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Abstract The ordering and H-bonding characteristics
of the hydration water of the lipid 1-palmitoyl-2-
oleoylphosphatidylcholine (POPC) were studied using
polarized infrared spectroscopy by varying either the
temperature or the relative humidity of the ambient
atmosphere of multibilayer samples. The OH-stretching
band of lipid-bound water was interpreted by a simpli-
fied two-state model of well-structured, low density
“network” water and of less-structured dense “multimer”’
water. The IR-spectroscopic data reflect a rather con-
tinuous change of the water properties with increasing
distance from the membrane and with changing tem-
perature. Network and multimer water distribute across
the whole polar interphase with changing composition
and orientation. Upon dehydration the fraction of net-
work water increases from about 30 to 60%, a value
which is similar to that in supercooled water at —25°C.
The highly ordered gel phase gives rise to an increased
fraction of structured network water compared with the
liquid crystalline phase. The IR order parameter shows
that the water dipoles rearrange from a more parallel
towards a more perpendicular orientation with respect
to the membrane normal with progressive hydration.
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Introduction

The structure of water surrounding lipid bilayer-
membranes has been studied by a wide variety of
techniques and is considered a paradigm for biomem-
brane hydration. Lipid hydration is of great importance
in studies of the phase behavior of lipid/water systems
and not least in studies of the repulsive hydration
forces between lipid bilayers (Binder 2003; Gawrisch
et al. 1992; Le Neveu et al. 1976; Leikin and Parsegian
1993; Parsegian and Rand 1991; Rand and Parsegian
1989). Studies on lipid hydration have been pioneered
by a number of investigators who use gravimetric
sorption experiments (Jendrasiak and Hasty 1974),
scattering methods (Biildt et al. 1979; Le Neveu et al.
1976; Luzzati 1968) and NMR spectroscopy (Finer and
Darke 1974; Seelig 1977) as the basic techniques.
Among these pioneers is Klaus Arnold, who initiated
intensive investigations on phospholipid/water mixed
systems in the Molecular NMR (later Biomembrane
physics) group at the University of Leipzig in the mid-
1970s. These studies revealed new insights into the
properties of hydration water of phospholipids using
3P- and “H-NMR spectroscopy (Arnold et al. 1981,
1983; Gawrisch et al. 1985; Klose et al. 1985) and also
quantum chemical calculations and computer simula-
tions (Frischleder et al. 1977; Peinel et al. 1983a, b).
It was found that the arrangement of the lipid
headgroups “‘perturbs” the ordering and the dynamics
of water molecules compared with the properties of
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bulk water. For example, this perturbed water gives
rise to a typical quadrupole splitting of the “H-NMR
spectrum if the lipids are hydrated with heavy water
(Arnold et al. 1983; Finer and Darke 1974). The
change of the splitting width with the hydration degree
indicated that the first five water molecules added to
the lipid (dipalmitoylphosphatidylcholine in this par-
ticular case) form a sort of inner hydration “shell”
possessing a much larger splitting width than addi-
tional, ambient water. Parallel theoretical investiga-
tions have shown that the arrangement of water with
respect to the polar interface is more adequately de-
scribed using a layered geometry than a central-sym-
metric arrangement in hydration “shells” (Klose et al.
1985). The concept of different types of perturbed
water which arrange in different layers has been com-
monly accepted in describing the hydration of lipid
membranes. In this paper we will use the termini
hydration- “‘shell” and “‘layer” as synonyms.

The primary hydration shell of surface-adsorbed wa-
ter differs from the subsequent layers of water which are
surrounded by other waters because the polar surface
strongly interacts with this first layer of water molecules
via relatively strong water-substrate (solvent—solute)
interactions. Israelachvili and Wennerstom assumed
that the properties of the water beyond the primary
hydration layer are essentially the same as those of bulk
water and thus there are virtually no further hydration
layers of structured water except the first one (Israe-
lachvili and Wennerstrom 1996). As a consequence
they suggested that the short-range repulsion between
approaching membrane surfaces is caused by the
entropy loss due to the confinement of thermally mobile
surface groups and not from any type of structured
water in the hydration shell beyond the primary layer.
Methods which are sensitive to subtle changes of the
water structure and interactions are required to study
the question to what extend the molecular arrangement
of hydration water in the vicinity of lipid membranes is
affected by the polar surface.

Vibrational spectroscopy constitutes a well-proven
method which is capable to characterize water prop-
erties on the molecular level. Owing to its sensitivity to
the strength and arrangement of chemical bonds this
method was applied to study details of the network of
H-bonds in pure water and ice (Bertie and Whalley
1964a, b; Walrafen 1967, 1971). In the context of lipid
hydration vibrational spectroscopy was extensively
used to characterize the hydration sites of lipids (Arr-
ondo et al. 1984; Binder 2003; Blume et al. 1988; Casal
and Mantsch 1984; Dluhy et al. 1985; Pohle et al. 1998;
Ter-Minassian-Saraga et al. 1988) and the properties of
water which directly binds to the headgroups (Binder
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et al. 1997; Grdadolnik et al. 1991; Kint et al. 1992).
Correlations between the behavior of spectral bands
due to vibrations of the lipid headgroup and that of the
water allowed to identify the acceptor-sites for the H-
bonds between the water and lipids under different
conditions (see, e.g., Binder and Pohle 2000).

In addition to the characterization of the interaction
pattern, infrared spectroscopy with polarized light on
macroscopically aligned membranes is a well-suited
method for the study of water orientation and ordering
(Fringeli et al. 1972). For example, this IR linear
dichroism technique revealed that water strongly ori-
ents upon binding to crystalline lipids at low hydration
degrees (Binder et al. 1998; Binder and Pohle 2000). IR
spectroscopy provides the ensemble average, i.e. a sort
of static “‘snapshot” of the water arrangement owing to
its characteristic time in the picosecond range. Con-
trarily, the NMR spectra include also dynamic aver-
aging and thus they reflect the different time-scales of
the diffusion of water near the membrane. This way
both methods complement each other in their ability to
detect different facets of the perturbation of water
behavior bound to lipid assemblies.

Several aspects of lipid hydration continue to attract
theoretical and experimental research until today (see,
e.g., Milhaud 2004 for a review). Despite this extensive
work, experimental data about the structure of water
and the network of hydrogen bonds at the polar
interface of lipid membranes are relatively rare. This
interface is more like an ““‘interphase’ connecting the
hydrophobic core of the lipid bilayer and the ‘“‘unper-
turbed” bulk water. Owing to their small size, water
molecules tightly fit into the free volumes of the bilayer
forming malleable clusters of waters in a complex
network of H-bonds which include also the phosphate
and carbonyl groups of the lipid. Molecular dynamics
computer simulations, for example, have shown that
water effectively connects neighboring headgroups via
chain-like “water bridges” (Pasenkiewicz-Gierula
et al. 1999, 2000). Recent simulations analyzed the
H-bonding architecture of the polar interphase and
the consequences for the energetics, dynamics, macro-
scopic orientation and charge distribution and of per-
turbed water (Bhide and Berkowitz 2005; Yegiazaryan
et al. 2006).

The network of H-bonds and also dipolar interac-
tions between water and the zwitterionic lipid head-
groups (Gawrisch et al. 1992) affect the structure of
water and of the lipid as well because the Gibbs free
energy of the whole system tends to become minimized
in thermodynamic equilibrium. Hence, the control and
exact adjustment of the thermodynamic state of the
water in experiments on amphiphilic systems repre-
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sents one important prerequisite for the unambiguous
characterization of their hydration properties. Parse-
gian and coworkers developed the method of polymer-
controlled osmotic stress adjustment to control the
hydration degree in the samples in terms of an inten-
sive thermodynamic parameter (Le Neveu et al. 1976).
More than 20 years ago Arnold et al. (1983) adapted
this technique to NMR-studies of lipid hydration in the
presence of polyethylene glycol. This idea was further
developed to the so-called humidity-titration tech-
nique, an elaborated humidity-controlled hydration
pressure adjustment, which allows the effective and
detailed study of the hydration properties of amphi-
philic assemblies (see Ref. Binder 2003 for an over-
view).

The present work combines infrared (IR) spectros-
copy with the humidity-titration technique to charac-
terize the water bound to phospatidylcholine lipid
bilayers as a function of the hydration degree and
temperature. Due to the time resolution of IR
absorption and its sensitivity to subtle changes of
chemical bonding we aim at resolving important
structural and energetic properties of interfacial water
in its particular H-bonded structure and at comparing
these results with that predicted by computer simula-
tions. The analysis focuses on the most prominent
feature of the IR spectrum of water formed by the
O-H stretching band in the spectral range 3,600-
3,100 cm™!. It will be demonstrated that this broad,
relatively structureless region provides valuable in-
sights into water structure and, orientation near the
lipid bilayer.

Materials and methods

Sample preparation, ATR infrared measurements
and spectral analysis

The lipid, 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline (POPC) was purchased from Avanti Polar
Lipids, Inc. (Alabaster, AL, USA). Appropriate
amounts of a stock solution of the lipid in methanol
were spread on the surface of a ZnSe-attenuated total
reflection (ATR) crystal (angle of incidence: 45°, six
active reflections). The solvent evaporates under a
stream of nitrogen gas within a few minutes. The lipid
arranges spontaneously into macroscopically oriented
multibilayer stacks which align parallel on the ATR
surface. Polarized infrared (IR) absorption spectra,
Ay(v) and A, (v), were recorded with light polarized
parallel and perpendicular with respect to the plane of
incidence using a BioRad FTS-60a Fourier transform

infrared spectrometer (Digilab, MA, USA) equipped
with a wire grid polarizer. Band positions were ana-
lyzed by means of their center of gravity (COG) in the
weighted sum spectrum, A(v) = A;(v) + 2.554,(v).

The IR order parameter of an absorption band was
calculated from the dichroic ratio of the baseline-
corrected polarized absorbances, Rp = A;/A, using
Harricks thick film approximation (Harrick 1967) (see
also Ref. Binder and Schmiedel 1999 for details): Sig =
(Rp - 2)/(Rp + 2.55). 1t is defined as the mean second
order Legendre polynomial, S;g = (0.5(3cos’0 — 1)),
where 0 is the angle between the respective transition
moment and the ATR normal.

Sample conditioning: the humidity-titration
technique

The hydration degree of the lipid film was adjusted by
means of the humidity-titration technique which “in-
jects” water vapor in definite portions of the relative
humidity (RH) into the ambient atmosphere of the li-
pid sample. In particular, high purity nitrogen gas of a
definite RH was blown through the sample chamber.
The temperature (7) and RH were adjusted by means
of a flowing water thermostat (Julabo, Seelbach, Ger-
many) and a moisture generator (HumiVar, Leipzig,
Germany) with an accuracy of +0.05 K and +0.5% RH,
respectively. The relative humidity was varied in steps
of ARH =3% between 2 and 98% at constant T
(hydration dependent measurements). Alternatively,
temperature dependent measurements were per-
formed by changing 7 in steps of AT = 1 K at constant
RH = 50%.

The sample was allowed to equilibrate for 10 min in
RH scans and for 2 min in temperature scans before
measurement of the polarized IR spectra. No signifi-
cant hysteresis effects between hydration and dehy-
dration scans and between heating and cooling scans
were detected confirming that the sample reached
equilibrium in each measurement.

Results

Infrared active O-H stretching vibrations reveal
molecular characteristics of lipid bound water

Water has a characteristic vibrational spectrum in the
spectral range 3,000-3,800 cm™' due the O—H stretches
which is also present in the spectrum of hydrated lipids
(see Fig. 1, and, e.g., Refs. Binder et al. 1998;
Grdadolnik et al. 1994). This v;3(H,O) band shows an
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Fig. 1 Infrared absorbance spectra of the OH-stretching region
of water adsorbed to POPC as a function of temperature. The
arrows indicate the intensity decrease of the right-hand and the
intensity increase of the left-hand bands which were assigned
to network and multimer water, respectively. The lipid was
hydrated at constant relative humidity, RH = 50%, which refers
to about Ry, ~ 5 water molecules bound per lipid (see Fig. 11
and Binder et al. 2001)

intensity maximum near 3,400 cm™' with a marked low
frequency shoulder near 3,250 cm™ and a weaker high
frequency shoulder near 3,600 cm™.

An unambiguous interpretation of the v3(H,O)
band is difficult because its shape and frequency can
reflect (1) different energetic characteristics of ad-
sorbed water molecules, (2) intra- and intermolecular
couplings between the OH stretching vibrations within
a particular water structure, and/or (3) Fermi reso-
nance with 2 v the H-O-H bending mode (Bertie and
Whalley 1964a, b; Walrafen 1967, Zundel 1969).
Hence, the accurate determination of the stretching
mode, depending on the degree of connectivity for
each water molecule, is obviously impossible, but
simple models have shown to be useful tools to esti-
mate the extent of bonding of water molecules among
each other and to polar surfaces.

We previously analyzed the OH-stretching region of
water bound to different lipids (Binder 2003; Binder
et al. 1997, 1998, 1999b, 2000; Binder and Pohle 2000;
Binder and Zschornig 2002) using such a relative sim-
ple interpretation proposed by Walrafen (1967) and
Walrafen and Chu (1995) (see Ref. Binder et al. 1998
for a detailed discussion). It has been shown that the
v13(H,O) band sensitively responds to the nature of
intermolecular bonding and thus it is a suited probe of
intermolecular water interactions.

Accordingly, the maximum near 3,400 cm™' and the
right-hand shoulder of the v,3(H,O) near 3,250 cm™
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Fig. 2 Infrared spectra of the OH-stretching region of water
bound to POPC. The lipid was hydrated at RH = 50% in an
atmosphere of pure H,O or in a mixed D,O:H,O atmosphere of
different composition. The addition of heavy water decouples
the OH-stretches and thus isotopic dilution decreases the
absorbance of bands due to the coupled OH vibrations of
structured water

were attributed to O—H stretches of water molecules in
an effective H-bonded structure (‘“‘network water’’)
whereas the weak high frequency shoulder near
3,600 cm™ was assigned to water in a structure of dis-
turbed hydrogen bonds (“multimer water’”). Hence,
both considered water types represent structured wa-
ter, however of different connectivity with its sur-
roundings: The network water is most likely involved
in extended transient water networks forming up to
four hydrogen bonds per water. The multimer water is
ascribed to clusters of a few waters with about two or
less H-bonds each.

The two IR-bands due to network water were as-
signed to symmetric v; stretches where neighboring
water molecules couple out of phase (3,250 cm™) and
to a low-frequency mode which originates from a
complex mixture of different vibrations with a major
fraction of antisymmetric v; stretches (3,400 cm™)
(Bergren et al. 1978; McGRaw et al. 1978). This
interpretation is supported by hydration experiments
in a mixed D,O:H,O atmosphere (see Fig. 2). The
relative absorbance of the right-hand shoulder near
3,250 cm™ slightly decreases by addition of a small
amount of D,O (compare the spectra of pure water
with that of the 1:9 mixture of D,O:H,0) and it almost
completely disappears in the presence of an excess
fraction of heavy water (see the spectrum of the 9:1
mixture). The trend confirms the assignment of this
band to coupled O-H modes in a H-bonded structure
because the increasing amount of O-D bonds pro-
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gressively decouples the O-H stretches. An analogous
assignment was performed on the basis of the IR linear
dichroism of the v;3(H,O)-band of water adsorbed
onto PC headgroups (Binder 2003; Binder et al. 1998).

The integral absorbance over a spectral range of
+20 cm™' about the selected position in the water spec-
trum, A; = JA(v)dv/Av (I = 3,600 or 3,250), is directly
related to the number of absorbing water molecules, #;,
if one uses a linear approximation and neglects band
overlap and shifting, i.e., A; «x ¢; - n;. Here, ¢;is the molar
extinction coefficient referring to the selected spectral
range. For the absorbance ratio one consequently
obtains  R3600/3250 = A3600/A3250 =< ReRyp  if  one
assumes that all lipid-bound water molecules per lipid
are distributed between the considered two states, i.e.,
Rw1. o< ny + nyp with nyp = n3e00 and ny ~ n3 550 (R, =
er/er). The absorbance ratio is consequently directly
related to the mole ratio Ry = nyp/ny which can serve as
a rough measure of the mole ratio multimer-to-network
water in the headgroup region of the lipids.

The maximum position of the main vy3(H,O) band
near 3,400 cm™' remains virtually unaffected by iso-
topic dilution (see Fig. 2 and Ref. Binder et al. 1999b).
Consequently, this frequency is assumed to reflect the
mean strength of water binding in the H-bonded net-
work structure. A similar interpretation was previously
proposed in a hydration study of polymeric collagen
(Leikin et al. 1997). We calculated the center of gravity
of the main vi3(H,O) band, COGg; 409, as a robust
estimate of its position.

The mole ratio water-to-lipid can be obtained from
the ratio of the integral intensity of the v;3(H,O) band,
Aw, and of a suited internal standard which corrects
Aw for dilution effects due to the swelling of the lipid
film on the ATR surface. It was previously shown that
the integral absorbance of the v(C=0) band of the li-
pid, Ac-o, near 1,730 cem™! provides a suited internal
standard because it similarly responds on dilution as
Aw (Binder et al. 2001). We therefore estimated the
hydration degree of the lipid by means of Ry,
L = Kw-Aw/Ac-o0, where the calibration factor Ky, was
obtained by comparison with gravimetric data (Binder
et al. 2001).

The IR order parameter of an absorption band de-
pends on the mean orientation of the absorbing tran-
sition moments with respect to the optical axis (see
Materials and methods). The transition moment of the
v13(H,O)-band near 3,250 cm™ was assigned to a
symmetric v;-mode. It roughly points along the bisec-
tor of the H-O-H bond angle. The respective order
parameter, S350, consequently characterizes the mean
orientation of the water dipoles of structured water
(see also Binder 2003; Binder et al. 1998).

Taking together, we are able to distinguish two types
of water using the infrared spectrum of hydrated lipids
in agreement with previous results (Walrafen 1967):
The “network water” gives rise to the band centered at
3,250 cm™! which is associated with different modes of
O-H vibrations in a regular hydrogen-bonded network
while the “multimer water” causes the band near
3,600 cm™' due to vibrations of water in a structure
with disturbed hydrogen bonds. The properties of the
water can be characterized using several empirical
parameters of the OH-stretching band: the absorbance
ratio provides information about the relative popula-
tion of both water types. The center of gravity of the
main intensity component of the v3(H,O) band near
3,400 cm™ reflects the mean strength of water binding
and the normalized integral absorbance of the
v13(H,0) band provides the amount of water bound to
the lipid, Rw,r. Finally, the mean orientation of struc-
tured water with respect to the membrane normal can
be characterized using the infrared order parameter,

83250-

Temperature-dependent measurements

The intensity of the v;3(H,O) band decreases with
increasing temperature of a multibilayer POPC sample
in an atmosphere of constant relative humidity
(RH = 50%, see Fig. 1). Normalization with respect to
dilution and calibration using gravimetric data shows
that each lipid looses about one water upon heating
over 50 K (see below, Fig. 11). Detailed inspection of
the v13(H,O) band indicates that this trend is caused by
the intensity decrease of the bands which were as-
signed to network water whereas the intensity band of
the multimer water increase (see the arrows in Fig. 1).
These opposite intensity changes give rise to an iso-
bestic point near 3,450 cm™', which provides a strong
argument in favor of an equilibrium of two water types
(Walrafen 1967; Walrafen and Chu 1995).

To quantify the observed intensity changes we
plotted the absorbance ratio of the left-hand and right-
hand shoulders, R3 6003250, as a function of tempera-
ture (see Fig. 3). It linearly increases in the range of the
gel phase below 19°C and in the range of the liquid-
crystalline phase above 24°C. The step-like break in
the course of Rj3 6003250 reflects the gel-to-liquid crys-
talline melting transition of the lipid. The positive
slope of Rjg003250 With temperature gives clear evi-
dence that heating increases the fraction of multimer
water in the hydration shell of the lipids.

For a more detailed evaluation we calculated the
difference spectra of subsequent temperature points,
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Fig. 3 Absorbance ratio of the v;3(OH) subbands at 3,600 and
3,250cm™" (part above) and the center of gravity of the main
intensity component near 3,400 cm™' as a function of tempera-
ture at RH = 50%. Rse003250 estimates the relation between
the amount of multimer and structured water bound to POPC.
The COGs;400 (inversely) correlates with the mean binding
energy of network water (see text). The stepwise increase of both
parameters is caused by the gel-to-liquid crystalline phase
transition of the lipid. The respective increment ARjc00/3250
is essentially identical with that observed upon heating over
15-20 K in the pure phase ranges

AA(T) = A(T) - A(T - AT) with AT =2K (see
Fig. 4). These difference spectra typically show a
marked (negative) minimum in the spectral region of
the network water and a very weak (positive) maxi-
mum for the multimer water in the pure phase ranges
of the lipid (see, e.g., T = 17°C for the gel, and 25°C for
the liquid—crystalline phase in Fig. 4). This result
indicates that heating is mainly paralleled by the re-
moval of network water from the lipid headgroups. In
the vicinity of the main phase transition of the lipid the
weak maximum of AA(T) near 3,600 cm™' considerably
grows in intensity (see 7 = 19, 21 and 23°C in Fig. 4).
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Fig. 4 Difference spectra, AA(T) = A(T) - A(T - AT) with
AT = 2°, of the OH-stretching region of water bound to POPC
at RH = 50%. The respective absorbance spectra are shown in
Fig. 1. The negative and positive regions of AA(T) indicate that
network water transforms into multimer water upon heating

Hence, lipid melting gives rise to the transfer of water
from the network state into the multimeric state in
considerable amounts. In addition, the membrane
slightly imbibes water at the gel-to-liquid crystalline
phase transition (Binder et al. 1999b; Faure et al. 1997).
The spectral data show that this incremental water
predominantly adsorbs as multimer water.

The center of gravity of the main v3(H,O) band
shifts towards smaller wavenumbers upon heating. This
change reflects the gradual weakening of water struc-
ture according to our interpretation (Fig. 3).

The temperature scans were repeated for different
values of the relative humidity, RH = const. The ob-
tained absorbance ratio, Rj3g00/3250, Shows a similar
behavior in all cases (Fig.5). The phase transition
temperature, however, decreases with increasing RH
as indicated by the respective shift of inflection point in
the courses of R3g00/3250- The shift of the phase tran-
sition can be rationalized in terms of the hydration
pressure acting on the lipid. It decreases with increas-
ing RH and this way the phase transition temperature
decreases in analogy with the effect of a decreasing
external hydrostatic pressure (Binder 2003; Pfeiffer
et al. 2003a, b).

The lower part of Fig. 5 shows the infrared order
parameter, S;,s09, of the right-hand shoulder of the
v13(H,O) band. It provides a measure of the mean
orientation of the water dipoles relative to the mem-
brane normal. The drop of S3,5¢ at the phase transition
shows that the melting of the lipids is accompanied
by the partial disordering of the water dipoles and/or
by their concerted reorientation from a more parallel
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Fig. 5 Temperature dependent changes of the absorbance ratio
R 6003250 (a) and of the IR order parameter, S;,50 (b) of water
bound to POPC. The sample was hydrated in an atmosphere of
constant relative humidity referring to a water-to-lipid mole ratio
of Rwi. = 3 (RH =30%), 4 (40%), 5 (50%), 6 (60%), and 6.5
(70%) at T = 25°C. The phase transition temperature decreases
with increasing hydration. Note that the increment AR3 g00/3.250 at
the phase transition remains virtually constant as indicated by
the two horizontal lines

towards a more perpendicular orientation relative to
the membrane normal.

Hydration-dependent measurements

In a second line of experiments we varied the relative
humidity in the ambient atmosphere of the lipid film at
constant temperature. The increase of the intensity of
the v;3(H,O) band with increasing RH reflects the
progressive sorption of water (see Fig. 6). The scaled
integral absorbance of the vi3(H,O) band provides the
adsorption isotherm as described above (see Fig. 11). It
shows that the total number of water molecules per
lipid continuously increases from Ry, ~ 0.5 to >12
upon increasing RH from 2 to 98%. The slope of the
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Fig. 6 Infrared absorbance spectra of the OH-stretching region
of water adsorbed to POPC as a function of relative humidity at
T =25°C. The RH-increment of two subsequent spectra is
ARH = 3% which refers to an increment of the number of
adsorbed water per lipid of ARy, = 0.3-0.6

isotherm is nearly a constant, dRw,1/dRH = 0.09, in
the range 10-80% but it nearly doubles for RH > 80%
(dRw;/dRH = 0.15). As a rule of thumb, the change
of RH by 10% changes the number of water per lipid
by about one at RH < 80%. This result is in agreement
with recent studies which report a linear regime of
water sorption at RH < 90% which is followed by an
exponential regime at RH > 90% (Caracciolo et al.
2005). Presumably our humidity-titration technique
underestimates the hydration degree in the latter
range, especially for RH > 95%. Note that small errors
in the adjustment of RH in exponential regime cause
large effects in the amount of sorbed water especially
at humidities near 100%.

The plot of the absorbance ratio of the left-hand and
right-hand shoulders of the v,3(H,O) band, R3 6003250,
as a function of RH shows a similar course as the
respective plot of R3g00/3250 as a function of the tem-
perature (compare Figs. 7 and 3). The step between
the two linear ranges is caused by the lyotropic, i.e.
hydration-induced gel-to-liquid crystalline phase tran-
sition of the lipid. The positive slope of R3eo0/3.250
indicates that the accumulation of water in the head-
group region of the lipids is accompanied by the in-
crease of the fraction of multimer water in analogy
with the temperature-induced changes of Rj;g00/3250
discussed above.

To get further insights into the details of the water
arrangement we calculated the difference spectra
between subsequent RH-values, AA(RH) = A(RH) -
A(RH - ARH) with ARH = 3% (Fig. 8). The difference
spectrum AA(RH) is exclusively positive in contrast
to AA(T) (compare Figs. 8 and 4). This result shows
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Fig. 7 Absorbance ratio of the v;3(OH) subbands at 3,600 and
3,250 cm™! (part above) and the center of gravity of the main
intensity component near 3,400 cm™ as a function of the relative
humidity at 7' = 25°C. The stepwise increase of both parameters
is caused by the lyotropic gel-to-liquid crystalline phase
transition of the lipid

that water referring to all considered spectral regions
adsorbs to the lipid upon increasing RH. Each hydration
step induces, on the average, the binding of ARy,
L ~ 0.3-0.6 water molecules per lipid (see above and
Fig. 11).

The shape of the difference spectra reports about
subtle changes in the arrangement of the water in the
polar region of the membrane which were induced by
the change of the water activity in the system. The
right-hand shoulder due to structured water is maxi-
mum at small hydration degrees (see Fig.9,
RH = 14%). This effect reflects the fact that the water
initially incorporates into a highly ordered water
structure of the primary hydration shell.

The most pronounced spectral effect on the differ-
ence spectra takes place at the lyotropic phase transi-
tion near RH = 44% (see Figs. 8, 9). The right-hand
shoulder at 3,250 cm™ nearly completely vanishes
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Fig. 8 Difference spectra, AA(RH) = A(RH) - A(RH - ARH)
with ARH = 3%, of the OH-stretching region of water bound to
POPC at T = 25°C. The respective absorbance spectra are shown
in Fig. 6. The right part indicates the phase state of the lipid.
Note the changing shape of AA(RH) especially at the phase
transition (see also Fig. 9)

whereas the intensity of the left-hand band near
3,600 cm™' considerably increases. This particular
shape of AA(RH = 44%) can be understood if the
water sorbs nearly exclusively as multimer water in
analogy with the change of water structure at the
thermotropic phase transition at which network water
transfers into multimer water. Hence both, thermo-
tropic and lyotropic measurements clearly indicate that
the liquid—crystalline phase adsorbs a significant larger
fraction of multimer water than the gel state. The up-
wards shift of the center of gravity of the main
v13(H,O) band with RH indicates the weakening of the
mean strength of water binding upon progressive
hydration (Fig. 7b).

We repeated the hydration experiment at different
temperatures. The plots of the spectral ratio Rz gn0/3.250
resemble each other independent of T (see Fig. 10a).
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Fig. 9 Difference spectra, AA(RH), for selected values of the
relative humidity. The difference spectra were normalized with
respect to the maximum intensity. Note the different intensity of
the left- and right-hand component bands referring to the
sorption of multimer and of network water, respectively. The
shape of AA(RH = 44%) can be explained by the transformation
of network water into multimer water at the phase transition

Heating shifts the phase transition towards smaller
hydration degrees. The IR order parameter S;,so
indicates that the water dipoles reorient upon hydra-
tion in an analogous fashion as upon heating
(Fig. 10b).

Discussion

We studied the hydration of lipid membranes using
two series of experiments by varying either the tem-
perature or the relative humidity. The properties of
water in the hydration layer of the lipids were char-
acterized using different spectral parameters of the
v13(H,O) band: its mean position, COGs3409; the
intensity ratio of its high and low frequency shoulders
R3 6003250, and the IR order parameter, S53s0. The
considered spectral parameter change in a very simi-
lar fashion in both experimental series with increasing
T and RH, respectively, indicating the continuous in-
crease of the fraction of less-structured multimer water,
the decrease of the mean binding strength in the net-
work of H-bonds, the disordering of the orientation of
the water dipoles and/or their reorientation from a more
parallel towards a more perpendicular orientation with
respect to the membrane normal. The lipid exists in the
gel phase at small T and RH and transforms into the
liquid crystalline phase upon heating and/or hydration.
The phase transition is accompanied by a stepwise
change of the parameters studied.

S
]
(=}
2 04
o0
oc
i)
[
8
2 034
®
Qo
P
[*]
7]
o]
©
0.2
T T T T T T T 1
0 20 40 60 80 100
relative humidity, RH
0,05 b
/.\
w890
[72] o/v\x/\ & N Na-m =
- el o u o
P a L ° 15°C
- v ° \
(V] V/ N\ o
£ vv 18 C\
S \ R
g \ 21 "C\.
5 T=25°C
8 0,00 \
o
° | |
= \.\o\.\.\
\ be .\. e
vV, v \ "/v\ A% 9-®
v-v- v/ Vw\rv1 .
T T T T T T T T 1
0 20 40 60 80 100

relative humidity, RH/ %

Fig. 10 Hydration dependent changes of the absorbance ratio
Rs 6003250 (a) and of the IR order parameter, S350 (b) of water
bound to POPC which was hydrated at constant temperature.
The hydration degree at the phase transition decreases with
increasing temperature. Note that the increment ARj3600/3250 at
the phase transition remains virtually constant as indicated by
the two horizontal lines

The estimation of the energetic cost of water re-
moval using spectral data is difficult. Figure 12 re-plots
the center of gravity and the intensity ratio Rs 600/3.250-
obtained in both series of experiments (see also Figs. 3,
7) as a function of the mole ratio water-to-lipid, Rwy.
(Fig. 11). It turns out that the magnitude of change in
the spectral parameters upon gradually removing the
water from the lipid from the state of full hydration to
the nearly anhydrous state is approximately the same
as that from cooling hydrated lipid by 40-50 K. Note
that both, the lyotropic and the thermotropic changes
include the phase transition of the lipid with nearly
identical increments of the absorbance ratio ARj3 g,
3250 ~ 0.05.

Making use of the specific heat of water (Cp, ~ 75 J/
mol K) and ice Th (38 J/mol K; Murphy and Koop
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Fig. 11 Normalized integral absorbance of the v;3(OH) band of
water bound to POPC as a function of the relative humidity at
T = 25°C (axis below) and as a function of temperature at
RH = 50% (axis above). The integral absorbance of the vy3(OH)
band was normalized using the integral absorbance of the C=0O
stretching band near 1,730 cm™ to get a measure of the number
of water molecules per lipid, Ry, (see right axis). For calibration
we used gravimetric data (see Ref. Binder et al. 2001 for details).
The gray dots indicate the gel-to-liquid crystalline phase
transition

2005) as a upper and lower limit for that of lipid-bound
water one can estimate that the enthalpy cost of the
rearrangement is of the order of 24 kJ/mol of water.
This value amounts to about 10-20% of the total Gibbs
free energy of dehydration of the lipid (15-20 kJ/mol;
Binder et al. 1999b, 2001) and to about 5-10% of the
heat of evaporation of bulk water (~45 kJ/mol). The
former value quantifies the work per mole of lipid
which should be applied to remove the water from the
lipid bilayer whereas the latter value characterizes
the enthalpy per mole of water which is stored in the
interactions with neighboring water molecules. Note
that the magnitude of the change of the spectral
parameters at the melting transition of the lipid is
roughly the same as that observed upon heating from 1
to 15°C. Consequently about 30% of the estimated
energetic costs refer to the rearrangement of water
structure due to the melting of the lipid. Despite of its
approximative character, this estimation demonstrates
the energetic significance of water hydrogen bond
rearrangement due to the lipid headgroups. Probably it
even underestimates the real costs because the strength
of the water-headgroup H-bonds exceeds that of the
water—water bonds.

The mean band position COGjz490 and the ratio
R3 6003250 change smoothly with the water content,
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Fig. 12 Absorbance ratio of the v;3(OH) subbands at 3,600 and
3,250 cm™ (part above) and the center of gravity of the main
intensity component near 3,400 cm™ (part below) as a function
of the mole ratio water to lipid. The data were obtained from the
temperature (RH =50%, small symbols) and humidity
(T = 25°C, large symbols) scans described above. The two
exponentially decaying curves in the part below were calculated
with the parameters (ACOG, Ry) = (7 cm™, 2.9) and (10 cm™,
3.1) for the fluid and the gel phase, respectively, and
COG.,, = 3,396.5 cm™ (see text)

Rw,L, reflecting the continuous rearrangement in the
H-bond network of structured water and the continu-
ous increase of the fraction of multimer water. The
energetic characteristics can be approximated by an
exponential decay law of the form, COG3; 400(Rw/L) ~
ACOG -exp(-Rw,/Rg) + COG.., with a decay constant
of Ry ~ 2.9 (fluid)-3.1 (gel) (see the curves in Fig. 12).
The initial values ACOG of the two calculated decays
are shifted in vertical direction by 3 cm™ each to an-
other to fit the experimental data for each phase
separately and this way to account for the step at the
gel to liquid crystalline phase transition. The results
show that the change of the phase state only weakly
affects the decay constant, and thus the number of
water molecules which are affected by the surface.
The spatially varying perturbation of water has been
considered as the possible source of the exponential
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,network" water

 multimer” water
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Fig. 13 Schematic cartoon of the polar interphase of POPC
bilayers in the gel and fluid phases. The water forms transient
microdomains of two possible states: low density ‘“network”
water of high connectivity and higher density ‘“‘multimer”” water
of lower connectivity. The amount of multimer water increases
with increasing distance from the lipid headgroups (HG) and
upon transformation of the lipid from the gel into the fluid phase.

hydration force measured between membranes upon
mutual approach to interbilayer distances smaller than
a few nanometers (Le Neveu et al. 1976; Leikin and
Parsegian 1993; Parsegian et al. 1979; Rand and Parse-
gian 1989). Note that also the free energy of hydration
follows an exponential decay law with a decay constant
of Ry =~ 2.7 (Binder et al. 1999a). The agreement with
the decay characteristics of the spectral parameter
COGg3 400 confirms its interpretation as a measure of the
stability of the network of H-bonds. It also supports a
solvation-based model of hydration forces.

Computer simulations have shown that the strength
of the hydrogen bonds formed by the water near lipid
membranes decreases with changing interaction part-
ner in the following order: water—phosphate group >
water—O-CO (snl) > water—-O-CO (sn2) > water-water
(Bhide and Berkowitz 2005; Klose et al. 1985). That
means that any H-bond between the water and the
lipid is stronger than the H-bonds between water
molecules. The mean number of the strong H-bonds
formed between the water and the lipid increases upon
decreasing distance of the water from the bilayer, par-
ticularly, from zero for the water in the second hydration
layer to about two bonds for water which residues in the
bilayer near the carbonyl groups. Hence, the change of
the spectroscopic parameter COGs 499 in the hydration
experiment presumably reflects the relative increase of
the amount of strong water-headgroup interactions with
decreasing hydration degree.

The OH-stretching band has been conceivably
interpreted by a simplified two-state model, which
discriminates network and multimer water. Both water
types are assumed to reflect H-bond structures of dif-

_bulk

fluid

The primary hydration layer of network water (1st layer) forms
relative strong H-bonds with the phosphate and carbonyl groups
of the lipid. The headgroup N*-P~ dipoles point on the average
more parallel to the membrane surface in the fluid phase (see
arrows). The water dipoles in the 1st layer tend to orient
antiparallel with respect to the headgroup dipoles (see text). The
size and shape of the microdomains are hypothetical

ferent connectivity. Note that even at low hydration
degrees of the studied lipid the v;3(H,O) band main-
tains its basic shape observed in bulk water and at high
hydration degrees as well. The increasing number of
contacts of the water with the lipid headgroups obvi-
ously disturbs but not completely rearranges the basic
H-bonding structure. In other words, the spectral data
reflect the fact that the water effectively fits around the
polar moieties of the lipid forming a local H-bonding
network which is similar to that in pure water despite
the fact that it includes the phosphate and carbonyl
groups and neighboring waters as well. The amount of
weakly connected multimer water decreases but it still
exists at small hydration degrees. This fact reflects the
transient character of the H-bonded structures where
network water transforms into multimer water and vice
versa on a timescale exceeding that of the molecular
vibrations which define the time resolution of the
method. As a consequence IR spectroscopy essentially
sees the ensemble average of both structures.

The v13(H,O) band of pure water changes upon
heating in a very similar fashion as the v,3(H,O) band
of lipid bound water reported here (see Walrafen 1967;
Walrafen and Chu 1995 for comparison). This simi-
larity confirms our conclusion that the equilibrium
between the two considered water types with transient
transformations in both directions is obviously a com-
mon property of both, bulk and interfacial water.

From independent studies on the properties of pure
water it became evident that this liquid is composed of
dynamically transforming microdomains of two very
different binding types (Kamb 1968; Vedamuthu et al.
1994): the first one of type I is the highly ordered
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tetrahedral water-water bonding which forms water
clusters similar to that in ordinary ice Th. The second
type 1II is a non-regular tetrahedal bonding similar to
that in Ice IIh. Consequently, liquid water can be
considered as a two-state mixture of both water types
(Vedamuthu et al. 1994). Type I water is of lower
density than type II water. Upon heating from 0 to
50°C the fraction of low-density water decreases from
x1 =~ 0.4-0.3 whereas, the density of both water types
remains virtually unchanged. Consequently, the pre-
dominant effect of temperature on liquid water is the
change of the fraction of water types with conse-
quences for the total density of water.

The similar spectral changes of bulk and of lipid-
bound water upon heating at one-hand side and of
lipid-bound water upon heating and upon hydration
on the other hand side suggest an analogous structural
origin. Following this idea, the water in the hydration
layer of the lipid bilayer is arranged in dynamically
transforming microdomains of well-structured, low-
density network water of type I and of less-structured
dense multimer water of type II (see Fig. 13 for illus-
tration). The polar moieties of the lipid gradually affect
the water structure and thus also the equilibrium be-
tween both water types giving rise to the perturbation
of water arrangement compared with that of the bulk
state. According to our spectroscopic data they exert a
structuring effect on the water molecules in their first
hydration shell which forms H-bonds with the oxygen
of the phosphate and carbonyl groups. As a conse-
quence, the fraction of low-density network water is
increased in the primary hydration shell compared with
that in bulk water. Recent molecular dynamics studies
indicate that the density of water continuously de-
creases the closer the water residues to the lipid bilayer
in agreement with our result (Aman et al. 2003; Bhide
and Berkowitz 2005). It should, however, taken into
account that this trend is, at least partly, caused by the
“dilution” of the water by the lipid headgroups and not
necessarily by the loosening of water packing in the
more tetrahedral arrangement of type 1.

The spectroscopic ratio, Rszgoo3250, 1S directly re-
lated to the mole ratio of both water types, i.e., R3 o0/
3250 RH/I = Rmult/net (see above) which iS, however,
scaled by the ratio of the respective integral molar
extinction coefficients, R,. Let us assume for a rough
estimation that R, is independent of hydration and
temperature. Then extrapolation of R3gp03250 to full
hydration and making use of the data for the temper-
ature dependence of the fraction of both water types in
bulk water (Vedamuthu et al. 1994) provides an esti-
mate of Ry for the water in the polar interface of the
bilayer (see right axis in Fig. 12). Accordingly, the ratio
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Ry roughly halves upon dehydration from Ry ~ 1.6
at full hydration to Ryy; =~ 0.8 at Rw,. < 2. This change
of the mole ratio Ry refers to the increase of the
fraction of network water from x;=0.3-0.6. The latter
value equals that of supercooled water at —25°C.

Details of the H-bonding network of water near
phospholipid were studied using computer simulation
(Bhide and Berkowitz 2005). The progressive approach
of the water to the bilayer is mainly paralleled by two
effects: (1) the most probable total number of hydro-
gen bonds per water progressively reduces from about
3.7 in bulk water to about 3.1 for water which is buried
in the membrane near the carbonyl groups; and (2) the
stronger water-headgroup H-bonds partly replace the
water—water hydrogen bonds. Accordingly, the net-
work water near the membrane is characterized by less
but stronger H-bonds per water, a prediction that
agrees with our spectroscopic results.

The perturbation of water structure in the polar
interface of the membrane is clearly modulated by the
phase state of the lipid. The highly ordered gel phase
gives rise to relatively high fraction of structured net-
work water compared with the liquid crystalline phase.
About one third of the total hydration induced change
of the fraction of network water should be attributed to
the melting transition. In other words, the disordering
of the lipid also disturbs the arrangement of water. This
change is associated with enthalpic costs of about 0.5
1 kJ/mol which amount to about one third of the total
costs according to our estimation (see above).

The considered IR order parameter roughly reflects
the mean orientation of the water dipoles with respect
to the membrane normal. Essentially two limiting,
virtually undistinguishable situations can cause the
decrease of the order parameter S;,s9 observed with
progressive hydration and/or upon heating, namely the
disordering of the orientation of the water dipoles, i.e.
the loss of correlation between their mutual orienta-
tions and/or their concerted, than means, correlated
reorientation from a more parallel towards a more
perpendicular orientation with respect to the mem-
brane normal. Note that the bilayer expands laterally
upon heating and/or hydration (Binder and Gawrisch
2001). This trend is accompanied by the reorientation
of the dipole of the zwitterionic lipid headgroup which,
on the average, tends to incline away from the mem-
brane normal with increasing lateral area per lipid in
the bilayer and by the disordering of their orientation
due to an increased mobility in the fluid phase. The
ordering and mean orientation of the water dipoles
obviously follow the same tendencies as the headgroup
dipoles which point along the interconnecting line be-
tween the charged nitrogen and phosphate atoms of
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the phosphatidylcholine moiety. This conclusion is
supported by the fact that the water order parameter
similarly changes as selected IR order parameters of
the phosphate group whereas the order parameter of
the C=0 group as an alternative hydration site shows
different properties (Binder 2003). The correlation
between water and headgroup orientation suggests that
both dipoles orient antiparallel on the average. Indeed,
computer studies have shown that water builds highly
structured regions in the vicinity of phospholipid
headgroups that tend to compensate the headgroup
dipole moment (Alper et al. 1993; Binder and Peinel
1985; Klose et al. 1985; Peinel et al. 1983a; Yegiazaryan
et al. 2006; Zhou and Schulten 1995).

Hence, the water macroscopically orients relatively
to the membrane owing to the dipolar interactions be-
tween the water and the headgroup dipoles and because
of the H-bonding between water hydrogen and the
oxygen of the carbonyl and especially the phosphate
groups of the lipid. The cooperative orientation of the
water in the vicinity of the lipid headgroups was pre-
viously used as the criterion to identify lipid-bound
“perturbed” water which is characterized by a non-zero
order parameter (Aman et al. 2003). This study reports
that about six waters located nearest to the headgroup
possess a positive and the next 10-11 water a negative
order parameter, with predominantly (anti-)parallel
and perpendicular orientation with respect to the
membrane normal, respectively. Already first computer
simulations on water near a layer of lipid headgroups
revealed that the perturbed, interfacial water arranges
in parallel layers (Binder and Peinel 1985; Klose et al.
1985). The first layer comprises about 4-5 water mole-
cules directly attached with the lipid via H-bonds. The
“next” 6-7 water in the second layer are completely
coordinated by water molecules. This result is in
agreement with NMR quadrupole splitting measure-
ments on heavy water which also suggested the occur-
rence of two hydration shells with about 5 and 6-7
water per lipid, respectively (Arnold et al. 1981, 1983).

The IR-spectroscopic data reflect a rather continu-
ous change of the water properties with increasing
distance from the membrane. Network and multimer
water distribute across the whole polar interface with
changing composition and orientation. The assumption
of a single “primary” hydration layer and bulk-like
properties of the water beyond this primary layer thus
appeared as an oversimplification. On the other hand,
our results show that the water in the hydration shell
possesses similar H-bonding characteristics compared
with bulk water even in the primary hydration shell. It
seems that the question is not about the relevance of
one, two or even more hydration layers but about the

thickness of the interphase, i.e. the range of the
structuring effect that exert the headgroups on the
water. The interphase includes at least water from
the second hydration layer for decay constants of 2.5—
3.0 waters per lipid. The properties of the interphase
also depend on the mobility and orientation of the lipid
headgroups which gradually change at the gel-to-liquid
crystalline phase transition. Note that crystalline pha-
ses of lipids with immobilized PC-headgroups give rise
to drastic changes of both the water and headgroup
properties which, for example, cause the drastic drop
of the decay constant (Binder et al. 1998).

Conclusions

The perturbation of interfacial water near phospho-
lipid membranes becomes manifest in its orientation,
H-bonding and energetic characteristics. Infrared
spectroscopy of the O-H stretching region allows the
characterization of these properties of bound water in
terms of empirical parameters with relatively high
resolution. Hydration/dehydration studies with varying
water content provide insights into the water arrange-
ment in different regions of the hydration shell of the
membrane. The interpretation of such data must take
into account the fact that the properties of the whole
system and thus also that of the lipid are a function of
the water content. Dehydration of POPC induces the
phase transformation from the liquid crystalline into
the gel phase where the changes in the water and lipid
properties are interrelated. The IR perspective adds
new facets about the existing picture of the hydration
shell of lipid bilayers. Particularly, it enables the de-
tailed characterization of the H-bonding of water and
its perturbation due to the presence of the polar
interface. Spectrally the water can be split into two
fractions, network and multimer water, where the
amount of network water decreases with temperature
and hydration. The network water is characterized by
stronger H-bonds and a higher ordering.

In perspective the analogous spectral analysis for
other lipid systems is expected to reveal subtle differ-
ences in the properties of sorbed water with conse-
quences for the properties of the polar interphase of
lipid membranes.
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