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Abstract

The thermal behaviour and structural changes associated with the phase transformation of 1,2-dipalmitoyl-sn-
Ž .glycerol DPG were studied by means of simultaneous X-ray diffraction and differential scanning calorimetry.

Metastable DPG solid phases are crystallized from the melted sample by thermal quenching. The metastable phase
Ž . Ž .a-phase formed initially is converted into a stable phase b9 phase at ;508C on heating. It was found that the
behaviour of the a- to b9-phase transformation depends on the thermal history. DPG solid samples incubated at
;38C for more than 10 h after cooling transformed directly into the b9-phase with heat release. On the other hand,
in the solid samples without incubation, the a-phase once melted and then the crystallization of the b9-phase
occurred successively from the melted state. Q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The lipid matrix of biological membranes is
said to consist of a bilayer of polar lipids of which
the diacylglycerolipids predominate in most cell
membranes. The enzymatic hydrolysis of the polar
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groups of these lipids can be triggered by agonists
outside the cell, resulting in the accumulation of

Ž .appreciable amounts of diacylglycerol DAG in
w xthe membrane 1 . The presence of DAG in the

membrane is known to be one of the key compo-
nents of transmembrane signal transduction

w xprocesses 2]4 , since it has been shown to modu-
late the activity of various membrane enzymes
w x5,6 and mediate fusion between lipid bilayer

w xmembranes 7,8 .
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To investigate the molecular mechanisms un-
derlying these biochemical events, the physico-
chemical properties of mixtures containing DAGs
and phospholipids have been widely investigated

w xusing a variety of biophysical techniques 9]20 . A
knowledge of the physicochemical properties of
each of the components is indispensable to a
reliable interpretation of the results obtained with
mixtures. Despite their biological relevance, how-
ever, there are relatively few studies of the
physicochemical properties of pure DAGs com-
pared to those of pure phospholipids.

Among the various DAGs, diplmitoylglycerol
Ž .DPG has been investigated in some detail
w x21]26 . The crystal structure of DPG with atomic

w xresolution has already been reported 24]26 .
w xCalorimetric and diffraction studies 21]24 have

revealed that DPG forms different solid phases,
depending on the crystallization conditions. When
DPG crystallizes from organic solvents, it forms a
stable crystal phase. This phase is denoted b9

w xphase by Kodali et al. 22 . In the b9-phase, the
hydrocarbon chains are packed in an orthorhom-
bic subcell. Thermal quenching of melted DPG
sample results in formation of a metastable crys-
talline phase in which the hydrocarbon chains are
packed into a hexagonal subcell. This phase is

w xdesignated a-phase 22 . In the a-phase above
268C, the hydrocarbon chains are perpendicular
to the bilayer plane, while, below 268C, the chains

w xbecome titled 27 . A transformation from
metastable a-phase to stable b9-phase takes place
on heating. Calorimetric studies have revealed
that in this transformation, DPG exhibits two
types of thermal events, depending on the condi-
tion of temperature treatment before the mea-
surements, i.e. the thermal history of the sample
w x22,27 . In one case the phase transformation
occurs with both endothermic and exothermic
events around 508C. This suggests that there are
two pathways in the solid phase transformation
from the a-phase to the b9-phase, depending on
the thermal history. To our knowledge, however,
no direct structural evidence for the two pathways
has been reported.

The aim of this study is to characterise the
precise structural changes during the phase trans-
formations of DPG and to relate the structural

changes with the thermal events. Independent
measurements using differential scanning

Ž .calorimetry DSC and X-ray diffraction were
performed in addition to simultaneous X-ray
diffraction and DSC measurements using a syn-
chrotron X-ray source. The present study clearly
showed that, in the case of the DPG samples
incubated at ;38C for more than 10 h, the
a-phase is converted directly into the b9-phase
but that without incubation at low temperatures,
the a-phase is transformed into the b9-phase by
way of a melted phase.

2. Material and methods

Ž .The 1,2-dipalmitoyl-sn-glycerol DPG was pur-
chased in powder form from Sigma Chemical Co.
Ž .St Louis, MO, USA and used without further
purification. The purity was examined by thin
layer chromatography on a silica gel plate devel-
oped using solvent systems consisting of chloro-
formrmethanolr30% aqueous ammonia s

Ž .10:10:3 by vol . A single spot was shown on the
plate. The powder of DPG was dissolved in hex-
ane. The solvent was evaporated under a stream
of oxygen-free dry nitrogen and then, the sample
was stored for ;16 h in vacuo to remove remain-
ing traces of solvent.

Simultaneous X-ray diffraction and DSC mea-
surements were performed on beam line 15A of

w xthe Photon Factory at Tsukuba, Japan 29 . With
the use of a modified differential scanning

Žcalorimeter FP84, Mettler Instrument Corp.,
.Hightstown, NJ , time-resolved X-ray diffraction

and thermal data were obtained simultaneously
from the same sample. The detailed method and
modification of the calorimeter have been re-

w xported elsewhere 30,31 . The wavelength of the
synchrotron X-rays was 0.1506 nm. The patterns
of diffracted X-rays were recorded using a posi-

Ž .tion sensitive proportional counter PSPC with
512 channels. Sample-to-detector distances were
;280 mm and ;1500 mm for wide- and small-
angle measurements, respectively. The diffraction
spacings were calibrated using the lamellar spac-

w xing of anhydrous cholesterol 32 . The powder
Ž .samples ;10 mg were sealed between thin

Ž .aluminium foils thickness ;40 mm . All experi-
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ments were performed in heating mode with a
scan rate of 1.08Crmin.

DSC experiments were carried out using a
ŽDSC10rSSC580 calorimeter Seiko I & E, Tokyo,

.Japan . DSC data for both heating and cooling
scans were recorded at a scan rate of 1.08Crmin.

Ž .Samples ; 1.5 mg were placed in small
Žaluminium pans Mettler Instrument Corp., High-

.tstown, NJ and hermetically sealed.
Static X-ray diffraction measurements were

carried out using a Ni-filtered CuK radiationa

Ž .source RU200BEH, Rigaku, Tokyo, Japan and a
Žtwo-dimensional area detector Imaging plate,

.Fuji Photo Film Co. Ltd., Tokyo, Japan . The
X-ray beam was focused by a double-mirror opti-
cal system. Samples sealed in glass capillary tubes
were fixed to a brass hollow holder. Temperature
of the sample was controlled by circulating water

Žfrom a temperature-controlled water bath B.
.Braun, Melsungen, Germany though the sample

mount. The data sampling of the imaging plates
was performed with a BAS2000 data reading sys-

Ž .tem Fuji Photo Film Co. Ltd. .

3. Results

The effects of thermal history were examined
with respect to the thermal behaviour of DPG,
using DSC. On heating, the melting transition of
DPG crystallized from hexane was observed at

Ž .68.78C Fig. 1a . The enthalpy was 112 kJrmol.
Recrystallization on cooling from isotropic melted
state exhibited considerable hysteresis and the

Ž .exothermic peak was observed at 48.98C Fig. 1b
some 208C lower than the melting endotherm.

Ž .The enthalpy of the recrystallization 60 kJrmol
was less than that of the melting transition
observed for the initial heating scan, because the
initial solid phase formed by cooling from the

w xmelted state is a metastable a-phase 21]23 .
This was confirmed by static X-ray diffraction
Ž .Fig. 2 . The X-ray diffraction pattern of the

Ž .b9-phase Fig. 2a is characterised by multiple
wide-angle diffraction peaks compared with the
a-phase where the wide-angle scattering region is
dominated by a single symmetrical peak at a

Ž .spacing of 0.413 nm Fig. 2b . This indicates that
the metastable phase is more disordered than the

Ž .Fig. 1. DSC thermograms of the DPG samples. a Initial
Ž .heating thermogram of DPG crystallized from hexane. b

Ž .Cooling thermogram from the DPG melt. c Second heating
thermogram obtained from the sample without incubation

Ž .after cooling. d Second heating thermogram obtained from
the sample incubated at ;38C for 10 h. All scan rates were
1.08Crmin.

stable phase. These DSC results of the first heat-
ing and cooling scans agree with previous calori-

w xmetric studies 22,23 .
The second heating DSC curves were different

from the first heating scan for crystallized sam-
ples from organic solvents and showed the depen-

Ždence on the thermal history of the samples Fig.
.1c,d . The immediate second heating scan showed

Ž .three separate peaks in the thermogram Fig. 1c ;
an endothermic peak at 50.38C followed closely
by an exothermic peak at 51.68C and a higher
temperature endothermic transition with the en-
thalpy of 112 kJrmol at 68.38C. The enthalpies of
the transitions around 508C are difficult to calcu-
late accurately but the enthalpy of the exothermic
transition was invariably greater than that of the
endothermic transition. Hence, the net heat flow
of the transitions around 508C was exothermic
and the overall enthalpy is ;40 kJrmol. Judging
from the temperature and the enthalpy of the
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Fig. 2. Static X-ray diffraction patterns of DPG recorded from
Ž . Ž . Ž .a a hexane-crystallized sample at 208C b9-phase . b A

Ž .crystallized sample at 208C a-phase formed immedatly on
Ž . Žcooling from the melt. c The malt at 758C. Ss2sinurl

.:2usscattering angle, lswavelength of X-rays .

higher temperature endothermic transition, the
endothermic and exothermic events in the tem-
perature region of 508C can be interpreted as a
melting transition from the a-phase and subse-

w xquent recrystallization to the b9-phase 22,23 .
Direct evidence supporting this interpretation was
obtained from simultaneous X-ray diffraction and
DSC measurements as described below. As Shan-

w xnon et al. have pointed out 23 , the broadness of
Ž .the melting transition of the b9-phase Fig. 1c
Ž .relative to solvent-crystallized sample Fig. 1a

may represent a degree of crystal imperfection
with the b9-form recrystallized after the melting
transition of the a-phase.

An indication of the rate of relaxation of the
metastable phase into the stable crystalline phase
was examined by studying the effect of incubation
time on the thermal events around ;508C. Sam-
ples stored for longer than 10 h at ;38C after
cooling from the melted state showed two transi-
tion enthalpies in heating thermograms. For the

Ž . Ž .Fig. 3. Plots of a the transition temperature and b the
enthalpy of the exothermic transition of DPG incubated at
;38C as a function of the incubation time.

sample incubated at ;38C for 10 h, an ex-
othermic peak was observed at ;498C and an

Ž .endothermic peak at 698C Fig. 1d . This thermo-
Ž .gram Fig. 1d is almost the same to that obtained

from DPG samples incubated 40 days at 158C
w x28 . The peak temperature and enthalpy of the
exothermic peak around ;498C decreased expo-

Žnentially with incubation time up to 30 days Fig.
.3 whereupon it reached a constant value. The

peak temperature and enthalpy of the en-
dothermic transition observed at ;698C is con-
sistent with a melting transition of the b9-phase.
The decrease of the enthalpy with increasing in-
cubation times clearly suggests that the domain of
the b9-phase grows in the a-phase by incubating
at ;38C. This was confirmed by X-ray diffraction
measurements. In addition to the small-angle
diffraction peak assigning to the a-phase, a weak
diffraction peak was observed in the small-angle
X-ray diffraction pattern recorded at 208C in the
sample incubated at ;38C for 400 h after cooling

Ž .from the melted state Fig. 4 . The spacing of this
minor peak is consistent with a coexisting the
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Fig. 4. Small-angle X-ray diffraction pattern from a sample of
DPG incubated at ;38C for 400 h recorded at 208C. The
patterns are also shown in a fivefold expanded vertical scale in
the range of 0.21-S-0.26 nmy1.

domain of b9-phase formed from a-phase during
incubation at 38C.

To characterise the structural changes that take
place in the temperature region of 508C in the
temperature scans of samples reheated immedi-
ately after cooling or after incubation at ;38C,

we carried out simultaneous X-ray diffraction and
DSC measurements. In order to get high resolu-
tion data, scattering from of small- and wide-an-
gles were acquired separately using different
camera lengths. It is conceivable that small dif-
ferences could occur in the thermal history of
samples prepared for the two measurements but
because simultaneous thermal and diffraction
data were collected from each the comparison
between thermal events and structural changes is
valid. Figure 5 presents small-angle X-ray
diffraction patterns recorded from the simultane-
ous measurements. Within the resolution in these
experiments, only two Bragg diffraction peaks at
4.82 nm and 4.37 nm were observed. Judging from
these spacings and the wide-angle diffraction data
Ž .Fig. 7 , we tentatively assign the diffraction peak
at 4.82 nm to the a-phase of DPG and that the
peak at 4.37 nm to the b9-phase. No other inter-
mediate ordered phase formed during the trans-
formation from the a-phase to the b9-phase could
be detected from the X-ray data. The diffraction
peaks of the b9-phase appeared only after com-

Fig. 5. Small-angle diffraction patterns recorded using simultaneous X-ray diffraction and DSC methods with a heating scan rate of
Ž . Ž .1.08Crmin. a DPG without incubation after cooling from the melted state. b DPG after incubation at ;38C for 400 h.
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plete disappearance of that of the a-phase in the
Ž .sample without incubation Fig. 5a . By contrast,

a coexistence of a- and b9-phases was observed
during the transformation in the sample in-

Ž .cubated at ;38C for 400 h Fig. 5b . As de-
scribed above, this coexistence was detected at

Ž .even 208C Fig. 4 . The decrease intensities of the
a-phase diffraction peak was associated with cor-
responding increase of intensity of the b9-phase
with increasing temperature.

To clarify the relationship between the thermal
events and structural changes during the
metastable-to-stable phase transformation, the
change of intensity in X-ray scattering in the
small-angle diffraction region and simultaneous

Ž .DSC data are plotted in the same graphs Fig. 6 .
It can be seen from these data that the onset and
completion of the thermal events are highly cor-
related with those of change in the diffraction
intensity. In the DPG sample reheating immedi-
ately, the temperature of the endothermic peak
coincides with the temperature at which no dis-
tinct X-ray diffraction peak was observed in the

Ž .small-angle X-ray scattering region Fig. 6a .
Wide-angle measurements were also performed

on the samples with or without the incubation at
Ž .;38C for 40 h Figs. 7 and 8 . Both wide-angle

diffraction patterns of samples with or without
incubation at 38C in the temperature range below
;498C were characterized by a single symmetric

y1 Ž . Žpeak centred 2.4 nm ds4.2 nm Fig. 7a and
.Fig. 8a . This indicates that the hydrocarbon

Žchains are packed into a hexagonal lattice a-
.phase . The width of the diffraction peaks differs

between samples shown in Fig. 7a and Fig. 8a,
because slits with different widths were placed in
the front of the detector. In the sample reheated
immediately without incubation, the intensities of
the wide-angle diffraction peak of the a-phase
decreased abruptly as the temperature ap-
proached 498C and at 50.38C only a broad

Ž .diffraction band was observed Fig. 7a . The dif-
fuse Bragg scattering in the wide-angle region
indicates that the hydrocarbon chains become
disordered as the a-phase melts. Upon heating
above ;508C, three diffraction peaks appear

y1 Ž .which are centred at 2.25 nm ds0.44 nm ,
y1 Ž . y1 Ž2.45 nm ds0.41 nm , and 2.6 nm ds0.38

Fig. 6. Comparison between the small-angle X-ray diffraction
and DSC data obtained from the simultaneous measurements.
Ž .a DPG reheated immediately without incubation after

Ž .cooling from the melted state. b DPG after incubation at
Ž . Ž .;38C for 400 h; }}} DSC data; v intensities of the

Ž .diffraction peak of the a-phase; B intensities of the diffrac-
tion peak of the b9-phase.

.nm . This diffraction pattern is similar to that of
Ž .DPG crystallized from organic solvent Fig. 2a .

This data indicates that the b9-phase was crystal-
lized from a melted phase of DPG. The structural
transitions observed by diffraction measurements
coincide precisely with the thermal data recorded
simultaneously. The temperature at which only a
broad diffraction peak was observed corresponds
to the temperature of the endothermic DSC peak
Ž .Fig. 7 . This result is in good agreement with that

Žobtained from the small-angle experiments see
.Fig. 6a . The effect of storage of the DPG at

;38C for 40 h after cooling from the melted
state is illustrated in Fig. 8. This shows evidence
for a coexistence of the diffraction peaks charac-
terizing the a- and b9-phases, respectively, with
no apparent disordering of the hydrocarbon chains
over the temperature range in which the ex-

Žothermic peak appeared in the DSC curve Fig.
.8 . This result implies that the DPG incubated at



( )H. Takahashi et al. r Biophysical Chemistry 77 1999 173]181 179

Ž .Fig. 7. a Wide-angle X-ray diffraction patterns for DPG
reheated immediately without incubation after cooling from
the melt using simultaneous X-ray diffraction and DSC meth-
ods with a heating scan of 1.08Crmin. The temperature at
which each pattern was recorded is indicated on the right side
of each pattern. The numbers on the left side refer to the

Ž .numbers on the DSC thermograms. b The corresponding
DSC thermograms.

a low temperature undergoes a two-state transi-
tion in which the a-phase transforms directly into
the b9-phase with no detectable intermediate
phase.

4. Discussion

The present results clearly distinguish between
two pathways in transformation of DPG from the
a- to b9-phase, depending on the thermal history.
The DPG in the a-phase without prolonged in-
cubation at low temperature transforms into the
b9-phase by way of a disordered melted phase as
indicated from direct observation of structural
changes at the molecular level. On the other

Ž .Fig. 8. a Wide-angle X-ray diffraction patterns for DPG
incubated at ;38C for 40 h after cooling from the melt using
simultaneous X-ray diffraction and DSC methods with a heat-
ing scan of 1.08Crmin. The temperature at which each pattern
was recorded is indicated on the right side of each pattern.
The numbers on the left side refer to the numbers on the

Ž .DSC thermograms. b The corresponding DSC thermograms.

hand, when DPG is incubated at ;38C for more
than 10 h, the a-phase appears to be converted
directly into the b9-phase.

On the basis of previous results obtained by
w xcalorimetry, Kodali et al. 22 and Albon and

w xco-workers 27,28 have concluded that the process
of phase transformation from the a-phase to b9-
phase of DPG is consistent with a nucleation and
growth process. Let us consider the present re-
sults for the a- to b9-phase transformation from
the viewpoint of the growth of the b9-phase do-
main. Similar discussions have been published for
solid-state transformation of triacylglycerols
w x33,34 .

In the case without prolonged incubation at
low temperature, it is expected that the growth
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rate of the b9-phase in the a-phase will be slower
than that in the melted state, due to the slow
mobility of molecules and the relatively high den-
sity of the a-phase in comparison with the melted
phase. Hence, the domain of the b9-phase formed
immediately on cooling from the melt cannot
grow rapidly in the a-phase during heating com-
pared with the melted phase. In contrast, after
melting of the a-phase, a rapid growth of the
b9-phase occurs in the melted phase. The growth
rate of the b9-phase is slow in the a-phase, but a
prolonged incubation at low temperature allows
the formation of the relatively large domain of
the b9-phase which can be detected by X-ray
diffraction. Generally a larger domain has a
smaller ratio of an interfacial surface area to
volume than a small domain. Thus, it can be
inferred that, as domains become bigger, the in-
hibitory effect of the interfacial energy between
stable and metastable phases on the domain
growth progressively diminished and the domain
growth can accelerate. As a result, direct trans-
formation from the a-phase to the b9-phase oc-
curs above ;468C in the sample subjected to
prolonged incubation at 38C.

The results presented in this work demonstrate
clearly that the phase behaviour of DPG depends
markedly on the thermal history of the sample.
We may therefore anticipate that the phase be-
haviour of binary mixtures of phospholipids and
DPG may also depend on the thermal history.
Some support for this idea has been obtained
from studies of mixtures of 1,2-dipalmitoyl-
phosphatidylcholine and DPG in which mixtures
where DPG exceed 60 mol% a metastable be-
haviour of phase separated DPG was observed
but there was no detectable hysteresis in the
thermal behaviour of the complex formed by the

w xtwo lipids 17 .
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