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Abstract

The content of N-acylethanolamines (NAEs) increases dramatically in cell membranes when the parent organism is subjected to injury or

stress. This increase has been attributed to stress-combating mechanisms of the organism. In this study, a binary phase diagram of hydrated

mixtures of N-palmitoylethanolamine (NP-E)—an endogenous ligand for the peripheral cannabinoid receptor (CB-2)—with dipalmitoyl-

phosphatidylcholine (DPPC) is established by high-sensitivity differential scanning calorimetry (DSC). The structures of the phases involved

were determined by using 31P-NMR spectroscopy and low-angle X-ray scattering. DSC studies show that NP-E and DPPC mix well in the

composition range DPPC/NP-E = 100:0 to 40:60 (mol/mol). At higher contents of NP-E, phase separation is indicated by the presence of

additional transitions in the thermograms. Characterization of the structures formed by the mixtures with 31P-NMR shows that, up to 80

mol% NP-E, DPPC remains in the lamellar phase. The low-angle X-ray diffraction data are also consistent with a lamellar gel-phase structure

for DPPC/NP-E mixtures up to 60 mol% NP-E. Above 70 mol% NP-E, NP-E phase separates in the gel-phase region, while complete

miscibility is observed in the fluid phase. These results provide a structural basis for understanding the membrane interactions of NAEs,

which is necessary for understanding the mechanism of their putative stress-combating role in the parent organisms.

D 2003 Elsevier B.V. All rights reserved.
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1. Introduction

N-Acylethanolamines (NAEs) and N-acylphosphatidyle-

thanolamines (NAPEs) are naturally occurring single-chain

and three-chain membrane lipids, respectively, whose con-

tent in plant and animal tissues increases quite dramatically

when the parent organism is subjected to stress or injury

[1,2]. It was postulated that this increase could be part of a
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stress/injury-combatting mechanism of the organism. NAEs

are produced in vivo by the enzymatic degradation of

NAPEs, catalysed by a phospholipase-D type enzyme that

is regulated by a signalling mechanism [3,4]. While NAPEs

are negatively charged, NAEs are neutral. In the last decade,

interest in NAEs was renewed with the discovery that

anandamide (N-arachidonylethanolamine) and N-palmitoy-

lethanolamine (NP-E) act as endogenous ligands for the

type-I and type-II cannabinoid receptors, respectively, in

mammals [5,6].

In addition to the ability of NP-E and anandamide to

interact with cannabinoid receptors, NAEs also exhibit

several other interesting biological properties. For example,

anandamide has also been shown to inhibit sperm fertilizing

capacity and gap-junction conductance [7,8], whereas N-

oleoylethanolamine is a potent inhibitor of ceramidase [9].

Challenging cultured tobacco cells with xylanase (a fungal

elicitor) leads to the secretion of N-myristoylethanolamine

(NM-E) and N-lauroylethanolamine into the culture medium

[10]. Further, NAEs are also of considerable interest be-
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cause of their pharmacological and medicinal properties as

anti-inflammatory, anti-viral and anti-anaphylactic agents

(reviewed in Ref. [1]).

While many studies have been focused on the identifi-

cation of the cytoprotective abilities of NAEs and NAPEs,

as well as on the characterization of their medical and

pharmacological properties, studies aimed towards under-

standing the membrane physical properties of these lipids,

such as their phase behavior and interaction with other

membrane components, are comparatively scarce [11]. In

order to understand structure-function relationships of

these lipids, systematic studies of their physical properties

and interaction with other membrane constituents are

essential. Such studies can lead to an understanding of

the role of these lipids within the cell membrane and may

reveal mechanisms whereby they help the organism in

combating stress. In earlier studies, Ambrosini et al.

[12,13] investigated the interaction of several NAEs with

dipalmitoylphosphatidylcholine (DPPC) multilamellar lip-

osomes and also showed that NAEs can stabilize the

bilayer structure against formation of the HII phase. Addi-

tionally, Epps and Cardin [14] showed that increasing the

concentration of N-oleoylethanolamine in DPPC vesicles

leads to a decrease in the chain-melting phase transition

temperature of the phospholipid. In previous studies, we

have characterized the phase transitions of dry and hydrat-

ed forms of NAEs of even and odd chainlengths [15,16]

and investigated the molecular packing and intermolecular

interactions in crystals of NM-E by X-ray diffraction

analysis [17].

The interaction of NP-E [CH3-(CH2)14-(CMO)-NH-CH2-

CH2-OH] with DPPC in hydrated mixtures was investigated

in the present study by using differential scanning calorim-

etry (DSC). The binary temperature-composition phase

diagram was constructed, and the structures of the phases

formed were investigated by 31P-NMR spectroscopy and

low-angle X-ray diffraction measurements. The results

obtained indicate that the two lipids mix well up to ca. 60

mol% of NP-E, whereas at higher mole fractions phase

separation occurs.
2. Materials and methods

2.1. Materials

DPPC was obtained from Avanti Polar Lipids (Alabaster,

AL, USA). Palmitic acid was from Sigma (St. Louis, MO,

USA). Oxalyl chloride, HEPES and EDTA were obtained

from Fluka (Buchs, Switzerland). NP-E was synthesized

and characterized as described earlier [15].

2.2. Sample preparation

Samples for DSC were prepared by dissolving the two

lipids in dichloromethane and mixing appropriate aliquots
of the two solutions to give the desired mole ratio. The

solvent was then evaporated by blowing dry nitrogen gas

gently over the sample, and the final traces of solvent were

removed by vacuum desiccation. The dry lipid mixture (ca.

2–4 mg) was hydrated with 500 Al of 10 mM HEPES buffer

(pH 7.4) containing 1 mM EDTA at ca. 60 jC and then

subjected to five cycles of freeze thawing.

Samples for phosphorus 31-nuclear magnetic resonance

(31P NMR) spectroscopy were prepared by codissolving

20–40 mg of the required lipid mixture (NP-E +DPPC) in

dichloromethane, removing the solvent by rotary evapora-

tion, and drying overnight under vacuum. The dry lipid was

hydrated with 0.5 ml of 10 mM HEPES buffer, containing 1

mM EDTA, pH 7.4 (HBS) at approximately 10j above the

chain-melting temperature of NP-E, and transferred to a 10-

mm-diameter NMR tube. Samples were freeze-thawed five

times, then pelleted in a bench-top centrifuge, and excess

buffer was removed prior to measurement.

For X-ray diffraction measurements, either an aliquot of

the samples prepared for NMR spectroscopy or a smaller

sample prepared in an equivalent manner was transferred to

a 1-mm-diameter, fine-wall glass capillary and centrifuged

at 3000 rpm in a bench top centrifuge for ca. 5 min, and the

excess supernatant was removed. The capillary was then

flame-sealed.

2.3. DSC

DSC experiments were carried out on a Hart Scientific

4207 heat-flow differential scanning calorimeter, essentially

as described earlier [18]. Samples, prepared as described

above, were placed in 1.5-ml Hastelloy ampoules with

screw-top lids and calorimetric scans were recorded at a

rate of 10j/h (Celsius scale). An empty reference cell was

used and baseline correction was made with a blank buffer

sample.

2.4. X-ray diffraction

X-ray diffraction measurements were performed using a

Kratky small-angle X-ray camera with a single-entrance slit

of a width of 30 Am [19]. Compared with the range of

scattering angles covered, the slit can be regarded as of

infinite length, and the half-width of the beam (1.5� 10� 3

Å� 1) is negligible. Sample capillaries were mounted in a

massive copper housing, which was thermostatted with a

Peltier device. Temperature stability was better than 0.1 K.

Nickel-filtered Cu Ka radiation (k = 0.154 nm) was obtained

from an AEG fine-focus tube, and diffracted intensity was

recorded with a linear position-sensitive detector mounted

on an extensive tube at a distance of 98.35 cm from the

sample. To record data at higher scattering angles, the

detector was repositioned in the vertical direction (which

is orthogonal to the beam). Diffraction patterns are pre-

sented as scattering intensity that has not been corrected for

the slit geometry.
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2.5. 31P NMR spectroscopy

Proton-dipolar decoupled 31P-NMR spectra were re-

corded at a frequency of 121.5 MHz on a Bruker MSL-

300 spectrometer operating in the Fourier transform mode.

The p/2 pulse width was 11 As, and recycle delays were

always in excess of 5T1. The decoupling power was ap-

proximately 10–15 W, and the duty cycle of the gated

decoupling was ca. 0.2%. Temperature was regulated by a

thermostatted nitrogen gas-flow system.
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3. Results

In the present study, the interaction between NP-E and

DPPC, lipids of identical chainlength, has been character-

ized by DSC. The polymorphic structure of the mixtures

was characterized from the unidimensional bilayer repeat

distance (d100) and the 31P-chemical shift anisotropy

(CSA), by using low-angle X-ray diffraction and 31P

NMR, respectively.

3.1. DSC

Heating and cooling thermograms of DPPC, NP-E and

hydrated mixtures of these two lipids at different composi-
Fig. 1. Calorimetric heating scans of NP-E, DPPC and their mixtures at different c

pH 7.4. Scan rate: 10j/h (Celsius scale). The DPPC/NP-E mole ratio for each sa
tions are shown in Figs. 1 and 2, respectively. From Fig. 1A

it can be seen that the pretransition and chain-melting

transition of DPPC, observed at ca. 34.5 and 42 jC,
respectively, are consistent with literature values [20]. The

single transition observed for hydrated NP-E at around 80

jC (Fig. 1B), is also consistent with literature reports [15].

This high chain-melting phase transition temperature is most

likely due to intermolecular hydrogen bonds between NP-E

molecules, because NM-E and N-stearoylethanolamine (NS-

E), which are homologous to this compound, exhibit exten-

sive intermolecular hydrogen bonding networks in the

crystalline state [17,21]. In the presence of 10 mol% NP-

E, both the pretransition and the chain-melting transition of

DPPC shift to higher temperatures with slight broadening.

At 20 mol% NP-E, the pretransition disappears completely

and the chain-melting transition is very considerably broad-

ened. Broad, asymmetric endotherms are seen for samples

containing 20–50 mol% of NP-E, and the shape of these

changes with composition. At 60 mol% NP-E, only a single

transition is seen, and this is sharper than the endotherms for

samples in the 20–50 mol% NP-E composition range. The

onset of the endotherm increases gradually in temperature

with increasing NP-E content up to 60 mol%. Considerable

changes occur in the phase behaviour of the DPPC/NP-E

mixtures above 60 mol% NP-E. At 65 mol% NP-E, multiple

endothermic peaks are seen and, most interestingly, the
ompositions. Samples were dispersed in 10 mM HEPES, and 1 mM EDTA,

mple is indicated.



Fig. 2. Calorimetric cooling scans of NP-E, DPPC and their mixtures at different compositions. Samples were dispersed in 10 mM HEPES, and 1 mM EDTA,

pH 7.4. Scan rate: 10j/h (Celsius scale). The DPPC/NP-E mole ratio for each sample is indicated.
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onset temperature of the entire endotherm shifts to a lower

temperature. Above 70 mol%, increase in the NP-E content

results in only small increases in the onset temperature up to

90 mol% NP-E, and the overall shape of the endotherms

remains rather constant. Above 90 mol% NP-E, the onset

temperature increases rather steeply.

The corresponding DSC cooling scans are shown in Fig.

2A and B. The transitions corresponding to chain melting

appear at several degrees below the corresponding heating

transitions and are considerably sharper. The additional

calorimetric peaks alluded to above for the mixtures con-

taining >60 mol% NP-E are also seen in the cooling scans

and appear at slightly lower temperatures than the

corresponding transitions seen in the heating scans.

3.2. Binary phase diagram

Binary temperature-composition phase diagrams con-

structed from the heating and cooling thermograms pre-

sented in Figs. 1 and 2 are shown in Fig. 3A and B,

respectively. The onset and completion temperatures of the

entire endotherm (solid symbols) are plotted against NAPE

content. The overall phase diagram appears qualitatively

similar for both heating and cooling. Minor differences are

seen which reflect the small hysteresis that is observed

between the heating and cooling scans, especially for the

major chain-melting event of the mixtures with higher
contents of NP-E. Up to 60 mol% NP-E the two compo-

nents appear to mix well, but above this composition range

the thermograms become more complex in structure, sug-

gesting partial immiscibility and possibly even multiple

transitions, i.e., polymorphism. In this composition range,

completion temperatures are plotted also for the two com-

posite peaks at low temperature in Figs. 1 and 2. These are

given by the open symbols in Fig. 3 and imply polymorphic

behavior at high NAPE contents, as discussed later.

3.3. 31P NMR

The broad-line proton-dipolar decoupled 31P NMR spec-

tra of mixtures of DPPC and NP-E are shown in Fig. 4, and

values of the effective chemical shift anisotropies (CSA)

obtained from the spectra shown in this figure are listed in

Table 1. The three panels shown in Fig. 4 correspond to

DPPC/NP-E (mol/mol) ratios of 2:1, 1:2 and 1:4, respec-

tively. At 25 and 40 jC, corresponding to the gel phases, the
spectra for all the three samples are broad, axially aniso-

tropic powder patterns with a low-field shoulder and a high-

field peak. The effective chemical shift anisotropies are in

the range of Dr =� 62.7 to � 71.2 ppm and are character-

istic of a lamellar gel phase (Table 1). At higher temper-

atures, the spectra for the samples with DPPC/NP-E molar

ratios of 2:1 and 1:2 are relatively sharp, axially anisotropic

powder patterns with effective CSA values of Dr =� 44.2



Fig. 4. Proton-dipolar decoupled 121.5 MHz 31P-NMR spectra of NP-E/DPPC binary mixtures hydrated with 10 mM HEPES, 1 mM EDTA, pH 7.4. The lipid

composition of the samples and the temperature at which each spectrum was recorded are indicated in the figure. Chemical shifts are referenced to external 85%

phosphoric acid.

Fig. 3. Binary phase diagram of NP-E/DPPC mixtures dispersed in 10 mM HEPES, and 1 mM EDTA, pH 7.4, deduced from the phase boundaries established

from the endothermic transitions observed in the heating scans (A), and the exothermic transitions observed in cooling scans (B), which are shown in Figs. 1

and 2, respectively. The solidus and fluidus points (solid symbols) were determined from the onset and completion of the change in the excess heat capacity,

respectively. Open symbols in the range above 60 mol% NP-E represent the completion temperatures of the first and second peaks in the DSC scan. Phase

designations are given in panel B. Lc is the gel phase of compound C and ‘‘x’’ is a putative second polymorph; SNAE is solid NP-E (see Discussion).
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Table 1

Values of effective CSA, obtained from 31P-NMR spectra of hydrated

binary mixtures of DPPC and NP-E, recorded at different temperatures

DPPC/NP-E (mol/mol) T (jC) CSA (ppm)

2:1 25 � 71.2

40 � 64.7

50 � 49.0

60 � 47.2

70 � 48.8

1:2 25 � 71.0

40 � 62.7

60 � 50.8

80 � 44.2

1:4 25 � 70.7

40 � 66.3

60 � 49.2

70 � 50.2

80 � 48.6

Buffer: 10 mM HEPES, 1 mM EDTA, pH 7.4.
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to � 50.8 ppm, and are typical of a lamellar fluid phase. At

1:4 (mol/mol) DPPC/NP-E ratio, all the fluid-phase spectra

are also sharp, axially anisotropic powder patterns with

effective CSA values in the range of � 48.6 to � 50.2

ppm, but contain a small proportion of an isotropic compo-

nent that is superimposed on the lamellar pattern, the
Fig. 5. Low-angle X-ray diffraction patterns of fully hydrated NP-E/DPPC binar

HEPES, 1 mM EDTA, pH 7.4. The magnitude of the scattering vector, q (Å� 1) is 4

mixtures is indicated in the figure.
content of which does not appear to change with tempera-

ture in the range studied.

3.4. Low-angle X-ray scattering

Fig. 5 gives the low-angle X-ray scattering profiles of

DPPC, NP-E and their mixtures of different ratios. Data are

shown for measurements performed at 20, 40, 60, and 80

jC, corresponding to the gel-phase region, the ripple-phase

region of DPPC, a region corresponding to mixture of

coexisting phases at higher NAPE contents, and the fluid-

phase region, respectively.

In the gel-phase region, at 20 jC, two or three orders of

diffraction are observed for pure DPPC as well as for the

mixtures up to 60 mol% NP-E (see Fig. 5, panel A),

although the second-order diffraction is broader and no

third-order diffraction is seen with samples containing 50

and 60 mol% NP-E. At higher mole fractions of NP-E

(z 70%), an additional diffraction line is seen, indicating

the coexistence of at least two different phases. Pure NP-E

gave only a single reflection at all temperatures, over the

scattering range studied. However, it most likely exists in

the lamellar phase. Supporting evidence for this, although

indirect, comes from single-crystal X-ray diffraction stud-
y mixtures at 20, 40, 60 and 80 jC. Buffer used for hydration is 10 mM

psinh/k, where 2h is the scattering angle. The molar composition of the lipid
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ies of NM-E and NS-E, both of which form a lamellar

structure in the crystalline phase, with repeat spacing of

38.1 and 47.6 Å, respectively [17,21]. Because NP-E is

homologous to these two compounds, with an intermediate

chainlength, it is most likely that it would also adopt a

lamellar bilayer-type structure in the solid state. At 20 jC,
the hydrated sample of NP-E gives a single diffraction

line, which corresponds to a repeat spacing of 50.7 Å. This

is 12.6 Å more than the repeat spacing observed with dry

NM-E and slightly larger (by 3.1 Å) than the repeat

spacing of dry NS-E. Considering that NP-E contributes

four additional CH2 groups to the width of the bilayer as

compared with NM-E, and that the diffraction data in this

study are collected with a fully hydrated sample, the higher

repeat spacing seen for NP-E seems consistent with a

lamellar bilayer structure.

At 60 jC, the diffraction data arise from lamellar struc-

tures that consist of a single phase up to 50 mol% NP-E. The

second-order reflection is more diffuse in this region, when

compared with the diffraction patterns observed at 20 jC. At
60 mol% NP-E, an additional weak reflection is seen, the

intensity of which increases as the content of NP-E is

increased until, at 100 mol% NP-E, only the latter reflection

is observed. These results suggest that between ca. 60 and

100 mol%, NP-E and its mixture with DPPC coexist.

At 80 jC, which corresponds to the fluid phase region at

all the lipid compositions investigated, all samples up to 80
Fig. 6. Dependence of bilayer repeat spacing, d100, on NP-E content in hydrated bin

20 jC (gel phase), (B) 40 jC (intermediate phase), (C) 60 jC (fluid/coexistence reg
mol% NP-E give lamellar diffractions, whereas NP-E alone

gives a single sharp reflection which corresponds to a repeat

spacing of 44.9 Å. If NP-E alone forms a lamellar bilayer-

type structure in the gel phase that undergoes a gel-to-liquid

crystalline phase transition, then it would be expected that

the fluid phase will have a lower repeat spacing because of

gauche rotational isomers in the C–C single bonds of the

acyl chain, which decrease the bilayer thickness. However,

some compensating increase in thickness of the intervening

water layers from an increased hydration in the fluid phase

cannot be completely excluded.

Fig. 6 gives the dependence of the bilayer repeat

spacing, d100, on mole fraction (%) of NP-E, deduced from

Fig. 5. In the gel phase at 20 jC (Fig. 6A), d100 increases

steeply with increasing NP-E content (linear-regression

slope = 0.179F 0.014 Å/mol%). At 40 jC (Fig. 6B), DPPC

alone is in the intermediate PhV-phase, for which the repeat

spacing is greater than in the LhV gel-phase. From 30 mol%

NP-E onwards, the repeat spacing at 40 jC follows more

closely that of the gel-phase at 20 jC, consistent with the

disappearance of the pretransition at 20 mol% NP-E and

above (see Fig. 1). At 60 jC (Fig. 6C), the repeat spacing

increases until reaching the two-phase region of gel-fluid

coexistence. In the fluid phase at 80 jC (Fig. 6D), the repeat

spacing increases with increasing NP-E content, but to a

much smaller degree than in the gel phase (linear-regression

slope = 0.048F 0.015 Å/mol%).
ary mixtures of DPPC/NP-E (10 mM HEPES, 1 mM EDTA, pH 7.4) at: (A)

ion), and (D) 80 jC (fluid phase). Sloping dotted lines are linear regressions.
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4. Discussion

We first discuss the structure of the various phases of the

hydrated DPPC-NP-E mixtures. Then we treat the phase

coexistence and phase diagram of the binary mixtures.

Finally, we consider the implications of the mixing proper-

ties of NP-E in lipid membranes.

4.1. Phase structures and component miscibility

Both low-angle X-ray diffraction and 31P-NMR results

indicate that the hydrated lipid mixtures possess a lamellar

membrane structure at all compositions and temperatures

investigated. 31P-NMR reports only on the phases that

contain DPPC, but provides no evidence for the existence

of non-lamellar phases. The very small isotropic peak in the
31P-NMR spectra of the DPPC/NP-E 1:4 mol/mol mixture

in Fig. 4 most probably arises from small lamellar particles.

Note that this peak first appears at the transition to the

narrow lamellar powder pattern and, therefore, is associated

with the La-phase.

The X-ray diffraction patterns are characteristic of a

single lamellar structure at all temperatures for mixtures

containing up to 50 mol% NP-E. The diffraction peaks

become more diffuse with increasing NAPE content and

increasing temperature in this range (see Fig. 5). This may

indicate a decreasing coherence of the multilamellar struc-

tures or the formation of paucilamellar liposomal structures.

Note, however, that the loss of sharp structure to the

diffraction patterns does not arise from diffuse scattering

of micellar disks because the CSA of the 31P-NMR spectra

(see Fig. 4) remains relatively large, even at NAPE contents

above 50 mol% (Table 1).

The smooth and progressive increase in bilayer repeat

spacing with increasing NP-E content up to 60 mol% at 20

jC indicates that the two components are miscible in the gel

phase, throughout this composition range (Fig. 6A). From

Fig. 6D, similar conclusions can be drawn, although less

firmly, for the fluid phase at 80 jC. At the intermediate

temperature of 60 jC, the repeat spacing remains constant

from 50 to 80 mol% NP-E (Fig. 6B), in the La and LhVphase-
coexistence region. This value (d100 = 68.6 Å) corresponds

to the fixed composition of the LhV gel-phase in the coex-

istence region, as required by the Gibbs phase rule for a

two-component system.

The increase of repeat distance with increasing NP-E

content in the gel phase could be attributable to a decrease in

tilt of the lipid chains and/or an increase in water-layer

thickness. At 20 jC, in the LhV-phase, the thickness of the

DPPC bilayer is dl = 47 Å and the molecular tilt is h= 34j
[22,23]. For an untilted structure, the bilayer thickness

would therefore increase by Ddl= + 10 Å. At 20 jC, the
maximum increase in bilayer repeat distance observed here

is comparable to this: Dd100F 12 Å, for 70 mol% NP-E

(Fig. 6A). A change in tilt is therefore a quantitatively

feasible explanation for the increase in repeat spacing in
the gel phase. In the fluid phase, the increase in bilayer

repeat distance is much smaller and could readily be

achieved by an increase in chain order, on addition of the

higher-melting component. Again, changes in the degree of

hydration also cannot be excluded in the fluid phase.

Above 60 mol% NP-E, a diffraction peak characteristic

of NP-E alone appears superimposed on the scattering

pattern from the mixture, both at 20 jC in the gel phase

and at 60 jC in the phase coexistence region. This is a clear

indication of gel-phase immiscibility at NP-E contents

greater than 60 mol%. On the other hand, no additional

diffraction peak appears superimposed on the scattering

profiles at 80 jC, indicating that the two lipid components

are miscible at all compositions in the fluid phase.

4.2. Binary phase diagram

In the composition range up to 60 mol% NP-E, the phase

diagram is of the isomorphous type that is characteristic of

miscibility of the two components in both the gel (LhV) and
fluid (La) phases (see Fig. 3B). This is consistent with the
31P-NMR and X-ray diffraction results that were discussed

above. Although the endotherm for the DPPC/NP-E 60:40

mol/mol sample has a non-vanishing width, its shape is

tending towards that for an isothermally melting compound.

Possibly the phase diagram contains a non-congruent melt-

ing point and the NP-E/DPPC stoichiometry of the com-

pound is somewhat greater than 3:2 mol/mol.

At NP-E contents above the stoichiometry of the NP-E/

DPPC compound, the phase diagram is complex. The

relatively high enthalpy of the low temperature section

of the endotherms in Fig. 2 leads one to assign this to a

chain-melting event, although a high-enthalpy solid-solid

transition cannot entirely be excluded. With the first

interpretation, the line with solid symbols at low temper-

ature for XNP-E>60 mol% should be a conventional solidus

line. However, this line lies below the melting temperature

of the NP-E/DPPC 3:2 mol/mol compound. It is therefore

difficult to construct a phase diagram for mixtures of this

compound with the higher-melting NPAE that is consistent

with the Gibbs phase rule. The sudden appearance of the

lower temperature section of the endotherm for mixtures

with XNP-E>60 mol% can possibly be explained by a

second polymorphic form of NP-E (identified as ‘‘x’’ in

Fig. 3B) that has a lower melting temperature. If this is the

case, this polymorph must be stabilised by admixture with

DPPC because the existence of such a possibly metastable

state is not detected in the DSC scans of hydrated NP-E

alone. This is also true if the second polymorphic form,

‘‘x’’, is instead involved in a solid-solid transition.

In the dry state, all even-chainlength NAEs with 14–20

C-atoms display two solid-solid phase transitions below the

main chain-melting phase transition [15]. For dry NP-E

these transitions occur at ca. 77 and 91 jC, however, and are
not seen in the hydrated sample (Ref. [15]; Ramakrishnan

and Swamy, unpublished observations). These observations
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indicate the existence of several polymorphic forms in the

solid phase for NAEs of different chainlengths. Indeed,

recent studies on NS-E show that it can exist in at least

three polymorphic forms [24].

Given that the low-temperature endotherms in the second

region of the phase diagram at XNP-E>60 mol% can be

interpreted in terms of a second NP-E polymorph, interpre-

tation of the rest of the phase diagram in this region is

relatively straightforward. The horizontal, constant-temper-

ature solidus line (shown as open circles and dotted line in

Fig. 3) is indicative of solid-solid phase separation between

the NP-E/DPPC compound (Lc) and NP-E alone (SNAE).

This is totally consistent with the appearance of a diffraction

peak assigned to NP-E that is found in the gel phase for this

region of the binary phase diagram, as was discussed above.

The non-horizontal fluidus line at high temperature in turn

indicates miscibility between the NP-E/DPPC complex and

NP-E in the fluid phase. This again is consistent with the X-

ray diffraction results already discussed.

It is of interest to compare the present phase diagram for

NAEs with that established previously for mixtures of

NAPE with phosphatidylcholine [25]. Whereas NP-E mixes

well with DPPC at contents up to 60 mol%, it was found

that N-myristoyl dimyristoylphosphatidylethanolamine

mixes rather well with dimyristoyl phosphatidylcholine over

the entire composition range, especially in the fluid phase.

Because the chain-melting transitions of NAPEs are con-

siderably lower than those of the corresponding single-chain

NAEs, the NAPEs are therefore the more compatible with

physiological fluid phospholipid bilayer membranes.

4.3. Implications

Interestingly, NP-E mixes well with phosphatidylcholine,

a major mammalian membrane lipid species, at contents up

to 60 mol%. Beyond this level, excess NP-E phase sepa-

rates, except in the fluid phase, which is achieved only at

high temperature for these lipid mixtures. The good mixing

properties then imply that rather high local concentrations of

NAEs can be tolerated without membrane disruption. Po-

tentially, this feature can potentiate the effectivity of the

antagonist in the immediate environment of the CB-2

receptor. Based on the present results for NP-E, it can be

anticipated that the mixing properties of anandamide with

membrane lipids may be even better, because of its reduced

chain-melting temperature. This could further enhance the

effectivity of this particular agonist for type-I cannabinoid

receptors.

Although the major component, phosphatidylcholine, is

not the only phospholipid species of mammalian cell

membranes. In the future, it will be of interest to investigate

the mixing properties of NAEs with other phospholipids,

especially phosphatidylethanolamine. The latter phospholi-

pids, relative to phosphatidylcholines, are well known to

exhibit a preference for formation of non-lamellar fluid lipid

phases. Based on the ability of single-chain amphiphiles to
induce non-lamellar lipid phases, it is possible that NAEs

are therefore deleterious to the long-term stability of cell

membranes. For this reason, it is possible that NAEs are

stored in membrane-compatible reservoirs of NAPEs [25]

that are mobilised to NAEs only under conditions of

membrane stress. Additionally, because both NAEs and

phosphatidylethanolamines form intermolecular hydrogen

bonds in the solid state [17,26], it would be interesting to

investigate if their interaction may also be affected by this

property.
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