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A di of L-a-ph ine (PE) with identi d acyl chains are known to
exhibit gel-state metastability. It is also known that the bility in PE b more p d with

decreaslng acyl clnin Ienglh ln an attemp( to study the metastable phase behavior ol PE, we have

lamine (diC,,PE) and examined its polymorphic phase behav-

ior. A single endothermic transition at 38°C is detected between 10 and 55°C by DSC for the nonheated

sample of diC,,PE in excess water. An immediate second heating sean done after cooling slowly of the same
sample from the liquid-crystalline state shows a smaller endoth i at a lower p

18°C. H , the high transition at 38°C can be detected, if the sample which has been

heated above 38°C is quench cooled from the liquid-crystalline to a temperature between 18 and 38°C.

i at 18 and 38°C and an exothermic transition ar i$7C wre

recorded for dxC"PE after quench supercooling of the sample from the liquid-crystalline state to an

appropriate temperature below 10°C. The gel-state meusnblllty of dlC“PE can be most appropriately

explained in terms of ch in interiilayer b It is suggested that the
kinetically trapped sup led J mtemaybeamﬂﬁlamelhrmmewiﬂnmehedacylcbamhm
with strong interbil: h head;

ol

Intreduction

L-a-Phosphatidylethanolamines (PEs) with
identical saturated acyl chains are well known to

* This paper is dedicated to James W. Ogilvie, as an expres-
sion of appreciation and gratitude for his scientific and
perwnal qualities, on the occasion of his retirement.

idylcholine; PE, phosphatidyleth

diCy,PE, diund
@iC, PE, saturated diacylphosphatidylethanolamine having x
carbons in each of the acy! chains; N-monomethyl-diC,,PE,
1,2-di glycero-3-phospho-N-

ine; T, transition tempemlure‘ AT. /20 transition peak width
at half-height; DSC, differential scanning calorimetry.
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VA 22908, US.A.

self assemble into lamellae in excess water. When
lamellae of PE with a single type of saturated fatty
acid composition are heated, a highly cooperative
endothermic transition corresponding to the gel to
liquid-crystalline (L,,) phase transition occurs. Un-
like the main phase transition of phosphati-
dylcholine (PC) disp the ther pic be-
havior of this phase transition depends on the
thermal history of the PE sample [1-6]. For in-
stance, an aqueous dispersion of diC;,PE which
has not been heated above T, shows a highly
cooperative endothermic transition at 44.65° C by
DSC on the first heating scan, whereas a second
heating scan of the same sample done immediately
after cooling from the liquid-crystalline state ex-
hibits an overlapped multicomponent endothermiz
peak at a lower of approx.
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30°C [4). If the sample which has been heated
above T, is allowed to anneal at a temperature of
4°C for several days, the high-temperature phase
transition will reappear in the thermogram [1].
The dependence of the phase transition behavior
on the thermal history of PE dispersions is attri-
buted to the metastability of the gel phase of
saturated PE below a certain temperature; the
metastable gel state (Lg) reverts slowly but spon-
taneously to a more stable and less hydrated crys-
talline state (L) at appropriate low temperatures
[1-3]. The metastable phase behavior is observed
to be chain-length dependent for an 1 1

no)ethanol were obtained from Aldrich (Milwau-
kee, WI). Phospholipase D, type I from cabbage,
was purchased from Sigma (St. Louis, MO). Gase-
ous HCI was obtained from Matheson Gas Prod-
ucts (E. Rutherford, NJ). Absolute ether with a
trace (0.005%) of alcohol was purchased from
Curtin Matheson (Jessup, MD); this chemical was
further freed of alcohol by column chromatogra-
phy on alumina prior to use. Other solvents or
reagents were of spectral grade or the highest
avaiiable purity. Water used in the present work
was deionized and glass-d:sulled

N-Mothvloth b lopids

series of phospholipids ranging from d1C,2PE to
diC\4PE in excess water [4]. The down shifts in T,
observed for lamellar PEs in the second heating
scan become progressively smaller as the length of
the acyl chain increases, and ihe imagnitude of the
shift can be extrapolated to zero at diCyyPE [4]. In
order to studv the metastablllty of fully hydrated

idyleth i it is thus
better to choose the molecular species of PE with
shorter acyl chains.

‘We have synthesized diC,,PE and its N-mono-
methyl derivative. We then examined tkeir ther-
motropic phase behavior by high resolutica dif-
ferential scanning calorimetry. Our calorimetric
results indicate that diC,,PE displays gel-phase
and liquid crystalline-phase metastability under
certain experimental conditions and that quick
supercooling of diC;PE from the liquid-crystal-

hy . Crystal-

line N-methylethanolamine hvd L.;d‘__was
d from aq 2-(methylami h

and HCI as described by Gagné et al. [7]. Briefly,
the starting material of aqueous 2-(methylamino)
ethanol from Aldrich was purified by fractional
distillation under reduced pressure. The freshly
distilled sample was collected in a round-bottom
flask containing methylene chloride, and the mix-
ture was bubbled wlth HCl 8as. The product,
N- h drochloride, was recrys-
tallized from ethanol at —25°C. After removing
the solvent by reduced pressure and use of a
suction, the crystalline compound was dried thor-
oughly by keeping it under vacuum over P,O; for
several days.

N-M holated  nhosphatidvleth 1

Diund Iphosphatidyl-N-

(N-methy] diC,,PE) was sym.h&snzcd by the base

line phase to an appropriate low Te-

sults in the occurrence of two endothermic transi-

transphosphatidylation by phospholi-
pase D from the corresponding diC,,PC in the

tions and an exotherm on the sub heating
scan. Moreover, the gel-phase ble behavi

p of excess amount of N-methylethanol-

is eliminated when one of the hydrogen atoms of
the ammonium group in the diC,,PE headgroup is
substituted by a meihy} grovp. In this con
tion, we propose (hat hydration/ dehydrauon of

amine hydrochioride at pH 5.6 ding to the
method of Comfurius and Zwaal [8). First, the
lyophilized diC,,PC was dissolved in absolute di-
ethiyl eier (20 mg/mi). The lipid-ether solution
was dlluted wuh two volum&s of 35% (w/v) N-

lipid headgr 1 the ble phase hloride in  aq
behavior of PE | bilayers. acetate buffer (100 mM, pH 5.6) containing 100

mM CaCl,. Then, the transphosphatidylation was
Materials and Methods initiated by the additi

of crystalline phospholi
pase D at an enzyme/PC ratio of 1 unit per pmol.

Chemicals. Synthetic diunde ylphosphati-
dylcholine (diC,,PC) with purity greater than 99
mol% was supplied by Avanti Polar Lipids (Bir-
mingham, AL). Ethanolamine hydrochloride with
purity greater than 99%, and 2-(methyl

1t Y. additi holipase D of equal
amount was added every 6 h. The base exchange
reaction was allowed to proceed for 24 h at room
temperature. After the ether had been removed by

evap ion on a rotary , an aliquot of



EDTA (500 mM at pH 8.5), equivalent to 20% by
volume of the acetate buffer used, was added into
the mixture to chelate Ca** ions. The mixture was
shaken vigorously with 2.2 volume of chloroform/
methanol (5:6, w/v) in a separatory funnel, and
the lower chloroform phase was collected

upper phase was extracted one more time w:th
chloroform. The chloroform phases were pooled,
and the crude lipid products were dried down

65

two more times. The total duration of intermittent
sonications during the repeated cooling/ heating
cycle of the sample was about 9 min at 55°C
under N, atmosphere. Finally, the sample was
cooled to lower temperatures and stored at the
lower temperature for known time intervals prior
to DSC experiments. This sample is termed the
heat-treated sample. The pumy of the sample was
hecked by thin-lay phy, and no

from the chloroform. Finally, pure N-methyl
PEs were isolated by acid columa chro-
matography as described by Gagné et al. [7], and
the punty of the fmal p:oducts was evaluated [7].
Di; Ip ine. The en-
. hesis of diund Iphosphatidyl
ethanolamine (diC,,PE) from chC"PC is snmlar
to the one described above for N-methyl-diC,,PE,
except that one of the starting materials is crystal-
line ethanolamine hydrochloride, which can be
obtained commercially from Aldrich. This crystal-
line compound was dissolved in 100 mM acetate
buffer (pH 5.6) containing 100 mM CaCl, to form
a 30% (w/v) solution. It was then mixed with the
PC-ether solution followed by the base exct

degradation was observed.

Quench cooling and guench reocling. The
diC,,PE sample with a fixed concentration of 3.04
mM and with a volume of 3 ml was [irst prepared
in a test tube (1.6 X 10 cm). After flushing thor-
oughly with N,, the test tube was tightly sealed
with screw-cap. The sample was then heated to
55°C followed by intermittent sonications. After
immediate cooling of the sample in an ice-water
mixture, the heat/intermittent sonication/ cooling
was repeated twice. For quench cooling experi-
ments, the sample tube at 55°C (or 45°C) was
immediately immersed 1nio a circulatory water-
bath which had been adjusted to a fixed lower

reaction by phospholipase D to form the final
product.
Sample preparation. Aq lipid disp

b 18 and 38°C. After incubat-
ing m the lower temperature for 45 min with
occasional shaking, the sample was degassed and

used for DSC experiments were prepared from
lyophilized phospholipids rehydrated in 50 mM
NaCl solution (0°C) ining 5 mM phosph
buffer and 1 mM EDTA at pH 7.4 to give a final
lipid concentration in the range of 2.0-5.5 mM.
The exact lipid ions were determined by
phosphorus analysis {$]. Prior to the DSC experi-
ments, the dispersions were ireated in two dlffer—
ent ways. One involved the soni
of cold lipid dispersions for 20 min using a bath-
type sonicator (Branson Model B-220, 100 watts)
filled with ice-water; these are called nonheated
ples. A second t involved the inter-
mittent sonication of the lipid dispersions on a
Branson B-220 sonicator for 3 min under a N,-
sphere at 55°C, a well above the
higher melting temperature. The sample was then
cooled down immediately to 4°C. After in-
cubating for 15 min at 4°C, the sample was
heated again to 55° C and then kept at the el d

then injected into the sample cell of the calorime-
ter which had been preequilibrated at the same
fixed lowver temperature. Prior to the DSC heating
run, the sample cell was further thermally equi-
librated for 1 h at the fixed temperature. For
quench supercooling experiments, the tube con-
taining the heat-treated diC;;PE sample in the
liquid-crystalline state was immediately placed in
the freezer at —40°C. After supercooling at
—40°C for various time intervals, the super-
cooted sample tube was allowed to melt in an
ice-water bath. The sample was degassed and then
placed into the sample cell of the calorimeter
which had been preequilibrated at 0°C. Prior to
the DSC heating run, the sample was further
incubated in the calonmeter for1hat0°C.
Differential imetry (DSC). All
DSC measurements were made with a high-resolu-
tion MC-2 differential scanning microcalorimeter
(Mi 1 Inc., Amh MA). Calori ic data

temperature for 30 min with intermittent sonica-
tions. This cooling/heating cycle was repeated

were coll ically with the Da-2 digital
interface and data acquisition system as described
previously [10}. Unless indicated otherwise, all
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thermograms were recorded at a nominal heating
rate of 10°C/h. If the sumple was rescanned, it
was always cooled inside the calorimetric cell after
the first heating run. The cooling rate, however,
cannot be adjusted in our mi 1
takes approx. 45 min to lower the temperature of
the sample from 55°C to 0°C in the micro-
calorimeter. The transition temperatures and tran-
sition enthalpies were determined as described
previcasly [10}.

#P.NMR. All proton-decoupled *P-NMR
spectra were obtained ¢ 121 MHz in 10-mm tubes
with a General Electric GN300 Fourier transform
spectrometer. A fully phase-cycled Hahn echo se-
quence, as described by Rance and Byrd {11], was
used to eliminate spectral distortions. No first-
order phase corrections were employed. The de-

imeter: it

l.’)kcul mol™ K"

Excess heat capacity

Temperature (°C)

Fig. 1. Successive DSC thermograms of diC,;PE and N-mono-

coupler was gated on only during spectral acquisi
tion, following the sequence described by Shaka et
al. [12] Unless indicated otherwxse, 800010000
tr were lated with a 1-s @

time. The sample comamed 100 mg/mi of d:C"PE

thyl-diC,, PE dispersions. (a) Initial heating scan of a non-
heated sampie of diC,,PE, lipid concentration: 3.8 mM; (b)
second heating scan following (a); (c) third heating scan after
incubating the same sample at 2°C for 14 h in the calorimeter;
(d) second heating scan of a diC,,PE sample (3.23 mM) which,
aﬁcr wolmg from 55°C to 2°C in the calorimeter, was

in 50 mM KCl aq 2 mM
EDTA, 10 mM pip N, N-bis-(2-eth
sulfonic acid) and 20% 2H,0 at pH 7.0. Prior to
the NMR measurements, samples were first heated
to 55°C and were vortexed vigorously at the
elevated temperature for 2-4 min. Samples were
then cooled immediately to 0°C. After the heat-
ing/cooling cycle was repeated two more times,
samples were incubated at 0°C for three days
prior to the NMR experiments.

Results

Thermotropic behavior of diC,,PE and N-methyl-
diC,, PE dispersions

Fig. 1a shows a representative heating ther-

for nc d diC,,PE dispersions ob-

tained in the temperature range of 10 to 55°C.

The heating scan of the nont d sample

d at 2°C for 2 days in the calorimeter prior to the
DSC scan. (e) initial heating scan of a nonheated sample of

diC,, PE, lipid 2.9 mM; (D sec-
ond heating scan following (e); (g) third heating scan aifter
incubating the same sample at 2° C for 14 h in the calorimeter;
(h) second heating scan of a N-methyl-diC,;PE sample (4.00
‘mM) which, after cooling from 55°C to 2°C in the calorime-
ter, was incubated for 2 days prior to DSC scan; (i) DSC
heating thermogram for a heat-treated sample of N-methyl-
diCyyPE (4.00 mM). This heat-treated sample was incubated at
2°C for 9 days to atlow full equilibration in the gel state prior
1o calorimetry.

equilibration time of about 1 h at 10°C was
altowed for the sample. The second heating scan
of diC,,PE dispersions is shown in Fig. 1b, which
is characterized again by a single sharp endother-
mic transilion with AT, ,, of 0.38°C; however,
this transition is now shifted to a lower tempera-

a single sharp endothermic transition with a tran-
sition peak width at half-height (47, ;) of 0.48 +
0.05°C; this transition, designated as the G(I) >
L, phase transition, is centered at 38.37 £ 0.05°C
with a calorimetric enthalpy (4 H) of 13.96 + 1.00
kcal/mol (Fig. 1a). After the first scan, the sample
was cooled in the calorimeter cell from 55°C to
10°C. Prior to the second heating run, a thermal

ture i at 18.64°C with a considerably
smaller value of AH (2.86 kcal/mol) (Fig. 1b).
Subsequent repeated heating scans of the same
sample after cooling to 10°C in the calorimeter
show thermotropic behavior similar to that of the
second heating run as shown in Fig. 1b, and we
assign this transition as the G(II) —» L, phase
transition. However, if the sample, after cooling
from 55°C, is incubated in the calorimeter for a



prolonged time at

p below 10°C, it
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dotherm, shown in Fig. 1h, which is virtually

two S COITESP g to the
G(I)—» L, and G(II) - L, transitions on the suc-
ceeding heatmg scan. Flgs Ic and 14 show the
repeated heating scans of di,, PE dispersions after
incubating in the calonmeter at 2°C for 14 h and
2 days, resp y. These ther show two
discernible endotherms with maxima occurring at
18.6 and 38.4°C, respectively. It is thus clear that
with prolonged incubation at 2°C there is a slow

» of the high-temp transmon at
38. 4°C Hence, the sample of diC;;PE d

ble from that of Fig. 1f or Fig. 1g.
In a separate experiment, a heat-treated sample of
N-methyl-diC,, PE (4 mM) was slowly cooled (0.5
C° /min) from the liquid-crystalline state to 2°C,
and then held at 2°C in the cold room for 9 days
to allow full equilibration of the N-methyl-diC;,PE
sample in the gel state prior to calorimetry. The
heating thermogram of this sample is shown in
F:g 11, again, it is charactenzed by a sharp, single
nic i d at 9.06°C. Based

metastability of the G(II) phase after pm]onged
incubation at low temperatures.

‘We have also examined the thermotropic phase
behavior of N-methyl-diC,, PE, in excess water, by
high resolution DSC. The initial heating thermo-
gram of the nonheated sample in the temperature
range of 2-45°C shows two endothermlc transi-
tions. The I d

on ther shown in ¥Figs le-i, one can
conclude that the sample of N-methyl-diC,,PE
does not show metastability of the G(II) phase
when incubated at 2°C for periods up to 9 days.

It should be emphasized that this series of
calorimetric measurements for N-methyl-diC,,PE
were carried out under the experimental condi-
tions similar to those employed for diC,,PE dis-

at 9.1°C with AH=18 kcal /mol and AT,,z—
0.26 C° while the high-temperature one is at
18.4°C with AH =0.69 kcal/mol and AT, =
043 C° (Fig. le). After cooling to 2°C and
equilibration for 1 h at 2°C in the calorimeter, an
immediate second heating run results in an endo-
thermic transition, shown in Fig. 1f, which is
characterized by a singie peak centered at T, =
9.1+0.1°C with AH=20+0.3 keal/mol and
ATy, =025+£002 C°. This transmon corre-
sponds to the low-temperature transition observed
in Fig. le. After the second heating scan, the
sample was cooled to 2°C and incubated at this
temperature in the calorimeter ceil for 12 h. Sub-
sequently, the sample was subjected to a third
hex tmg run and the resulting DSC thermogram is
shown in Fig. 1g. Clearly, the observed calorimet-
ric endotherm shown in Fig. 1g is virtually identi-
cal to that exhibited by the second heating ther-
mogram (Fig. 1f) or the low-temperature endo-
therm observed in the initial scan (Fig. 1e), indi-
cating that the low-temperature transition is not
converted to the high-temperature transition at
2°C within the incubation time of 14 h in the
calorimeter. In addition, after a sample was cooled
from 55°C to 2°C in the calorimeter, it was
mcubated at this low tempcrature for 2 days in the

1! The heaung ther of this 2-day
incubated sample again exhibits only a single en-

described earlier. The calorimetric results
shown in Fig. 1 thus indicate that the phase be-
havior of these two phospholipids is fundamen-
tally quite different. It should be pointed out that
the similar effect of N-moaomethyiation of PE
headgroup, which appears to preveni the forma-
tion of the high-temperaiure transition, has been
reported by Casal and Mantsch for dxC,ePE 35
Smce ihe primary amine grcmp (- \"l, )i m d.CuPE
dbya N

group (-N* (\.H,)Hz) in N-mel.hyl dlC“PE, the
very different phase behavicr may, therefore, be
attributed to the modification of the lipid
headgroup.

Quench cooling of diC,, PE dispersions
The observation that the second heating ther-
mogram of the diC,,PE dispersion exhibits dis-
tinctively different endothermic features in com-
parison with the initial scan, as shown in Figs. 1a
and b, i that the high G(I) -
L, phase transition with T =38° C is irreversible
under the experimental condmons Since the sec-
ond heating scan is carried out after the sample
has been heated above T;, and cooled down slowly
from 55°C to 10°C in the calorimeter, it is thus
poss:ble that the observed irreversibility of the
i may be il to
the fact lhat on cooling only a small temperature
gradient across the multilamellar liposome exists.




68

Feh

1 Ju—

o —

Agparknt aH (keal mol

\

3
TTTE 0 55 %0
aree

EXCESS HEAT CAPACITY
| %

! | 1 I L
0 E) 0 50 ) 70
TEMPERATURE [°C)
Fig. 2. DSC heating thermograms for heat-treated samples of
diC,,PE. The heat-treated sample was quench cooled (a) from
55°C to 22°C; (b) from 55°C to 28°C; (c) from 55°C to
33°C; (d) from 45°C to 28°C; and (€) from 45°C to 337,
The insert shows the apparent transition enthalpy calculated
from each of the thermogram versus the temperature gradient
(AT) with which the quench cooling was carried out. Lipid
concentration: 3.04 mM throughout.

In order to examine the effect of temperature
dient across the multil: lip on the
ibility of the high -ature transition, we

have examined the thermotropic phase behavior of
quench cooled samples of diC;PE. Each sample
is quench cooled from 55° or 45°C to various
temperatures betwezn 18 and 38°C, a temperature
range between the low- and high-temperature
transitions detected in Figs. 1a and b. The result-
ing thermograms of these quench cooled diC,,PE
samples are presented in Fig, 2. Clearly, the G(I)
— L, phase transition is detectable in most of the
thermograms, indicating that upon quench cool-
ing, some of the liquid-crystalline L, phase of the
heat-treated diC,,PE lamellae can be transformed
into the G(I) phase Moreover, the magnitude of
the app depends on the
temperature gradient with wh:ch the quench cool-
ing is carried out as shown in the insert p

in the liquid-crystalline state to —40°C. Fig. 3
shows a series of heating thermograms for diC,,PE

ions after sup ling at —40° C for vari-

ous time intervals. These representative thermo-
grams are ch ized by an | and two
dotherms. The i of the

two endotherins correspond to those of the G(I)
~ L, and the G(Il)—»L transmons as seen in
Fig. 1. The halpies of these
endotherms are plotted in Fig. 4 as a function of
the —42°C incubation time. Clearly, the G(l)—»
Lo ition grows linearly with i
incubstion time; the increase in apparent AH
associated with the G(I) — L, transition is initially
more rapid and then asymptotically approaches a
limiting value of 12 kcal/mol after 13 days of
incubation at —40° C. Moreover, a relatively large
fraction of the L, phase must have transformed
inic the G(I} phase during the first incubation
hour after quench superooolmg at —40°C, since
the ther lays a larger high

ture transition peak (Fig. 3). By contrast, an in-
crease in the incubation time results in a relatively
rapid non-linear decrease in the magnitude of the
G(II) - L, transition (Figs. 3 and 4), indicating
that the G(II) phase of diC,;PE in excess water is
metastable and that it transforms into the more

5 keal-mor'k!

Excess heat copacity

in Fig. 2.

Quench supercooling of diC,, PE dispersions

In an attempt to investigate the effect of super-
cooling on the phase behavior of diC,;PE, we
have quench supercooled the heat-treated diC,;PE

Temperature (°C)
Fig. 3. DSC heating thermograms for diC,;PE dispersions
after quench supercooling at — 40 ° C for various time intervals
as indicated adjacent to respective thermogram. Lipid con-
centration: 2.07 mM, 2.46 mM, 2.94 mM, 4.05 mM, and 2.78
mM for1h,17h, 3 4,5 d, and 13 4, respectively.
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Fig. 4. Apparent of the two

transitions observed for the quench supercooied diCy,PE dis-

persion versus the incubation time allowed for the dispersions

at ~40°C. Solid circle (@), apparent AH associated with the

high-temperature endotherm; open circle.(O), apparent AH
iated with the I

stable G(I) phase at the supercooling temperature
of —40°C.

A distinctive feature of the heating thermo-
grams shown in Fig. 3 is the exothermic transition
which occurs immediately after the lower tempera-
ture endotherm. In fact, DSC experiments indicate
that the exothermic transition appears if the heat-
treaied sample is quench supercooled from 55°C
10 10°C or any temperature below 10°C (data
not shown). The observation of an exotherm with
negative enthalpy suggests that a supercooled
metastable (M) state of diC,,PE originated from
the L, state is kinetically trapped under the ex-
perimental conditions.

Supercooled metastable state
In order to demonstrate that during the ex-
othermic transition the diC,,PE in the M state
transforms into the G(I) state which subsequently
converts to the L, state within the narrow temper-
ature range of the hi hermic
transition, we have performed additional DSC
experiments. First, the heat-treated dispersions of
diC,,PE were prepared. They were then quench
supercooled to —40°C and incubated at that
temperature for various times. These —40°C in-
les should ially exhibit an
endotherm, an exotherm and an endotherm upon
heating continuously to 55°C. A heating scan of
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the supercooled sample which had been incubated
at —40°C for approximately 1 h was initially
performed from 0°C to 25°C, a temperature be-
tween the exotherm and the high-temperature en-
dotherm. The sample in the calorimeter was held
isothermally at 25°C for 1 h. It was then cooled
down to 10°C, and was rescanned immediately
from 10°C to 55° C. The results are shown in Fig.
5. The first heating scan up to 25°C shows an
endotherm centered at 18.1°C followed im-
mediately by an exotherm with the minimum at
19°C (Fig. 5a). A reheating of the sample from 10
to 55°C disp two endotherms with i

occurring at 18 and 38°C, respectively; in ad-
dition, no exotherm at 19°C is observed (Fig. 5b).
In a separate DSC experiment, a supercooled sam-
ple which had been incubated at —40°C for 3
days was first scanned through the low-tempera-
ture endotherm at 18°C and thc exotherm at
19°C, and held at 26°C for 1 h (Fig. 5C). It was
then cooled to 2°C, and a second heating scan up

[ 3 kest-molt k1

3| ——

=z

2

S
H_/k
s

TEMPERATURE |°C)
Fig. 5. ive DSC th of led diCy, PE
dispersions. (a) Initial heating scan of a supercooled sample
which had been incubated at —40°C for 1 h. The heating scan
was terminated at 25°C. (b) After incubating at 25°C in the
calorimeter for 1 1, the sample was cooled to 10°C and
rescanned immediately from 10 to 55° C. (c) Initial heating of
a supercooled sample which had been incubated at —40° C for
3 days; the scan was held at 26°C for 1 h. (d) After cooling to
2°C, the sample was rescanned immediately up to 55°C.
Lipid concentration: a and b, 2.94 mM; ¢ and d, 2.86 mM.
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to 55°C was performed immediately (Fig. 5d).
Clearly, the resulting thermograms are similar to
the DSC curves shown in Figs. 5a and b. These
results suggest that all diC,;PE molecules in the
M state, irrespective of their thermal history, are
converted between 18 and 26°C into the more
stable G(I) state which, in turn, undergoes the
G(I) - L, phase transition at 38°C.

JIP-NMR studies

Since *'P-NMR is a noninvasive technique
which has been successfully employed as a di-
agnostic tool to ascertain the polymorphic phase
behavior of fully hydrated phospholipids [14], we
have recorded ¥P-NMR spectra for diCy;PE dis-
persions at different temperatures in order to ob-
tain structural information about hydrated
diC,,PE in excess water.

For heat-treated samples, 3P.NMR spectra of
diC,,PF were recorded in an ascendmg tempera-
ture mode ra.ug.ng from 4°C to 60°C. Some of
the proton-decoupled >'P-NMR
spectra are shown in Fig. 6. It is evident that these
3P-NMR spectra exhibit a typical ‘bilayer’ pat-
tern, which is axially symmemcal wu.h a lugh ﬁeld
peak and a low-field should

3%t

20T

16T A
_—

4%

"

50 ppm
— Ho

an 6. Proton noise-decoupled 121 MHz *P-NMR spectra of
o h

shift anisotropy (4o), determmed from the sep-
aration between points of maximum Mopc of ifie
low-field shoulder and of the high-field peak, is
plotted in Fig. 7 The valve of Ao is observed to
dually with i € up

to 17°C. From 17° to 18°C, Ao decreases
abruptly to a lo: er value; thereafter, Ao remains
at higher pe; . This

abrupt decrease in Ao can be aunbuted to a
ional motion of the
phosphate moiety in the lipid headgroup, and such
an additional motion represents one of the char-
acteristics of phospholipid dynamics in the
liquid-crystalline (L,) state [15]. The *P-NMR
data thus indicate that diC,;PE molecules in the
heat-treated sample are packed in lamellar struc-
tures which undergo a gel — liquid-crystalline
phase transiiion between 17°C and 18°C; hence,
the observed phase transition for the heat-treated
sample based on P-NMR data is compatible
with the G(II) > L, transition detected by DSC
for heat-treated samples of dnC“PE (Fig. lb),

ithough the

1t d sample of diC;,PE. The spectra were collected

typucally from 8000 to 10000 scans for each spectrum and were

recorded in an ascending temperature mode at indicated tem-
peratures.

with the marked lowering of Ac in 'P specira is
about 1 C° smaller than the value of T, de-
termined by DSC.

70

Ao (ppm)

I i ) : ; :
n 10 20 30 40 50 €0
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Fig. 7. Temperature dependence of *'P chemical shift ani-
sotropy (in ppm) for the heat-treated sample of diC;, PE.




For nonheated samples of diC,,PE at tempera-
tures below 36 °C, Fourier iransformation of data
sets consisting of 10000 scans did not result in
detectable *'P-NMR signals. Data sets of 36000
repeated scans resulted in 3'P-NMR spectra with
poor signal to noise and without any discernible

1 fi By when
of the sample was raised to 36°C, subsequent
MP.NMR spectra with excellent signal to noise
were collected typically from 8000-10000 scans
for each spectrum. The lineshapes of these spectra
are ‘bilayer’ pattern, and the negative chemical
shift anisotropies exhibit a small but linear depen-
dence of temperatures ranging from 38°C to
50°C, with an averaged value of 44.7 + 0.5 ppm.
These characteristics are identical to those ex-
hibited by heat-treated sample at corresponding
temperalures as shown in Figs. 6 and 7. The

ion of axially ic 3'P-NMK pectra
from 8000-10000 scans at temperatures only
above 36° C suggests that the phosphate moiety of
diC,,PE in the nonheated sample is severely im-
mobilized at T<36°C, and the severe motional
restriction is abruptly relaxed upon heating the
sample across a small temperature range (<2°C)
immediately above 36°C. Furthermere, 3P data
indicate that at 7> 36°C diC,, PE molecules are
packed in a lamellar structure with liquid-crystal-
line characteristics. Thus, the ’P-NMR spectral
change observed between 36 and 38°C is con-
sistent with the G(I) —» L, phase transition de-
tected by DSC for the nonheated sample of
diC,,PE as seen in Fig. 1a. However, the transi-
tion temperature at which a constant axially sym-
metric 3'P-NMR spectrum occurs is slightly lower
than that of the G(i) — L, phase transition de-
termined more accurately by DSC.

Discussion

DiC,,PE is the first species of saturated diacyl
phosphatidylethanolamine which has been exten-
sively studied by a wide variety of biophysical

n

downshift in T, by about 15°C. Based on FT-in-
frared and X-ray diffraction data [1-3], the high-
temperature transition has been assigned to the
L. — L, phase trausition, where the L_ state is a
crystalline-like phase with the hydrocarbon chains
of diC,,PEs packed in a highly ordered subcell
lattice. The low-temperature transition, on the
other hand, corresponds to the Ly— L, phase
transition, where the Ly state is a gel-like phase in
which acyl chains in an all trans conformation are
packed in a less ordered subcell lattice.

We have d d two endothermic tr
for samples of diC,,PE in excess water; the mag-
nitude of each transition depends on the thermal
history of the sample (Fig. 1a-d). The transiiion
entropies for the high-temperature and low-tem-
perature transitions can be calculated, based on
values of AH and T, obtained from Fig. 1aand b,
to be 44.81 and 9. 80 e.u./mol, respectively. Since
1y i py (AS)is a of the total
entropy change of the phospholipid bilayer which
undergoes a phase transition at T,,, the magnitude
of AS can thus be related to the overall change in
inter- and intra-chai
which, in turn, can be correlated to the differcnce
in acyl chain packing in bilayers at states im-
mediately above and below T;, [16]. If we assume
that the acyl chain packings of diC,,PEs in the
two liquid-crystalline states (L,) immediately
above the T, of the G()— L, and G(I)—~>L,
phase u'ansmons are virtually identical, then the
of 44.81 and 9.80
ea./mol at the transition temperature for the
G(D—-L, and G(II)— L, transitions suggest
strongly that the acy! chain packings of lamellar
lipids in the G(I) state near T, are significantly
more ordered than those in t.he G(I) :tate near
T, The thermody ic data can,
taken to imply that the magnitudes of the chain-
chain van der Waals interactions for diC,,PE bi-
layers in the G(I) phase are significantly larger
tha.n those in the G(II) phase at the corresponding

techniques [1-6]. The nonheated sample of
diC,,PE displays a highly doth
mic transmon at 44.85°C by DSC, whereas a
second immediate heating scan of the same sam-
ple afier cooling from the hqmd-cryslallme state
hibits a smaller endothermic ion wiih a

Hence, our thermodynamic
analysis togethet with the known phase structures
of diC,,PE lamellae discussed earlier enable us to
conclude that the G(I) = L, and G(1I) - L, phase
transitions observed for diC,,PE appear to corre-
spond to the L,— L, and Lz — L, transitions,
respectively, for diC,PE, and that the G(I) and
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G(II) states can be suggested as the L, and Ly
phases, respectively.

The appearance of the G(I) -» L, phase transi-
tion for samples of diC,; PE which have been first
heated above 7, and then quench cooled to a
temperature between 18 and 38°C prior to the
DSC heating scan depends on the temperature
gradient with which the quench cooling is carried
out. Results shown in Fig. 2 indicate that a G(I)
— L, phase transition is clearly discernible for
heat-treated samples of diC,,PE provided the
temperature gradient used for quench cooling is
greater than 22°C. This observation is of con-
siderable interest since it provided the first evi-
dence of the fact that the G(I) - L phase transi-
tion of PE can be reverted by temperature gradi-
ent. It also indicates that lamellar diC,,PE in the
liquid-crystalline state can be metastable below
38°C under certain expenmental condmons

An i ing phase d for

transition, where M is a metastable phase formed
kinetically from the L, phase upon quench super-
cooling of the lipid sample lf thls conjecture is

ble, then the M
state can be related to all other states of diC,,PE
as indicated in Scheme I.

38°C

l Q coo! |
slow 8% f

G(I) «————G(H) ¢_——_.—’ M

19°C M quench

supercool

Scheme 1. Metastable M state and phase transitions.

The molecular structure of lameilar diC,,PE in
the G(I) state is comparable to that of diC,,PE in
the crystalline state as discussed earlier. In the
crysta.llme state, interbilayer hydrogen bonding

dICuPE ns t.he exotherm which occurs im-

Jt the | endo-
therm as shown in Flg 3. It should be emphasized
that this exotherm is observed in the heating run
only after the diC,,PE sample has been quench
supercooled and held at the supercooled tempera-
ture for 1 h or longer. A possible explanation for
observing this exotherm is to attribute the ex-
othermic transition to a L, — G(I) phase transi-
tion. It is possible that after quench supercooling,
a significant amount of diC,,PE sample is already
transformed into the G(I) phase, while the remain-
ing is in the G(II) phase. On heating slowly through
the low-temperature endotherm at 18°C, the G(II)
phase is converted into a liquid-crystalline phase
(L,) which, in the presence of the preexisting G(I)
phase, converts immediately to the stable, ordered
G(I) phase exothermally at about 19°C. A very
similar explanation has, in fact, been proposed for
the exov.henmc lransmon observed at 72°C for
N- ine bilayers [17).
However, n is dlfﬁcult to understand why, if a
G(I) phase induced nucleation is indeed involved,

are most likely to occur between the
phosphate and amine groups [18]. Recently, X-ray
diffraction studies of diC,,PE indicate that the
interstitial water space between adjacent bilayers
of diCy,PE is very small; this small interstitial
space may arise from mterb:]ayer hydrogen bond
formation or el the
amine and phosphate groups on opposing bilayers
[19]. Our **P-NMR spectra indicate that diC,,PE
molecules in the nonheated sample are highly
immobilized at T < 36 °C; this immobilization can
be interpreted in light of the recent X-ray diffrac-
tion data as a result of headgroup-headgroup in-
teractions of PEs across the interstitial space be-
tween lipid lamellae. A schematic representation
of the bilayer in the G(I) state is shown in Fig, 8.

The molecular structure of diC,, PE lamellae in
the M state is not known. However, the M — G(I)
phase transition is exothermic. This means that
packing of the acyl chains of diC,,PE in the M
state is more disordered than that in the G(I)
state, This information plus the fact that the M
state is uansformed from the L, state upon quick

the slowly cooled diC,,PE bilayer carried out un-
der various conditions does not display calorimet-
rically the exothermic trough upon slow heating as
shown in Fig. 1c and d and Fig. 5b and d. A
perhaps more plausible explanation is that the
exotherm corresponds to the M~ G(¥} phase

g lead us to speculate that a prime
candldate fox the molecular structure of diC,,PE
lamellae in the M state is the one schematically
dlustrated in F:g 8. This model shows basically
two istic First, the led
metastable M state is a multilamellar structure
wiih meited acyi chains. This is consistent with the
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Fig. 8. Schematic drawings to illustrate the various states of dmmm lameltar structure m diC,,PE. The stable G(I) crystalline phase
is represented with acyl chains having zig-zag carb: by and static h with a minimal interbilayer aqueous
space. The G(II) gel phase is represented with straight acyl clmms. spherical headgroups (indicating rotational motions of the
‘headgroup), and a large interbilayer aqueous space. The liquid- L, plnse is with lughly i acyl chains
and 2 large interbilayer aqueous space. The led ble M state is hypothesized to be a system with
disordered acy! chains. However, the p ion and the interbilayer aqueous space are similar to those of the G(I)
state. Hence, i il s ions are likely to occur in the M state. Sokd arrows indicate the conversion of
the lipid state on heating; open arrow represents the conversion on cooling; dotted arrow represenis the slow conversion ai low
temperatures ( <10°C).

observed exothermic lransmon Second t.he inter- upon quick supercooling, headgroup dehydration

stitial aq space b t is and acyl clmm ordering are also occurring simul-

assumed to be very small. This futm'e is di d ly , the onset and the rate of each

in more detail i in the followmg secuom of '.he proc&ses do not take place in a completely
When the dip line bi- d manner. In fact, the first structural

layer undergoes the Lﬂl - I‘..c phase transiﬁon, feature discussed in the preceding section de-
headgroup dehydration and acyl chain ordering mands that the acyl chain ordering be lingering, at
are known to be associated with the phase transn- least initially, behind headgroup dehydration upon

non‘ , the headgroup dehyd is quick supercooling. Clearly, diC,,PE lamellae in

d to be the rate-limiting step in the L_ this initial lag phase must havc reduced interstitial
phase formation [20]. It is thus ble to space b bil due to
assume that in the time course of the L, » M + head; dehydration. In addition, the bilayer

G(I) + G(II) phase transformations for diC;;PE will also have melted acyl chains, because the acyl
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chain ordering has not yet begun to occur in this
initial lag phase. This diC;,PE lamellar structure
occurring only in the transient lag phase is that
which we proposc to be the M state.

In the M state, interbilayer headgroup-
headgroup interactions across the small interstitial
space probably can take place. Perhaps, the inter-
bilayer ficadgroup-iicadgroup interaction tends to
promote the conversion of the melted acyl chains
of diC;,PE to the highly ordered chain-packi:

adjacent lamellae is configurationally more dif-
ficult; consequently, a reconversion of the low-
ion to the high
transmon for the heat-treated sample would seem
to be highly improbable. Indeed, this is congruent
with our DSC data on the heat-treated sample of
N-methyl-diC,, PE which fails to show the conver-
sion of the bilayer from the less stable G(II) form
to the more stable G(I) form after prolonged

mode at 19°C, leading to the exothermic M —
G(I) phase transition as shown in Fig, 8. In Fig. 8,
the well-known structures of G(I) or L; and L,
states are also diagrammatically presented.

The metastability of the G(II) state can be most

bation up to 9 days at 2°C (Figs 1f-i). The

of gel state bility by mono-
methylatmg the amine group in PE can thus be
qualitatively interpreted as due to the substitution
of the headgroup-headgroup interaction in PEs

P

appropriately described in terms of

After prolonged incubation of G(II) state bilayers
at 2°C, some of the bound water molecules packed
around the lipid headgroup are probably released
into the bulk water due to the ability of the lipid
headgroup ir one bilayer 1o involve in the hydro-
gen bond formation and the electrostatic interac-
tion with the headgroup of another lipid molecule
in the opposing bilayer. This interbilayer
headgroup-headgroup i ion at low temper-
atures will undoubtedly damp the amplitude and
rate of acyl chain reorientation fluctuations about
the long molecular axis; the effect is to transform
the acyl chain packing into a highly ordered mode.
The gradual dehydration of diC,,PE headgroup at
low temperature thus results in a slow conversion
of the lipid in the G(II) state to the more stable
G(1) state, as schematically shown in Fig. 8.
Based on steric consmeratlons, one wonld ex-
pect that the head, h
across the adjacent bllayers wnll be weakened ap-
ly by ion of the amine group
in d.lC“PE The observed phase behavior of N-
methyl-diC),PE shown in Fig. 1 indeed supports
the proposed interbilayer headgroup-headgroup
interaction. For instance, the small magnitude of
the high-temperature transition observed for non-
heated sample of N-methyl-diC,,PE, Fig. le, is
consistent with the notion that the presence of a
N-monomethyl monety m the lipid headgroup de-
creases sut the head, p-headgroup in-
across the adj bilayers. Also, be-
cause of the steric hindrance imposed by the N-
monomethyl group, a close contact between the

across the adj Hlae by the head,
H,0 i ion in N-methyl-PEs. Finally, we
would like to emphasize that the lipid headgroup

is functionally able to modulate the hyd /
dehydration of lipid bilayers, and that the
headgroup-headgroup interaction across the inter-
bilayer space may affect directly the structural
and phase behavior of bilayer membzanes.
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