
assessed to 46 kJ mol~ ' for fluid DMPC bilayers in the
fluid lamellar phase [96]. This value is higher than that of
the energy barrier opposed to the motions of the single
choline group (22 kJ mol ™' for fluid DOPC multibilayers,
[65]). This difference probably arises from the fact that
motions of the phosphocholine, as a whole, require the
breakdown of H-bonds with interfacial water molecules.

Concerning interbilayer water molecules, the temperature
dependence of their spin-lattice relaxation rate, 1/7;, has
enabled to assess the energy barrier opposed to their
diffusion to around 30 kJ mol~ ' in the fluid lamellar phase
[93,94], to be compared with 21 kJ mol~' for the self-
diffusion of pure water.
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A coupling between the motions of phospholipid head-
groups and the sorbed water molecules in gel and subgel
phases has been evidenced. In several phospholipid/water
samples, abrupt changes of the “H-NMR spectra of unfrozen
water [97,98] and the >'P-NMR spectra of the phosphate
headgroups [98] have been observed at the same tempera-
ture T (the temperature of homogeneous nucleation of ice,
T=40 °C). This result suggests that the unfrozen water
molecules could be those bound to the phosphate group.

If, upon increasing 7, a phase transition occurs, the order
of phospholipid-sorbed water molecules abruptly changes.
As an example, the “H-NMR spectra of water molecules of
DPPC/water multibilayers display two different Avg for
T<T, and T>T,,, where T,, is the temperature of the gel
(Lg) — fluid (L,) transition ([94], Fig. 12).

Finally, all these changes of the ZH-NMR parameters of
phospholipid/water samples, as a function of the tempera-
ture and the hydration level, have led Ulrich and Watts to
the following conclusion [7]. Phospholipid headgroups and
sorbed water molecules, in the interfacial region of not fully
hydrated phospholipid/water multibilayers, form a single
phase thermodynamically governed by the activity of inter-
bilayer water. Their motional freedom is facilitated by the
swelling of polar heads upon increasing hydration, which is
reflected by the gain of entropy accompanying the hydration
of a phospholipid (Section 2.8).

3.6. Dynamic character of the H-bonding between phos-
pholipid headgroups and interfacial water

Two facts give to the H-bonding between phospholipid

headgroups and interfacial water molecules a dynamic char-
acter. First, H-bonds have a short lifetime (ty; ~ 10~ '° s,

\

w/ 2r in kHz

Fig. 12. ?H-NMR spectra of sorbed water demonstrating the coupling of the
states of phospholipid and sorbed water molecules, in oriented DPPC/ D,O
multibilayers with Ry, =9. Spectra are represented at intervals of 0.5 °C, in a
temperature range (from 46 to 56 °C) encompassing the gel (L{,) — fluid
(Ly) transition temperature, 7, (7,=51 °C from DSC measurements)
(reproduced from Ref. [94], with permission). The quadrupolar splittings of
these spectra (Section 2.2), reflecting the degree of order of the sorbed
water molecules, differ at 7<7,, and 7>T,,. However, in a range of 3—4 °C
around T, these two ordering states coexist.

Section 3.4, [84]). Second, the rate of exchange of interfacial
water molecules depends on their confinement (Section
3.2.4). Consequently, the turnover of water molecules near
phospholipid headgroups, during their mutual H-bonding, is
governed by the following equilibrium:

[H0]5) = (0 [H2Ol11_poncea- (34)

In Eq. (34), 7« denotes the delay for reforming a H-bond
after its release, by exchange of water molecules. The
recognition of this equilibrium originates from two types of
studies on phospholipid-based reverse micelles: the measure-
ment of the dielectric relaxation of endomicellar water ([64],
Section 2.6) and the study of the solvation dynamics of a
fluorescent probe dissolved in this water ([99], Section 2.4).
From the latter studies, the orientational mobility of endomi-
cellar water molecules and, thereby 7., depends on Ry, which
governs the size of micelles. However, this dependence is
specific to each type of micelles. In case of EPC/water/
cyclohexane reverse micelles [66], the following values have
been obtained: at Ry, =4.8, 1ox>5x% 10" ' s whereas at
R,,=5.8 and 6.8, much smaller values, equal, respectively,
to 1.5x 107" and 5x 10~ '* s, have been sequentially
obtained. It is worth noting that the 7., value corresponding
to the smaller micelles agrees with the correlation time
(Section 2.2) of interbilayer water molecules in barely hy-
drated DOPC/water multibilayers (1, ~ 3 x 10~ '%s, [65]).

The equilibrium represented by Eq. (34), can be revealed
by FT-IR spectroscopy, the most suitable method to identify
H-bonds (Section 2.3). The achievement of a FT-IR spec-
trum (the cumulation of a lot of interferograms) takes a time,
7r, much larger than 7., and 7. Consequently, the identifi-
cation of permanent or not H-bonds, from FT-IR spectra,
depends on the compared magnitudes of 7. and 7y time
intervals within the much larger 7 time interval. Such a
comparison is shown in Fig. 13, taking, for 7., the values
obtained for EPC/water/cyclohexane micelles [66], and, for
Ty ~ 107 ' s (Section 3.6, [84]). According to the size of
micelles (the magnitude of R,,), it should result a quasi
nothing-to-all appearance of H-bonds. As a matter of fact,
for small micelles (tex ~ 10~ o5~ 10ty), the H-bonds
are effective for 10% of ty whereas for large micelles
(Tex ~ 107" s ~ 7,4/10), the H-bonds are effective for 90%
of 1. This interpretation has been confirmed by a study of
DPPC/D,O/pyridine reverse micelles as a function of R,
(Milhaud and Chassenieux, 2003, unpublished work). The
perenniality or not of the H-bonds between D,0 molecules
and the phosphate headgroup has been visualized, on the
micelle FT-IR spectra, by the observation or not of a
downshift of the v,4(PO,) band (Fig. 13). A nothing-to-all
appearance of such a shift (a nothing-to-all presence of these
H-bonds) has been observed in a small interval (from 25 to
33) of R,, values. However, the size of these micelles
appears constant, as measured by dynamic light scattering.
This apparent contradiction has received the following
interpretation. At Ry, <25, the small micelles would aggre-
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Fig. 13. Top: FT-IR difference spectra of DPPC/D,0O/pyridine reverse micelles (after subtraction of the pyridine spectrum) showing the PO, asymmetric
stretching band (v,5(PO3)) at different D,O/DPPC molar ratios, R, (Milhaud and Chassenieux, unpublished results). An abrupt downshift of this band is
observed by increasing Ry, from 25 to 33, signalling the formation of H-bonds between these PO, headgroups and water molecules (see text, Section
2.3). Spectra are vertically displaced to show the details of their contours. Insert: contours of the v,(PO;) bands of FT-IR spectra of anhydrous (a) and
fully hydrated (b) DPPC/water samples (adapted from Ref. [76] with permission). Bottom: Comparison of the three time intervals implied in the
observation of these H-bonds: (i) lifetime of H-bonds (t;; ~ 10~ ' s, [84]). (ii) Delay for reforming these H-bonds, after their release, by exchange of
water molecules, 7., (depending on the size of micelles, [66]). (iii) Duration of the cumulation of spectra, ¢ ( ~ 30 s), represented by a lot of 10~ '* s
long observation windows (black rectangles). At Ry, =25 (small aggregated micelles), Tex ~ 10 ° s ~ 107y;: the H-bonds are effective for 10% only of
7. At R, =33 (big micelles formed by fusion of aggregated micelles), Tex ~ 107" s ~ 74/10: the H-bonds are effective for 90% of 7. These two
different situations would be responsible for a nothing-to-all appearance of H-bonds. The actual scale of these different times is not respected.

gate into a big object and, at R, around 30, these aggregated
micelles would abruptly fuse into one big micelle. The
resulting freeing of the motions of endomicellar water
molecules (a percolation threshold) would lead to a drop
of 7., and, thereby, a sudden emergence of H-bonds. This
result would confirm that the slowing down of water
molecules in restricted environments instead of being due
to their H-bonding (since no H-bond appears under partic-
ular conditions) is due to their confinement.

4. Interactions of phospholipid and water molecules
within the hydrocarbon region of bilayer membranes

Within the hydrocarbon region of phospholipid bilayers,
it is still acknowledged that the presence of water is
questionable in absence of transmembrane water flux gen-

erated by a transmembrane gradient of the water chemical
potential (Section 2.7, Eq. (11)). However, experimental and
theoretical results, commented below, demonstrate that
water molecules actually penetrate into this region.

4.1. Probabilities of occupancy of water molecules and
phospholipid submolecular fragments along the normal to a
multibilayer stack

Combination of X-ray and neutron diffraction data have
enabled to obtain, with computer-aided fitting, a complete
picture of fluid model membranes (Section 2.1, [13]). Fol-
lowing the pioneering White and Wiener’s work, atomic-
level calculations have allowed this fitting to be refined.
Optimal volumes of the phospholipid submolecular frag-
ments have been obtained from electron density profiles of
several phospholipid/water multibilayers [100—103] by as-
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suming that they are independent of both the position of these
fragments along the normal to a bilayer and the hydration
level and by ensuring the conservation of the global volume.
As an example, represented in Fig. 14A and B are the
distributions of the probabilities of occupancy of water
molecules and phospholipid submolecular fragments of a
moderately hydrated DOPC/water multibilayer (R, =5.4,
RH=0.66). These pictures appeal two remarks. First, the
boundary between apolar and polar regions of a bilayer is
located at the level of ester groups, in agreement with an
earlier analysis of X-ray structural data [70]. Second, the
distributions of the probabilities of occupancy of water
molecules and methylene groups overlap (Fig. 14B).

4.2. The presence of water within the hydrocarbon region of

phospholipid bilayers in the fluid lamellar phase has been
established

As suggested by the above representation, the penetration
of water down to the hydrocarbon region of a fluid bilayer is
supported by results of fluorescence experiments.

In a first type of experiments, a fluorophore, introduced
into the hydrocarbon region of a fluid EPC bilayer, excited by
a light pulse, exhibits a time-resolved emission spectrum
revealing the occurrence of a protic environment [104]. In a
second type of experiments, the presence of water in the
hydrocarbon region of membranes of DPPC LUV has been
found to depend on their thermodynamical state, as studied
by wavelength-selective fluorescence (REES effect, Section
2.4, [105]),. Two fluorophores differently located within
these membranes (F;g, within their interfacial region, or, Fj,
within their hydrocarbon region) depending on their location
exhibit or not a REES effect in their emission spectra. F¢
spectra exhibit a REES effect whatever the thermodynamical
state of membranes, in agreement with the abundant presence
of water in the interfacial region. In contrast, F;; spectra
exhibit a REES effect only when the LUV membranes are
in the fluid lamellar state. In gel phase, it is probable that
water molecules are too fewer so that they can be detected.

4.3. Modulation of the water transport across a bilayer
membrane by its free-volume properties

Free-volumes able to accommodate water molecules
within the hydrocarbon region of phospholipid bilayers
are defects in the packing of fatty chains. Within these fatty
chains the torsional states of dihedral angles are triple (trans
(t, 180°) and =+ gauche (g, & 60°)) and defects are formed

Fig. 14. Illustration of the method of computer-aided refinement of X-ray
and neutron diffraction data, in case of poorly hydrated (RH=0.6) DOPC/
water fluid multibilayers (reproduced from Ref. [13], with permission). The
DOPC molecules are subdivided into fragments (top). The probabilities of
occupancy of these fragments along a bilayer normal are represented by
distributions whose widths reflect the amplitude of the thermal motions
(bottom). The hydrocarbon (A) and interfacial (B) regions are represented at
two different scales of ordinate.

by sequences of these torsional states, such as kinks (g" t g~
and g~ tg') and jogs (g" tttg and g tttg'). The
probabilities of presence of such defects have been deter-
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mined by calculations [106] and experiments [107]. They
are less present in the gel phase than in the fluid lamellar
phase. In the latter case, their presence leads to an increase
of the lateral diffusion coefficient (parallelly to the interface)
of phospholipid molecules (Section 3.5).

Let us now examine the implication of these defects in the
transbilayer transport of a solute like water. First and fore-
most, let us emphasize that the permeability coefficient
relevant to the transport of water ( ~ 10~ *m s~ ' in the fluid
lamellar phase) is 10* higher than the corresponding ones for
different small neutral solutes [108]. Two models of transport
are generally distinguished. In the solubility-diffusion model
[108,109], a phospholipid bilayer is considered as an ¢ -thick
hydrophobic slab and the permeability coefficient, Py, cm
s~ ! written as:

Py =KD/, (35)

where K is the partition coefficient of the solute and D its
diffusion coefficient. In the second model, the transport is
visualized as a hopping from a transient defect to another one
in the hydrocarbon region [110]. It is supported by the 10°
times increase of the water permeability coefficient at the
main transition temperature. Before discussing the respective
merits of these two models, we will refer to the earlier “kink
model”, elaborated by Galla et al. [111], which reconciles
them.

Galla et al.’s model is based on a correlation between
experimentally measured rate of the lateral displacement of
a solute (assumed as accommodated in a kink of a phos-
pholipid fatty chain) and the rate of the transversal migra-
tion of a kink along this chain. Fluorescent probes, able to
form excimers, have been incorporated into phospholipid
bilayers and their lateral diffusion coefficient measured.
These coefficients have been found not to depend on the
length of the fatty chains and the head group nature but to
depend exponentially on the temperature. Their values have
been compared with those resulting from a classical free-
volume model. In case of phospholipid bilayers, free-
volumes between two adjacent fatty chains are created by
the presence of a kink. During the forwarding lateral
diffusion of one chain containing a kink, the corresponding
free-volume is transmitted to the rear one and so on during
the transversal migration of this kink: lateral and transversal
displacements of free-volumes are coupled [111]. If a solute
is nested in such a free-volume, its transbilayer transport
will be related to its lateral displacement. Supporting this
model, the known value of the energy barrier opposed to the
transversal migration of a kink has allowed to reproduce the
experimentally measured lateral diffusion coefficients of the
fluorescent probes incorporated into the bilayers. Finally,
Galla et al. [111] have replaced the notion of free-volume
by that of free-area disposable within the area subtended by
fatty chains, 4¢, whose temperature dependence is:

Af:OCXAo(T—To). (36)

In Eq. (36), T, and A, denote the temperature and the
area per molecule in the crystal state, and o the lateral
thermal expansion coefficient. The transbilayer transport of
a solute exponentially depends on the so-defined A [111].

In the following, will be successively commented calcu-
lations on the distribution of free-volumes within a fluid
lamellar bilayer and their applications to the transport
phenomena. From simulations, both Marrink et al. [112]
and Xiang [106] have shown that the distribution of free-
volumes along the normal to a phospholipid bilayer is
complementary to the distribution of its electron density.
It exhibits a maximum at the center of the bilayer
corresponding to the minimum of electron density. In addi-
tion, within this center, the free-volumes are interconnected
(the percolation threshold is reached, [112]), allowing water
molecules to be accommodated in a specific arrangement. As
a matter of fact, simulations have revealed that the ordering
state of such internal water molecules is very specific
(Section 3.2.1, [49]). In the hydrocarbon region of phospho-
lipid bilayers, the fraction of the neighbours of one given
water molecule, being H-bonded to it, increases from 0.56
(in free water) to 1: water molecules are there in the form of
H-bonded single-file strands. Supporting such an arrange-
ment of water molecules, recent simulations have shown
that, in 8-A-diameter carbon nanotubes, chains of H-bonded
water molecules can stay in equilibrium with external free
water [113].

Applications of such calculations to the transbilayer
water transport have been made by the two same groups
of authors. On the one hand, Marrink and Berendsen [49]
have used a four-region model of phospholipid bilayers
and calculated the rate of transport of one water molecule
constrained in this model. The main resistance opposed to
this transport has been found to be the region located
between the glycerol backbone and the end of chains. On
the other hand, Xiang and Anderson [114] have measured
the permeability coefficients of acetic acid, under differ-
ent conditions, and analysed them by a semi-empirical
solubility-diffusion model, applicable to the water trans-
port. The factor f by which the effective permeability
coefficients, P, are reduced with respect to the theoret-
ical ones, Py, (Eq. (35)) has been found to depend on T
and the difference A; — Ay (the free-area). This approach
amounts to reduce the kinetics of the water transport to
its rate-determining step, i.e. the crossing of the chain
region in the Marrink and Berendsen’s model [49]. The
dependences of the water permeability coefficients on T
and free-area, obtained by Xiang and Anderson, agree
with Galla et al.’s [111] and with recent results [115].
The influence of T on the transmembrane water transport
has been recently directly measured using giant unilamel-
lar vesicles (GUV) [115]. GUV were prepared from
polyunsaturated phospholipids for which the room tem-
perature, 7;, corresponds to different reduced temperature,
Trea=(T; — T)/ T These GUV were transferred into a
hypotonic medium where they swelled by penetration of
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water. From the rate of this penetration at 7}, the
corresponding water permeability coefficient has been
found to exponentially depends on T4 [115].

Finally, how does the transmembrane transport of water
work when an osmotic stress is applied to a membrane? It
proceeds in two steps. First, the application of a trans-
bilayer gradient of water chemical potential from external
water (compartment I in Figs. 2 and 3) to the internal one
(compartment II in Figs. 2 and 3) triggers a water outflux
(Section 2.7, Eq. (11)). It results to dehydration of the
phospholipid and lateral compression [37], leading to a
straightening of fatty chains and, thereby, to a reduction of
the free-area. Second, this area constriction restrains the
transport of water as afore-described (Eq. (36), [114]).
Finally, the rupture of the equilibrium following from the
applied osmotic stress leads to two opposed tendencies
which counterbalance. The emerging quasi-equilibrium
corresponds to an increase of the order of fatty chains
(owing to the relation between the order parameter and the
area per phospholipid molecule [71]) and a reduction of the
hydration level. This transformation has been called a
lyotropic chain-ordering transition. We will give further
examples of such transitions (Section 5.3.2).

5. Coupling of the thermodynamical states of
phospholipid and sorbed water molecules in
phospholipid/water samples during phase transitions

5.1. Phase diagrams

Phase transitions are controlled by thermodynamical
and kinetic factors [116]. The thermodynamical driving
force of a transition, from phase I to phase II, is the
difference of their Gibbs free energy, AG; y;. In case of
lamellar-to-lamellar phase transitions for which the wa-
ter—phospholipid membrane interface is flat, AGj_y is
only due to the different hydration states (different
activities of interbilayer water, an, leading to different
values of R,,, Section 2.8). When a. is controlled by the
RH of the surrounding gas phase (humidity-controlled
osmotic stress, Section 2.7), the two variables determin-
ing the domains of stability of each thermodynamic phase
of a phospholipid/water sample (the phase diagram) are
therefore RH and 7. In earlier reviews [117—119], phase
diagrams were given as function of R, and 7. A
derivation of RH-T phase diagrams from these R,-T
ones requires to know the sorption isotherms, Ry, =f(RH),
which are known only for a few phospholipids: DMPC
[5,26], DLPC [5], DOPE [120], DODPC [120], POPC
[75] and SDPC [75] and some ones are reproduced in
Fig. 15. In case of lamellar-to-inverted hexagonal phase
transitions, additional terms of the Gibbs free energy
come into play.

Concerning the kinetics factors acting on phase transi-
tions, they depend on the occurrence of transient intermedi-

ates. If intermediates with free energies higher than those of
the initial states exist, the rate of the transition can be written
like in the transition state theory [121]:

Rate o exp(—G”/RT). (37)

In Eq. (37), the free energy of activation, G”, corre-
sponds to the energy barrier to overcome for forming
nonequilibrium intermediates. Such transient intermediates
can be identified owing to the coupling of jumps in
temperature or pressure (Refs. [116,122] and references
herein) with time-resolved X-ray diffraction using synchro-
tron radiation ([123], Section 5.2.3). Such sophisticated
methods have been elsewhere reviewed [124].

5.2. Thermal transitions

5.2.1. Chain-melting, sub-main and main transition and
pretransition

The chain-melting, L} (gel) — L, (fluid), transition,
occurs at a temperature, 7;,,, which depends on the hydration
level of the phospholipid sample, as shown by numerous
results on saturated [125] and unsaturated PCs [61] and PEs
[126,127]. This hydration dependence of T, is a conse-
quence of the lateral compression exerted when withdraw-
ing the interbilayer water (Fig. 9, [37]). But, in fact, rather
than depending on R, T, depends on the space-averaged
activity of interbilayer water which controls Ry, and the
tightness of the chain packing (the area per phospholipid
molecule, Section 3.3). This water-activity dependence is
confirmed by the linear relation, established by Kodama et
al. [128], between T}, and the proportion of interbilayer
unfreezable water molecules (since the freezing temperature
of water is directly linked to its activity).

An examination of the events occurring around 7,
necessarily implies to speak of the pretransition (L, (gel
phase) — Py (rippled phase) and the sub-main transition
occurring a few degrees below T,,. As a matter of fact, as
recently modelled by Heimburg [129], these two transitions
are different manifestations of the same cause, namely the
thermally induced melting of fatty chains in a fraction of
phospholipid molecules. The corresponding creation of
point defects requires rearrangements for minimizing the
overall free energy. First, the point defects are gathered into
one-dimensional line defects. Second, such a line defect, if
present within one monolayer of a phospholipid bilayer,
leads to: (i) a bending of the interface of this monolayer (due
to the change of area per phospholipid molecule); (ii)
modifications of the interactions between adjacent phospho-
lipid molecules and phospholipid and water molecules.
These latter modifications differ accordingly as they occur
in the convex or the concave segments of the monolayer.
They lead to a gathering of line defects in domains gener-
ating the formation of periodic ripples characteristic of the
P/, phase. This phase would be a mixture of phospholipid
molecules in the L/ phase (with the smaller area per
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Fig. 15. RH-T phase diagrams of DOPE and DODPC (adapted from Ref. [120], with permission) and of DLPC and DMPC (adapted from Ref. [5], with
permission). For DOPE and DODPC phase diagrams, the structural information has been provided by FT-IR spectroscopy (symbols represent experimental
data and solid lines interpolations between them). For DLPC and DMPC diagrams, the boundaries between the different states result from microcalorimetric
data (obtained with a special calorimeter enabling to measure simultaneously the variation of the Gibbs free energy, and that of the partial enthalpy of water

during the sorption of water by the phospholipid [28]).

molecule), gathered into concave segments of each mono-
layer, and phospholipid molecules in the L, phase gathered
into convex segments. Owing to this model, Heimburg
could have built the variation of the heat capacity of a
DPPC /water sample, upon a heating responsible for these
modifications. The corresponding simulated thermograms
exhibit two endotherms, attributed to the pretransition and
the main transition, and no decrease down to the baseline
between them.

This model has been confirmed by two types of experi-
ments. First, fluorescence measurements [130,131] have
evidenced the co-existence of phospholipid molecules in
the L, and the L} phases, in the range 7, <T<T,, (where
T, is the pretransition temperature) and their segregation in
domains. Fluorescent probes, able to form excimers, were
incorporated into DMPC LUV membranes. By heating
these LUV, the ratio of the fluorescent intensities of exci-
mers and monomers has been found to go to a maximum at
T,n—2 °C [131]. This result has been interpreted as the
formation of excimers at the boundaries of fluid domains in
the gel bulk. These boundaries would reach their maximum
in length 2 °C before T, [130] while, at T}, they would
disappear for the benefit of a highly cooperative lattice,
preventing excimers to be formed [131]. The second type of

experiments confirming the Heimburg’s model consists in
time-resolved experiments [132]. DPPC/water multibilayers
were heated by a T-jump, up to a temperature 7 in the range
T, <T<Ty, and their relaxation followed by X-ray diffrac-
tion. This relaxation occurs in two steps. First (in a time
shorter than 1 s), an intermediary phase, called L¥ (with
disordered fatty chains but with interbilayer aqueous spaces
as thin as in the L phase), is formed. Second (in a time of
3s), phospholipid molecules in this L¥ phase, and in the
L4 phase, would transform into the P} phase, by interac-
tion with neighbouring water molecules (interdependence
of their chemical potentials, Section 2.7). As a matter of
fact, for minimizing the overall free energy, water mole-
cules should be redistributed and this slow redistribution
controls the T-jump-induced L, — P} transition [132].
The sub-main transition, occurring in the range 7, <
T<T,, for long chain (with more than 16 C atoms) only
phospholipids, testifies to the slowness of such a redistri-
bution of water molecules within a sample prepared by
hydrating a dry phospholipid with liquid water. At the
corresponding transition temperature, phospholipid mole-
cules in the L,, phase and in the P phase are both present,
as demonstrated by X-ray diffraction experiments [133].
The corresponding endotherm is very narrow, reflecting a
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high cooperativity. This suggests that this transition implies
a complete equilibration of water and phospholipid mole-
cules within the sample. As a support, the surface of this
endotherm increases by prolongated incubation of the
samples after their preparation [134]. To sum up, the
relaxation of a phospholipid/water sample after a heat
perturbation a few degrees below 7T, implies slow rear-
rangements of phospholipid and water molecules, reflected
by the pretransition and the sub-main transition. These two
transitions have no isothermal lyotropic equivalent, which
confirms that they are due to a rearrangement of water and
phospholipid molecules after a heat-induced creation of
defects within the chain packing.

Upon approaching 7, from T,,+2, an anomalous in-
crease of / occurs for PC multibilayer stacks [39]. This
anomalous increase is only partially explained by an in-
crease of / [135]. The remaining “unexplained” 2-A
increase results from an increase of ¢, as recently demon-
strated by X-ray diffraction [136]. Analysing the profiles of
the diffraction lines, whose tails depend on a fluctuation
parameter (Caillé parameter) related to the bilayer modulus
of bending rigidity, K., and the bulk modulus of compres-
sion, B, Pabst et al. [136] have evidenced an increase by
10% of this parameter (a reduction of K, and B) within this
range of temperature. The consequential increased flexibil-
ity (softening) of bilayers generates undulations of their
interfaces (Section 3.1), which would be the cause of the
anomalous increase of /. A confirmation of this interpre-
tation has been given by Pabst et al. [136] by neutron
diffraction experiments under osmotic stress. The anoma-
lous swelling has been found to be almost entirely sup-
pressed by an osmotic pressure of 16 atm, sufficient for
rigidifying the interfaces.

5.2.2. Subtransition

The formation of the subgel or crystal phase, L., requires
cold incubations, especially prolonged in case of saturated
phospholipids [59,62,137]. During them, interactions arise
between phospholipid and interfacial water molecules, as
reflected by the DSC thermograms. These interactions differ
according to the range of the corresponding transition
temperature, T,. If 7.>0 °C, these interactions induce the
formation of shoulders on the low-temperature side of the
water melting endotherm ([59], Fig. 16).

If 7.<0 °C, the chain melting (Lg (gel) — L, (fluid) or
L. (crystal) — L, (fluid)) occurs in the presence of frozen
water. In case of DOPC/water multibilayers (Tp,=— 16.5
°C), it results to a broad endotherm encompassing the
range, — 16.5 °C<T<0 °C, and, when increasing their
hydration level, this endotherm shifts progressively up to 0
°C [61]. Ulrich et al.’s interpretation of this fact is that
sorbed frozen water molecules melt by contact with fluid
DOPC bilayers because of the lessening of their chemical
potential (because the affinity for water in the L, phase is
higher than in the L, phase). These melted water molecules
exchange one another with freezed free ones with a rapidity

ENDO +——ruoruo

T/c

Fig. 16. DSC recordings showing the phospholipid and water endotherms
of DPPC/water multibilayers as a function of the duration of a cold
incubation applied to transform the gel phase into the subgel one (storage at
—20 °C for At hours, (a): At=0; (b): At=17; (c): At=24; (d): At=72; (e):
At=96) (reproduced from Ref. [59], with permission). The interdependence
of the thermodynamical states of phospholipid and water, during this cold
incubation, is revealed by the parallel evolutions of these endotherms.
When At increases, the surface of the phospholipid endotherm enlarges
whereas the ice-melting endotherm exhibits an increasing shoulder on its
low-temperature side. The dotted lines correspond to the nontreated sample.

depending on the strength of their H-bonds with head-
groups, i.e. the hydration level (Section 2.8). If this ex-
change is fast on the time window of DSC (1 °/min), a single
water endotherm results whose temperature increases up to
0 °C, by increasing the hydration level. These results
confirm the presence of several populations of differently
H-bonded water molecules in the interbilayer spaces (Sec-
tion 3.2.2). The exchange of molecules between these
populations depends on the mobility of phospholipid head-
groups which itself depends on the hydration level of the
phospholipid (Section 3.5, [7]).

5.2.3. Lamellar fluid (L,) to inverted hexagonal (Hy)
transition

Some phosphatidylethanolamines are prone to form non-
lamellar phases, like the inverted hexagonal (Hy) phase
(phase II), by heating and/or dehydrating a fluid lamellar
phase (phase I) [138]. The driving force of the I —1II
transition, AGj_y;, implies new energy terms with respect
to lamellar-to-lamellar transitions. The most important of
these terms is the free energy of bending deformation which
has the following form [139,140]:

AGg = 1/2n x K¢ x AL(1/R — 1/Ry). (38)
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In Eq. (38), K. is the modulus of bending rigidity, R the
radius of curvature of the interface (the phospholipid mono-
layer) delineating the cylinders enclosing internal water and
Ry the radius of intrinsic curvature of this monolayer. This
AGg expression refers to a fully hydrated unstressed hex-
agonal phase for which R=R, (null bending energy). An
additional (unfavorable) free energy term, in the Hy; phase,
is the interstitial energy corresponding to the voids at the
junction of the cylinders (Fig. 7C).

The rearrangements of phospholipid and water mole-
cules during a L, — Hy; transition have been assumed by
Siegel and Epand [45] to imply the same intermediates as
the fusion process (Section 3.1). Supporting this assump-
tion, the course of this transition is much slower than the
main one [141]. This probably arises from the fact that
the free energies of these intermediates are higher than
those of the initial lamellar phase due to their high
curvature (Fig. 7B). Its rate-determining step could be
the diffusion of water and phospholipid molecules re-
quired for the formation of such intermediates. In order
to identify these intermediates, two types of experiments
were performed. In the first type (time-resolved X-ray
diffraction measurements coupled with T-jumps [116]), an
intermediary thin L, phase, in which ¢ is reduced by 3
A, has been disclosed. The attribution of this thinning to
a reduction of the aqueous interbilayer spaces [123] is
supported by a decrease of R, by 5 when approaching
the transition temperature, 7y [142]. In the second type
of experiments, time-resolved cryotransmission electron
microscopy (TRC-TEM) observations, coupled with pH-
jumps [45], have disclosed transient connections between
apposed bilayers of multibilayer vesicles. Within clusters
of such connections, quasi-hexagonal-like structures have
been observed. In contrast to the transient character of
these intermediates for most phospholipids, in the case of
the diphytanoylphosphatidylcholine, a stable intermediary
rhombohedral phase has been identified at a hydration
level comprised between those of the L, and Hy phases,
in steady-state experiments (Section 3.1, [46,47]). The
stability of this intermediate probably arises from the
favourable negative intrinsic curvature of this particular
phosphatidylcholine.

In either type of experiments, the first step of the
L, — Hy transition is a mutual approach of apposed bilayers
(a dehydration) facilitating local contacts between them
(Section 3.1). However, the final volume of internal water
is 20—30% larger in the Hy; phase than in the L, phase, at
Ty [143].

5.3. Isothermal lyotropic transitions

5.3.1. Solvation transitions (implying only the interfacial
region)

5.3.1.1. Structural changes (from FT-IR linear
dichroism). Structural changes have been observed, at

fixed temperature (25 °C), by modifying the hydration level
of oriented DODPC multibilayers (a phosphatidylcholine
having a rigid diene segment intercalated between the
glycerol backbone and each fatty chain), by regulating the
RH of the ambient gas phase [144,145]. During dehydra-
tion—rehydration scans, in addition to the R,, changes (Fig.
17a), several IR bands, characteristic of phospholipid (Fig.
17b) and associated water (Fig. 18a), exhibit simultaneous
changes with hysteresis. Starting from the fully hydrated L,
phase, a dehydration leads to the decrease of v,4(CH,) (Fig.
17b) signalling the formation of the L' phase. Hence, an
incubation at RH<0.5 converts this phase into the subgel
phase SGj, the most stable at this hydration level. By
rehydration of SGy, several abrupt modifications occur at
RH=0.6, signalling a new transition (SG;— SGyy) [145]:
Ry, jumps (Fig. 17a) and the width of the v;3(OH) band,
Avi3(OH) jumps (Fig. 18a, right). These jumps reflect the
formation of H-bonds between the additionally sorbed water
molecules and the PO, headgroup [77]. Besides, the order
of fatty chains remains unchanged (v,s(CH,) unchanged,
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Fig. 17. Hydration/dehydration scans of DODPC/water multibilayers
(regulated by the RH, of the ambient gas phase) (reproduced from Ref.
[145], with permission). The different symbols correspond to hydration (0)
and dehydration (1) at 25 °C. The RH ranges corresponding to the different
states are indicated by dotted lines. [a] Plot of Ry, values as a function of
RH. As marked by arrows, a jump of R, from 1.6 to 2.6 occurs during the
SG; — SGyy transition. [b] Plot of the wave number of the center of gravity
(COQG) of the v,s(CH,) band of FT-IR spectra as a function of RH. This
wave number abruptly changes during the gel (L},) — fluid (L) and subgel
(SGyy) — L, transitions.
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Fig. 18. Action of hydration (right)/dehydration (left) of oriented DODPC/
water multibilayers (regulated by the RH of the ambient gas phase), on the
features of the v,; water band in their FT-IR spectra (reproduced from Ref.
[144], with permission). [a] Plot of its full width at half-maximum
(FWHM), Av;3(OH), as a function of RH. This FWHM reflects the
broadness of the distribution in strength of H-bonds of interfacial water
molecules with the phospholipid headgroups. [b] Plots of the order
parameters (S1r) of the orientation of water molecules, at different wave
numbers within this band, as a function of RH, deduced from the
dichroisms of the corresponding absorbances (see text, Setion 2.3). The
low-frequency side of the v,3 water band (3280 cm™ ') corresponds to a
“y-like” stretching mode and its high-frequency side (3460 cm™ ')
corresponds to a “v3-like” stretching mode. The negative values of Sir in
the SG; state indicate that the planes of water molecules are parallel to the
membrane interface.

Fig. 17b): the SG;— SGy; transition implies only the inter-
facial region and is called a solvation-induced transition.

Details on the modifications of the interfacial network of
H-bonds during these dehydration—rehydration scans are
given by the width of the v3(OH) band, Av;3(OH), and the
order parameter, Sir[v;3(OH)] (Section 2.3). The dehydra-
tion-induced gel — SGI transition leads to a drop of
Av;3(OH) (Fig. 18a, left) reflecting the reduction of the
number of binding sites of water molecules. In the SGy
phase, the negative values of Sir[v,3(OH)] (Fig. 18D, right)
indicate that water molecules are highly ordered (HOH
planes of water molecules parallel to the interface). Finally,
the rehydration-induced SG;— SGy; transition leads to the
formation of H-bonds weaker than in the SG; phase, as
reflected by the increase of Av,3(OH) (Fig. 18a, right) and
the decrease of Sir[vi3(OH)] (Fig. 18b, right).

As regards the phosphocholine head as a whole, its
orientation is reflected by the order parameters of its
phosphate and trimethylammonium headgroups. The mod-
ification of these order parameters during the dehydration-
induced gel — SG; transition indicates a rocking of the

P~ —N" dipoles towards the membrane surface. This rock-
ing agrees with earlier results on the effect of a dehydra-
tion [146]. This reorientation of P~ —N" dipoles parallels
that of water dipoles: they become aligned parallelly to
the interface leading to a cancellation of the electrical
potentials created by them. This experimental result agrees
with simulation results at low hydration (Section 3.2.1,
[36,50,51,53]).

These hydration-induced structural changes for lamellar
DODPC/water phases can be compared with those of non-
lamellar DOPE/water phases [120]. In this latter case, by
dehydration, the inverted hexagonal (Hj;) phase transforms
into ribbons characteristic of the P; phase [ 138], by squeezing
out of the Hy; cylinders. This transformation is reflected by
modifications of all headgroup vibrational bands. Especially,
the occurrence of the (H,)N" H...OP~OS(H,)N. . . HOPO
proton transfer between the phosphate and ammonium
headgroups of adjacent phospholipid molecules is reflected
by the narrowness and the splitting of the corresponding
bands [79]. By rehydration, a solvation transition (P5 — Hyy)
occurs at RH=0.6. The modifications of the interfacial
region of DOPE/water samples, occurring during the
Ps — Hj; solvation transition, have been complementarily
studied by labelling water (by forming HOD, Section 2.3)
[120]. In the dehydrated DOPE Pj state, the H-bonding of
water to discrete binding sites is reflected by a protrusion (at
frequencies higher than 3400 cm™ ', Fig. 19a, top) of the
v13(OH) band of the uncoupled OH of HOD. By rehydra-
tion, during the Py — Hj; transition, the additionally sorbed
water molecules bind to both amine and phosphate groups
with disappearance of the proton transfer, as reflected by the
modifications of the contour of the v;3(OH) band (cf. arrow
in Fig. 19a) [79].

5.3.1.2. Energetics of these structural changes (from
humidity titration calorimetry). The energetics of the
DOPE Pz — H;; and DODPC SG; — SGy; solvation transi-
tions has been determined by isothermal humidity titration
calorimetry and gravimetric measurements (Section 2.8,
[147]). Heat releases, ¢irc, and differentials of the sorption
isotherms, 0(R,)/9(RH) corresponding to increments of
RH, are represented in Fig. 20a and b by symbols. In the
same figures, solid lines represent the integrals of these
infinitesimal variations, namely the sorption isotherm,
Ry=f(RH), and the integrated heat Qirc =ARH). If girc
corresponds to the variation of enthalpy during the hydra-
tion increase, its expression should be the following (Eq.
(22), Section 2.8):

qiTc = B(RW)/E)(RH) X Ahi]yd (39)

where Ahlyq is the variation of enthalpy during a transfer of
one mole of water from the gas to the sorbed phase. Hence,
the features of the QOirc=/(RH) integral should be deter-
mined by the slope of the sorption isotherm, 9(Ry,)/d(RH).
As a confirmation, the O;rc=f(RH) and R, —f(RH) plots
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Fig. 19. Action of the hydration of DODPC/water and DOPE/water multibilayers (regulated by the RH of the D,O/H,0, 9:1, mol/mol ambient vapour water)
on the features of HOD and D,O water bands (reproduced from Ref. [120] with permission). The contours of these bands, from the bottom to the top,
correspond to the following RH values: 0.2, 0.5 (right part only), 0.65 and 0.89. [a] v(OH) of isolated OH of HOD. [b] v (OD) of D,O. The arrows signal the
modifications of the contours of these bands occurring during the DOPE P; — Hy; and DODPC SG; — SGy; transitions.
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Fig. 20. Influence of increments of the RH of the vapour water above
DODPC/water multibilayers, on the slope of their sorption isotherms, dR/
oRH (b) and on the corresponding heat of water sorption, girc (a)
(represented by symbols). The integrations of these data are represented by
solid lines. They correspond to the functions QOirc=f(RH) (a) and
Ry =f(RH) (b). These functions exhibit peaks at the same RH value,
signalling the SG;— SGy; transition. The heats were measured by
isothermal titration calorimetry (ITC) and the slopes 0R,/0RH by
gravimetry, at 25 °C (reproduced from Ref. [147], with permission).

exhibit peaks at the same RH value (RH=0.6, Fig. 20a and
b). The variations of enthalpy (A/yq), entropy (AShyq) and
Gibbs free energy (AGyyq) corresponding to the DOPE and
DODPC transitions, at 25 °C, are reported in Table 1. AGyyq
values have been obtained from gravimetric measurements
(Eq. (20), Section 2.8). They are the same for both DOPE
and DODPC transitions (AGpyq=—1.3 kl/mol). Ahpyq val-
ues, corresponding to the transfer of liquid water from
outside to inside the sample, have been obtained from
calorimetric measurements (Section 2.8). As for ASy.q
values, they have been obtained by difference (Eq. (18)).
Finally, for DODPC and DOPE, the Ahy,yq values as well as
the TASyyq have opposite signs. The DOPE Ps — Hy; tran-

Table 1

Thermodynamical parameters (Aptpyg, Ahyyg and — TASy,4) and changes of
the hydration level (AR,,), corresponding to the DOPE Pd — Hyy and the
DODPC SG; — SGy; transitions (reproduced from [147], with permission)

Lipid phase transition DOPE P, — Hy DODPC SG; — SGy;
range of Ry 0.5-1.6 1.7-29

ARy 1.1+0.2 1.2+0.2

aw 0.60 £ 0.04 0.58 £ 0.4
Aptya/kJ/mol —13+£0.2 —13+0.2

HTC HTC

Ahy,yq/k]/mol 13+£7 —10+7
TAS},yq/kJ/mol 14+7 —9+7

These parameters were deduced from humidity titration calorimetry (HTC)
and gravimetric measurements, respectively.
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sition is endothermic and accompanied by an increase of
entropy whereas the DODPC SG;— SGy; transition is
exothermic and accompanied by a decrease of entropy.
These different energetic characteristics arise from the
difference of the structural transformations occurring in
the interfacial network of H-bonds. During the DOPE
Ps — Hy; transition, the proton transfer between phosphate
and amine headgroups of two adjacent phospholipid mole-
cules is broken down resulting in a disordering of the
interfacial region. This leads to an unfavourable endother-
micity and a gain in entropy. In contrast, during the DODPC
SG; — SGy; transition, the additionally sorbed water mole-
cules form strong H-bonds with headgroups. This leads to a
favourable exothermicity and a gain in order (an unfavor-
able loss of entropy). Thus, during a phospholipid hydra-
tion, according to the nature and the strength of the H-bonds
formed and broken down, either a favourable variation of
enthalpy or a favourable variation of entropy can result. This
interchangeability between enthalpy and entropy, during
hydration processes, is a universal phenomenon due to the
capability of water to reorganize its H-bond network [148].

5.3.2. Chain-disordering lyotropic transitions

Chain-disordering lyotropic transitions can be triggered
by changes of the RH of the ambient gas phase at fixed
temperature, as disclosed by two types of experiments on
DMPC/water samples. First, Raman scattering measure-
ments were performed [149]. Using as marker of the degree
of order of fatty chains the ratio of the intensities,
935¢m — 1/Ihgg3em — 1, in the spectra, drops of this ratio
(signalling orderings of fatty chains) have been observed by
dehydration, at RH=0.55 at 40 °C, and RH=0.86 at 30 °C
(Fig. 21C). Second, X-ray diffraction measurements were
performed [26]. Jumps of / at RH=0.57 at 40 °C, and at
RH=0.84 at 30 °C (signalling straigthenings of fatty
chains), have been disclosed (Fig. 21A). In addition, the
integrated intensity of the O—H stretching band in Raman
spectra has been found to exhibit discontinuities at
0.5<RH<0.6 at 40 °C, and at RH=0.8 at 30 °C (Fig.
21B, [149]). All these results reflect dehydration-induced
fluid (L,) — gel (L) DMPC transitions. Such osmotic-
stress-induced main transitions have been recently con-
firmed by two groups of authors. First, Markova et al. [5]
have observed with their double-twin calorimeter that the
inverse gel (L)) — fluid (L,) transition occurs at RH ~ 0.9
at 27 °C. Second, Hung et al. [150] have observed, by
osmotic stress of DMPC films, a jump of the # values at
Tlosm ~ 2.5 % 107 Pa at 30 °C.

Fig. 22. Time-resolved small-angle X-ray scattering patterns of POPC/water
multibilayers obtained during a hydration scan (regulated by the RH of the
ambient gas phase) at 26 °C (reproduced from Ref. [151], with permission).
The first-order Bragg reflection corresponding to the hydrated L, phase
gradually rises at the expense of that corresponding to the dry L phase.

The mechanism of a lyotropic chain-disordering transi-
tion is revealed by more sophisticated experiments [151];
the response of POPC to a RH-controlled hydration at
room temperature has shed light on this. First, the electron
density profiles of POPC/water multibilayers have been
obtained by a near-equilibrium X-ray diffraction study as a
function of RH [142]. Decomposing in submolecular frag-
ments, similarly to the White and Wiener’s method [13],
the positions along the bilayer normal of these fragments
can be calculated. Upon increasing RH, these positions
abruptly change at around RH=0.4, signalling a direct
Lp— L, transition. From these changes of positions of
fragments, the variations of the thicknesses of the phos-
pholipid and water layers can be inferred: ¢ decreases by 6
A while /. stays approximatively constant. It can be
concluded that phospholipid bilayers contract vertically
and expand laterally (volume of the bilayer incompress-
ible). As the relative variation of /1 is 10%, A4y should
increase by 10%. This lateral expansion has been con-
firmed by more recent humidity-controlled X-ray diffrac-
tion measurements [75]: 4y has been found to increase by
14% at RH=0.4 (Fig. 10-(2)). From this increase in area,
the transbilayer flux of water, triggered by the transbilayer
gradient of water chemical potential, is amplified (Section
4.3). From then on, water molecules flowing around fatty
chains lead to their disordering (interdependence of the

Fig. 21. Action of the RH of the vapour phase, hydrating a DMPC/water multibilayer sample, on its lamellar repeat period, Z, and its Raman spectra
(reproduced from Refs. [26,149], respectively). (A) Plots of 87// spacing values of a freely suspended DMPC film, measured by X-ray diffraction, as a
function of RH. These plots exhibit discontinuities at RH=58% at 40 °C, RH=284% at 28.8 °C and RH=68% at 36.8 °C. (C) Plots of the ratio of light
intensities, after Raman diffusion, at two wave numbers (2935 and 2883 cm™ '), within the CH, stretching band, as a function of RH. This ratio is used as a
marker of the degree of order of fatty chains. These plots exhibit discontinuities at RH=155% and 20% at 40 °C and at RH=286% and 52% at 30 °C. (B) Plots
of the integrated intensities of the OH band of the Raman spectra (normalized with respect to the intensity at 2853 cm™ ') as a function of RH. These intensities
are converted in R,, values (right-hand scale). These plots exhibit discontinuities at: (i) RH ~ 85% at 30 °C (where Ry, is reduced by 19); (ii)) RH=50-60% at
40 °C (where Ry, is reduced by 6). All these discontinuities signal phase transitions.
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chemical potentials of phospholipid and water; Section 2.7,
Eq. (16)). Such a mechanism has been confirmed by a
recent study of the dynamics of the RH-controlled L, — L,
transition by time-resolved X-ray diffraction [151]. As
shown in Fig. 22, upon increasing RH from 0% to
100%, the intensity of the Bragg reflection corresponding
to the hydrated L, phase gradually increases at the expense
of that corresponding to the “dry” L phase. This process
lasts several minutes. The slowness of this transition,
compared to a thermal transition (a few seconds, [132]),
is highly relevant. It reflects the slowness of the regulation
of the transformation by the influx of water through the
multibilayer stack up to equilibration of the water chemical
potentials inside and outside (vapour) the sample (repre-
sented respectively by compartments II and I in Fig. 2).

6. Conclusion

All the results discussed above (Section 5) lead to the
conclusion that each thermodynamical phase of model
membranes is characterized by a specific hydration level
and a specific distribution of water molecules. Quantita-
tively, the hydration state is defined by the number of
water molecules trapped in the interbilayer spaces of
phospholipid/water multibilayers (denoted by R,,). Quali-
tatively, it is defined by the properties of this water
(Section 3.2), recalled below. First, the thermodynamical
state of interbilayer water molecules (their space-averaged
chemical potential) and, thereby, their freezing temperature
change during phase transitions. For instance, the subtran-
sition occurs for a specific state of interbilayer water (Fig.
16, [59,62]). Whether it is the cause or the consequence of
this transition is difficult to discern. Second, the degree of
order of the orientation of the electric dipoles of water
molecule abruptly changes at the main phase transition (as
reflected by the H-NMR spectra shown in Fig. 12, [94]).
Third, the dynamics of this orientation depends on the
confinement of water molecules either within the interbi-
layer spaces of phospholipid/water multibilayers or within
the core of phospholipid-based reverse micelles. This
dependence is reflected by the effect of two types of
electric fields. On the one hand, that resulting from the
displacement of charges borne by phospholipid headgroups
(triggered, for instance, by an alternating electric field,
Section 2.6). These motions induce a dielectric relaxation
of surrounding water molecules whose frequency depends
on the narrowness of the interbilayer spaces of a phos-
pholipid/water multibilayer (its hydration level; Section
3.5, [152]). On the other hand, the electric field, due to
the displacement of electrons of a fluorescent molecule by
excitation, induces a reorientation of surrounding water
molecules. If this molecule is dissolved in the water core
of reverse micelles, the rapidity of this reorientation
depends on the size of this core, i.e. the Ry, value (Section
3.6, [66]). In both cases, the orientational mobility of water

molecules depends on the disposable volume (i.e. on the
hydration level). It is the confinement which slows down
water molecules rather than their H-bonding with head-
groups (Sections 3.2.4 and 3.6). Generally speaking, phos-
pholipid-sorbed water is composed of differently H-bonded
populations of molecules in permanent exchange. These
populations can be distinguished when their exchange is
slow compared to the time window of the observation
method. On the time window of H-NMR (10~ > s), this
exchange is fast in the case of a fully hydrated fluid
lamellar phase, and only one “H-NMR spectrum is ob-
served (in absence of phase transition). On the time
window of DSC ( ~ 1°/min), at the temperature range
corresponding to the subgel phase, this exchange is suffi-
ciently slow so that different populations of water mole-
cules can be distinguished according to their freezing
temperatures (Section 5.2.2).

In order to better understand this interdependence of the
states of phospholipid and sorbed water, it is necessary to
come back at the origin of the hydration. The activity of
the phospholipid-sorbed water is governed by that of water
of the hydration source (Fig. 2). When an equilibrium is
established between the phospholipid sample and this
source, the two variables which fully define the final state
of the sample (at fixed pressure) are temperature and water
activity. This activity, in case of the new humidity-con-
trolled osmotic stress experiments (Section 2.7), is equal to
the RH of the ambient vapour phase (Fig. 2, a'=4"=RH).
More generally, this activity of water (and, thereby, its
chemical potential) is an intensive parameter of the ther-
modynamical state of phospholipid /water two-component
systems. These systems are at equilibrium when, every-
where in it, this parameter is uniform. In other terms, any
heterogeneity of the water chemical potential entails a
displacement of water molecules: a transmembrane gradi-
ent of the water chemical potential automatically generates
a transmembrane flux of water (Section 2.7, Eq. (11), Fig.
3). Hence, the ebb and flow of these internal water
molecules modulate the conformation of the fatty chains
(the chemical potential of the phospholipid molecule), due
to the interdependence of the chemical potentials of
phospholipid and sorbed water molecules (Gibbs—Duhem
relation, Eq. (16)). Therefore, phase transitions can be
triggered either at a specific value of the water activity
(of RH) at fixed temperature (lyotropic transitions) or at a
specific temperature at fixed activity (thermal transitions).

During the thermal transitions, the first rapid step is the
creation of defects in the chain packing of phospholipid
bilayers (melting of chains in isolated phospholipid mole-
cules). Such defects appear as soon as a few degrees below
T [132,133]. Subsequently, in a less rapid step, rearrange-
ments, like the gathering of phospholipid molecules with
molten chains in domains, occur. These rearrangements can
lead, for instance, to the periodic ripples characteristic of the
rippled (P}) phase [129]. They would be very slow if
proceeding only by diffusion of phospholipid molecules.
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In fact, they proceed mainly by redistribution of more
mobile water molecules, as evidenced by time-resolved X-
ray diffraction measurements [132].

During lyotropic transitions, transformations similar to
those occurring during thermal transitions occur. These
transformations imply either the interfacial region only
(solvation transitions, Section 5.3.1) or also the hydrocarbon
region (Section 5.3.2). They have been identified by differ-
ent methods (isothermal titration calorimetry, Section
5.3.1.2, [147]; X-ray scattering, Section 5.3.2, [26,151];
FT-IR linear dichroism, Section 5.3.1.1, [144,145]).
Concerning lyotropic chain-disordering (ordering) transi-
tions, the mechanism can appear obscure. Of course, in-
creasing hydration leads to a swelling of the polar heads,
easing up isomerizations of fatty chains. However, this is
not sufficient to overcome the energy barrier opposed to
such isomerizations. We think that these transitions, like the
solvation transitions, imply chemical contacts between wa-
ter and phospholipid molecules. As a matter of fact, the
presence of water molecules within the hydrocarbon region
of phospholipid bilayers is feasible owing to the intercon-
nection of free-volumes present in this region (Section 4.3,
[112]) and has been detected in fluid model membranes
from fluorescence experiments (Section 4.2, [105]). During
an osmotic stress, the transmembrane flux of water gener-
ated by the transmembrane gradient of the water chemical
potential is amplified (or restrained) by the change of the
water-activity-dependent cross-sectional area per phospho-
lipid molecule (Sections 4.3 and 5.3.2, Fig. 10-(2), [75])
which accelerates the change of order of fatty chains.

Generally speaking, the capability of water of playing the
role of an energy transducer has been revealed, for instance,
by the thermodynamical characteristics of the hydration of
apolar compounds. The corresponding variation of the
Gibbs free energy is quasi-insensitive to the temperature.
This results from opposite temperature dependences of the
enthalpy and entropy terms (enthalpy—entropy compensa-
tion, Ref. [148] and references herein) of this free energy.
We have seen an example of this compensation in the
characteristics of the energetics of DODPC SG;— SGy;
and DOPE Pz — Hy; transitions (Section 5.3.1.2) which
differ. This enthalpy—entropy compensation results from
particular properties of liquid water [148]. Different models
of liquid water were devised for interpreting it. Coarsely,
these models consider water as a mixture of free and
hydration water. In these two states, number, strength and
orientational order of H-bonds are different. Owing to the
balance between free and hydration water and the conse-
quential organization of the H-bond network, entropic and
enthalpic terms of the variation of the Gibbs free energy
during the introduction of a solute in liquid water can
compensate one another. Indeed, we have seen that water
present in the hydrocarbon region of phospholipid bilayers
is organized in single files of H-bonded molecules (Sections
3.2.1 and 4.3, [49]): the arrangement and, thereby, the
chemical potential of water molecules depend on their

environment. Conversely, within this environment, the con-
formation of phospholipid molecules (their chemical poten-
tial) is modified by interaction with surrounding water
molecules. The general thermodynamic explanation of this
interplay between water molecules and their environment
has been given by Parsegian, Rand and Rau [1,153]. More
generally, within a cell, water at the surface of the biological
macromolecules propagates energy and, thereby, plays the
role of a ubiquitous heterogeneous interface [154].

The perspectives open by these results are immense.
Indeed, if the chemical potential of water molecules
enclosed in the smallest free-volumes of the interfacial
and hydrocarbon regions of membranes regulates their
thermodynamical state, this can in turn greatly affect the
activity of membranous proteins (Ref. [155] and references
herein). Such perspectives are strong incentives and we
hope that experiments and simulations will soon be devoted
to these issues.
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