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Abstract

Aqueous dispersions of dilauroylphosphatidylglycerol (DLPG) and dimyristoylphosphatidylglycerol (DMPG) form
stable subgel and liquid crystalline lamellar phases, L. and L,, and also metastable gel phases, L, and P, at
physiologically relevant conditions (neutral pH, <0.2 M salt). The metastable gel phase L, relaxes to the stable
subgel phase upon low-temperature storage, with at least one metastable intermediate in the case of DMPG. The
gel-liquid crystalline phase transition takes place at temperature with 15-30°C lower as compared to that of the
subgel-liquid crystalline phase transition in these phosphatidylglycerols. Therefore, the lamellar liquid crystalline
phase L, is expected to exhibit metastability in the temperature range between the gel-L, and subgel-L, phase
transitions, in which the subgel phase is the equilibrium one. Here we demonstrate by using differential scanning
calorimetry that crystallisation from the liquid crystalline phase in this temperature interval takes place in DMPG and
DLPG. The kinetics of the observed L,-to-L, phase relaxation is sensitive to the thermal prehistory of the lipid
dispersion. This is possibly related to the different morphologies of the lipid aggregates in the subgel and liquid
crystalline phases (Epand et al., 1992) and the slow interconversion between them. © 1997 Elsevier Science Ireland
Ltd.
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1. Introduction relevant conditions (neutral pH, <0.2 M salt)
exhibit phase transitions similar to those of the
Aqueous dispersions of the anionic saturated zwitterionic phosphatidylcholines with the same

phosphatidylglycerols (PG) at physiologically acyl chains (NIST Standard Reference Database
34, 1994; LIPIDAT (http://www.lipidat.chemistry.

Abbreviations: DMPG, 1,2-dimyristoyl-sn-glycero-3-phos- ohio-state.edu); Zhang et al., 1997). Thus, dilau-
phoglycerol; DLPG, 1,2-dilauroyl-sn-glycero-3-phosphoglyc- r oylphosph ati dylglycerol (DLPG) dispersions dis-
erol; DSC, differential scanning calorimetry. R A X
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(Findlay and Barton, 1978; Fleming and Keough,
1983; Zhang et al., 1997), while in DMPG the
phase sequence lamellar gel-rippled gel-lamellar
liquid crystalline (L,-P,—L,) is observed, with
transition temperatures 14 and 24°C, respectively
(Watts et al., 1978; Epand and Hui, 1986; Zhang
et al., 1997). It was recently found that for these
PGs the gel phases are metastable and transform
to a stable subgel lamellar phase L, with higher
melting temperature and enthalpy change follow-
ing prolonged low-temperature equilibration
(Epand et al., 1992). The L_.-L, transitions in
these lipids take place at about 30°C for DLPG
and 40°C for DMPG. Thus, the equilibrium phase
behaviour of DMPG comprises the L, phase at
T < 40°C and the L, phase at 7> 40°C. The same
holds for DLPG, with a borderline temperature
30°C. The gel phases in these lipids are metastable
in the entire temperature range of their existence
and gel-subgel phase conversion is observed
upon low temperature incubation, with a relax-
ation half-time of 1-2 days (Epand et al., 1992;
Zhang et al., 1997). Additionally, the L, phase
formed during the P,—L, transition should also
be expected to be metastable (LI™") in the temper-
ature range below the L.-L, transition and to
relax into the stable L, phase following appropri-
ate equilibration. In the present report we demon-
strate that such crystallisation from the liquid
crystalline phase in the temperature interval where
it is likely to be metastable really takes place, with
relaxation time similar to that for the L, —L,
conversion, or even shorter. Further, the kinetics
of the observed L,-to-L, phase relaxation is
rather sensitive to the applied temperature proto-
col. The observed metastability of the lamellar
liquid crystalline phase might be of biological
relevance since this phase is largely accepted as
physiologically functional.

2. Materials and methods
2.1. Sample preparation
1,2 - dimyristoyl - sn - glycero - 3 - phosphoglycerol

(DMPG) and 1,2-dilauroyl-sn-glycero-3- phos-
phoglycerol (DLPG) (Avanti Polar Lipids, Birm-

ingham, AL) were used. Their purity was checked
by thin-layer chromatography on silica gel G
plates (Merck) by using the solvent systern chloro-
form/methanol/water (65:25:4, vol/vol) followed
by visualisation with iodine. Only a single spot
with R, value corresponding to authentic PG
(Kates, 1986) was observed at a loading of about
1 gmol of lipid. Thus, the lipid purity was esti-
mated as corresponding to that claimed by the
producer ( > 99%).

Multilamellar lipid vesicles were prepared by
dispersing lipid in required amounts of buffer (20
mM PIPES, 0.15 M NaCl, pH 7.1). Dispersions
were homogenised by several successive cycles of
freezing at — 18°C, followed by thawing at room
temperature (= 20°C) and vortexing during the
thawing step. This procedure produces suspen-
sions of visibly good homogeneity and repro-
ducible calorimetric behaviour, avoids heating
above the transition to the liquid crystalline phase
(see below). The samples were equilibrated in a
refrigerator (2°C) for 24 h after preparation. The
lipid concentrations were 0.6—2.0 mg/ml.

2.2. Calorimetric measurements

Calorimetric measurements were performed us-
ing high-sensitivity differential adiabatic scanning
microcalorimeters DASM-1M and DASM-4 (Bio-
pribor, Pushchino, Russia) with sensitivity better
than 4.107% cal/K and a noise level less than
5.10~7 W (Privalov et al., 1975). The calorimetric
cell volumes were 1 ml and 0.5 ml for the DASM-
IM and DASM-4 instruments, respectively. The
samples were loaded into the pre-cooled calori-
metric cell at 2°C. Successive heating runs were
performed with a 'scan rate of 0.5°C/min. The
cooling step together with the equilibration of the
instrument for the next heating run takes about
20—-40 min. Experiments with sample incubation
for different times at different temperatures inside
the calorimetric cell have been performed. The
incubation times were read excluding the time for
cooling. In some cases, heating at very low rate
(0.003°C/min) was applied (quasi-isothermal
regime), instead of isothermal incubation. The
thermograms were corrected for the instrumental
baseline and for the instrumental time constant.
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The temperature at the maximum of the excess
heat capacity curve was taken as the transition
temperature 7,, and the transition width AT,
was determined at the transition half-height. The
calorimetric enthalpy AH of the transition was
determined as the area under the excess heat
capacity curve.

3. Results and discussion

Heating thermograms of DMPG dispersions
with different temperature prehistory are shown
in Fig. 1. Upon first heating after low-temperature
sample preparation, a high-temperature, high-en-
thalpy endotherm (7= 39.3°C, AH=19.21 kcal/
mol, AT, =2.4°C) is recorded (Fig. 1, scan a),
corresponding to a direct subgel -liquid crystalline
(L.-L,) phase transformation (Epand et al,
1992). After cooling to 5°C and immediate reheat-
ing, two endotherms at lower temperatures are
observed (a pretransition at 15.6°C, 0.86 kcal/
mol, and a main transition at 7= 23.6°C, AH =
5.79 kcal/mol, AT, = 0.85°C), corresponding to
Ly—Py and Pgy—L, phase transformations, re-
spectively (Watts et al.,, 1978; Epand and Hui,
1986; Zhang et al., 1997), while the high-tempera-
ture transition at ca. 40°C is absent from the
thermogram (Fig. 1, scan b). Prolonged low-tem-
perature (0-4°C) incubation (~ 3 days) is re-
quired in order to fully restore the initially
recorded heating thermogram (not shown).
Shorter equilibrations at low temperature result in
combinations of endotherms on the thermograms.
Thus, cooling from 42°C to 0°C, after the initial
heating, and storage at 0—2°C for 6.5 h produces
an additional peak at 19.3°C, 1.5 kcal/mol, similar
to the subtransition in dimyristoylphosphatidyl-
choline (NIST Standard Reference Database 34,
1994) (Fig. 1, scan c). If quasi-isothermal incuba-
tion (uniform heating form 0 to 10°C for 48 h) is
applied after the initial heating and cooling to
0°C, the endotherm at 19°C and the gel-liquid
crystalline phase transition at 23°C persist on the
thermogram, concurrently with partially restored
high-temperature endotherm (at 36—37°C) (Fig. 1,
scan d). If isothermal (2°C) incubation is applied
for the same time period, instead of the very slow

heating, the resulting thermogram is similar to
that in Fig. 1, scan d, with only lower degree of
restoration of the high-temperature endotherm.
Further low-temperature storage results in disap-
pearance of the peaks at 19° and 23°C from the
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Fig. 1. DSC thermograms of DMPG dispersions (1.0-1.8
mg/ml in 20 mM PIPES, 150 mM NaCl, pH 7.1) recorded
after different temperature protocols: (a) initial heating from 2
to 42°C after low-temperature sample preparation (practically
identical thermogram is recorded also after incubation of the
sample at 0-2°C for 3 days); (b) immediate reheating; (c) 2nd
heating thermogram of a sample prepared at low temperature,
heated initially from 2 to 42°C, immediately cooled, and stored
for 7 h at 0-2°C; (d) 2nd heating thermogram of a sample
prepared at low temperature, heated initially from 2 to 42°C,
immediately cooled to 0°C, and incubated quasi-isothermally,
at 0-10°C, for 48 h (Section 2); (e¢) 14 h incubation at
26-28°C, after initial heating to 42°C and immediate cooling
to 26°C; (f) 3 h incubation at 26°C, after initial heating to
42°C, immediate cooling to 10°C, and heating to 26°C.
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Fig. 2. Schematic free energy vs. temperature plot for hydrated DMPG illustrating the different transition pathways. Solid lines
indicate stable phases (L., L,) and dashed lines indicate metastable phases (L, P, , LT, LT the supposed existence of additional
metastable subgel intermediate(s) L3", ..., is marked on the scheme). Wavy arrows indicate phase transformations taking place upon
isothermal incubation. Straight arrows indicate the phase transformations taking place upon heating and cooling. The temperatures
of the calorimetrically observed phase transitions (L, —Pj, LTP*~P, , Pp—-LP, L.—L,) are also identified.

thermograms together with gradual restoration
of the initial temperature and enthalpy of the
high-temperature peak. Such behaviour is indica-
tive for low-temperature gel-to-stable subgel
phase conversion via at least one additional
metastable subgel intermediate (L7™). Thus, the
endotherm at 19°C possibly reflects an LT*-P
transition. The slightly lower temperature of the
high-temperature endotherm in Fig. 1 (scan d),
together with its double-peak pattern (cf. 35.7
and 36.7°C in scan d, and 39.3°C in scan a) is
symptomatic for the possible existence of addi-
tional metastable subgel intermediate(s) upon
formation of the equilibrium L. phase. Thus, our
explanation of the endotherm at 36-37°C in
scan d is that it reflects an L%"-L,, rather than
an L.-L_, transition. Similar multiple metastable
subgel polymorphs are characteristic for the low-
temperature behaviour of the phosphatidylcholi-
nes (Silvius et al., 1985; Tristram-Nagle et al.,
1987; Lewis and McElhaney, 1990; Koynova and
Caffrey, 1997).

Further, we examined the evolution of the
phase behaviour of DMPG upon incubation in
the temperature range between the gel-liquid
crystalline (P, —L,) and the equilibrium subgel-
liquid crystalline (L.—L,) phase transitions (24—
40°C), in which the liquid crystalline phase is
expected to be metastable. Initial heating of a
sample through the L_—L, transition up to 42°C,
immediate cooling to 26°C, and equilibration at
that temperature for 14 h results in considerable
degree of conversion of the lipid to the stable L,
phase ( ~ 75-80%, as estimated from the transition
enthalpy) (Fig. 1, scan e). Similarly, temperature
protocol including initial heating of a sample
through the L .—L, transition up to 42°C, immedi-
ate cooling to 10°C, heating through the P,-L,
transition up to 26°C, followed by equilibration at
that temperature for 3 h induces 25-30% restora-
tion of the L.—L, transition (Fig. 1, scan f). This
behaviour agrees with the assumption that since,
according to the scheme of DMPG phase be-
haviour (Fig. 2), the L, phase is certainly
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metastable in the temperature range 24-40°C
(L2*Y), it should be possible to relax into the
equilibrium L, phase. The relaxation half-time for
such L7 — L relaxation at 26°C is thus between
3 and 14 h, roughly estimated as 6—10 h. From
the scheme on Fig. 2 it is also obvious that the P,
phase is metastable as well and a Py — L, conver-
sion would be therefore expected to take place
upon appropriate equilibration.

Similar liquid crystalline phase metastability re-
sulting in L,—>L_. phase transformation upon
equilibration at temperatures in the L™ phase
temperature range (6-25°C) was observed also
with DLPG dispersions. Upon first heating, after
low-temperature sample preparation or after 3—4
day incubation at — 18°C, DLPG dispersions dis-
play a transition at 25°C, AH=12.0 kcal/mol
(Fig. 3, scan a). It represents a subgel-lamellar
liquid crystalline (L.—L,) transition (Epand et al.,
1992; Zhang et al., 1997). Upon immediate re-
heating from 0°C we recorded endotherm of low
enthalpy (AH = 1.0 kcal/mol) and low cooperativ-
ity (AT, =3.3°C) centred at 6°C, while that at
25°C is eliminated (Fig. 3, scan b). Since other
authors report a gel-liquid crystalline transition
at —4— — 5°C in this lipid (Fleming and Keough,
1983; Zhang et al., 1997), we suppose that the
melting may proceed similarly to that in dilau-
roylphosphatidylcholine, as a two-step process,
P,-L,-L, (Hatta et al., 1994). Thus, the ob-
served endotherm at 6°C may reflect the L,—L,
portion of the transition. Further, incubation of
the sample at 20°C for 24 h after initial heating to
32°C and immediate cooling to 20°C results in the
appearance of a transition at 30°C, 12.4 kcal/mol,
similar in enthalpy to the transition recorded
upon initial heating (Fig. 3, scan c). If the sample
is then cooled to 8°C and immediately heated,
heat capacity peaks are not recorded calorimetri-
cally. Incubations shorter than 24 h at different
temperatures in the range 8-20°C, after the initial
heating of the sample, result in different degrees
of emergence of the transition at 30°C (Fig. 3,
scans d—f). Equilibration at 2°C for 3 h consider-
ably recovers the L.—L, transition at 25-27°C
observed during the initial heating (Fig. 3, scan g).
We believe that the transition at 30°C represents a
subgel-lamellar liquid crystalline (L.-L,) phase

transition as well. The high transition enthalpy is
a clear indication in this respect. The observed
difference in the temperature of the high-enthalpy
transitions depending on whether the formation
of the subgel phase takes place from the liquid
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Fig. 3. DSC thermograms of DLPG dispersions (1.5-2.0
mg/ml in 20 mM PIPES, 150 mM NaCl, pH 7.1) recorded
after different temperature protocols: (a) initial heating from 4
to 32°C after low-temperature sample preparation; (b) immedi-
ate reheating, after cooling to 0°C; (¢) 2nd heating of a sample
prepared at low temperature and incubated for 24 h at 20°C
following initial heating to 32°C; (d) 2nd heating of a sample
prepared at low temperature and incubated for 10 h at 13-
14°C following initial heating to 32°C; (e) 2nd heating of a
sample prepared at low temperature and incubated for 2 h at
10°C following initial heating to 32°C; (f) 2nd heating of a
sample prepared at low temperature and incubated for 1 h at
10°C following initial heating to 32°C; (g) 2nd heating of a
sample prepared at low temperature and incubated for 3 h at
2°C following initial heating to 32°C.
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crystalline or from other phases most probably
reflects different transition pathways resulting in
the formation of different subgel polymorphs of
slightly different stability. Complicated polymor-
phic behavior is characteristic of DLPG disper-
sions (Zhang et al., 1997). Existence of multiple
subgel polymorphs is suggested to be the reason
for the double-peak pattern of the transition at
25-27°C as well (Fig. 3, scans a, g). At present,
we have not made efforts to compare the stabili-
ties of the polymorphic crystalline phases formed
upon conversion from the metastable liquid crys-
talline phase and from the different gel phases.
Here, a word of caution concerning the repro-
ducibility of the observed direct L,— L. conver-
sion is in order. The times and degrees of L, - L,
conversion cited above refer to samples that have
been completely in an equilibrium L, phase before
applying the described temperature protocols.
Also, heatings through the L_-L, transition have
been carried out only up to 42°C in the case of
DMPG, followed by immediate cooling of the
sample. Under such conditions, the times and
degrees of L,—L. conversion are reproducible
within + 10-15%. We noticed that several heat-
ing-cooling cycles through the gel-liquid crys-
talline phase transition as well as storage of the
sample at high temperature, in the temperature
range of the equilibrium L, phase, considerably
increase the time required for L, — L, conversion.
Thus, with a DMPG sample that has been cycled
several times between 10°C and 50°C and then
incubated at 25-27°C, only about 20% of the
lipid converts to the L, phase upon 15 h incuba-
tion. If the sample is then stored again at low
temperature (0—4°C) for about 10 days, so that
Ly — L, conversion can fully take place, heated
through the L.—L, transition, and then incubated
in the temperature range of the metastable L,
phase, the L, — L_ conversion is accelerated again.
Such ‘long thermal history’ dependence of the
lipid phase behaviour (i.e. not only the preceding
heating/cooling but long thermal protocols could
be ‘memorised’ in the lipid phase behaviour) is
presumably related to alteration in the size and/or
structure of the domains in the L, phase. Thus,
the L.—L, transformation is a relatively fast pro-
cess where the melting of the lipid hydrocarbon

chains is concerned. The overall changes related
to the L .—L, transformation might take a consid-
erably longer time however, if the gross morphol-
ogy of the lipid aggregates in the L, phase is
different compared to that in the L, phase. In
such cases, short heating above the L.—L, transi-
tion temperature may result in melting of the lipid
acyl chains, but preservation of the morphology
characteristic for the L, phase. Such dispersion
would easily relax back to the L. phase when
equilibrated in the temperature range of the L™,
Oppositely, if the lipid dispersion is incubated for
a long time at temperatures above the L.-L,
transition and/or cycled through the gel-liquid
crystalline transition, the L. morphology would
be totally destroyed. Its restoration upon incuba-
tion in the L™ temperature range, although ther-
modynamically possible, might require a
considerably longer time or even be kinetically
hindered in some cases. These assumptions find
support in the electron microscopic data reported
by Epand et al. (1992). The authors observe flat
sheets in DMPG dispersion incubated at low tem-
perature, and vesicles in the same dispersion equi-
librated at 50°C.

Similar ‘long thermal history’ dependent behav-
ior has been recently reported for highly asym-
metric, mixed-chain phosphatidylcholines which
form mixed-interdigitated gel phases (Lewis et al.,
1994; Mason et al., 1995). This behavior, iden-
tified as enigmatic (Lewis et al., 1994), was as-
cribed to transformation of liposomes into planar
lamellar sheets upon prolonged low-temperature
incubation (Mason et al., 1995). The authors re-
late this behavior to the ability of the subject
phosphatidylcholines to form the mixed interdigi-
tated gel phase. It is possible, however, that simi-
lar slow conversions between different lipid
morphologies might be relevant to various other
‘enigmatic’ features of the lipid phase behavior,
e.g. the multi-peak pattern of the liquid crys-
talline—gel transition of phosphatidylethanol-
amines on cooling (Yao et al., 1992; Koynova and
Caffrey, 1994), or the reported poor reproducibil-
ity of the kinetics of interconversion between the
different polymorphic structures in dilauroylphos-
phatidylethanolamine (Seddon et al., 1983).
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