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Abstract The interaction of /N-myristoylethanolamine
(NMEA) with cholesterol is investigated by differential scanning
calorimetry (DSC), fast-atom-bombardment mass spectrometry
(FAB-MS) and computational modelling. Addition of cholester-
ol to NMEA leads to a new phase transition at 55°C besides the
chain-melting transition of NMEA at 72.5°C. The enthalpy of
the new transition increases with cholesterol content up to 50
mol%, but decreases thereafter, vanishing at 80 mol%. The
enthalpy of the chain-melting transition of NMEA decreases
with an increase in cholesterol; the transition disappears at 50
mol%. FAB-MS spectra of mixtures of NMEA and cholesterol
provide clear signatures of the formation of {{NMEA-+choles-
terol]*} {INMEA+cholesterol+Na]*}. These results are consis-
tent with the formation of a 1:1 complex between NMEA and
cholesterol. Molecular modelling studies support this experimen-
tal finding and provide a plausible structural model for the com-
plex, which highlights multiple H-bond interactions between the
hydroxy group of cholesterol and the hydroxy and carbonyl
groups of NMEA besides appreciable dispersion interaction be-
tween the hydrocarbon domains of the two molecules.

© 2002 Published by Elsevier Science B.V. on behalf of the
Federation of European Biochemical Societies.
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1. Introduction

Long-chain N-acylethanolamines (NAEs) [1] and their pre-
cursors, N-acylphosphatidylethanolamines, play vital roles in
a variety of biological processes. They accumulate in plants
and animals during stress conditions such as injury or dehy-
dration, rising to very high levels when extensive membrane
degradation such as in myocardial infarction are encountered
[1-7]. N-Arachidonylethanolamine (anandamide) acts as an
endogenous ligand of the type-I cannabinoid receptors, inhib-
its gap—junction conductance and reduces the fertilizing ca-
pacity of the sperm [8-10]. N-Palmitoylethanolamine is an
endogenous ligand for type-II cannabinoid receptors [11].
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N-Myristoylethanolamine (NMEA) and AN-lauroylethanol-
amine are secreted into the culture medium of tobacco cells
when challenged by the fungal elicitor, xylanase; however, the
underlying mechanism of this process is still not clear [12,13].
The anti-inflammatory, antibacterial and antiviral properties
of NAEs are of considerable application potential [1].

In order to develop structure-function relationships for
NAEs, it is essential to characterize their physical properties
and interaction with other membrane constituents such as
cholesterol, phospholipids and integral membrane proteins.
In earlier studies the phase transitions of a homologous series
of NAEs were characterized by differential scanning calorim-
etry and the molecular packing and intermolecular interac-
tions of NMEA were investigated by single-crystal X-ray dif-
fraction [14-16]. It was observed that NMEA molecules pack
in a bilayer format, analogous to that found in phospholipid
membranes [16]. This report presents the results of differential
scanning calorimetry (DSC) and fast-atom-bombardment
mass spectrometry (FAB-MS) complemented by computation-
al modelling which provide the first evidence for a 1:1 com-
plexation between NMEA and cholesterol.

2. Materials and methods

2.1. Materials

N-Myristoylethanolamine was synthesized and characterized as de-
scribed earlier [14]. Cholesterol was purchased from Avanti Polar
Lipids (Alabaster, AL, USA).

2.2. Differential scanning calorimetry

Mixtures of NMEA and cholesterol were prepared by mixing ap-
propriate volumes of the two lipids from stock solutions in dichloro-
methane. The solvent was removed under a stream of dry N, gas,
followed by vacuum desiccation for 3 h. Dry samples of NMEA,
cholesterol and their mixtures were weighed accurately using a Per-
kin-Elmer Cahn microbalance into stainless steel pans, 30 ul of double
distilled water was added, and the pans were sealed. DSC mea-
surements were performed on a Perkin-Elmer DSC-4 calorimeter
equipped with a data station. The samples were hydrated by incuba-
tion at 90°C for 30 min in the calorimeter and then cooled to 35°C.
After incubation at this temperature for 20 min, two heating scans
and one cooling scan were recorded at a scan rate of 2.5°/min. After
each scan, the sample was incubated for 10 min at the final temper-
ature of the scan. Transition enthalpies were evaluated by integrating
the area under each peak using the software supplied by the instru-
ment manufacturers.

2.3. Fast-atom-bombardment mass spectrometry
FAB mass spectra were recorded on an Autospec (Micromass,
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Manchester, UK) mass spectrometer using an OPUS V3.IX data sys-
tem [17].

2.4. Computational methodology

Molecular modelling studies were carried out using a combination
of empirical force field available in the MOE program and the AM1
semi-empirical quantum chemical method. The MOE program (Mo-
lecular Operating Environment, Version 2001.01) is available from
Chemical Computing Group (1010 Sherbrooke Street West, Montreal,
Canada H3A 2R7; website: http://www.chemcomp.com). AM1 com-
putations were carried out using the MOPAC93 program (©Fujitsu,
Japan). Geometries of NMEA and cholesterol were optimized using
the empirical potentials followed by the AM1 method. Default op-
tions in MOE were employed in systematic conformational search on
conformations arising out of bond rotations at 10° intervals in the
hydrophilic region of NMEA. In optimizations of the complex using
the ‘water soak’ option of MOE, 339 water molecules in the default
layer width and box metric were used and PEOE (partial equalization
of orbital electronegativities) electrostatic charges were computed for
all atoms and included.

3. Results and discussion

3.1. Differential scanning calorimetry

Heating thermograms of hydrated samples of NMEA, cho-
lesterol and their mixtures are shown in Fig. 1. Consistent
with earlier results, hydrated NMEA shows a reversible,
highly cooperative gel-fluid chain-melting phase transition
centered at 72.5°C [14]. Addition of cholesterol at low mole
fractions results in two distinct changes in the thermograms.
First, the intensity of the peak corresponding to the chain-
melting transition decreases with slight broadening. In addi-
tion, a second peak appears around 55°C, indicating a new
phase transition. The intensity of this peak increases with
increasing NMEA :cholesterol ratio up to 1:1 (mol/mol),
whereas the intensity of the peak corresponding to the
chain-melting of NMEA decreases steadily and disappears
completely at the same ratio. Intensity of the peak at 55°C
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Fig. 1. Representative heating thermograms of aqueous dispersions
of NMEA, cholesterol and their mixtures. The composition of the
lipid mixtures (in mol ratio) is indicated. Scan rate is 2.5°/min. The
y-scale is not the same for all the scans shown.
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Fig. 2. Plot of the change in transition enthalpy (AH;) as a function
of cholesterol composition for hydrated mixtures of NMEA and
cholesterol. A: Transition corresponding to the 1:1 complex.
B: Transition corresponding to the chain-melting of NMEA. Transi-
tion enthalpies in A were calculated using the weighted average of
the molecular weights of NMEA and cholesterol, whereas those in
B were calculated based on the molecular weight of NMEA alone.

also decreases with increasing cholesterol content and be-
comes nearly zero at 0.8 mole fraction of the sterol. Cooling
scans indicate that both the transitions are reversible. Pure
cholesterol does not show any phase transition between 35
and 90°C (data shown between 50 and 80°C in Fig. 1).

A plot depicting the variation of the change in enthalpy
(AH,) of the two transitions as a function of the cholesterol
content in the mixture is given in Fig. 2. For the transition at
55°C, AH; increases gradually up to 50 mol% cholesterol and
then decreases steadily and reaches a value of zero at 80 mol%
cholesterol. AH; values corresponding to the chain-melting
transition of NMEA decrease monotonically with increasing
cholesterol content and approach zero at 50 mol% cholesterol.
These results suggest the formation of a 1:1 complex between
NMEA and cholesterol. The thermograms indicate the coex-
istence of the complex and NMEA in the mixtures containing
< 50 mol% cholesterol, and the complex and pure cholesterol
in the mixtures containing > 50 mol% cholesterol. The mix-
ture having 50 mol% cholesterol contains the complex exclu-
sively.

3.2. Fast-atom-bombardment mass spectrometry

In order to further investigate the interaction between
NMEA and cholesterol, we carried out fast-atom-bombard-
ment mass spectrometric studies. Due to the soft ionization
technique employed, FAB-MS is particularly suited for the
investigation of complexes that are held by relatively strong
hydrogen bonds [18-20]. FAB mass spectrum of a 1:1 (mol/
mol) mixture of NMEA and cholesterol, prepared in the same
manner as for the DSC studies, is given in Fig. 3. The relative
intensity and peak assignment data are given in Table 1.
Peaks corresponding to NMEA are prominently seen at m/z
values of 272 {[M+H]"}, 294 {{[M+Na]"}; peaks correspond-
ing to (NMEA), are also seen with moderate intensity at m/z
value of 544 {[M,+H]"} and 566 {{[M,+Na]"}. The low in-
tensity peaks at 387 {{M+H]"} and 369 {{M—OH]") corre-
spond to cholesterol. Most interestingly, peaks are observed
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Fig. 3. Fast-atom-bombardment mass spectrum of a 1:1 (mol/mol) mixture of NMEA and cholesterol. A: Spectrum in the m/z range 20-1000.

B: Expanded spectrum in the m/z range 500-800.

at significantly higher masses, especially at m/z values of 657
and 679; these are clearly assignable to [NMEA-+choles-
terol+H]" and [NMEA+cholesterol+Na]*. Though the rela-
tive abundances of these peaks are rather low compared to the
base peak (m/z=272), they are quite appreciable (5.6% and
4.6%, respectively) when compared to the intensity of the
molecular ion of cholesterol. Their intensities compare quite
favorably with the relative abundances of 4.9% and 2.5%
observed for the peaks at m/z values of 544 and 566, corre-
sponding to {[(NMEA),+H]"} and {[(NMEA),+Na]*}, re-
spectively. Finally, no peaks corresponding to cholesterol
dimer are observed in these spectra. These data clearly indi-
cate that even after ionization, NMEA and cholesterol exist as
a complex. Additionally, very similar mass spectrum (not
shown) was obtained when solid samples of the two species
were mixed directly in the probe tip of the mass spectrometer,
suggesting that NMEA and cholesterol form a complex even
in the gas phase.

An extended H-bond network mediated by hydroxy, amino
and carbonyl functionalities is observed in the NMEA crystal
[16]. Therefore, it is very likely that NMEA and cholesterol
bind together to form the complex, using multiple strong

Table 1
Data from positive ion FAB-MS of NMEA-cholesterol (1:1, mol/
mol) mixture

miz Relative intensity Assignment

272 100.00 (NMEA+H)"

294 15.70 (NMEA+Na)*

369 15.70 (Chol.—OH)*

387 5.20 (Chol.+H)*

544 4.90 (NMEA,+H)*

566 2.50 (NMEA,+Na)*

639 0.22 (NMEA+Chol.—OH)*
657 0.29 (NMEA+Chol.+H)*
679 0.24 (NMEA+Chol.+Na)*
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H-bond interactions. The FAB-MS results are fully consistent
with such a view.

3.3. Molecular modelling

Molecular modelling combining empirical force field
and semi-empirical quantum chemical AM1 computations
strongly support the DSC and FAB-MS evidence presented
above for the formation of a 1:1 stoichiometric complex be-
tween NMEA and cholesterol and provide a plausible struc-
tural model for it. Geometries of NMEA and cholesterol were
optimized using empirical potentials; the NMEA structure
obtained through a stochastic followed by a systematic con-
formational search agrees well with the one obtained from the
crystal structure analysis [16]. The two molecules were ori-
ented appropriately to facilitate H-bond interaction between
their hydrophilic groups; suitable and minimal bond rotations
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in the hydrophilic regions of the two molecules were effected
for this purpose. An extensive set of initial geometries of the
complex was then examined through full geometry optimiza-
tion using the AM1 method employing the PRECISE condi-
tions. Alternately, the initial geometries were optimized under
the ‘water soak’ option of MOE followed by AM1 optimiza-
tion. The low energy optimized structures of the complex
showed significant H-bond interactions between the hydroxy
group of cholesterol and the hydroxy and carbonyl groups of
NMEA. The lowest energy structure obtained in our compu-
tations is shown in Fig. 4. Two prominent H-bond interac-
tions, one between the hydroxy group of cholesterol and the
carbonyl group of NMEA (rg.o=2.21 A, 00-_n.0 =135.0°),
and the other formed by the hydroxy groups of NMEA and
cholesterol (rg.0 =2.16 A, 00_n.0 = 157.5°), lead to the cyclic
formation, which can be represented as 13 (9), in graph set

Fig. 4. AM1 optimized structure of the cholesterol-NMEA complex. Non-polar H atoms are omitted for clarity. The hydrophilic (blue) and
hydrophobic (green) regions are represented using the Gauss—-Connolly molecular surface computed using the default options in MOE. Orange
lines represent short intermolecular H-bonds and violet lines indicate the non-bonded C..C contacts; the distances shown are in A.
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notation [21]. Interestingly, the optimized geometry of the
complex also reveals appreciable dispersion interaction be-
tween the hydrocarbon domains of the two molecules as
seen from several close C..C contacts, the lowest ones ranging
from 3.68 A to 3.89 A. Fig. 3 emphasizes the hydrophobic
and hydrophilic regions of the complex resulting from the
various intermolecular interactions. The model structure of
the complex illustrates a close matching of the size and hydro-
philic/hydrophobic regions of the partner molecules leading to
a compact pairing. The enthalpies of formation of the fully
AM1 optimized geometries of the complex, NMEA and cho-
lesterol indicate an appreciable stabilization of 5.3 kcal/mol
for the complex. If the nearest local minima of cholesterol and
NMEA, obtained by optimization starting from their respec-
tive geometries in the complex, are used, the stabilization of
the complex increases to 6.9 kcal/mol.

3.4. Functional implications

Cholesterol is a ubiquitous plasma membrane lipid and its
interaction with different phospholipids and sphingolipids has
been the subject of numerous studies [22,23]. During the last
decade there has been a renewed interest in understanding the
interaction of cholesterol with other lipids in view of its pres-
ence in membrane rafts, which are rich in cholesterol and
sphingolipids, resulting in the identification of novel ‘con-
densed complexes’ between cholesterol and phospholipids
with simple integral stoichiometry [24-30]. These complexes
have been implicated in the formation of lipid rafts and are
suggested to modulate the chemical activity of cholesterol,
which in turn could regulate its biosynthesis [31,32]. The
strong stoichiometric complexation between NMEA and cho-
lesterol demonstrated in the present study provides a potential
model system for investigating the importance of lipid-lipid
interactions in the formation and dynamics of rafts. Such
specific complexes could be important in the cytoprotective
and stress-combating actions of N-acylethanolamines.
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