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The present study has reviewed (i) how to classify the water molecules in multilamellar
dispersions of lipid-water system on the basis of the ice-melting behavior as revealed by
heating differential scanning calorimetry (DSC) and (ii) how to estimate the numbers of nonfreezable

interlamellar and freezable interlamellar and bulk water molecules in this system from enthalpies

of the ice-melting endotherms. Furthermore, by applying the calorimetric method, the numbers
of the individual water molecules in different bonding modes were estimated for varying water
contents of three lipid systems of different head groups (phosphatidylcholine, phosphatidyl-
ethanolamine and phosphatidylglycerol), and then used to construct water distribution diagrams

of these systems. By comparing the resultant diagrams, the difference in the mode of hydration

of three lipid bilayers, limited or infinite, was discussed.

1. Introduction

Phospholipids are major components of
biomembranes and constitute a fundamental part of
their bilayer structure. Fig.1 represents a model structure
of multilamellar bilayers in phospholipid-water system.
Studies of water behavior in phospholipid bilayer systems
are the subject of many investigations and have been
performed by many techniques such as X-ray
diffraction,1-8) NMR spectroscopy %! and differential
scanning calorimetry (DSC).12-20 DSC has been frequently
used to investigate the bonding mode of water molecules
to organic and inorganic substances. In this case, the
thermal behavior associated with the melting of ice and
sometimes with the freezing of water is measured. In
this study, first, we discuss how the water molecules in
phospholipid bilayer systems are classified by the ice-
melting behavior (i.e., the appearance of an endothermic
peak related to the melting of ice) as revealed in the
heating run of DSC. Next, we discuss how the number

of water molecules in the different bonding modes is

estimated from the ice-melting DSC curves.

2. Classification of Water Molecules in Lipid
Bilayer Systems Based on Ice-Melting DSC
Curves

2.1 Nonfreezable Interlamellar Water

A characteristic feature of DSC is its ability to
distinguish clearly between freezable water (for which
the ice-melting behavior is observed) and nonfreezable
interlamellar water (for which it is not observed, even
at temperatures low enough to form ice). As it is well
known, the structure of ice is characterized by networks
of hydrogen bonds formed among neighboring water
molecules. Accordingly, it has been generally accepted
that the water molecules present as nonfreezable water
can not participate in the formation of such hydrogen
bonds, even when cooled to extremely low temperatures.
For the systems studied here, as is shown in Fig.1, water
molecules, which exist in regions between adjacent
lipid head groups in an intrabilayer 2% are considered

to behave as nonfreezable water. This is because the
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Fig.1 A model structure of multilamellar bilayers of
a phospholipid-water system. A symbol of black
circles shows oxygen atoms constituting H,O

and lipid molecules.

water molecules, even in a liquid state, are confined
within the narrow intrabilayer region as a result of
their forming hydrogen bondings to carbonyl ester groups
of the lipid. Also, water molecules that are bound to
lipid head groups in an interbilayer region so tightly that
they can not form hydrogen bonds with their neighboring
water molecules, can be taken as nonfreezable water.
However, if these water molecules have some freedom
as required for the formation of water-water hydrogen
bonds, the choice of being either freezable or nonfreezable
water depends on the strength of the resultant hydrogen
bonds.

energy necessary to break them is too small to be detected

Thus, when the hydrogen bonds are weak, the

by DSC, so that the involved water molecules are counted
as nonfreezable water. All the nonfreezable water in the
systems studied in this investigation is found in regions

between lamellae, and so is designated as nonfreezable
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Fig.2 Examples of an ice-melting DSC curve (solid

line) and its deconvolution analysis (dotted lines)
in a lipid-water system. The apparent excess
heat capacity (AC,) is plotted as a function of
temperature (¢). The deconvoluted curves I, 11
and It are for the freezable interlamellar water
and the deconvoluted curve 1V is for the bulk
water. The sum of the deconvoluted curves
(the theoretical curve) is also shown by a dotted

line.

interlamellar water.
2.2 Freezable Interlamellar Water and Bulk Water

On the other hand, the freezable water is present
in two types. One exists in the interbilayer region 23 (see
Fig.1), but it keeps the degree of freedom for its molecules
at least to reorient themselves in order to form the ice-
like hydrogen bonds. This water is designated as freezable
interlamellar one. The other exists outside the bilayers
and is designated as bulk water. However, the structure
of ice derived from freezable interlamellar water is
presumed to be far from that of hexagonal ice, while
ice derived from bulk water is close to the most ordered
hexagonal ice. The above discussed structural difference
in the ice, although based upon some assumptions, is
reflected in its melting behavior shown by a solid line
in Fig.2. Thus,

interlamellar water begins to melt at temperatures as low

the ice obtained from freezable

as —45~-357C and continues to melt up to ca. 0C.
In contrast, the ice derived from bulk water melts in a
narrow temperature range around 0 C. The ice-melting
behavior observed over the wide temperature range below

0 C suggests that the mode of hydrogen bonding in the
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ice of the freezable interlamellar water molecules changes
continuously in a way such as approaching more closely
that of hexagonal ice, as the water molecules are more

remote from the bilayer surfaces.

3. Estimation of the Number of Differently
Bound Water Molecules Based on a
Deconvolution Analysis of Ice-Melting DSC
Curves

3.1 Definitions

As is discussed above, the water molecules in lipid-
water systems are classified into three types: nonfreezable
interlamellar-, freezable interlamellar- and bulk water.

A correlation between the numbers of water molecules

of these three types at a desired total water content is

given by the following equation:

Nt = Niany + Nyp + Na M

where Nt is the total number of water molecules per
lipid molecule and Nyar, Ny and Np are the numbers
per lipid molecule of nonfreezable interlamellar, freezable
interlamellar and bulk water molecules, respectively.
Nr is estimated from the amount of water added to a
sample. When a molar mass is used, Nr is the sum of
the molar numbers (per mol of lipid) of the three types
of water and is equal to the water/lipid molar ratio,
N,, for samples of varying water contents. In the present
study, Nr and N, are treated separately. By using the
known melting enthalpy of hexagonal ice, 1.436 kcal per

mol of water, Eq.1 is replaced by

1.436 (N’]‘VNB) = 1.436 (N](n[)JFNl(f,) (2)

In Eq.2, each term of 1.436 XN is expressed in kcal
per mol of lipid. Here, we assume that bulk water in
On

this basis, the first term, 1.436 Ny, represents the melting

the systems studied here behaves as free water.

enthalpy, AH, for Nt moles of all water added to 1 mole
of lipid, by assuming that the water is all present as bulk
water, and hence is a theoretical value. In addition, the
second term, 1.436Np, corresponds to the melting
enthalpy, AHg, for Ng moles of water actually present
as bulk water per 1 mole of lipid, and is experimentally
determined from the ice-melting DSC curve. However,
although it is needless to say for the first term on the
right side of Eq.2, the second term on this side is not
also comparable to the ice-melting enthalpy for Ny, moles

of freezable interlamellar water because its molar enthalpy
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Fig.3 Comparison of ice-melting enthalpy curves of

AHg and AHt for bulk water per mol of lipid.
The AHg curve is an experimental one determined
by DSC and the AHt curve is a theoretical one
obtained by assuming that all the water added
is present as free water. In this figure, the
AHg curve consists of the curves (a) and (b)
for limited and infinite hydrations, respectively.
Nuw(a) is the
water/lipid molar ratio where the maximum

Ny is a water/lipid molar ratio.

amount of interlamellar water is reached in a

lipid-water system.

is smaller than1.436 kcal mol —t as will be discussed in

the text. So, Eq.2 may be rewritten as

AHT— AHp = 1.436 (NMiwnt Niun) 3)

On the other hand, the above equations are limited to
a certain water content of a lipid-water system. So, a
more detailed picture is shown in Fig.3 which takes
into account the variation in water content. In this figure,
the theoretical (AHT) and experimental (AHg) ice-melting
enthalpies for the bulk water given in Eq.3 are plotted
against N, and are compared. Furthermore, the AHp
curve is compared in two typical cases designated by
(a) - limited hydration - and (b) - infinite hydration.
The noticeable points in Fig.3 are that (i) the bulk
water appears for the first time at the N, value where
the AHp curve intersects the abscissa and Np at each
Ny is calculated from AHp/1.436; (ii) the enthalpy
difference, AHy— AHg, between the theoretical and
experimental curves corresponds to 1.436 N, where Ni(=

Niney+Niny) in Eq.3, and so Ni at each N is calculated



from (AHt—AHR)/1.436. The AHp curve (a) is parallel
to the theoretical curve, indicating that the amount of
the total (nonfreezable plus freezable) interlamellar water
reaches a maximum at the Ny value of the intersection
point, denoted as Nu(a), and so N(a) just gives the
maximum amount of interlamellar water: above Ny(a),
all the water added exists as bulk water outside the
Thus, such a parallel curve proves a limited
On the other hand,

the AHg curve (b), which is not parallel to the theoretical

lamellae.

uptake of the interlamellar water.

curve, indicates an infinite uptake of the interlamellar
water. Thus, some of the water added beyond the
intersection point exists as bulk water and the remainder
increases the amount of the interlamellar water.

3.2 Deconvolution Analysis 18-22)

As discussed above, N and N are estimated from
the enthalpy AHg which is experimentally determined
from the ice-melting DSC curve. So, it is understandable
that AHp is a chief determinant in the accuracy of the
present method. From this viewpoint, to determine
AHp as accurately as possible, a deconvolution analysis
was used to separate the ice-melting DSC curve into two
components (or peaks), broad and sharp, for the freezable
interlamellar and bulk water, respectively, because both
components overlap at their basis. Furthermore, the
broad component was deconvoluted into multiple
components. The purpose is not only to improve the
accuracy of the deconvolution analysis, but also to
estimate Niqn and Ny given in Eq.3.

The deconvolution was performed according to a
computer program for a multiple Gaussian curve analysis.
An example of the deconvolution analysis is shown by
dotted lines in Fig.2. In the present deconvolution, the
ice-melting DSC curve was deconvoluted into the
minimum number of components, by applying the
following conditions that (i) the theoretical curve given
by the sum of individual deconvoluted curves is best
fitted to the experimental DSC curve; and (ii) both the
half-height width and the midpoint temperature of each
deconvoluted curve are maintained almost constant
throughout all the deconvolutions for varying water
contents. The standard deviations of the present
deconvolutions are ca. 0.1 - 0.3 kcal K 1 mol-1L.

3.3 Estimation of the Number of Differently Bound
Water Molecules

In Fig.2, deconvoluted curves are compared with

22

the experimental DSC curve. The deconvoluted curve IV
is for the bulk water and the deconvoluted curves I, II
and III are for the freezable interlamellar water. Therefore,
the melting enthalpy of the deconvoluted curve 1V, AHyy,
gives the enthalpy AHp in Eq.3, and so it was used to
estimate N; from (AHt— AHp)/1.436 discussed above.
In Fig.4, the ice-melting enthalpy for the freezable
interlamellar water, denoted as AHyy, which is given
by the sum of the individual melting enthalpies of the
deconvoluted curves I, II and III, is plotted against N
and is compared with the AHt and AHg (a) curves shown
in Fig.3. The AHyy curve intersects the abscissa at the
Ny value denoted as Ny(b), above which freezable
interlamellar water appears. Therefore, for N, < Ny(b)

(I), all the water added is present as nonfreezable
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Fig.4 Comparison of ice-melting enthalpy curves of

AHg and AHyy bulk and freezable

interlamellar water per mol of lipid. The AHg

for

and AHys curves are determined from the
deconvoluted ice-melting curves for the bulk and
freezable interlamellar water, respectively. Ny(a)
and N,(b) are the water/lipid molar ratios at
the maximum amounts of the freezable and
nonfreezable interlamellar water, respectively.
The designations I, II and III represent three
regions of Ny < Nu(b) (i.e., in the presence of
only the nonfreezable interlamellar water), Nw(b)
< Nw< Ny(a)

nonfreezable- and freezable-interlamellar water)

(i.e., in the presence of the
and N.>Nu(a) (i.e., in the presence of the

nonfreezable- and freezable-interlamellar and

bulk water), respectively.
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Table 1 A summary in estimations of the number of differently bound water molecules for three water content
regions (I, II and III) in the gel phase of the DPPC-water system.

I II 1

Nu D Ny(b) » Nu(B)< Ny < Ny(a) 9 Ny >Ny(a)
Nl(nf) L Nw Nw(b) Nw(b)
Nip 0 Nw — Nuw(b) (AHt —AHg)/1.436 — Nuw(b)
Ng D 0 0 AHp/1.436

1) Niwn, Ny and Np are the numbers (per lipid molecule) of nonfreezable interlamellar, freezable

interlamellar and bulk water molecules.

2) Ny is a water/lipid molar ratio for samples of varying water contents.

3) Nw(b) is the Ny value where the amount of nonfreezable interlamellar water reaches a

maximum (see Fig.4).

4) Nu(a) is the Ny value where the amount of the total (nonfreezable plus freezable) interlamellar

water reaches a maximum (see Fig.4).

interlamellar water, and so Nyu at each Ny is equal to
Nw. Here, if we assume a limited uptake of the
nonfreezable interlamellar water, then N.(b) gives the
maximum number of the nonfreezable interlamellar water
molecules. This assumption seems to be reasonable
because the van der Waals interaction force operating
between the lipid hydrocarbon tails restricts an expansion
of their head groups, 25. 26 resulting in a limited space
for the intrabilayer regions. Accordingly, the maximum
value of Ninp is equal to Nu(b). For Nu(b)< N, < Ny(a)
(II), i.e., in the absence of bulk water, Nyg at each Nu
is calculated by subtracting Nu(b) from N,. For N, >
Ny(a) (IIT), i.e., in the presence of bulk water, Ny is
obtained by subtracting Nw(b) from the N; value calculated
from (AHt —AH3g) / 1.436 at each Ny. The estimations
of Niwn, Niun and Np for varying water contents are
summarized in Table 1.
3.4 Water-Distribution Diagrams

Values of Ninp, Nip and Np obtained according
to the above calculations were used to construct a water
distribution diagram for a limited hydration of a lipid-
water system (Fig.5), where a cumulative number (=
Ninn+ Nun+Ns) per mol of lipid is plotted against Ny.
The diagram provides much information such as (i) the
number of water molecules in different binding modes
at each Ny; (ii) the mode, whether limited or infinite,
for the uptake of the water molecules; and (iii) the N

value, at which the system is fully hydrated.
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cumulative number of water molecules / lipid

Fig.5 Water distribution diagram for a limited hydration
of a lipid-water system. A cumulative number
of water molecules (per lipid) in different bonding
modes is plotted against the water/lipid molar
ratio (Nw).

4. Experimental Techniques

The water distribution diagram shown in Fig.5 was
composed of the results of at least thirty samples of a
lipid-water mixture containing from O to at least 40 wt
% of water. The value of Nr in Eq.2, determined by
weighing both the lipid and water, is also a dominant
factor in the accuracy of the present method, similarly
to the value of AHp discussed above. From this viewpoint,

samples of varying water contents were prepared in the



present study by successive additions of the desired
amounts of water to the same dehydrated lipid. Thus,
only the weight of water was changed throughout the
The dehydrated

lipid was prepared as follow: a lipid (approximately 30

preparation of a series of samples.

mg) in a high-pressure crucible cell was dehydrated under
high vacuum (10 4 Pa) at room temperature for at least
3 days until no mass loss was detected by electroanalysis.
The crucible cell containing the dehydrated lipid was
sealed off in a dry box filled with dry N> gas and then
weighed by a microbalance. All the samples were weighed
after adding the desired amounts of water and annealed
by repeating thermal cycling at temperatures above
and below the lipid phase transition until the same
transition behavior was attained. After the annealing,
the loss of water in the samples was checked by the

microbalance.13. 21

5. Analysis of Water Molecules in the Gel Phase
of Phospholipid-Water Systems

Phospholipids used in the present study are
dipalmitoylphosphatidylcholine (DPPC) and dimyristoyl-
phosphatidylethanolamine (DMPE) as neutral lipids,
and dipalmitoylphosphatidylglycerol (DPPG) as an acidic
lipid. The polar head groups of these lipids are compared
in Fig.6.27-30 It is worthy to note that these head
groups provide many binding sites for a water molecule
on the surface of a bilayer. PC and PE constitute the
majority of the total phospholipids in biomembranes and
are present as dipolar zwitterions at neutral pH. PG is
a ubiquitous phospholipid in mitochondrial and chloroplast
membranes and is negatively charged at neutral pH.3»
Since these lipids have charged groups, electrostatic
forces operate not only between adjacent head groups
in an intrabilayer (intermolecular force), but also between
adjacent bilayers (inter-surface force), although the forces
are opposite in sign or direction for the neutral and acidic
lipids. Furthermore, results of X-ray crystallographic
studies previously reported by other workers should be
mentioned here. Thus, two adjacent PC molecules in
an intrabilayer are linked to each other via a water-based
hydrogen bond.28.32 However, PE molecules in an
intrabilayer interact directly via a hydrogen bond formed
between the amino group of one molecule and the
phosphate group of an adjacent molecule.28.29.32)  For

PG used in Na+-PG, the counterions are present in a

24
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Fig.6 Difference in the polar head groups of
phosphatidylcholine (PC), phosphatidylethanol-
amine (PE) and phosphatidyliglycerol (PG).

layer sandwiched by the head groups of adjacent
bilayers.3%

On the other hand, lipid-water systems are mostly
present in either a gel or a liquid crystal phase depending
on temperature. If the ice-melting DSC peak (whether
broad or sharp) is successively followed by the gel-to-
liquid crystal phase transition, the melting behavior is
known to be derived from the water molecules of the
gel phase. If no phase transition is observed at a
temperature higher than that of the ice-melting, then
the ice is assigned to one of the liquid crystal phase.
In this connection, all the ice-melting peaks of the present
three systems are observed to be followed by the gel-
to-liquid crystal phase transitions unless thermal annealing
treatments are adopted for these samples.4-16. 18-20, 34.35)
On this basis, we measured the ice-melting behavior of
the gel phases of three systems and constructed the water
distribution diagrams of these gel phases, particularly
with a view to answering the following question: Is there
any difference between neutral and acidic phospholipids
in the mode of incorporation of water molecules between
their lamellae ?

Fig.7 shows a series of typical DSC curves for
samples of the DPPC-water mixture with increasing water
content expressed as {(g water) / (g lipid + g water) X
100} and designated as Wuyo. The ice-melting peaks
are followed by two lipid transition peaks of the gel(Lg)-
to-gel(Pg) and subsequent gel (Pg)-to-liquid crystal phases,
generally called the T, and Ty transitions, respectively.
In Fig.8, enlarged scale ice-melting peaks are compared
to detail their broad components, particularly for Wi,0 <
20 wt % where the water content is successively changed

at short intervals of about one wt %. Although discussed
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Fig.7 A series of DSC curves of the DPPC-water system
ranging, in water content, from 11.5 (N, = 5.3)
to 40.9 wt % (Nw = 28.2).

-20 0 20

Fig.8 Variation of the broad component of ice-melting
DSC curves with increasing water content for
the gel phase of the DPPC-water system. Only
low water contents are indicated in wt %: a-
11.5(5.3); b-12.6(5.87); c-12.8(5.98); d-13.1(6.2);
e-14.1(6.7); £-14.8(7.0); g-16.1(7.8); h-17.4(8.6);
1-20.1(10.2). The numbers in parentheses show
the corresponding N, values.

later in the text, the freezable interlamellar water of
the DPPC-water system is observed to appear at Wyso
~11 wt % (N, ~5), therefore, Nw(b) ~5. However, the
ice-melting behavior (curves a-c) for ~11 wt % (Ny ~
S)<Wuo <~ 13 wt % (N, ~6) is different from that

(curves d-1) for Wu,0 >~ 13 wt %. Thus, for a very
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small amount of freezable interlamellar water (Whyo=
11.5 wt %, Nw=5.3) (curve a), a broad, low, flat peak
extending over a fairly wide temperature range is
observed. Yet, even though the amount of the freezable
interlamellar water is slightly less than one molecule
of H,0 per lipid (Wi,0=12.8 wt %, Ny =5.98) (curve
¢), the melting peak is broader and is not fitted to similar
peaks observed for Ny >6. Such a broadening in no
similar shapes is characteristic of freezable interlamellar
water in amount of less than one molecule per lipid,
namely, for 5<N,<6. By assuming multiple binding
sites to the water moleculs on the bilayer surface, it is
suggested that 1 H;O/lipid of freezable interlamellar
water is not enough to cover all the binding sites. As
a result, a localized growth of the water molecules into
ice on cooling would occur on the bilayer surface,
resulting in a broadening of the ice-melting peak.
Therefore, one molecule of H,O per lipid is a critical
amount required for the freezable interlamellar water
to form ice-like hydrogen bonds characterized by the
ice-melting peaks in similar shapes. However, the
freezable interlamellar water molecules above the critical
amount (1H,O/lipid) also interact with one another in
different hydrogen bonding modes which become closer
to that of free water with increasing water content.

According to the method discussed above, the ice-
melting DSC peaks observed for Ny, >6 (Wi >13 wt
%) are deconvoluted. In Fig.9, typical results of the
deconvolution analysis are compared at different water
contents of 16.1, 20.1 and 22.1 wt %. On the whole,
the number of deconvoluted curves increases and the
area of each curve becomes larger, with increasing water
content. The broad peak for the freezable interlamellar
water is shown to be finally deconvoluted into four
curves, I, II, III and IV, which successively appear
with increasing water content. A deconvoluted curve
V for the bulk water is observed at water contents of
20.1 and 22.1 wt %. In Fig.10, the ice-melting enthalpies
AH,, AH\;, AHyp and AHyy of the respective deconvoluted
curves I, I, III and IV are plotted against Nw, together
with the sum of these enthalpies, AHys. In Fig.11, the
ice-melting enthalpy AHv of the deconvoluted curve V,
comparable to AHp in Eq.3, is plotted against N, and
the AHg (=AHYy) curve is compared with the AHy, curve
shown in Fig.10.

First, focusing on Fig.10, it is seen that with
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Fig.9 Deconvolution analysis of ice-melting DSC curves
for the gel phase of the DPPC-water system.
Water contents are given in wt %: a-16.1(7.8);
b-20.1(10.2); ¢-22.1(11.6).
parentheses show the corresponding Ny values.

The numbers in

The deconvoluted curves 1 - V and their sum
(the theoretical curve) are shown by dotted lines
and the DSC curves by solid lines.

increasing water content, the AH;, AHy, AH and AHyy
curves appear in this order and reach maxima in the same
order. Every curve gently increases before arriving at
a plateau, so that the AHy curve also shows the same
behavior. Consequently, Ny (~15) at the beginning of
the plateau of the AHyys curve is higher than that (~
10) predicted from the extrapolated (dotted) lines. On
the other hand, the AHyy curve intersects the abscissa

at Nw ~5. Therefore, the limiting, maximum number

26
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Fig.10 Plots of ice-melting enthalpies for the freezable
interfamellar water against Ny in the gel phase
of the DPPC-water system. AH;, AHp, AHyp and
AH\y show the individual enthalpies of the
deconvoluted curves I, II, Il and IV shown in
Fig.9 and AHyp shows the sum of these
enthalpies.

of the nonfreezable interlamellar water molecules for the
gel phase of the DPPC-water system is approximately
5 H,O per lipid. Next, in Fig.11, the AHg curve is also
shown to increase gently up to Ny ~ 15, after which i1t
increases linearly and in parallel to the theoretical AHt
line. Accordingly, the amount of the total interlamellar
water is the same for water contents above the boundary
Nw (~ 15), indicating the appearance of a fully hydrated
gel phase. In this case, the maximum amount of the total
interlamellar water can be determined graphically by
extrapolating the linear AHg curve to Ny below 15. Thus,
Nw of the intersection point just corresponds to the
maximum number of interlamellar water molecules, i.e.,
10 H,O per lipid for the DPPC-water system.
Furthermore, it is seen from Fig.11 that the
nonlinear increase for both the AHyn and AHp curves
takes place in the same water content region of 8 <
Nw<15.

deviations of the AHys curve from the extrapolated

Accordingly, it is understandable that the

ideal (dotted) line is caused by the bulk water which
appears although the limiting, maximum amount of
interlamellar water is not yet reached (in other words,
the gel phase is not fully hydrated). This indicates the

existence of a specific region (8 <Ny<15), taken as a

Netsu Sokutei 27 (1) 2000



Calorimetric Determination of the Number of Differently Bound Water Molecules

in Phospholipid Bilayer Systems

20
T AHr
_'E 15 AHg
= '\
—
S
o 104
E
S
Z
2 AN
T AHy
<

0 :

] 20

Fig.11 Comparison of AHr, AHg and AHyy, curves for
the gel phase of the DPPC-water system. Hatched
lines within range 8 <N, <15 represent the pre-
region (see text).

pre-region,6.89.21.22) and designated by hatched lines in
Fig.11.

increases, little by little, until the maximum amount of

In this region, the bulk water content likewise

the freezable interlamellar water is reached. Above this
amount, all the added water is present as bulk water,
so that the AHp curve becomes parallel to the straight
AH7y line.

Another point to notice in Fig.11, except the pre-
region, is the difference in slope between the linear curves
of AHyp (Nw<8 ) and AHg (Ny> 15). Thus, although
the AHy curve is also linear at Ny values below the
pre-region, it is not parallel to the AHy line and therefore,
to the linear AHp curve at N, values above the pre-
region. The slopes of the linear curves of AHp and
AHy) are only characterized by the bulk and freezable
interlamellar water, respectively, and so give individual
molar ice-melting enthalpies for both types of water.
On this basis, the individual average molar melting
enthalpies for the bulk and freezable interlamellar water
were estimated from the slopes of the respective straight
AHy and AHyy lines obtained by a least-squares method.
The average melting enthalpy for the bulk water is 1.420
kcal per mol of H»O and it is very close to the known
value estimated from the AHt line. For the freezable
interlamellar water, the estimated average melting enthalpy

is 1.201 kcal per mol of H2O and it is smaller than
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Fig.12 Water distribution diagram for the gel phase of

the DPPC-water system. A cumulative number
of water molecules (per lipid) present as
nonfreezable and freezable interlamellar water
and as bulk water is plotted against Ny,

that for the bulk water. The above estimations evidence
a difference in the molar ice-melting enthalpy between
the freezable interlamellar and bulk water and this
difference is related to different hydrogen-bond modes
for both types of water.

The values of Nyup, Ny and Ng for varying water
contents were estimated according to the method discussed
above. In Fig.12, the cumulative number of Nian, Nin
and Np is plotted against Ny. On the basis of the water
distribution diagram, the following results are obtained
for the gel phase of the DPPC-water system: (i) the
limiting, maximum numbers of water molecules are
approximately 5 H,O and 5 (=10—5) H,O per lipid
for the nonfreezable and freezable interlamellar water,
respectively; (ii) these maximum values are reached at
water/lipid molar ratios of approximately 5 and 15,
respectively; and (iii) the pre-region exists in the range
of ~8 <N, <~ 15, before the attainment of a full
hydration of the gel phase.

Water distribution diagrams for respective gel
phases of the DMPE-21) and DPPG-water systems 22 were
prepared according to the same method as that for the
DPPC-water system and resultant diagrams are shown
in Figs.13 and 14, respectively. For the DPPG-water
system, the water content was continuously changed up

to 90 wt % (Nw=374) to investigate whether the hydration
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Fig.13 Water distribution diagram for the gel phase of
the DMPE-water system. A cumulative number
of water molecules (per lipid) present as
nonfreezable and freezable interlamellar water
and as bulk water is plotted against Ny.

is limited or infinite, and therefore, the water distribution
diagram of this system is shown over the wide Ny range
up to 400 (Fig.14A) and in an enlarged scale up to
Ny =50 (Fig.14B).

In Fig.13, a limited hydration is also observed
for the DMPE-water system. For a fully hydrated gel
phase of this system, the amount of interlamellar water
is approximately 6 H,O per lipid which comes from
2.3 nonfreezable interlamellar water molecules plus 3.7
freezable interlamellar water molecules, indicating a
smaller amount of interlamellar water, compared with
that for the fully hydrated DPPC ge! phase shown in
Fig.12. For the difference in the amount of interlamellar
water, a point to be considered is an intrabilayer space

between adjacent head groups which is narrower for

DMPE bilayers than for DPPC ones because a geometrical

size of these head groups is smaller for the former than
for the latter. An additional noticeable point is the
difference in intermolecular interactions of these head
groups, as discussed above. Thus, adjacent head groups
of DMPE bind directly via their intermolecular hydrogen
bonds, in contrast to adjacent DPPC head groups which
are linked via water-based hydrogen bonds.

On the other hand, the water distribution diagram
in Fig.14 shows an infinite incorporation of freezable

interlamellar water, i.e., an infinite hydration of DPPG
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Fig.14 Water distribution diagram up to (A) Ny = 400
and (B) N, = 50 for the gel phase of the DPPG-
water system. A cumulative number of water
molecules (per lipid) present as nonfreezable and
freezable interlamellar water and as bulk water
is plotted against N..

bilayers. Repulsion forces operate between apposing
DPPG bilayer surfaces. The inter-surface forces cause
the infinite incorporation of water molecules between
DPPG bilayers, in contrast with the limited hydration
of the neutral lipid bilayers shown in Figs.12 and 13.
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