Journal of Thermal Analysis and Calorimetry, Vol. 64 (2001) 219-230

COMPARISON OF DIFFERENTLY BOUND
MOLECULES IN THE GEL AND SUBGEL PHASES OF
A PHOSPHOLIPID BILAYER SYSTEM

M. Kodama, H. Kato and H. Aoki

Department of Biochemistry, Okayama University of Science, 1-1 Ridai-cho Okayama 700-0005,
Japan

Abstract

The thermal behavior associated with the melting of ice was investigated by differential scanning
calorimetry (DSC) for the gel and L-subgel phases of dipalmitoylphosphatidylcholine (DPPC)-wa-
ter system of varying water contents up to a full hydration. By calorimetric analysis previously de-
veloped by us, the numbers of differently bound water molecules were estimated, and used to con-
struct water distribution diagrams (i.e., a plot of the cumulative numbers of these water molecules vs.
water content) for the two phases. A comparison of the diagrams revealed the critical role of inter-
lamellar water which changes from freezable to non-freezable one in a conversion of the gel to the
L-subgel phase by the thermal annealing.
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Introduction

Phospholipids constitute the fundamental structure of a bilayer in biomembranes.
Neutral phospholipids such as diacylphosphatidylcholine (PC) and diacylphosphat-
idylethanolamine (PE) occupy the majority of the total phospholipids in bio-
membranes, and exist in dispersions of multilamellar composed of their bilayers and
water layers interposed between each other, when suspended in water. The lipid
bilayers usually exist in either a gel or a liquid crystal phase depending on tempera-
ture. Thus, the gel phase, for which the hydrocarbon chains of the lipid molecule are
in a solid-like state, transforms to the liquid crystal phase of liquid-like hydrocarbon
chains at a certain temperature, generally called the 7' (gel-to-liquid crystal) transi-
tion temperature. Up to now, many studies on the stability of the gel phase have been
performed for various phospholipids [1-15], and it has become apparent that the gel
phase is metastable and converts to a more stable phase, generally called a subgel
phase when the thermal annealing adopted for the gel phase is adequate. The subgel
phase has been revealed to be present in two types, designated L- and H-subgel
phases which transform to the gel and the liquid crystal phase on heating, respec-
tively, i.e., these transitions appear, respectively, at temperatures lower and higher
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than that of the 7, transition [4—7]. Previous studies of the subgel phase has been per-
formed, mostly, focusing on lateral packings of the lipid molecules in an intrabilayer
[7, 11-15]. Considering this, in our previous papers, the difference of the gel and L-
and H-subgel phases in dimyristoylphosphatidylethanolamine (DMPE)-water sys-
tem was investigated from a different point of view focusing on interlamellar water
[4-6, 16]. Thus, in these studies, the numbers of interlamellar water molecules pres-
ent in different bonding modes were estimated from the ice-melting curves of differ-
ential scanning calorimetry (DSC) and water distribution diagrams of varying water
contents up to a full hydration were constructed for the gel and the two subgel phases.
In the present study, the same calorimetric method was applied to dipalmitoylphos-
phatidylcholine (DPPC)—water system, and the numbers of differently bound water
molecules for the gel phase were compared with those for the L-subgel phase which is
present as the only subgel phase in this system.

Definitions and basic equations

Definitions of differently bound water molecules

Figure 1 shows the model of multilamellar structure of a phospholipid—water system.
The water molecules in lipid—water systems are classified into three types;
non-freezable interlamellar, freezable interlamellar, and bulk water. The structure of
ice is characterized by networks of hydrogen bonds formed among neighboring water
molecules. Therefore, water molecules that exists in regions between adjacent lipid
head groups in an intrabilayer can be taken as non-freezable water. The reason for
this is that the water molecules cannot participate in the formation of icelike hydro-
gen bonds, even when cooled extremely low temperatures, since they are confined
within the narrow intrabilayer region. Also, water molecules that are tightly bound to
lipid headgroups in an interbilayer region can be taken as non-freezable water. All
these non-freezable water in lipid—water systems is found in regions between
lamellae and so is designated non-freezable interlamellar water. The remainder of
water molecules in the interbilayer region keeps the degree of freedom for their reori-
entations necessary to form icelike hydrogen bonds and so is designated freezable
interlamellar water. The last is bulk water that exists outside bilayers, and on cooling
it freezes in ice, the structure of which is very close to that of the most ordered hexag-
onal ice. However, the structure of ice derived from freezable interlamellar water is
far different from that of hexagonal ice. Such a structural difference in the ice is re-
flected in its melting behavior observed by DSC. Thus, the ice derived from freezable
interlamellar water begins to melt at temperatures as low as —40°C and continues
melting up to about 0°C (broad ice-melting peak). In contrast, the ice derived from
bulk water melts in a narrow temperature range around 0°C (sharp ice-melting peak).
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Fig. 1 A model structure of multilamellar bilayers of a diacylphospholipid—water sys-
tem. A symbol of circles shows oxygen atoms for H,O and lipid molecules

Equations and estimations for the number of water molecules

A correlation between the numbers of water molecules of these three types at a de-
sired water content is given by the equation

N1= NimpTNiptNs (D

where N} is the total number of water molecules per molecule of lipid and N, Ny,
and N are the numbers (per molecule of lipid) of non-freezable interlamellar, freez-
able interlamellar, and bulk water molecules, respectively. N, is calculated from the
amount of water added to a sample. When a molar mass is used, NV, is equal to the wa-
ter/lipid molar ratio, V.. By using the known value of melting enthalpy for hexagonal

ice, 1.436 kcal (=6.01 kJ) per mole of water, Eq. (1) is replaced by
1436 (NT*NB) :1436 (N](nf)+N](f)) (2)

In Eq. (2), the first term, 1.436 N,, represents the melting enthalpy, AH, for N;
moles of water added to 1 mole of lipid, assuming that the water is all present as bulk
water, and so is a known value expressed in a unite of kcal (mol lipid) . The second
term, 1.436 N, corresponds to the melting enthalpy, AH, for N, moles of water actu-
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ally present as bulk water per mole of lipid and is experimentally determined from the
ice-melting DSC curve. So, Eq. (2) is written as

AH—AHg=1.436 (Nyup+Ni) 3)

In the present study, for each water content of a lipid—water system, N, was esti-
mated from AH,/1.436 and subsequently the total number of interlamellar water mole-
cules, N, which is equal to N, ,+N,, in Eq. (3), was calculated from (AH,~AH)/1.436.

Experimental techniques

Material and preparation of samples

1,2-Dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC) used in the present study
was purchased from Sigma Co. (St. Louis, MO).

The DPPC (approximately 30 mg) in a high pressure crucible cell (for a DSC ap-
paratus) was dehydrated under a high vacuum (10~ Pa) for at least 3 days and then the
cell containing the dehydrated lipid was sealed off in a dry box filled with dry N, gas
and weighed with a microbalance. In order to prepare a series of samples of varying
water contents from 0 to at least 40 mass%, the desired amounts of water were added
to the same dehydrated lipid, after each DSC. For each addition of water, the cell con-
taining the lipid and the water was weighed with the microbalance. All the samples
were annealed by repeating thermal cycling at temperatures above and below the T
transition of the gel to the liquid crystal phase until the same transition behavior was
observed. After this, the loss of water in the samples was checked with the
microbalance, and the values of N, (i.e, NV,) for the samples given by Eq. (1) were de-
termined.

The samples of the gel phase were prepared by cooling the liquid crystal samples
to temperatures below the 7' transition. On the other hand, the subgel samples were
prepared by annealing the gel samples under adequate conditions related to a temper-
ature range and a time period. Thus, a two-step annealing for the processes of nucle-
ation and nuclear growth was applied [3]; the gel samples were kept at a temperature
as low as —60°C for at least 6 h, after which thermal cycling was repeated between 0
to 4°C for periods of 1-3 weeks (depending on the water content of the samples).

DSC and deconvolution analysis

DSC was performed with a Mettler TA-4000 apparatus for the sample in the high
pressure crucible cell (pressure resistant to 10 MPa) and on heating from —60°C to
temperatures of the liquid crystal phase at a rate of 0.5°C min'. The DSC for the
subgel samples obtained by annealing was initiated by cooling them to —60°C, but the
DSC for the gel samples was performed by cooling the liquid crystal samples directly
to —60°C.

AHy in Eq. (3) is a chief determinant in the accuracy of this method because both
N; and N, are estimated from its enthalpy, as discussed above. However, since
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ice-melting DSC endotherms for bulk and freezable interlamellar water overlap at
their basis, they were separated into individual components by a deconvolution anal-
ysis, in order to determine AH,, as accurately as possible. The deconvolution was per-
formed according to a computer program for multiple Gaussian curve analysis [16].

Results and discussion

In Fig. 2, a series of typical DSC curves ranging in temperature from —50 to 70°C is
compared for the gel and subgel samples of the DPPC—water mixture with increasing
water content expressed in the water/lipid molar ratio (V). Furthermore, in Fig. 3,
enlarged scale DSC curves of the two samples are compared at temperatures below
35°C. As revealed by comparing Fig. 2A with B, the gel samples lose a transition
peak of the subgel to gel phases, which is observed only for the subgel samples, al-
though the behavior of following two transition peaks of the gel (Lp)-to-gel (P;) and
gel(Pg)-to-liquid crystal phases (generally called the 7, and 7, transitions, respec-
tively) is the same for the two samples [1-3, 8]. As is known, the subgel phase is pres-
ent in two types, designated as L- and H-subgel phases, and the designations L and H
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Fig. 2 Series of DSC curves for the gel (A) and L-subgel phases (B) of the DPPC—wa-
ter system. Water contents expressed in the water/lipid molar ratio (V) range
from 4.7 to 28.2 for the gel phase (A) and from 4.5 to 21.9 for the subgel phase
(B), respectively. (1 cal=4.184 J)
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Fig. 3 Enlarged scale DSC curves at low temperatures for the gel (A) and L-subgel
phases (B) of the DPPC—water system. N,, for the gel phase: a, 4.7; b, 5.3; ¢, 5.9;
d, 6.0;e,6.1;f,6.7;g,7.1;h, 7.8; 1, 8.6; j, 10.2; k, 11.6; 1, 12.9; m, 14.3; n, 16.6;
0, 19.1; p, 21.9; q, 24.9; 1, 28.2. N,, for the subgel phase: a, 4.5; b, 5.5; ¢, 6.0; d,
6.4;¢e,7.8;1,8.6; g, 10.2; h, 11.6; 1, 12.8;j, 13.7; k, 15.9; 1, 18.4; m, 21.9

for the subgel phases are due to their transition temperatures lower and higher than
the 7, transition temperature, respectively [4—7]. Up to now, there is no report for the
H-subgel phase of diacylPC—water systems. Presumably, this is because a large
headgroup of the PC molecules prevents their much closer lateral packings required
for the H-subgel phase, compared the L-subgel phase.

In Fig. 3, the difference in the ice-melting behavior between the gel and L-sub-
gel phases is made clear. For the gel phase in Fig. 3A, the growth process of ice-
melting peaks with increasing water content are as follows. The broad components of
ice-melting peaks, derived from freezable interlamellar water, begin to appear at
N,~5 and grow in similar shapes (i.e., they cannot be superimposed on one another)
up to at least N ~8 where the sharp ice-melting peaks derived from bulk water ap-
pears at around 0°C. Above this, the sharp peaks continue to grow in superpositions.
For the L-subgel phase shown in Fig. 3B, similar water content dependence of the
ice-melting peaks is observed, but the broad ice-melting peaks of this phase are char-
acterized by a shoulder at around —5°C and the onset temperature higher by 10°C than
that (~ —40°C) of the corresponding peaks of the gel phase.
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Fig. 4 Deconvoluted ice-melting curves for the gel (A) and L-subgel phases (B) of the
DPPC-water system at the same water content (W, ,=28.0 mass%, N,~=15.9).

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

In Fig. 4, as an example, the results of the deconvoluted ice-melting curves are
compared for the gel and L-subgel phases at the same water content of N =15.9. The
present deconvolution was performed under the following conditions: (1) the theoret-
ical curve given by the sum of individual deconvoluted curves is best fitted to the ex-
perimental DSC curve and (2) both the half-height width and the midpoint tempera-
ture of each deconvoluted curve are maintained almost constant throughout all the
deconvolutions for varying water contents. For such a fully hydrated gel phase at
N,=15.9 (Fig. 4A), the broad ice-melting DSC peak for the freezable interlamellar
water is deconvoluted into four curves of I, II, III, and IV. These deconvoluted curves
appear in this order and become larger with increasing water content up to a full
hydration at N ~15. A deconvoluted curve V, comparable to the sharp ice-melting
DSC peak for the bulk water, appears at N ~8 and then continues to enlarge with in-
creasing water content. For the L-subgel phase shown in Fig. 4B, the areas of both the
deconvoluted curves I and Il markedly decrease but that of the deconvoluted curve IV
increases, compared with the corresponding deconvoluted curves for the gel phase
shown in Fig. 4A.

The sum of the individual enthalpy changes of the deconvoluted curves I, II, III,
and IV gives the ice-melting enthalpy (per mole of lipid) for the freezable inter-
lamellar water, AH,;, and the enthalpy change of the deconvoluted curve V corre-
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sponds to the ice-melting enthalpy (per mole of lipid) for the bulk water, AH}, given
in Eq. (3). In Fig. 5, the ice-melting enthalpies, AH,, and AH,, are plotted vs. N, re-
spectively, together with AH, given in Eq. (3). For the gel phase in Fig. SA, the AH, )
curve intersects the abscissa at N, ~5, below which there is no freezable water (i.e.,
only non-freezable interlamellar water exists). So, the value of N =5 could give the
maximum number of non-freezable interlamellar water molecules, by assuming lim-
ited uptake of this water within a limited space of the intrabilayer regions. So, the lim-
iting, maximum number of non-freezable interlamellar water molecules for the gel
phase of the DPPC system is 5H,O per mole of lipid. On the other hand, the AH,
curve for the gel phase increases linearly and parallel to the theoretical AH, line at
water contents above N, ~15, indicating that AH,—AH,, in Eq. (3) becomes the same at
all water contents above the boundary N (~15). Such a parallel AH, curve proves
limited uptake of the interlamellar water (i.e., limited hydration of the lipid bilayers),
so that a fully hydrated gel phase of the DPPC system is attained at the boundary N,
For the limited hydration, the limiting, maximum number of total (non-freezable plus
freezable) interlamellar water molecules can be also determined graphically by ex-

15

1

AH/kcal (mol of lipid)

1

AH/kcal (mol of lipid)

0 5 10 15 20 25

Fig. 5 Plots of the ice-melting enthalpies, AHr, AHp, and AHp), vs. N, for the gel (A)
and L-subgel phases (B) of the DPPC—water system. Dashed lines in B present
the AHg and AH s curves shown for the gel phase in A, respectively
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trapolating the linear AH, curve to non-linear regions (dashed lines) below N ~15.
Thus, N, of the intersection point just corresponds to the maximum number of
interlamellar water molecules, i.e., 10H,O per mole of lipid for the gel phase of the
DPPC system. As a result, the number of freezable interlamellar water molecules for
the fully hydrated gel phase is estimated to be 5 (=10— 5)H,O per molecule of lipid,
corresponding to the maximum number of this water molecules for the gel phase.
For the L-subgel phase in Fig. 5B, the AH, ; curve is lower than that for the gel phase
(dashed lines) over all water contents tested, and its extrapolated line intersects the ab-
scissa at V,~6, giving the maximum number of non-freezable interlamellar water mole-
cules, 6H,O per mole of lipid, which is larger by 1H,0/lipid than the corresponding value
(5H,0/1ipid) for the gel phase. However, the AH,, curve for the subgel phase is almost
consistent with that for the gel phase (dashed lines), indicating nearly the same number of
bulk water molecules (V) for the two phases of the same water content and so the num-
ber of total interlamellar water molecules, N, (=N,,,+N,y), given by N—N, becomes
nearly equal between the two phases of the same water content. However, Fig. 5B reveals
that NV, at the same water content is larger for the gel phase than for the subgel phase and

25

freezable In. water

Cumulative number of water molecules /lipid

Fig. 6 Water distribution diagrams for the gel (A) and L-subgel phases (B) of the
DPPC—water system. The cumulative numbers of water molecules (per mole of
lipid) present as non-freezable and freezable interlamellar water and as bulk wa-
ter are plotted vs. Ny,. The designations I, 11, Il and IV represent four water con-
tent regions where the individual numbers of these differently bound water
molecules were estimated according to Table 1
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contrary to this, as discussed above, N, in the maximum value is greater by 1H,0/lipid
for the subgel phase than for the gel phase. Thus, Ny, N, N, and N, for the gel and
L-subgel phases at the same water content of the DPPC system are as follows: Similarly
to Ny, N, for the gel phase is nearly equal to that for the subgel phase; NV, is subgel phase
< gel phase; and N, is gel phase<subgel phase. These results indicate that in the conver-
sion of the gel to L-subgel phases, a structural change of water molecules occurs within
the interlamellar water, independently of the bulk water, and the interlamellar water
changes from freezable to non-freezable one up to one molecule of H,O per mole of lipid
at a maximum. Accordingly, the freezable interlamellar water present in the gel phase re-
veals a requirement for the appearance of the L-subgel phase of the DPPC system. In fact,
as shown in Fig. 2B (a), no endotherm due to the gel-to-subgel phase transition is ob-
served for N <5 where the gel phase is free from the freezable interlamellar water (Fig.
6A). The similar structural change in the interlamellar water has been previously reported
by us for the conversion of the gel to L-subgel phases of dimyristoylphosph-
atidylethanolamine (DMPE)-water system [5]. Presumably, the extra non-freezable
interlamellar water, which arises from the freezable interlamellar water in the gel phase,
is needed to realize lateral packings of lipid molecules required for the L-subgel phase.
On the other hand, for the H-subgel phase of the DMPE—water system, almost no
interlamellar water has been also reported by us [6].

Table 1 A summary in estimations of the numbers of non-freezable interlamellar, freezable inter-
lamellar, and bulk water molecules, Nyup, Ny, and Ng, respectively, per lipid molecule
for the gel (A) and L-subgel phases (B) of the DPPC—water system in four water content
regions I, II, III and IV shown in Fig. 6

Number of water molecules/per mol of lipid

Ny Nin) Nigpy N
(A): Gel phase
I Ny<5 N+* 0 0
I 5<N,<8 5 (Nt-5) 0
11 8<N,<15 5 (AHT°—AHE)/1.436-5 AHy/1.436
v Ny215 5 5 AHg/1.436
(B): L-subgel phase
I N<6 Ny 0 0
11 6<N,<8 6 (N1—6) 0
111 8<N<12 6 (AHT"-AH%)/1.436-6 AHg/1.436
v Ny212 6 4 AHg/1.436

N7 is the total number of water molecules per molecule of lipid add to the sample and is equal to Ny,
°AH is equal to 1.436 N,, (=Ny)

°AHjy is the ice-melting enthalpy per mole of lipid for bulk water

All the numbers of water molecules (per mole of lipid) have a standard deviation of £0.2H,0/lipid
which comes from the deconvolution analysis used in the present study.
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Figures 6A and B compare water distribution diagrams (i.e., plots of the cumula-
tive numbers of water molecules, N, +N,,,+Ng, per mole of lipid vs. N,) for the gel
and L-subgel phases of the DPPC system. Details of the estimations of Ny, N, and
Nj in four water content regions (I, I, III, and IV) shown in Fig. 6 are summarized in
Table 1. The main difference between Figs 6A and B is a greater amount of the
non-freezable interlamellar water for the subgel than for the gel phase observed for
N, =5 (i.e., the lower limit of water content for the appearance of the L-subgel phase)
and the limiting, maximum difference in the amount of this water, 1H,0/lipid, is ob-
served for N >6. Another point to note is the existence of a special region [16-21],
previously designated as a pre-region, where the bulk water appears although the lim-
iting, maximum amount of interlamellar water is not yet reached. The similar
pre-region has been reported by us for DMPE—water [16] and diacylphosphatidyl-
glycerol (PG)—water systems [20, 21]. The pre-regions for the gel and L-subgel
phases of the present system are located in the water content region Il in Figs 6A and
B, respectively, where the amounts of the freezable interlamellar water increase
gently up to the limiting, maximum values of 5(=10-5) H,O/lipid and 4(=10-6)
H,O/lipid for the gel and L-subgel phases, respectively. In this connection, in Fig. 5,
non-linear increases of both the AH, and AH,,, curves in the pre-region are observed
for both the gel (A) and the L-subgel phase (B).
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