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Abstract

q Ž .The effect of Na concentration on the subgel phase of dimyristoylphosphatidylglycerol DMPG was investigated
Ž .by differential scanning calorimetry DSC and negative stain electron microscopy, and the results were compared
Ž .with dipalmitoylphosphatidylglycerol DPPG . The conversion mode of DMPG vesicle to the subgel phase by

annealing at 58C was grouped into two types depending on whether Naq concentration is above or below 200]250
w qxmM. For Na )200]250 mM, the subgel phase of a crystalline superstructure of bilayers wrapped in a cylinder was

attained during a 24-h period of annealing and transformed directly to the liquid crystal phase on heating. For
w qxNa -200]250 mM, two subgel phases which transform to the gel phase on heating were observed after annealing
up to 24 h. Both subgel phases showed belt-like structures composed of loosely and closely stacked lamellae,
respectively, and their fractions were found to depend on Naq concentration. With a further annealing up to 30 days,
only the closely stacked subgel phase converted subsequently into the cylindrical superstructure of a more ordered

w qxphase. Similar two subgel phases were detected for DPPG at Na F100 mM. The difference in the relative
enthalpy between the gel and subgel phases was investigated from the van der Waals interaction energy between the
hydrocarbon chains. Q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Acidic phospholipids, thus, negatively charged
at neutral pH, have attracted attention of many

U Corresponding author. Tel.: q81-252-3161; fax: q81-
86255-7700.

investigators from the viewpoint of their struc-
tural and functional role in biomembranes, be-
cause lateral packings and interactions of the
lipids in a fundamental bilayer structure are
greatly influenced by environmental conditions of

w xcations and protons 1]6 . In this connection, we
have previously reported that dimyristoylphos-

Ž .phatidylglycerol DMPG vesicles prepared with

0301-4622r99r$ - see front matter Q 1999 Elsevier Science B.V. All rights reserved.
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NaCl aqueous solutions at different concentra-
tions up to 100 mM show a marked Naq concen-
tration-dependence in their multiplicities and

w x w xsizes 7 . Furthermore, it has been found 8 that
by a prolonged incubation at 58C in the gel phase
temperature, DMPG vesicles as large as 1 mm in

w qxsize at Na s1000 mM convert to a cylindrical
superstructure similar to that formed in the pres-

2q 2qw xence of Ca and Mg 9]14 . In the present
study, DMPG vesicles of widely differing multi-
plicities and sizes at different Naq concentrations
below 1000 mM were annealed into the subgel
phase from the gel phase at 58C over a 30-day
period and the effect of Naq-concentration on
the subsequent subgel phase was investigated.
Studies on the subgel phases of PGs have been
performed with a variety of buffer solutions in the

w xpresence of salts by other workers 15]19 . How-
ever, when these past studies are compared, we
note some inconsistencies. From this viewpoint,
considering the influence of cations such as

qw x w xNa 15,16 and tris q 17,18 contained as a com-
ponent of buffer, we did not think it appropriate
to use buffer solutions for vesicle preparations in
the present study.

2. Materials and methods

2.1. Materials and sample preparation

1,2-Dimyristoyl- and 1,2-dipalmitoyl-sn-glycero-
w Ž .x Ž3- phospho-rac- 1-glycerol DMPG and DPPG,

.sodium salts were purchased from Sigma Co.,
and used without further purification as thin-layer
chromatography of these lipids showed a single
spot. Dispersions of vesicles composed of each of
DMPG and DPPG at a lipid concentration of

w x;2 mM were prepared as follows 20 : lipid films
Ž .;3 mg were first prepared by removing chloro-
form from lipid stock solutions on a rotary evap-

Ž y4 .orator, and then under high vacuum 10 Pa to
achieve complete removal of traces of the solvent.
The dried lipid films were then suspended in

Ž .aqueous solutions of NaCl ;2 ml at concentra-
tions of 20, 50, 80, 100, 200, 250 and 500 mM,

respectively, and gently vortexed at desired tem-
peratures above the T transitions. All vesicleM
samples were annealed at 58C in a calorimetric
cell over a period of a few days, beyond which an

Ž .accurately controlled water bath Haake F3-c
was used for thermal annealing. Lipid concentra-
tions of the samples after DSC were estimated by

w xa modified Bartlett phosphate assay 21 .

2.2. High sensitï ity differential scanning calorimetry

All calorimetric experiments were performed
with a Microcal MC 2 differential scanning
calorimeter equipped with a PC microcomputer
system for automatic data collection and analysis.
The lipid concentrations in the calorimetric ex-
periments were in the range 1]2 mM with a
calorimetric cell volume of 1.2 ml. A heating
scanning rate of 458Crh was used.

2.3. Electron microscopy

Negative stain electron microscopic experi-
ments were performed with a JEOL JEM-2000EX
electron microscope operated at 200 kV. Particu-
lar attention was paid to sodium phospho-

Ž .tungstate solution pH;7 used as a stainer be-
cause Na cation derived from the stain has the
same effect on PG as that derived from NaCl, as
is shown by comparisons of Fig. 1a with Fig.

Ž . Ž .2D a and of Fig. 1b with Fig. 2B b . From this
viewpoint, as long as the Naq concentration is
lower than 100 mM, the vesicle samples were
prepared in the presence of the stainer. For ex-

w qx Žample, for Na s20 mM, the lipid film ;3
. Ž .mg was suspended in 2 ml of 1% wrv sodium

phosphotungstate solution because the Naq con-
centration of the stainer solution is approximately

w qx20 mM. For Na s100 mM, a mixture of 1 ml
Žw qxof 2% sodium phosphotungstate solution Na

.s40 mM and 1 ml of 160 mM NaCl solution was
used. These vesicle samples likewise were an-
nealed, and then checked by DSC prior to elec-
tron microscopic experiments. All preparations
used for electron microscopy were prepared in a
cold room at approximately 48C as follows: for
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Fig. 1. Thermal behavior of DMPG in sodium phospho-
tungstate solutions and sodium phosphate buffers. Apparent,

Ž .excess heat capacity DCp per 1 mol of lipid is plotted as a
Ž . Ž .function of temperature t . a DMPG vesicle prepared with

Ž . Žw qx2% wrv sodium phosphotungstate solution Na s;40
. Ž . Ž .mM ; b DMPG vesicle prepared with 5% wrv sodium

Žw qx .phosphotungstate solution Na s;100 mM , and then an-
Ž .nealed at 58C for 24-h periods; c and d DMPG vesicles

Žw qxprepared with sodium phosphate buffers at 15 Na s;20
. Žw qx .mM and 72 mM Na s;100 mM at pH 7.0, respectively,

and then annealed at 58C for 24-h periods.

w qxNa F100 mM, a drop of lipid sample already
Ž .stained lipid concentration: ;2 mM was placed

on copper grids covered with carbon-coated collo-
dion films, allowed to remain until becoming dry;

w qxfor Na )100 mM in the absence of the stainer,
after a drying of lipid sample on copper grids, a
drop of 2% solution of sodium phosphotungstate
was added and then, the excess solution was
drained. If a stain for the preparations was not
sufficient, 2% solution of uranyl acetate was used.
The preparations were supplied immediately to
electron microscopy operated at around 208C.

3. Results

3.1. Differential scanning calorimetry

As previously reported in our electron micros-
w x qcopic study 7 , when Na concentration is

changed from 0 to 1000 mM, the number of
lamellae in each DMPG vesicle in the gel phase
varies from one up to approximately 30, simulta-
neously with a change in the mean diameter from
100 nm to 1 mm. These gel vesicles, widely differ-
ing in multiplicity and size, were incubated at 58C
for 30 days. Thermal behavior of subtransition
observed during the period of annealing are

Ž .roughly grouped into two types Fig. 2A and B]E
depending on whether Naq concentration is above
or below a boundary region of approximately
200]250 mM.

w qxFor Na )250 mM, as is shown in Fig. 2A at
w qxNa s500 mM, the subtransition is character-
ized by two peaks, denoted by T and T 1, atH1 H2
temperatures higher than the T transition. First,M
the T peak appears as a shoulder at a high-H1
temperature side of the T peak and grows atM

Ž .the expense of the T peak b and c . However,M
the T peak is replaced by the T peak whichH1 H2
grows at around 438C with a further annealing
Ž .b]d . Finally, only a limiting T peak is observedH2
Ž .e . The conversion to the final T peak isH2
completed within a relatively short period of 24 h.
A repeating scan measured after a DSC of curve
Ž . Ž .e is the same as curve a for the non-annealed

Ž .sample f .
Fig. 3A shows a schematic diagram of relative

Ž . Ž .enthalpy D H vs. temperature t curves for
w qxNa )200]250 mM, which were constructed on
the basis of the temperatures and enthalpy
changes for the T , T and T transitionsM H1 H2
shown in Fig. 2A. Therefore, enthaplies in each
phase are shown to be constant although a tem-
perature varies. By annealing, the gel phase first

1We don’t think it appropriate to use notations T , T ,H1 H2
T and T for each subtransition of the present system.L1 L2
However, to distinguish four subtransitions, these notations
have been used in the present paper. The notation T meansH1
the transition for the subgel phase H .1
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Žconverts to a more stable phase denoted in the
.diagram by H characterized by the T transi-1 H1

Žtion, and finally to the most stable phase denoted
.by H characterized by the T transition.2 H2
w qxFor Na -200 mM, as is shown in Fig. 2B]E,

the subtransition is characterized by two peaks,
denoted by T and T , which appear at temper-L1 L2
atures lower than the T transition. Both peaksM
grow into limiting ones during the first 24-h pe-
riod of annealing. When the limiting two peaks
are compared, the area of T peak at a higherL2
temperature is larger for higher Naq concentra-
tions, in contrast with the T peak, for which theL1
area is larger for lower Naq concentrations. De-
tails in this Naq concentration region are as
follows.

w qx Ž .For Na s100 mM Fig. 2B , the annealing
up to 24 h produces only the T peak at approxi-L2

Ž .mately 208C b , but the T peak remains un-M
changed through a growth of the T peak. AL2

Ž .limiting T peak shown in b is maintained overL2
a week, after which a high-temperature subtransi-

tion peak comparable to the T peak shown inH2
Fig. 2A grows at the expense of both the T andL2

Ž .T peaks c . When the annealing of a 30-dayM
period is reached, only a limiting T peak isH2

Ž .observed d . However, the limiting T peak isH2
splitted, also showing that the transition tempera-
ture is lower by approximately 48C and the transi-
tion enthalpy is smaller by approximately 0.6
kcalrmol lipid, compared with the T peakH2

Ž .shown in e of Fig. 2A.
w qx Ž .For Na s80]50 mM Fig. 2C,D , a newly

produced T peak at around 178C grows togetherL1
with the T peak during 24-h periods of anneal-L2

w Ž . Ž .xing Fig. 2C b and D b . With a further anneal-
ing, a gradual growth of the T peak is observedH2

w qxfor Na s80 mM at the expense of the T , TL1 L2
w Ž .xand T peaks Fig. 2C c . However, a saturatedM

T peak is not attained, even with a 30-dayH2
period of annealing, and hence the T , T andL1 L2

w Ž .xT peaks remain in reduced sizes Fig. 2C d . InM
this contrast, no growth of the T peak isH2

w qxobserved for Na s50 mM and the limiting TL1
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ŽFig. 2. Typical thermal behavior of DMPG in NaCl solutions at different concentrations observed during periods of annealing at
. Ž . Ž . w qx Ž .58C up to 30 days. Apparent, excess heat capacity DCp per 1 mol of lipid is plotted as a function of temperature t . Na : A
Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .500, B 100, C 80, D 50, and E 20 mM. Annealing periods: for A : a 0, b 9, c 15, d 19, e 24 h; for B and C : a 0, b 1,

Ž . Ž . Ž . Ž . Ž .c 20, d 30 days; for D and E : a 0, b 1 day. A final DSC curve in each figure shows a repeating scan measured after a DSC for
a sample annealed for 30 days.

and T peaks remain unaltered over a period ofL2
30 days.

w qx Ž .For Na s20 mM Fig. 2E , the annealing
Ž .produces almost only the T peak b . A limitingL1

T peak is held constant over a 30-day period,L1
and hence the T peak is not detected, similarlyH2

w qx w qxto Na s50 mM. In addition, for Na s0
mM, thus, in the absence of NaCl, any apprecia-
ble change is not observed up to 30 days of
annealing.

Fig. 3B shows a schematic diagram of D H vs.
w qxtemperature curves for 20 mMF Na -200

mM, which summarizes all the phase behavior
shown in Fig. 2B]E. The transition enthalpies of
T and T shown in the diagram were esti-L1 L2
mated by a method described in the text. The
conversion of the gel to subgel phases at the
primary stage of annealing up to 24 h is as fol-

w qxlows; for 100 mMF Na -200 mM, all of the
gel phase converts to a more stable subgel phase
Ž .denoted in the diagram by L characterized by2

w qxthe T transition; for 20 mM- Na -100 mM,L2
some of the gel phase converts to the L phase2
and the remainder to a less stable subgel phase
Ž .denoted by L characterized by the T transi-1 L1

w qxtion; and for Na s20 mM, only conversion
into the L phase takes place.1

On the other hand, for the boundary region of
w qxNa s200]250 mM, the phase behavior is com-
plicated and the conversion to the T peakH2
proceeds with the appearance of T and TL2 H1
peaks during a10-day period of annealing.

To quantitatively elucidate the conversion of
the gel phase to either L or L phases for1 2
w qxNa -200 mM, the fraction F occupied byL2
the L phase was estimated from the enthalpy2
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Ž .Fig. 3. Schematic diagrams of relative enthalpy D H vs.
Ž . q Ž . Ž .temperature t at Na concentrations a above and b

below 200]250 mM for the gel, liquid crystal and subgel
Ž . .phases H , H , L and L of DMPG. a T transition1 2 1 2 M

enthalpies change from 6.7 to 6.8 kcalrmol lipid with an
q w xincrease in Na concentration from 200 to 1000 mM 7 .

.b T transition enthalpies change from 6.2 to 6.7 kcalrmolM
q w xlipid with an increase in Na concentration up to 200 mM 7 .

.c T , T and T transition enthalpies were estimated fromL1 L2 H1
a deconvolution analysis with the average standard deviation
of 0.2 kcalrK ?mol.

changes of the limiting T peaks obtained by aL2
deconvolution analysis and the remainder, 1y
F , was taken as the fraction F occupied byL2 L1

Ž .the L phase. All DSC curves b in Fig. 2B]E1
were deconvoluted by a computer program

Ž .ORIGIN, Microcal Software Inc. according to a
multiple Gaussian curve analysis. Results of the
deconvolution analyses are compared in Fig. 4.
Focusing on the subtransition peaks, a single
component of deconvoluted curve T is observedL2

w qx Ž .for Na s100 mM Fig. 4d , in contrast with
two components of deconvoluted curves T andL1

w qx Ž .T for Na -100 mM Fig. 4a]c . Since theL2
Ž .enthalpy change s10.4"0.2 kcalrmol lipid of

Ž .the single deconvoluted curve T F s1 cor-L2 L2
responds to a molar transition enthalpy for the
T transition, the fraction F was estimatedL2 L2
from F sD H r10.4, where D H is the en-L2 L2 L2
thalpy change of individual deconvoluted curves
T shown in Fig. 4a]c. The resulting values ofL2
F are plotted against Naq concentration in Fig.L2

Ž .5, together with the F s1yF . The averageL1 L2
value of molar transition enthalpies for the TL1
transition was estimated from D H rF , whereL1 L1
D H is the enthalpy change of individual decon-L1
voluted curves T shown in Fig. 4a]c. The re-L1

Žsulting molar transition enthalpy of T 8.0"0.2L1
.kcalrmol lipid is shown in Fig. 3B, together with

that of T . The point to notice in Fig. 5 is thatL2
the F increases with an increase in Naq con-L2
centration, contrary to the behavior of the F .L1

3.2. Electron microscopy

The structures of L , L and H phases were1 2 2
investigated by electron microscopy, in compar-

w qxison with our previous study with Na s1000
w x Ž . Ž .mM 8 . For micrographs of gel a , L c and H2 2

Ž . w qxphases d shown in Fig. 6, samples at Na s100
Ž . Ž . Ž .mM were used as a , b and d of Fig. 2B,

Ž .respectively. For a micrograph of L phase b , a1
w qxsample at Na s20 mM characterized by curve

Ž .b of Fig. 2E was used, although it contains the
L phase by approximately 8% in fraction, as2
shown in Fig. 5. For the L phase shown in Fig.2
6c, several lamellae are observed to be regularly
and closely stacked in a two-dimensional belt-like
structure, which is comparable to a structure of
DPPG subgel phase previously reported by other

w xworkers 15,16 . The L phase shown in Fig. 6b is1
also the belt-like structure, but loose and irregu-
lar stacks of lamellae are observed. For the H 2
phase in Fig. 6d, 8]10 lamellae are wrapped in a
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Fig. 4. Deconvolution analyses of DSC curves for the T andL1
q Ž .T subtransitions of DMPG at Na concentrations of a 20,L2

Ž . Ž . Ž .b 50, c 80 and d 100 mM. The deconvolutions were
performed on the basis of a computer program ORIGIN for
Gaussian curve analysis attached to a Microcal calorimeter
w x25 . The T transition peaks were also deconvoluted becauseM
of overlapping the subtransition peaks. In each figure, decon-
voluted T and T curves, deconvoluted T curves and aL1 L2 M

Ž .sum of these deconvoluted curves i.e. a theoretical curve are
shown by dotted lines, compared with the experimental DSC
curve shown by a solid line. The theoretical curve was well
fitted to the experimental curve with the average standard
deviation of 0.2 kcalrK per mol. The apparent, excess heat

Ž .capacity DCp per 1 mol of lipid is plotted against tempera-
Ž .ture t .

cylinder and a group of the H phase is shown in2
Fig. 6e. Such a cylindrical superstructure has been

w qxalready reported for Na s1000 mM in our
w xprevious paper 8 .

4. Discussion

Fig. 3A,B indicate that the H phase is thermo-2

Fig. 5. Variations of fractions occupied by the L and L1 2
subgel phases with Naq concentration. F and F areL1 L2
fractions occupied by the L and L phases, respectively.1 2

dynamically stable, but other phases such as gel,
L , L and H are metastable. Furthermore, it is1 2 1
shown that there are two pathways for the con-
version of DMPG gel vesicles to a final destina-
tion of the most stable H phase by annealing.2
The two pathways differ in an intermediate phase
which appears on the way to attainment of the H 2

w qxphase. Thus, the pathway A for Na )250 mM
is by way of the H phase and the pathway B for1
w qxNa -200 mM is by way of the L phase. As2

w xpreviously reported by us 7 , the non-specific
shielding effect of Na cation, due to a diffuse
double layer, on negatively charged DMPG gel
vesicle reaches a saturation at approximately
w qxNa s200 mM. Accordingly, the selection of

Ž . Ž .either pathways A H phase or B L phase1 2
depends on whether Naq concentration is above
or below the saturation point. As is obvious from
Fig. 3, the intermediate H and L phases differ1 2
in the transition mode to the liquid crystal phase.
However, belt-like lamellar stacks similar to the
L phase shown in Fig. 6c have already been2

w xobserved for the H phase 8 . Considering such a1
structural resemblance between both intermedi-
ate phases, it is presumed that the conversion
process is essentially the same for pathways A
and B. Thus, although the gel phase results from
the isomerization of hydrocarbon chains from
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gauche to trans by a cooling to temperatures
below the T transition, the hydrocarbon chainsM
of the gel phase are not so close together as
expected for their trans form. So, a narrowing of
the chain]chain distance gradually proceeds at
the primary stage of annealing. However, for
DMPG having negatively charged head group, it
is required to reduce a repulsion space between
adjacent head groups. For this, a specific shield-
ing effect of Na cation would be required in such
a way that external bulk Na cations condense on
the surface of the vesicle. Such an action of the
cations leads to a decrease in the surface curva-

w xture of the outermost lamellar in each vesicle 7 ,
so that the lamellar separation from the vesicle
shown by Fig. 6f occurs. All lamellae surrounding
the vesicle separate successively, as shown by Fig.
6g, and exist in a belt-like lamellar stack, more or
less, in a helical structure, which corresponds to
the intermediate L and H phases. At the sec-2 1
ondary stage of annealing, the lamellar stack en-
hances its helical structure, and finally reaches a
limiting, maximum helix corresponding to the H 2
phase of cylindrical superstructure shown in Fig.
6d.

As shown in Fig. 3B, although there are struc-
tural differences in the multiplicity and size among

w qxDMPG vesicles for Na -200 mM, their desti-
nations at the primary stage of annealing are
limited to two subgel phases of L and L . This1 2
indicates that two types of lipid packings are
allowed for the metastable subgel phase of DMPG

in this Naq concentration. In this connection, it is
noticeable that the transition temperatures of
both subgel phases are almost fixed at T andL1
T , respectively, regardless of Naq concentra-L2

Ž .tion Fig. 4 , although their fractions depend on
q Ž . qNa concentration Fig. 5 . Such Na concentra-

tion-independent-subtransition temperatures sug-
gest that the L and L phases at each Naq

1 2
concentration incorporate interlamellar Na cation
in constant amounts, respectively, which are re-
quired to realize closer chain packings for both
phases, compared with the gel phase. However,
irregularly and rather loosely stacked lamellae of

Ž .the L phase Fig. 6b indicate a less amount of1
interlamellar Na cations for this phase than for

Ž .the L phase of closely stacked lamellae Fig. 6c .2
Because of such a structural irregularity, the L1
phase is unable to convert into a more ordered
structure of the H phase at the secondary stage2

Ž .of annealing Fig. 2E . In this contrast, the L 2
Žphase completely converts to the H phase Fig.2

.2B . Furthermore, it is suggested that the incor-
poration of interlamellar Na cation in a desired
amount, especially for the L phase, causes an2
imbalance in Naq concentration between inter-
lamellar and external bulk regions. Therefore, to
minimize the imbalance, as is shown in Fig. 5, the
fraction of the L phase rich in interlamellar Na2
cation is diminished by a decrease in Naq con-
centration, contrary to the fraction of the L1
phase.

So far many studies of phase behavior of PGs
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Ž . w qx Ž .Fig. 6. Electron micrographs of DMPG assemblies: a a multilamellar vesicle in the gel phase prepared at Na s100 mM; b
Ž . Ž .loosely stacked lamellae in a belt-like structure L phase observed after annealing at 58C for 1 day for a vesicle prepared at1

w qx Ž . Ž . Ž .Na s20 mM; c closely stacked lamellae in a belt-like structure L phase observed after annealing at 58C for 1 day for the2
Ž . Ž . Ž . Žvesicle a ; d a superstructure composed of lamellae wrapped in a cylinder H phase observed after annealing at 58C for 302

. Ž . Ž . Ž .days for the vesicle a ; e a group of cylindrical superstructures; f lamellar separations observed at the beginning of annealing;
Ž .and g a great number of lamellae separated from the vesicle

have been performed with a variety of buffers,
simultaneously in the presence or absence of vari-

w xous salts at different concentrations 1]6,15]19 .
However, for comparisons of these past studies, it
is required to pay particular attention to coexist-
ing cations, by which a lateral packing of PG
molecules is greatly affected. In this connection,
to investigate the effect on the subgel phase by
sodium cation contained as a component of buf-
fer, DMPG vesicles prepared with sodium phos-

Ž .phate buffers at pH 7.0 at different concentra-
Žw qxtions of 15 and 72 mM Na : ;20 and ;100

.mM were annealed at 58C over a period of 24 h
and compared with the results in NaCl solutions
shown in Fig. 2. Thermal behavior in the buffer
solutions shown in c and d of Fig. 1 is almost

Ž . Ž .comparable to that shown in B b and E b of Fig.
2 at the corresponding Naq concentrations, re-
spectively, indicating the same function for both
sodium cations derived from phosphate buffer
and NaCl.

According to the above-discussed result, to
compare with DPPG subgel phase in 50 mM

Žw x .sodium phosphate buffer Na : ;70 mM previ-
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ŽFig. 7. Thermal behavior observed after annealing at 58C for
.at least 30 days for DPPG vesicles prepared with NaCl

Ž . Ž . Ž .solutions at concentrations of a 40, b 70 and c 100 mM.
Ž .Apparent, excess heat capacity DCp is plotted as a function

Ž .of temperature t .

w xously reported by Wilkinson 15 and Blaurock
w x16 , DPPG vesicles prepared with 40, 70 and 100
mM NaCl aqueous solutions were annealed over
a period of at least 30 days. As shown in Fig. 7,
the resulting subtransition peaks of DPPG show
Naq concentration-dependent-behavior similar to
DMPG subtransition peaks shown in Fig. 4. Thus,
the double-peaked subtransition shown in a and b
of Fig. 7 indicates a two-subgel phase system for
DPPG, although it has been treated as a single

w xsubgel phase by previous workers 15,16 . The
total enthalpy changes of the subtransitions char-
acterized by a single or double peaks shown in
Fig. 7 are 6.3, 7.4 and 8.4 kcalrmol lipid for a, b
and c, respectively. The molar subtransition en-

Ž .thalpies D H and D H for the L and LL1 L2 1 2

phases of DPPG were estimated from the decon-
volution analysis used for DMPG. The resulting
values are 4.6"0.2 and 8.4"0.2 kcalrmol lipid
for the D H and D H , respectively, and fairlyL1 L2

smaller than the corresponding subtransition en-
Žthalpies of DMPG thus, 8.0 and 10.4"0.2

.kcalrmol lipid . The smaller subtransition

enthalpy for DPPG is the opposite chain length-
dependence to that of the T transition enthalpyM
which is larger for longer chains, thus, 6.4 and 8.5
kcalrmol lipid for DMPG and DPPG, respec-
tively.

w xIn a series of studies, the Nagle group 22]24
has revealed a large contribution of the change in
the van der Waals interaction energy of the hy-
drocarbon chains to the transition enthalpies in
lipid]water systems. However, data of X-ray
diffraction and dilatometry are necessary for esti-
mations of the van der Waals interaction energy.
So, by using the data for DPPG in 50 mM sodium
phosphate buffer obtained by Wilkinson et al.
w x5,15 , although their data for the subgel phase
are ones for a two phase system of L plus L ,1 2
the difference in the van der Waals interaction
energy between the L gel and subgel phases forb9

DPPG, DU , was calculated from a formulavdw
w xpreviously developed by Nagle et al. 22,23 ;

5Ž . Ž .DU sy 2.3 kcal r rrvdw o Lb9gel

5Ž . Ž .y r rr kcalrmol CH , 1o subgel 2

where r is the nearest neighbor separationo
between hydrocarbon chains at 0 K and rLb9gel
and r are the chain separations for the Lsubgel b9

gel and subgel phases at the same temperature,
respectively. The chain separation, r for theLb9gel
L gel phase was obtained from the volume perb9

2 3˚ ˚'Ž .Ž .CH group, V s 1.27 A 3 r2 r A , based2 CH2
upon approximate hexagonal packing of the hy-
drocarbon chains. In the same manner, r forsubgel
the subgel phase was estimated although its X-ray
wide angle reflection is further from hexagonal

w xthan the L gel phase 15 . First, V for the Lb9 CH2 b9

gel phase of DPPG as a function of temperature
Žwas calculated from the X-ray spacing ds4.25

˚ .A at 208C and the thermal expansion coefficient
y5 ˚3Žas105=10 mlrg?degs1.30 A rmolecule ?

. w xdeg for this phase 5,15 as follows; the V forCH2
the L gel phase at 208C was calculated to beb9

2 3˚ ˚ ˚'Ž . Ž .1.27 A= 3 r2 = 4.25 A s26.5 A , and then1
extrapolated back to 08C and up to the T tem-p
perature using the coefficient of thermal expan-
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Ž . Ž . Ž . Ž .Fig. 8. Volume per CH group of the hydrocarbon chains V as a function of temperature t for I the L gel and II subgel2 CH2 b9

Ž . w x Ž .L plus L phases of DPPG estimated from data of X-ray diffraction and dilatometry by Wilkinson et al. 5,15 . a and b : V at1 2 CH2
208C for the L and L subgel phases of DPPG calculated from the T and T subtransition enthalpies, respectively.1 2 L1 L2

Ž .sion per CH group, a s 1r32 = 1.302 CH2
˚3 ˚3A rmolecule ?degs0.0406 A rCH ?deg. The re-2

sulting V s25.70q0.0406 t for the L gelCH2 b9

phase of DPPG are shown in curve I of Fig. 8.
On the other hand, V for the subgel phaseCH2

as a function of temperature was calculated from
˚Ž .the X-ray spacing ds4.11 A at 108C for this
Žphase and the volume change DV ts0.035 mlrg

˚3 .s43.3 A rmolecule associated with the subtran-
w xsition 15 as follows; the V for the subgelCH2

Žphase at 278C the midpoint temperature of the
˚3.subtransition , 25.4 A , was calculated by subtract-

ing the volume change per CH group at the2
˚3Ž .subtransition, DV t s 1r32 =43.3 A rmole-CH2

˚3cule s1.35 A rCH , from the V for the L2 CH2 b9

gel phase at the same temperature obtained from
˚3curve I, 26.8 A rCH , and then used to calculate2

the coefficient of thermal expansion per CH2
group for the subgel phase, a s 0.0396CH2
˚3A rCH ?deg, with the aid of the V at 108C,2 CH2

2 3˚ ˚ ˚'Ž . Ž .1.27 A= 3 r2 = 4.11 A s24.8 A . The re-
sulting V s24.38q0.0396 t for the subgelCH2

phase is shown in curve II of Fig. 8. As shown in
Fig. 8, the a is almost the same for curves ICH2

and II, indicating that the difference in the VCH2

between the L gel and subgel phases is nearlyb9

the same at any temperature below the subtransi-
tion. Reflecting this phenomenon, values of DUvdw
w Ž . Ž .xs U L gel y U subgel calculated fromvdw b9 vdw

Ž .Eq. 1 reveal only small temperature dependence
such as 6.8, 6.5 and 6.3 kcalrmol lipid at 10, 20
and 278C, respectively. Furthermore, DU calcu-vdw

lated at the neighborhood of the subtransition
temperature are found to be close to the total

Ž .transition enthalpy 6.3 kcalrmol for the double
Ž .peaked subtransition Fig. 7a obtained by us.

This result indicates that the origin of the sub-
transition enthalpy is almost a change in the van
der Waals interaction energy of hydrocarbon
chains caused by a shorter chain separation for
the subgel phase than for the L gel phase.b9

Based upon the above-discussed result that
DU at the neighborhood of the subtransitionvdw
temperature is nearly equal to the calorimetric
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subtransition enthalpy, the molar subtransition
Ž .enthalpies of T and T 4.6 and 8.4 kcalrmolL1 L2

for DPPG obtained by us were used to calculate
the r at 208C for each of the L and Lsubgel 1 2

Ž . Žsubgel phases from Eq. 1 using the r s4.91Lb9gel
˚ .A, at 208C obtained from curve I shown in Fig. 8.
In the calculation for the r for the L phase,subgel 2
the subtransition enthalpy into the L gel phase,b9

w Ž .x7.6 s 8.4 y 0.8 T transition enthalpyp
kcalrmol, was used, by considering no pretransi-
tion in curve c of Fig. 7. The resulting values of

˚r at 208C are 4.8 and 4.7 A for the L andsubgel 2 6 1
L phases, respectively. For a comparison with2

Ž .V for the L plus L phases shown in curveCH2 1 2
II of Fig. 8, the V for each subgel phase wasCH2
also estimated at 208C and are shown in the same
figure.

There is some uncertainty in the above calcula-
tions because the hexagonal array is substituted
for the chain packing of the subgel phases of
DPPG. However, it seems to be proved that the
difference in the enthalpy between the L and L1 2
phases of DPPG relative to the L gel phaseb9

comes from the difference in the van der Waals
interaction energy caused by the difference in the
chain]chain separation between both subgel
phases. The same result holds also for the L and1
L phases of DMPG, thus, indicating that the2
enthalpy difference, 2.4 kcalrmol, shown in Fig.
3B is caused by a closer chain packing for the
latter than for the former. Presumably, a larger
amount of interlamellar Na cations for the L 2

Ž .phase discussed above causes a greater shielding
effect on the head groups, resulting in a shorter
chain separation for this phase, compared with
the L phase.1

Finally, focusing on the present result that the
van der Waals interaction energy of the hydrocar-
bon chains is a determinant for the enthalpy of
lipid assemblies in a trans form, a little or almost
no chain-length dependence could be suggested
for the chain separation of the subgel phase, in
contrast to the chain separation of the gel phase

w xwhich is longer for shorter chains 22 . As a
result, the DU between the gel and subgelvdw
phases becomes larger for shorter chains, and this
causes the larger subtransition enthalpy for

DMPG than for DPPG observed in the present
study.
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