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Summary. The role of large amounts of membrane-bound water
in regulating various functions of the membrane is not clear at
present. We have investigated the effect of perturbing the inter-
facial water structure on the osmotic shrinkage properties, such
as water permeability and extent of shrinkage of egg lecithin
liposomes. Water structure was perturbed by a series of reagents
which have been earlier reported to affect phase transition of
dipalmitoyl phosphatidylcholine liposomes by perturbing interfa-
cial water structure. Anomalous variations of osmotic shrinkage
properties with concentration of structure maker and breaker
reagents have been interpreted to arise from concentration-de-
pendent structural transitions of the ordered water at the mem-
brane-aqueous interface. Various modes of interaction of these
reagents on interfacial structured water have been suggested.
Influence of molecular size and functional groups on the mole-
cule in actions of some structure makers and breakers were also
observed.
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Introduction

Water molecules are known to bind very tightly to
the lipid membrane with binding energies compara-
ble to that between water molecules in ice [40]. The
hydrated membranes contain 20 to 30% bound wa-
ter by weight [8, 26]. The bound water plays a major
role in determining the structural integrity and sta-
bility of the membrane [39]. The bound water can be
supercooled [17], behaves as nonsolvent water [23]
and possesses a high degree of order through water-
water and water-lipid hydrogen bonding [5, 37, 45].
High degree of structuring of water has been ob-
served at the polar headgroup region of the mem-
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brane of Nocardia asteroides and Mycobacterium
smegmatis [7]. The exact functional significance of
the membrane-associated structured water is not
clear at present. Permeability of lipid membranes to
water and various solutes is, however, known to be
affected by the presence of unstirred layer of water
around the membrane [1, 6, 21, 23, 31].

We have shown previously that alteration of
water structure around the polar headgroup region
of the bilayer by a series of reagents (known to af-
fect structuring of water molecules in bulk also) in-
fluences the phase transition characteristics of di-
palmitoyl phosphatidylcholine liposomes [10]. Such
alteration of the phase equilibrium of liposomal
membrane may therefore be expected to affect its
permeability to water and solutes.

Permeability of a lipid membrane depends on
the physical state of the membrane as well as on its
ionic environment (e.g. pH), fluidity, charge,
cooperativity of lipid molecules [3, 19, 30, 34, 35,
38, 42]. Large discrepancies in permeabilities of sol-
utes, particularly of small polar molecules from
Overton’s rule [23, 24, 36] suggest the necessity to
consider both solution/membrane interface effects
and steric factors governing the diffusion of mole-
cules in the membrane during the process of perme-
ation. A consideration of the above facts and a need
of deeper insight into the functional role of ordered
water at the membrane-aqueous interface have led
us to investigate the effect of alteration of water
structure by these reagents on various properties of
model membrane systems. In this paper, we report
the effect of altered water structure at the mem-
brane-aqueous interface on the osmotic shrinkage
properties, such as water permeability of egg leci-
thin liposomes as determined by the osmotic shrink-
age studies.
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Fig. 1. Dependence of extent of shrinkage A(1/4)% of egg leci-
thin liposomes on concentration of structure makers. Each data
point is a mean of at least three observations, error limits being
+1.3%

Materials and Methods

LipiDp

L-a-egg lecithin in hexane solution was obtained from V.P.
Chest Institute, Delhi, India. This lipid gave a single spot on
thin layer chromatography (TLC) (chloroform/methanol/water.
65:25:4, vol/vol) and therefore was used without further purifi-
cation. Source and purity of other chemicals have been de-
scribed previously [10].

STRUCTURE MAKERS AND BREAKERS

A series of water-soluble amines (methylamine, ethanolamine,
hydroxylamine, ethylenediamine and triethanolamine) were used
as structure makers. Urea, thiourea, dimethylsulfoxide (DMSO)
and formamide were used as structure breakers [see also ref. 10].
1 M solutions of structure makers and breakers were made in 10
mM Tris-HCI and pH was adjusted to 7.4.

PREPARATION OF LIPOSOMES

Liposomes were prepared essentially as described in [3]. Re-
quired amounts of lipid in chloroform solution were taken in flat-
bottom glass vials, dried in a thin film under a stream of nitrogen
and vacuum-dessicated for 1 hr to remove last traces of solvent.
Thoroughly acid-washed glass beads were added to the vials (1
glass bead/mg lipid approx.). Solutions of different concentra-
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Fig. 2. Dependence of extent of shrinkage A(1/A)% of egg leci-
thin liposomes on concentration of structure breakers. Each data
point is a mean of at least three observations, error limits being
+ 1.3%

tions of structure makers and breakers in 10 mm Tris-HCl buffer,
pH 7.4, saturated with nitrogen, were added to the individual
vials to make a final lipid concentration of 1 uM/ml. After sealing
the vials under nitrogen, the lipid was dispersed gently by shak-
ing and then in a vortex mixer for 30 sec. The resulting sus-
pension was allowed to equilibrate at room temperature for 30
min.

OSMOTIC SHRINKAGE STUDIES

Osmotic shrinkage properties were studied as described else-
where [3]. Typically, 0.4 ml of 1 M glucose solution in 10 mm
Tris-HCI, pH 7.4, was rapidly injected in 4.6 ml of the liposomal
suspension. The change in turbidity with time was followed by
measuring the light transmission at 662 nm using a dual-path
absorption spectrophotometer (MPS 5000, Shimadzu Corp., Ja-
pan). Initial shrinkage velocity, d(1/4)/d1% and extent of shrink-
age, A(1/A)% were calculated from the recorder traces, as de-
scribed earlier [3]. Relative osmotic permeability of water was
calculated as:

prel Initial shrinkage velocity of the sample
¥ ™ TInitial shrinkage velocity of the control

Osmotic shrinkage parameters of egg lecithin liposomes sus-
pended in 10 mmM Tris-HCI buffer, pH 7.4, were taken as control
values for respective parameters. TLC was performed at each
stage of preparation and also at the end of the experiments as
described earlier. No degradation of the phospholipid could be
observed.
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Fig. 3. Dependence of relative permeability of water P of egg
lecithin liposomes on concentration of structure makers. Each
data point is mean of at least three observations, error limit being
+ 2.5%

FLUORESCENCE STUDIES

Binding studies with the fluorescent dye, I-anilino,8-naphthalene
sulfonate (ANS) were performed as described previously [10].

Results and Discussion

Plots of initial shrinkage velocity and extent of
shrinkage against glucose concentration were found
to be linear for the liposomes used (data not
shown), demonstrating that these liposomes behave
as perfect osmometers even with the highest con-
centration of the reagents used (1.0 M). The fluores-
cent dye l-anilino,8-naphthalene sulfonate (1,8-
ANS) which binds to the membranes at the
membrane-aqueous interface was used to monitor
the binding of the reagents, perturbing the water
structure, to the liposomal membrane. Through the
dye binding studies, we wanted to know if direct
binding of the structure maker or breaker molecules
to the liposomal surface was responsible for the
changes of membrane properties. However, the
results of dye binding studies reveal that none of the
structure makers or breakers bind directly to the
liposomal surface and thus influence the phase equi-
librium of the membrane by perturbing the struc-
tured water at the membrane-aqueous interface
(10].

A noticeable feature of the dependence of ex-
tent of shrinkage (Figs. 1 & 2) as well as relative
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Fig. 4. Dependence of relative permeability of water P} of egg
lecithin liposomes on concentration of structure breakers. Each
data point is 2 mean of at least three observations, error limits
being + 2.5%

permeability of water (Figs. 3 & 4) on concentration
of structure makers and breakers is the anomalous
behavior of these parameters in the case of most of
the reagents used. Each curve with a specific sym-
bol represents the experimental parameter studied
at various concentrations of the same reagent (Figs.
1 to 4). This eliminates the possibility of trend of the
data being affected by differences in relative perme-
abilities of various structure makers and breakers
and any effect these reagents may have on the ag-
gregation and dispersion of the liposomes. Thus the
effects of the structure makers and breakers on os-
motic shrinkage properties of liposomes is con-
trolled primarily by the influence these reagents ex-
ert on the phase equilibrium of the membrane and
mechanism(s) of water permeation through it [4,
10]. It may be mentioned here that the method of
preparation of liposomes was chosen such that no
concentration gradient of the reagent existed across
the liposomal membrane.

In the low concentration range (from 0.1 to 0.25
M), relative permeability of water increases for
structure breakers whereas it decreases for struc-
ture makers, with concentration. This demonstrates
a differential effect of the structure makers and
breakers on osmotic shrinkage of egg lecithin lipo-
somes, at low concentration.

STRUCTURE MAKERS

Amines can have a muititude of possible reactions
with water lattice [20]. The amino group on the mol-
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ecule serves an important role as a proton donor in
its interaction with water [16]. In the presence of
methylamine, A(1/A)% and Py follow the same
trend as concentration is changed (Figs. 1 & 3) and
increase from 0.25 to 0.75 M. Marginal lowering of
cooperativity of transition in DPPC liposomes in the
presence of methylamine takes place in the same
concentration range where increase in A(1/A)% and
P%' is observed (Das & Singhal, unpublished
results).

In contrast to methylamine, in the presence of
hydroxylamine trends of variation of relative per-
meability of water and extent of shrinkage (Figs. 3
& 1, respectively) are opposite. We have observed
that the dependence of cooperativity of transition of
DPPC liposomes on hydroxylamine concentration
bears a similar shape as that of P}, suggesting pos-
sible correlation of these two parameters (unpub-
lished results). At higher concentration, hydroxyl-
amine may affect the size distribution and probabil-
ity of formation of transient, statistical, aqueous
pores in the membrane [3, 4]. In the presence of
ethylenediamine, relative permeability of water and
extent of shrinkage exhibit concentration depen-
dence very similar to those with hydroxylamine,
suggesting similar action of these two reagents on
egg lecithin membranes. The similarity in their
action on osmotic shrinkage properties is interest-
ing, keeping in view presence of multiple functional
groups on these molecules. The notable similarity
between variations of P¥ on the presence of
ethanolamine and tricthanolamine may be due to
their molecular similarity. However, extent of
shrinkage shows entirely different behavior in the
presence of these two structure makers.

The sharp reduction in extent of shrinkage in
the presence of triethanolamine may be due to in-
tercalation of the bulky triethanolamine molecule
between the polar headgroups interfering with
hydrogen bonding patterns and van der Waal’s
interactions. At higher concentrations, extent of
shrinkage increases slightly indicating fluidization
of the membrane. Relative permeability of water
decreases with increase in triethanolamine concen-
tration in a fashion similar to but faster than that in
the presence of ethanolamine, suggesting a greater
potency of triethanolamine as a structure maker. As
will be explained later, gradual increase in size of
structured water clusters with concentration of
ethanolamine and triethanolamine could be respon-

sible for gradual decrease of P! to a constant value.

STRUCTURE BREAKERS

In the presence of urea, thiourea and foramide, ex-
tent of shrinkage shows a concentration dependence
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similar to relative permeability of water (Figs. 2 &
4) whereas for DMSO they show a trend opposite 1o
each other. In the presence of urea, thiourea and
foramide, the structuring of the liposome entrapped
bulk water is presumably minimized yielding “‘free’
water, due to the structure breaking action of these
reagents. The difference between the curves in the
presence of urea and thiorea reveals the importance
of functional groups in determining potency for
modulation of water structure. Ice-like water clus-
ters are known to be formed in the presence of
DMSO [43]. Formation of such structures at the
membrane-aqueous interface and both sides of the
liposomal membrane, decreasing total amount of in-
ternal volume available for shrinkage may be re-
sponsible for initial decrease of A(1/A)%. At a
higher concentration DMSO probably replaces
some water molecules from the polar headgroup re-
gion and takes part in hydrogen bonding [27, 28],
causing an increase in the extent of shrinkage and
marginal decrease in relative permeability of water.
It may be noted in this context that biophysical ac-
tivity of several small molecules, e.g. DMSO, urea,
t-butanol, in promoting denaturation is known to
depend upon their competing interaction with the
interface or substrate for water molecules and func-
tional groups present on the molecule [15, 16]. In
the presence of DMSO at all concentrations relative
permeability of water is much less compared to the
control. This is probably due to structuring of water
around DMSO [43], which prevents partitioning of
water in the hydrocarbon phase and/or passage
through transient statistical pores due to increased
size of the cluster, as well as restricted rearrange-
ment of hydrogen bonds in the polar headgroup re-
gion [33]. Interestingly, at higher concentrations of
urea, relative permeability of water becomes more
than the control, which may be due to induction of
structural defects in the bilayer by urea upon its
interaction with the interface.

Primarily three distinct possibilities of interac-
tion may be visualized in the system studied by us—
lipid-solute, water-solute and lipid-water. Our dye
binding studies clearly negate any direct lipid-solute
interaction. Water-solute interaction will conceiv-
ably modify the intrinsic structuring of bulk water
and as a consequence its anomalous properties and
its fitness to act as a molecular environment [18,
25]. Depending on the characteristics of the solute it
may facilitate formation of water clusters, clathrate-
like structures or water monomers. Water-solute in-
teraction is known to depend on the finite molecular
size of the solute and the functional group on it [14].
Such water-solute interaction leading to a change in
size of water clusters in bulk water is of particular
significance considering the fact that osmotic pores
in lipid membranes are known to allow the passage
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of molecules of diameter less than 4 A [29, 41]. The
water molecules near an interface are oriented by
dipole-dipole interactions. The interface has been
suggested to stabilize the structured entities of bulk
water by acting mainly as a momentum sink for
thermal fluctuations which may otherwise disrupt
the lattice stability latently present in bulk water
[11]. A modification of such structured elements
due to water-solute interaction is thus expected to
be reflected in lipid-water interaction. The water
associated with lipid headgroup behaves as un-
freezable and nonsolvent water [17, 23]. Infrared
spectroscopy [40], PMR studies [8, 13], calorimetry
[17], dielectric relaxation studies [9, 22] and NMR
studies [7] strongly point to the existence of highly
ordered membrane-associated water. Thermal
anomalies in various membrane properties. e.g.
BLM-resistance [44], thermal transition in ultrathin
BI.M [2], bi-ionic potential in polysoap and collo-
dion-potassium oleate membranes [32], membrane
potential of Valonia utricularis [12] have been sug-
gested to arise from thermal transition of structured
water at the membrane aqueous interface from one
form to another [11]. It is conceivable that any
agent which can modulate intrinsic structuring of
bulk water and bring about structural transitions of
ordered water at the membrane-aqueous interface
would induce similar anomalies in membrane prop-
erties. We thus argue that the anomalous membrane
properties observed by us (Figs. 1 to 4) reflect such
an action of the structure maker and breaker re-
agents on the structured water at the membrane-
aqueous interface, inducing concentration-depen-
dent, order-disorder transitions. Such transitions
are reflected in the membrane properties due to mu-
tual interaction and stabilization of water and lipid
molecules as discussed earlier. While we are quite
aware of the complexity of such multicomponent
systems, careful consideration of available facts
leads us to believe this to be the most plausible
interpretation of our data. The change of water
structure being the sole reason for several anoma-
lous behaviors exhibited by the nonelectrolyte solu-
tions, even at low concentrations leads further
strength to this suggestion [18]. We feel that the
incapability of few of the reagents to induce anoma-
lous behavior in the parameters studied may arise
from their poor capability to perturb water struc-
ture.

The structures maker and breaker reagents may
have various probable modes of action on the inter-
facial structured water. Membrane may be partially
dehydrated and may become more rigid due to the
competition between these reagents and lipid polar
headgroups for binding to water molecules or due to
a cosolvent action of these reagents at a higher con-
centration where the reagent molecules may physi-
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cally replace the water molecules from the inter-
face. Dehydration of the membrane is known to
make it more rigid and decrease its fluidity [17, 24,
39}, which in turn decreases the membrane perme-
ability. In the case of some reagents, e.g. DMSO,
the water clusters or clathrate-like structures
formed around the reagent molecules, may be stabi-
lized at the membrane-aqueous interface by hydro-
gen bonding, and alter the fluidity of the membrane,
consequently changing the membrane permeability.

The above discussion may be summarized as
follows: our fluorescent dye binding data demon-
strates that the structure maker and breaker re-
agents used in this study are capable of influencing
the phase equilibrium without binding directly to
the liposomal membrane, by altering the water
structure at the membrane-aqueous interface. The
anomalous concentration dependence of water per-
meability and extent of shrinkage of egg lecithin
liposomes suggest the perturbation of the highly or-
dered water at the polar headgroup region by these
reagents. A change in water structure at the mem-
brane-aqueous interface leads to a change of water
permeability and osmotic shrinkage properties of
the membrane by altering its phase equilibrium. The
specific size, shape and functional group of a mole-
cule seems to exert some influence on the water
permeability of the lipid membranes.

Enhancement or disruption of intrinsic structur-
ing of the liposome-entrapped bulk water by the
structure makers and breakers probably contributes
potentially to the concentration dependence of wa-
ter permeability and osmotic shrinkage propertics
of egg lecithin liposomes.
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