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Abstract

The temperature-composition phase diagram was derived for hydrated, binary mixtures of N-myristoyldimyristoylphos-
phatidylethanolamine (N-14 DMPE) and dimyristoylphosphatidylcholine by high sensitivity differential scanning
calorimetry. Gel phase immiscibility was detected in mixtures containing up to 20 mol% N-14 DMPE and there was no
evidence for compound formation between the two components. In the fluid phase nearly complete miscibility is indicated by
the calorimetric data. These results are relevant to understanding the role of N-acylphosphatidylethanolamines in the stress
combating responses of organisms and in their application to developing liposome-based drug delivery systems. ß 2001
Elsevier Science B.V. All rights reserved.
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N-Acylphosphatidylethanolamines (NAPEs) are
naturally occurring, anionic phospholipids that are
produced on acylating the amino function of the

zwitterionic phospholipid, phosphatidylethanolamine
[1]. NAPEs serve as precursors for N-acylethanol-
amines (NAEs), which act as endogenous ligands of
the cannabinoid receptors, CB-1 and CB-2 [2]. In
NAPEs isolated from natural sources, the N-acyl
chains are usually long, i.e., comparable in length
to the O-acyl chains [1]. Detailed biophysical studies
have shown that, for NAPEs bearing long N-acyl
chains, the N-acyl chains fold back into the hydro-
phobic interior of the membrane [3^6]. Spin label
EPR and ATR-FTIR studies show that in NAPEs
with matched N- and O-acyl chains the N-acyl chain
is oriented parallel to the O-acyl chains and is lo-
cated at approximately the same vertical position as
the sn-2 chain [6,7]. The membrane content of both
NAPEs and NAEs increases when the parent tissue is
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subjected to stress, such as injury in animals or de-
hydration in plants. This suggests that the increased
production of NAPEs and NAEs might be related to
the stress combating response of the parent organism
[1,2]. Additionally, NAPEs have been shown to sta-
bilize liposomes against leakage, indicating that they
might be useful in developing liposomal formulations
for drug delivery applications [8,9].

In light of the foregoing, it is important to char-
acterize the physical properties of these two classes of
compounds and investigate their interaction with
other membrane constituents. Because of the high
abundance of phosphatidylcholine in natural mem-
branes and the dramatic increase in content of
NAPEs in tissues subjected to stress, it is of special
interest to investigate the interaction of NAPEs with
phosphatidylcholines. The mixing behaviour of N-
palmitoyl transphosphatidylated phosphatidyletha-
nolamine (N-16 TPE) with egg phosphatidylcholine
(EPC) has been reported earlier [10]. So far, however,
no complete binary phase diagram has been estab-
lished for mixing of NAPEs with phosphatidylcho-
lines of de¢ned chain composition. Here, we study
the interaction of N-myristoyldimyristoylphosphati-
dylethanolamine (N-14 DMPE) with dimyristoyl-
phosphatidylcholine (DMPC) in hydrated mixtures
using di¡erential scanning calorimetry (DSC). The
temperature-composition binary phase diagram is
constructed and the mixing behaviour of these two
lipids is discussed.

DMPC and DMPE were purchased from Avanti
Polar Lipids (Alabaster, AL, USA). Myristic acid
was from Sigma (St. Louis, MO, USA) and oxalyl
chloride was a product of Fluka (Buchs, Switzer-
land). N-14 DMPE was synthesized by acylation of
DMPE as described earlier [11]. Samples for di¡er-
ential scanning calorimetry were made by dissolving
the two lipids in dichloromethane and mixing appro-
priate aliquots of the two solutions to give the de-
sired ratio. The solvent was then evaporated by gen-
tly blowing dry nitrogen gas over the sample, and the

Fig. 1. Calorimetric heating (A) and cooling (B) scans of
DMPC, N-14 DMPE and their mixtures at di¡erent composi-
tions. Samples were dispersed in 1 M NaCl, 10 mM HEPES,
and 1 mM EDTA, pH 7.4. Thermograms were recorded at a
scan rate of 10³/h. The mol% of N-14 DMPE in each sample is
indicated.
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¢nal traces of solvent were removed by vacuum des-
iccation. The dry lipid mixture was hydrated with
500 Wl of 10 mM HEPES bu¡er (pH 7.4) containing
1 mM EDTA and 1 M NaCl (HBS) at approx. 65³C
and then subjected to ¢ve cycles of freeze-thawing.
DSC experiments were carried out on a Hart Scien-
ti¢c 4207 heat £ow di¡erential scanning calorimeter,
essentially as described earlier [12]. The samples were
placed in 1.5 ml Hastelloy ampoules with screw top
lids and calorimetric scans were recorded at a rate of
10³/h. Transition enthalpies were evaluated by inte-
grating the area under each peak using the software
supplied by the instrument manufacturers.

Heating and cooling thermograms of various hy-
drated binary mixtures of N-14 DMPE and DMPC
are given in Fig. 1A and B, respectively. The transi-
tion enthalpies obtained from the thermograms are
given in Table 1. From Fig. 1A, it can be seen that
the gel-liquid crystalline phase transition of N-14
DMPE is centred at 55.2³C and is consistent with
the literature value [11]. The main chain melting
phase transition of DMPC, centred around 24³C, is
also consistent with literature values [13]. The pre-
transition of DMPC broadens progressively with in-
crease in content of N-14 DMPE, although the onset
temperature does not change. It is totally abolished
at 10 mol% of the latter. The chain melting transition
also broadens, without appreciable increase in the

onset temperature, up to 20 mol% N-14 DMPE.
This suggests immiscibility in the gel phase for mix-
tures containing 0^20 mol% of N-14 DMPE,
although the slight upward trend in the onset tem-
perature might indicate a very limited mixing. As the
fraction of N-14 DMPE is increased further, how-
ever, the thermograms gradually become narrower
and the onset of the chain melting transition shifts
rapidly to higher temperatures.

The cooling scans in the high concentration region
of N-14 DMPE display two closely spaced `transi-
tions'. This feature was also observed for hydrated

Fig. 2. Binary phase diagram of N-14 DMPE/DMPC mixtures
dispersed in 1 M NaCl, 10 mM HEPES, and 1 mM EDTA,
pH 7.4, deduced from the phase boundaries established from
the endothermic transitions shown in Fig. 1A. The solidus and
£uidus points were determined from the onset and completion
of change in the excess heat capacity, respectively. The dotted
lines represent the solidus and £uidus phase boundaries pre-
dicted for ideal mixing. See text for more details. The solid line
for the £uidus has the form for ideal mixing but with the tran-
sition enthalpy of one component used as an arbitrary ¢t pa-
rameter. The solid line for the solidus is a B-spline that serves
only to guide the eye.

Table 1
Phase coexistence widths (vT) and calorimetric enthalpies, vHt

for hydrated dispersions of N-14 DMPE/DMPC binary mix-
tures

N-14 DMPE/DMPC
(mol/mol)

vT (³C) vHt (kcal/mol)

0:100 3.5 5.4
2:98 5.5 4.6
5:95 12.5 5.4
7.5:92.5 13.8 5.3
10:90 14.6 6.2
20:80 19.7 6.9
30:70 17.0 6.5
40:60 14.0 6.6
50:50 12.0 6.8
60:40 8.5 6.9
70:30 6.5 6.9
80:20 5.3 6.0
90:10 5.0 5.9
100 3.5 8.4

Bu¡er: 1 M NaCl, 10 mM HEPES, 1 mM EDTA, pH 7.4.
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dispersions of NAPEs (with matched acyl chains)
alone, including those of N-14 DMPE [11]. It is likely
that this irreversibility may be related to the packing
of the N-acyl chain in the interior of the gel phase
membrane, although the precise mechanism is not
yet clear.

The binary phase diagram constructed from the
heating thermograms of the hydrated mixtures is
shown in Fig. 2. The region of gel phase immiscibil-
ity is clearly seen from the horizontal solidus line
that extends up to mole fractions of N-14 DMPE
of XW0.2. For comparison, the phase diagram cal-
culated for ideal mixing (see e.g. [14]) is also included
in Fig. 2, shown by dotted lines. In addition to the
pronounced deviations from ideal mixing associated
with gel phase immiscibility, limited deviations from
ideal mixing are also seen in the £uid phase. How-
ever, at high mole fractions of N-14 DMPE, the ob-
served phase boundaries approach more closely those
predicted for ideal mixing. Although the progression
of the solidus and £uidus boundaries of the phase
diagram from 30:70 to 100:0 mol/mol of N-14
DMPE/DMPC curve in a way that is reminiscent
of the formation of a high melting compound, there
is no evidence for an isothermally melting compound
of non-vanishing DMPC content. Any putative
`compound' therefore must have a composition close
to that of pure N-14 DMPE.

Of the binary phase diagrams known for phospho-
lipid mixtures [13], that for DMPC mixed with dipal-
mitoylphosphatidylethanolamine (DPPE) [15] most
resembles the phase diagram obtained here for ad-
mixture with N-14 DMPE. This is signi¢cant because
both the transition temperature (TtW60^63³C) and
the transition enthalpy (vHtW8.5 kcal/mol) of
DPPE (see [13]) are relatively close to those of N-
14 DMPE. Compared with DMPC/DPPE mixtures ^
apart from the di¡erence in transition temperature of
the higher melting component ^ the major di¡erence
is that N-14 DMPE mixes better with DMPC in the
gel phase than does DPPE. Gel phase immiscibility
extends only up to mole fractions X9 0.2 of N-14
DMPE (Fig. 2), whereas with DPPE immiscibility
continues up to XW0.4^0.5 of the higher melting
component [15]. For mixtures of DMPC with dis-
tearoylphosphatidylcholine (DSPC, which has a tran-
sition temperature close to that of N-14 DMPE, but
a signi¢cantly higher transition enthalpy), the region

of gel phase immiscibility extends much further up to
mole fractions XW0.6^0.7 of DSPC.

The interaction of N-16 TPE with EPC was inves-
tigated earlier by DSC [10] but for a very limited
number of mixtures. Because of the O-acyl chain
heterogeneity in these lipids, the region of gel-£uid
coexistence is extremely broad even for the single
components (vTW38³C). Therefore, only the peak
transition temperatures were reported and a phase
diagram was not recorded. Nevertheless, it was con-
cluded that mixing was non-ideal, although there was
no clear indication for gel phase immiscibility. Lack
of the latter probably arises because of the chain
heterogeneity. In addition, our experiments were car-
ried out at high ionic strength (bu¡er containing 1 M
NaCl) to suppress electrostatic e¡ects of the nega-
tively charged NAPE. Electrostatic repulsion will
tend to favour mixing with a zwitterionic lipid.

Taken overall, therefore, N-14 DMPE mixes better
with DMPC than does DPPE which exhibits compar-
able thermodynamics of chain melting. This prefer-
entially better mixing of the NAPE with phosphati-
dylcholines (much better also than that of DSPC
with DMPC) supports the idea that NAPEs can pro-
vide a membrane-compatible reservoir for storing
NAEs. The latter are then only mobilized to exert
their functional role under conditions of membrane
(or tissue) stress [1,2]. We have shown previously [6]
that the NAPEs are membrane-compatible at the
molecular level. The present ¢ndings on the thermo-
dynamic mixing properties further reinforce the con-
clusions of this former work.

The dramatic increase in the content of NAPEs
when the parent tissue is subjected to stress is inter-
preted as a stress combating response of the organ-
ism [1,2]. Also, NAPEs have been demonstrated to
stabilize liposomes against contents leakage, espe-
cially in the presence of serum components [8,9].
The present study, therefore, provides thermodynam-
ic characterization of the membrane interactions of
NAPEs that are relevant to these aspects, both of
biological function and of potential biotechnological
application.
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