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Abstract

The gel phase of dimyristoylethanolamine (DMPE)—water system was annealed at temperatrés -©5°C for periods of 2 weeks and
was converted into a more stable state of the so-chlisabgel phase. To elucidate the role of water molecules in the conversion of the gel to
the subgel phase, the ice-melting behavior for the DMPE—-water samples of varying periods of the annealing was investigated by a differentiz
scanning calorimetry (DSC). The ice-melting DSC curves were deconvoluted according to a computer program for multiple Gaussian curve
analysis, and the numbers of freezable interlamellar and bulk water molecules were estimated from respective ice-melting enthalpies of th
deconvoluted curves. At the annealing periods of 4 days, water molecules amounting 1@8ipitwere observed to be further incorporated
into regions between the bilayers, giving rise to the total number of freezable interlamellar water moleci@@bpidHvhich is fairly larger
than that (4 HO/lipid) estimated for the gel phase. Finally, the conversion of the gel-to-subgel phases completed at the annealing periods of
10 days. The resultant subgel phase showed the amount of nonfreezable interlamellar water larg€y/byid than that of the nonannealed
gel phase. Furthermore, the present study indicated an essential role of the bulk water molecules, which fill an empty space produced at tt
lipid bilayer surface in the conversion process of the gel-to-subgel phases.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction intrabilayer. However, in our previous pagdd6,19,21,22],

we have pointed out an important role of water molecules in

Phospholipids are major components of biomembranesthe conversion of the gel-to-subgel phases.

and constitute a fundamental part of their bilayer structure.  From this viewpoint, focusing on tHe subgel phase, the
To date, many studies on the stability for the gel phase of present study investigated the role of water molecules in the
lipid—water systems have been performed for various phos-conversion of the gel to the subgel phase in the DMPE-water
pholipids [1-16], and it has become apparent that the gel system. In this study, the ice-melting DSC curves were mea-
phase is metastable and converts to a more stable phasesured for the samples of varying periods of annealing. To es-
generally called a subgel phase when the thermal annealtimate the numbers of freezable interlamellar and bulk water
ing adopted for the gel phase is adequate. In this respect, itmolecules, a deconvolution analysis of the ice-melting DSC
has been reported that the subgel phase of dimyristoylphos-curves was performed according to a computer program of
phatidylethanolamine (DMPE)—water system is present in Gaussian curve analysis.
two types designated as the andH-subgel phases which
appeatr, respectively, at temperatures lower and higher than
the gel-to-liquid crystal transitiofi 7—21]. In previous stud- 2. Experimental techniques
ies on the subgel phase, much attention of investigations has
been paid to a lateral packing of the lipid molecules in an 2.1. Materials and preparation of samples
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The DMPE in a high-pressure crucible cell (Mettler dif- LI L N B B B B BN L L B
ferential scanning calorimeter) was dehydrated under high 44

vacuum (104 Pa) at room temperature. The crucible cell LO b K “rmol

containing the dehydrated DMPE was sealed off in a dry
box filled with dry Nb gas and was then weighted by a

microbalance. A series of samples of varying water contents

ranging in water/lipid molar ratio () from 10.0 to 15.8

was prepared by adding the desired amounts of water to 0
the dehydrated DMPE (~30mg) with a microsyringe.

The gel phase samples were prepared as follows: the
mixtures of DMPE and water at varying water contents
were maintained at temperatures above the gel-to-liquid
crystal phase transition until the same transition behavior
was attained. The gel phase samples thus obtained were
converted to thé-subgel phase by an annealing of repeating
thermal cycling at temperatures ef5 to 5°C at a rate as
slow as 0.2C min—1 over period of 2 weeks (this annealing
condition was confirmed by us to complete the conversion
of the gel to the.-subgel phasgL9]).

(a)

(c)

Cp/kJ K 'mol ™

=

2.2. Differential scanning calorimetry

A DSC was performed with a Mettler TA-4000 apparatus
for a sample in the high-pressure crucible cell and on heating @)
from —60°C to temperatures of the liquid crystal phase at L g
a rate of 0.5Cmin~1. The DSC for the gel samples was 40 30 20 10 0 10 20 30 40 50 60 70
performed by cooling the liquid crystal samples directly from
70 to —60°C, and for the subgel samples obtained by the
annealing the DSC was initiated by cooling them directly Fig. 1. A series of DSC curves of the DMPE-water system for annealed
from 70 to—60°C. Furthermore, to make clear the process samples a, values of (a) 10.0, (c) 12.1, (d) 13.9, and (e) 15.6. Nonannealed
of conversion of the gel to thie-subgel phase, the DSC was sample at\,, 10.0 is shown in (b).
performed for a fully hydrated sample I, 13.9 for each

t/°c

1.5 days during the annealing period of 2 weeks. and nonannealed samples are compareéd,at0.0 and are
shown in (a) and (b), respectively. When these DSC curves
2.3. Deconvolution analysis of ice-melting DSC curves are compared, a distinct difference is observed not only in

the lipid phase transition behavior but also in the ice-melting
The ice-melting DSC curves of varying water contents behavior. As shown iffrig. 1a, the annealed sample shows
were separated into two components for freezable interlamel-multiple peaks at around 48 due to the phase transition of
lar and bulk water by a deconvolution analysis because thetheL-subgel-to-gel phases, which is successively followed by
two components overlap at their basis. The present deconvothe gel-to-liquid crystal phase transition at®L However,
lution was performed according to a computer program for when a rescan is performed, no peak of theubgel-to-gel
multiple Gaussian curve analysis under the following condi- phase transition is observed, thus, the thermal behavior is the
tions: (1) the number of deconvoluted curves is minimal; (2) same as that for the nonannealed sample showignlb.
the theoretical curve given by the sum of individual deconvo- The same result was obtained for other samples at different
luted curves is best fitted to the experimental DSC curve; (3) water contents dil,, 12.1, 13.9, and 15.6.
both the midpoint temperature and the half height—width (i.e.,  In order to make clear the difference between the ice-
characterizing the van't Hoff enthalpy) for each of the decon- melting DSC curves (a) and (b) &ig. 1, these curves are
voluted curves are maintained almost constant throughout allcompared in an enlarged scale showrFig. 2a and b. In
the deconvolutions for varying water contefit4,16]. this regard, our previous studies have revealed that freezable
water of the lipid—water system is present in two types, freez-
able interlamellar and bulk water. The freezable interlamellar
3. Results and discussions water exists in regions between the lipid bilayers but keeps
the degree of freedom necessary to form icelike hydrogen
Fig. 1shows a series of DSC curves for the annealed sam-bonds with neighboring water molecules. The bulk water ex-
ples of the DMPE—water system at varying water contents of ists outside the bilayers and forms hexagonal-like ice on cool-
10.0<Ny < 15.6. In this figure, DSC curves of the annealed ing. As shown inFig. 2b, the nonannealed gel sample shows
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the ice-melting DSC curve characteristic of the lipid—water sample overlap at their basis, and so the two peaks were sep-
system. Thus, the melting behavior of ice derived from the arated by a deconvolution analysis, in order to estimate the
freezable interlamellar water is observed over a wide temper-number of nonfreezable interlamellar, freezable interlamel-
ature range of 35to about 0C, afterwhich asharp peakdue lar, and bulk water molecules for thesubgel phase. The

to the melting of ice obtained from the bulk water appears at nonfreezable interlamellar water is defined as water, which
around OC. In this contrast, for the annealkesubgel sam-  cannot form ice-like hydrogen bonds even when cooled to
ple, the melting of ice for the freezable interlamellar water extremely low temperature&ig. 2a shows a result of the

occurs in a narrow temperature range-¢f0 to about 0C deconvolution for the sample &, 10.0. For comparison,
and is characterized by a shoulder peak, which is located at aFig. 2b exhibits a result for the nonannealed gel sample at the
foot of the sharp peak for the bulk water, as showRim 2a. same water content. In this figure, deconvoluted ice-melting

Similarly, the ice-melting behavior of the annealed samples curves are shown by dotted lines. The shoulder peak for the
at varying water contents was characterized by the shoulderfreezable interlamellar water was further deconvoluted into
peak and the following sharp peak, as showrim 1c—e. three components with a view to performing the deconvo-
Inthe present study, we used the samples at water content$ution as accurately as possible. Accordingly, deconvoluted
aboveN,, 10.0, at which a full hydration is reached. This is curves I-lll shown inFig. 2a for thel-subgel phase are de-
because all of the gel phase is not converted inth.teebgel rived from the freezable interlamellar water and a deconvo-
phase by the annealing unless the sample is fully hydrated.luted curve 1V derived from the bulk water. The ice-melting
Thus, some of the gel phase converts into the most stableenthalpyAH, for the freezable interlamellar was estimated
H-subgel phase, which is transformed directly to the liquid from the deconvoluted curves I-lll, and the ice-melting en-
crystal phase on heating. thalpy AHg for the bulk water estimated from the deconvo-
As is shown inFig. 1, the shoulder peak and the sharp luted curve IV. InFig. 3, the resultantiH; and AHg values
peak composed of the ice-melting DSC curve for the annealedfor the L-subgel phase of varying water contents are plotted
againstN,,. For comparison, thaH, and AHg curves (dot-

10000 k- ' ' ' ' ' ] ted lines) for the gel phase previously reported bylis16]
(@ are added ifrig. 3. When the\H, curve inFig. 3is compared
1 i between the -subgel and gel phases although the compari-
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-40 -20 0 20 Fig. 3. The ice-melting enthalpies (solid line®)Hg, AH,, andAHr, for
t/°C the L-subgel phase of the DMPE—water system are plotted agsjpsind

are compared with those (dashed lines) for the gel phase previously reported
Fig. 2. Comparison of ice-melting DSC curves (solid lines) between (a) by us[11]. AHg: the ice-melting enthalpy for the bulk water per mole of
annealed sample (L-subgel) and (b) nonannealed sample (gel phase) of théipid; AH;: the ice-melting enthalpy for the freezable interlamellar water per
DMPE-water system at the same water conteN,0£0.0. The deconvoluted mole of lipid; AHT: the ice-melting enthalpy per mole of lipid obtained by
curves I-1V and their sum (theoretical curve) are shown by dotted lines. assuming that all the water added to a sample is present as free water.
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son is limited to water content aboig, 10, the curve of the
L-subgel phase shows a good accordance with that of the gel .
phase. However, th&Hg curve of theL-subgel phase is par- I TR e

allelto that of the gel phase but the former is lowered by about

%

5.9 kJ/mol lipid compared with the later. These facts indicate (@

that for a full hydration (i) the amount of the freezable inter-

lamellar water is the same for thesubgel and gel phases,

but (ii) the amount of the bulk water for thesubgel phase ‘jk
is smaller by approximately 1 4D/lipid than that for the gel (®)

phase, and (iii) consequently, the amount of nonfreezable wa-
terislarger by 1 HO/lipid for theL-subgel phase than for the
gel phase. 1 bO/lipid for the nonfreezable water is assumed
to exist in regions between adjacent lipid headgroups as the
nonfreezable interlamellar water of thesubgel phase. In this
connection, our previous paper has revealed that for the fully
hydrated gel phase the maximum number of nonfreezable in- (d)
terlamellar and freezable interlamellar water molecules is 2
H»0 and 4 HBO per molecule of lipid, respective[\L1,16].
Accordingly, the maximum number of nonfreezable inter-
lamellar and freezable interlamellar water molecules of the ()
L-subgel phase is calculated to be 3and 4 BO per
molecule of lipid, respectively.

Focusing on the above-discussed result, thus, the con-
version of the gel-to-L-subgel phases by the annealing ac- (f)
companies the structural change of water molecule from the
freezable to nonfreezable water, the DSC was performed for
the samples (N 13.9) annealed for varying period up to 2
weeks. IrFig. 4, typical DSC curves of varying periods of the tr°c

annealing are compared. As shownFig. 4, theL-subgel- ) o o )
Fig. 4. Variation of DSC curves of the DMPE-water system with increasing

to-gel transition peak grows Wlth lngregglng the annealing a period of annealing up to 10 days. Annealing periods (day): (a) 0, (b) 1.5,
period up to 10 days, after which the limiting, saturated tran- (¢) 2.5 (d) 3.4, (e) 6.0, and (f) 10.

sition peak is observed. On the other hand, the shoulder peak
(for the freezable interlamellar water), which is located at this figure, the\; curve shows a maximum at the annealing
a foot of the sharp ice-melting peak (for the bulk water) at period of 4 days, in contrast to a minimum observed for the
around O°C, becomes larger up to 3.5 days and then becomesNg curve. At this stage, the number of the freezable inter-
smaller up to 10 days. This phenomenon is more clearly lamellar water molecules reaches 7.5QMlipid, indicating
recognized by enlarged scale ice-melting peaks shown inthat water molecules amounting to 3.5®1lipid are further
Fig. 5. In this figure, results of the deonvolution analysis incorporated into regions between the bilayers. In this con-
are also added. The number of freezable interlamellar wa-trast, the number of bulk water molecules is decreased by
ter moleculesN;, per molecule of lipid was estimated from about 3.5 HO/lipid. After that, a decrease of th¢ curve
AH; (kd/mol lipid)/5.35 (kJ/mol HO), whereAH; is given with the annealing period is observed up to 10 days, in con-
by the sum of individual enthalpy changes of the deconvo- trast to an increase observed for thg curve. Finally, for
luted curves I-lll, and 5.35 is the average ice-melting en- the resultant-subgel phase, th¥, value becomes the same
thalpy per mole of HO present as the freezable interlamellar as that (4.0 HO/lipid) of the nonannealed gel sample (the
water. The average molar ice-melting enthalpy was obtainedannealing period of 0 days) and tiNg value reaches ap-
by a slope of linear portion (2M,, < 4) ofthe AH (gel) curve proximately 4.2 HO/lipid, which is less by 1 KO/lipid than
shown inFig. 3. Onthe other hand, the number ofthe bulk wa- that of the nonannealed gel sample. In this accordNjge
ter moleculesNg, per molecule of lipid was estimated from  value ofL-subgel phaseisless by aboutA®ilipid compared
AHg (kJ/mol lipid)/5.94 (kJ/mol HO), whereAHsg is given with that of the gel phase, as shownRig. 6. Accordingly,
by the enthalpy change of deconvoluted curve IV, and 5.94 the number of nonfreezable interlamellar water molecules for
is an average molar ice-melting enthalpy of the bulk water the L-subgel phase increases by about Z0Her molecule
obtained from a slope of the lineaHg (gel) curve (and/or  of lipid, compared with that for the gel phase.
AHg (L-subgel) curve) shown iRig. 3. A point to note inFig. 6is that additional uptake of freez-
Fig. 6 shows variations og andN; with increasing the  able interlamellar water occurs in the conversion process of
period of annealing, together with the total number of freez- the gel-to-L-subgel phases and so at this stage the amount of
able water molecules, denoted Mg, given byN; +Ng. In this water is about two times larger than that of the gel phase.
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Fig. 5. Comparison of typical ice-melting DSC curves (solid lines) observed
in the conversion process of the gelitesubgel phases of the DMPE-water
sample afNy 13.9. The deconvoluted curves |-V and their sum (the theo-
retical curve) are shown by dotted lines. Annealing periods (day): (a) 0, (b)
3.4, and (c) 10.
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Fig. 6. Variations oNg, N;, andN;g with increasing a period of annealing
up to 10 daysiNg: the number of bulk water molecules per molecule of lipid;

N;: the number of freezable interlamellar water molecules per molecule of

lipid; Nig: the total number of freezable water molecules per molecule of
lipid, given byNg +N;.
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As is well known, the lipid molecules of the so-called sub-
gel phase are more closely together packed than those of the
gel phase, indicating that the van der Waals interaction op-
erating between their hydrocarbon chains is stronger for the
former than for the later. Accordingly, at a first stage of the
conversion process, rearrangements of the lipid molecules to
more closely packed states would take place in anintrabilayer.
Such arearrangement of the lipid molecules would induce an
empty space at the bilayer surface of lipid molecules, so that
this space would be filled by an infusion of bulk water exist-
ing outside the bilayer. So, both the maximum oftheurve

and the minimum of thé&g curve are observed simultane-
ously at the annealing period of 4 days (Fig. 6). This result
indicates an essential role of the bulk water molecules, which
fill the empty space of the lipid bilayer surface in the conver-
sion process of the gel-to-L-subgel phases. At a final stage
of the conversion, the rearrangement of lipid molecules to a
closer packing would be accomplished. This would accom-
pany a release of freezable interlamellar water, resulting in a
decrease i, simultaneously with an increaselg, which

is observed over the annealing period of 5-10 days.
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