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Recent studies show that O-acylethanolamines (OAEs), structural isomers of the putative stress-fighting
lipids, namely N-acylethanolamines (NAEs), can be derived from NAEs and are present in biological
membranes under physiological conditions. In view of this, we have synthesized O-stearoylethanolamine
(OSEA) as a representative OAE and investigated its phase behavior and crystal structure. The thermotropic
phase transitions of OSEA dispersed in water and in 150 mM NaCl were characterized using calorimetric,
spectroscopic, turbidimetric and X-ray diffraction studies. These studies have revealed that when dispersed
in water OSEA undergoes a cooperative phase transition centered at 53.8 °C from an ordered gel phase to a
micellar structure whereas in presence of 150 mM NaCl the transition temperature increases to 55.8 °C and
most likely the bilayer structure is retained above the phase transition. O-Stearoylethanolamine crystallized
in the orthorhombic space group P2:2,2; with four symmetry-related molecules in the unit cell. Single-
crystal X-ray diffraction studies show that OSEA molecules adopt a linear structure with all-trans
conformation in the acyl chain region. The molecules are organized in a tail-to-tail fashion, similar to the
arrangement in a bilayer membrane. These studies are relevant to understanding the role of salt on the phase
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properties of this new class of lipids.
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1. Introduction

Important membrane lipids such as diacyl phosphatidylethanol-
amine, dialkyl phosphatidylethanolamine, phosphatidylethanolamine
plasmalogen and N-acyl phosphatidylethanolamine (NAPE) contain an
ethanolamine moiety in their structure. Some other membrane lipids
like phosphatidylcholine, sphingomyelin and platelet activating factor
have a choline moiety — which is partly derived by the progressive
methylation of ethanolamine in liver and brain [1,2]. These facts show
that ethanolamine is an important building block of a variety of
biologically significant lipids. Besides these membrane phospholipids,
ethanolamine is also a building block of N-acylethanolamines (NAEs),
which are fatty acid amide derivatives of ethanolamine that have been
shown to stabilize the bilayer structure [3]. The content of NAEs in
a wide variety of organisms increases dramatically when they are

Abbreviations: OAEs, O-acylethanolamines; NAEs, N-acylethanolamines; OSEA,
O-stearoylethanolamine; NAPE, N-acylphosphatidylethanolamine; NPEA, N-palmitoy-
lethanolamine; NMEA, N-myristoylethanolamine; NSEA, N-stearoylethanolamine;
DMAP, 4-dimethylaminopyridine; DCC, N, N’-dicyclohexylcarbodiimide; DSC, differential
scanning calorimetry; Ty, transition temperature; AH,, enthalpy of transition; AS,, entropy
of transition; Ty, the width at half maximum of the transition; ESR, electron spin
resonance; 2Amax, outer hyperfine splitting; LAXS, low-angle X-ray scattering; P, packing
parameter
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subjected to diverse types of stress, suggesting that they may be part
of stress-fighting responses of the parent organisms [3,4]. In addition
to their putative role in combating stress, NAEs also exhibit several
other interesting biological and medicinal properties. For example,
N-arachidonylethanolamine (anandamide) acts as an endogenous
ligand of type-1 cannabinoid receptors, inhibits gap-junction con-
ductance and reduces the fertilizing capacity of sperm [5-7], whereas
N-palmitoylethanolamine (NPEA) acts as an agonist for the type-2
cannabinoid receptor [8]. N-Myristoylethanolamine (NMEA) and
N-lauroylethanolamine are secreted into the culture medium of
tobacco cells when challenged by a fungal elicitor, xylanase [9].
Besides N-acylation, amphiphiles can also be produced by the
O-acylation of ethanolamine with a long acyl chain to form an ester
derivative of ethanolamine, namely O-acylethanolamines (OAEs).
Recently it has been shown that O-acylethanolamines are converted
to N-acylethanolamines in a facile manner under mildly basic condi-
tions, whereas the reverse reaction - formation of O-acylethanolamines
from N-acylethanolamines - is catalyzed by acid [10]. These observa-
tions suggested the possible presence of OAEs as minor constituents in
membranes as the environment of endosomes and ischemic tissues are
acidic in nature [11-13]. It is likely that these minor constituents of
membranes might have escaped detection for a long time due to their
conversion to NAEs under conditions employed in the extraction,
purification or detection (e.g., tlc using solvents containing ammonia).
Interestingly, subsequent studies have led to the detection and iden-
tification of O-arachidonylethanolamine (virodhamine) - a structural
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isomer of anandamide - in mammalian brain, which exhibits partial
agonist/antagonist activity to the type-1 cannabinoid receptor and
agonist activity to the type-2 cannabinoid receptor [14]. These obser-
vations indicate that OAEs containing other fatty acyl moieties may also
be present in biological membranes, with potentially interesting
biological properties. In this regard it is of considerable interest to
investigate the phase behavior and membrane interactions of OAEs and
to identify their possible biological role. In this direction, in the present
study, we have synthesized O-stearoylethanolamine (OSEA) and
characterized its phase behavior using differential scanning calorimetry
(DSC), UV-Visible spectroscopy, fluorescence spectroscopy, spin-label
ESR spectroscopy and low-angle X-ray scattering (LAXS). In addition,
the 3-dimensional structure of O-stearoylethanolamine has been inves-
tigated by single-crystal X-ray diffraction and the molecular packing
and intermolecular interactions in the crystal lattice have been
analyzed.

Biological membranes are surrounded by an aqueous medium that
contains ions and their interactions with cell membranes are crucial
for membrane fusion, phase transitions, or transport across the mem-
brane. Several studies on model membrane systems have revealed
that ions exhibit significant effects on the local and global properties
of lipid bilayers [15-22]. It was also demonstrated that ionic strength
can modulate the reorganization of lipids and membrane proteins in
erythrocytes and affects membrane bending and shape of the eryth-
rocytes [23,24]. In view of this, we have investigated the effect of salt
on the phase behavior of O-stearoylethanolamine. Studies aimed at
understanding the effect of salt (NaCl) concentration on the phase
transition of the lipid suggest that salt most likely stabilizes the
lamellar structure even at higher temperatures.

2. Materials and methods
2.1. Materials

Stearic acid, 5-doxyl stearic acid, N, N’-dicyclohexylcarbodiimide
(DCC) and 4-dimethylaminopyridine (DMAP) were purchased from
Sigma-Aldrich (USA). Ammonium chloride (NH4CI), sulfuric acid and
dioxane were obtained from Merck (Germany). Ethanolamine, BOC-
anhydride (di-tert-butyl dicarbonate) and all the solvents were pur-
chased locally. Milli-Q water was used in all experiments.

2.2. Synthesis of O-stearoylethanolamine hydrochloride

O-Stearoylethanolamine hydrochloride (OSEA.HCI) was synthe-
sized by a minor modification of the procedure reported by Markey
et al. [10]. Ethanolamine was blocked using BOC-anhydride and the
protected ethanolamine was condensed with stearic acid using DCC as
a coupling reagent. A catalytic amount of DMAP was used in conden-
sation. The BOC-protected ester was then deblocked with 4 M HCl in
dioxane (prepared by dissolving dry HCl gas, which was produced
from NH4Cl and conc. H,SO,, into dioxane) to get the hydrochloride
salt of O-stearoylethanolamine. Purity of the product was verified by
IR and 'H-NMR spectroscopy.

2.3. Differential scanning calorimetry

Differential scanning calorimetric studies were performed using a
VP-DSC equipment (MicroCal LLC, Northampton, MA, USA). Accurately
weighed lipid samples were dissolved in dry dichloromethane/
methanol (1:1, v/v) and then the solvent was removed under a stream
of dry nitrogen gas. The resulting lipid film was vacuum desiccated for
5-6 h in order to remove residual traces of the solvent. The lipid was
hydrated thoroughly with Milli-Q water or with 150 mM NaCl before
performing the heating scans. The pH in both cases is slightly acidic due
to dissolved carbon dioxide from air. The concentration of OSEA.HCI
was kept between 0.5 and 1.0 mg/ml in DSC experiments.

2.4. Turbidimetric studies

Samples for turbidimetric measurements were prepared by
dispersing OSEA.HCI in water or 150 mM NaCl. The sample was then
hydrated fully by heating to about 65-70 °Cin a warm water bath, with
intermittent vortexing, followed by at least five cycles of freeze
thawing, using liquid nitrogen and hot water (ca. 65 °C). After the
last incubation in hot water, the sample was equilibrated to room
temperature and transferred to a spectrometer cuvette. Turbidimetric
measurements were performed at various temperatures between 25
and 65 °C using a Cary 100 UV-Visible spectrophotometer (VARIAN)
equipped with a Peltier thermostat supplied by the manufacturer.
Turbidity was measured by recording the optical density (scattering)
from 350 nm to 450 nm and turbidity at 400 mm was considered for
further analysis.

2.5. ESR spectroscopy

Lipid dispersions of OSEA.HCI containing probe amounts of 5-doxyl
stearic acid spin label (5-SASL) were prepared as follows. Measured
volumes of OSEA.HCl stock solution (dissolved in chloroform-
methanol mixture) and the spin-label stock solution were dispensed
into glass sample tubes using a Hamilton syringe to give 0.5 mol% spin
label in the lipid dispersion. The solvent was evaporated by a gentle
stream of dry nitrogen gas and the residual traces of the solvent were
removed by vacuum desiccation for a minimum of 3 h. The samples
were then hydrated with water or 150 mM NaCl and kept in the dark at
room temperature to reach equilibrium. Then the samples were
centrifuged, and the pellets were transferred to glass capillaries. ESR
spectra were recorded on a JEOLJES-FA 200 ESR spectrometer. Samples
in 1 mm ID glass capillaries were placed in a standard quartz ESR tube
containing light silicone oil for thermal stability. Temperature was
measured with a fine-wire thermocouple positioned near the ESR tube.

2.6. Fluorescence spectroscopy

Fluorescence measurements were made on a SPEX FLUOROMAX-4
fluorescence spectrometer equipped with a temperature controller
supplied by the manufacturer. Samples for fluorescence experiments
were prepared essentially in the same manner as described above for
ESR experiments, except that instead of spin probe pyrene was used.
The lipid was then hydrated with water or with 150 mM NaCl and the
optical density of the sample at 335 nm was kept below 0.1. The lipid:
pyrene ratio was kept as 400:1 and the final pyrene concentration was
kept in the uM range. Samples were excited at 335 nm and emission
spectra were recorded between 350 and 550 nm. Each spectrum was
blank subtracted and corrected for lamp intensity variation during
measurement. The excitation and emission slit widths were set at
1.5 nm. Pyrene exhibits five bands in the emission spectrum and the
ratio of intensities of the first and third peaks (I;/I5) was used in the
analysis of the fluorescence data.

2.7. Crystallization, X-ray diffraction and structure solution

Thin needle type, colorless crystals of O-stearoylethanolamine
hydrochloride were grown at room temperature from dichloro-
methane, containing a trace of methanol. A crystal of 0.42x0.32x
0.08 mm size was used for data collection. X-ray diffraction measure-
ments were carried out at room temperature (ca. 25 °C) with a Bruker
SMART APEX CCD area detector system using a graphite monochro-
mator and Mo-Ko (A=0.71073 A) radiation obtained from a fine-
focus sealed tube.

Data reduction was done using Bruker SAINTPLUS program.
Structure solution was carried out in the orthorhombic space group.
Absorption correction was applied using SADABS program. The struc-
ture was solved successfully by direct methods in the space group
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P2,2:2, and refinement was done by full matrix least-squares pro-
cedure using the SHELXL-97 program [25]. The refinement converged
into a final Ry =0.167, wR, =0.432 and goodness of fit=1.36.

2.8. Crystal parameters of O-stearoylethanolamine hydrochloride

Molecular formula: CyoH4CINO,. Molecular formula weight:
364.0; Crystals were needle-shaped and colorless. Crystal system,
Orthorhombic; Space group, Sg=P2:2,2,; Ambient temperature,
T=298(2) K; Radiation wavelength (A\) =0.71073 A; Radiation type,
Mo-Ka; Radiation source, Fine-focus sealed tube; Radiation mono-
chromator, graphite; Number of reflections collected, 20538; Unique
reflections, 3963; Reflection with 1> 20(I), 2289; Number of param-
eters, 219.

Unit cell dimensions (with standard deviation in parentheses):
a=5.382(5), b=5.410(5), c=79.98(7) A; Volume of the cell, V=
2328(3) A3; Density, Dcaic = 1.038g cc~ !; Number of molecules in the
unit cell, Z=4; Angle of tilt of O-acyl chains, 6 =44.4°; F(oo0)=808;
Absorption Coefficient, u=0.175 mm™'; T=298(2) K.

2.9. Low-angle X-ray scattering

LAXS measurements with OSEA.HCI dispersed in water and in
150 mM NaCl were recorded using a Hecus S3-Micro System (Graz,
Austria) equipped with a one-dimensional position sensitive detector.
Samples were filled in sealed 1 mm diameter quartz capillaries and
kept in good thermal contact with a programmable Peltier unit, which
allows temperature control in the range of 0 °C to 65 °C. Samples were
equilibrated for 10 min at each temperature prior to measurement.
The exposure time was set to 1000 s and the diffraction patterns were
calibrated using silver behenate.

3. Results
3.1. Differential scanning calorimetry

O-Stearoylethanolamine (OSEA) has a basic moiety (-NH, group),
which can exist in the protonated or free state depending upon
the environment. Since O-acylethanolamines are not stable at basic
pH [10] and in view of the acidic pH of endosomes and ischemic
tissues [11-13], we have synthesized O-stearoylethanolamine as the
hydrochloride and characterized its phase transition. The hydrated
O-stearoylethanolamine hydrochloride (OSEA.HCl) yielded turbid
suspensions at room temperature, which became optically clear at
higher temperature, suggesting that the amphiphile undergoes a
phase transition from a phase of high turbidity (possibly lamellar gel
phase) to a phase where aggregates are small (such as micelles),
which do not scatter visible light.

In order to characterize the thermotropic transitions we have
carried out differential scanning calorimetric studies on OSEA.HCl in
excess water. The DSC thermogram gave a single transition centered
at 53.8 °C (Fig. 1). Thermodynamic parameters such as transition
temperature (T¢), enthalpy of transition (AH;), entropy of transition
(AS;) and the width at half maximum of the transition (T;,,) obtained
from DSC studies are listed in Table 1. In order to understand the effect
of ionic strength on the phase transition the calorimetric studies were
performed at various concentrations of NaCl. A representative heating
thermogram recorded in 150 mM NaCl is also shown in Fig. 1 and the
thermodynamic parameters obtained are listed in Table 1. These data
show that increasing the salt concentration results in an increase in
the phase transition temperature (T;), whereas the corresponding
width at half maximum of the transition (T;,,) decreases. Since the
transition temperature does not change above 150 mM NaCl, further
studies regarding the salt concentration dependence on the phase
behavior and phase transition have been carried out at the same
concentration of NaCl. It is noteworthy that this ionic strength is
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Fig. 1. DSC heating thermograms of O-stearoylethanolamine hydrochloride dispersed
in (A) water and (B) 150 mM NacCl.

physiologically relevant. The increase in T, in presence of salt suggests
that salt may stabilize the gel phase, which is most likely of the
lamellar structure (see below) whereas the decrease in T;,, with
increase in the salt concentration shows that the phase transition
becomes sharper. Saturated diacylphosphatidylcholines are known to
exhibit sharp, thermotropic lamellar gel-liquid crystalline phase
transitions with increase in temperature. The widths at half height
(T1/2) of these sharp transitions range between 0.10 and 0.32° for
lamellar gel-liquid crystalline phase transition in phosphatidylcho-
lines (n=13-20) [26,27]. The T;,, of 0.57 °C observed for the phase
transition of OSEA.HCI in water (Table 1) is higher than the value
obtained for the gel-liquid crystalline phase transition in hydrated
distearoylphosphatidylcholine (DSPC) (T;=55.3 °C, T;,2=0.24°C)
[27]. The comparison with DSPC is appropriate in view of the fact
that both DSPC and OSEA.HCI have identical (stearoyl) acyl chains in
the hydrophobic region. The higher T;,, observed here for OSEA.HCI
in water suggests that the phase transition is broader and hence may
not correspond to a lamellar gel-to-liquid crystalline transition, which
in phosphatidylcholines is a rather sharp transition. Additionally, as
the solution becomes transparent at high temperature, it is likely
that OSEA.HCI exists as micelles above the phase transition i. e., the

Table 1
Thermodynamic parameters obtained from DSC studies on OSEA.HCl. Samples were
dispersed in distilled water containing the indicated concentration of sodium chloride.

NaCl (mM) T; (°C) T () AH, AS,
(in Celsius scale)  (kcal mol=!) (cal mol~'K~1)
0 5384037 0.574+£0.19 5.27+0.73 16.12
25 55.244+0.16 0.43+0.04 6.35+0.12 19.32
50 55.584+0.24 0.34+0.02 492 40.07 14.97
150 55.814+0.24 0.36+0.06 5.45+0.80 16.57
250 55.844+0.10 0.30+0.04 5.77+1.24 17.54
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transition taking place in water may corresponds to a lamellar gel
to micellar phase transition. In the presence of 150 mM NaCl the T; >
and the T; values obtained from DSC studies for OSEA.HCI (T,=
55.8 °C, Ty, =0.36 °C) are comparable to those corresponding to the
gel-liquid crystalline phase transition of DSPC (T,=55.3 °C, T2 =
0.24 °C). Since the T, increases and T;,, decreases and the sample
remains turbid above phase transition, it is clear that salt has a sig-
nificant effect on the phase transition and the phase structure above
the transition. In order to investigate this in more detail, and to
characterize the high temperature phases, turbidimetric and spectro-
scopic studies were performed.

3.2. Turbidimetric studies on OSEA.HCI

To investigate the salient features of the phase transition of OSEA.
HCI, turbidimetric studies have been performed, monitoring the
turbidity at 400 nm as a function of temperature using a spectropho-
tometer. Fig. 2 depicts the change in turbidity of OSEA.HCI in water
and in 150 mM NaCl. In both environments the turbidity at low
temperature was relatively high, which decreases with increase in
temperature. Near the phase transition temperature the turbidity
exhibits a sharp decrease upon increase of temperature and thereafter
remains at a constant level. The midpoint of the steeply declining
region was taken as the phase transition temperature (T;). The T,
values obtained from the turbidimetric studies were 51.5 and 54.5 °C,
respectively, for measurements performed in water and in 150 mM
NaCl. These values are in good agreement with the values obtained
from the DSC studies, presented above. From Fig. 2 it can be clearly
seen that above phase transition temperature turbidity of the sample
in water is significantly lower than that of the sample prepared in
150 mM NaCl. The difference in turbidity is not due to difference in
the lipid concentration since identical concentrations of OSEA.HCI
were used in these two experiments. Visual inspection indicated that
above phase transition the sample prepared in water is clear to the
naked eye (Fig. 3A), suggesting that the aggregates are relatively
small, and most likely correspond to micelles. Above phase transition
temperature the sample in 150 mM NaCl exhibits a bluish turbidity,
suggesting the presence of larger aggregates (Fig. 3B), which may
correspond to liquid crystalline phase.

Turbidity (400 nm)

. x
é)‘fo___..o_

r 111t T1T°"7T1 751
25 30 3B 40 45 50 55 60

Temperature (°C)
Fig. 2. Turbidimetric study of the thermotropic phase transition of OSEA.HCI dispersed

in water (O) and in 150 mM NaCl (®@). Turbidity was recorded in a spectrophotometer.
Lipid concentration was 1 mg/ml for both samples.

Fig. 3. Snapshot of OSEA.HCl above phase transition. (A) Dispersed in water and
(B) dispersed in 150 mM NaCl.

3.3. Spin-label ESR spectroscopy

ESR spectra of 5-SASL in OSEA.HCI in water and in 150 mM NaCl
recorded at different temperatures are shown in Fig. 4A and B. At
25 °C the spectra recorded in water and in 150 mM NaCl exhibit a
pattern that is typical of fatty acid spin probes embedded in
phospholipid bilayers [21,28,29]. The outer hyperfine splitting
(2Amax), Which gives a measure of anisotropic motion of the probe,
is 59.2 G and 56.8 G, respectively, in water and in 150 mM NacCl. The
value of 2A,,.x at room temperature is close to the value exhibited by
fatty acid spin labels bearing the nitroxide probe on the 5th C-atom
incorporated in the lamellar gel phase of lipids, suggesting that OSEA.
HCl may adopt a lamellar gel phase in both the environments at room
temperature [29-31]. As the temperature increases the 2Ajax
decreases in both environments, consistent with the environment
of the probe becoming less rigid at higher temperatures (Fig. 4C). In
water, the spectra become more isotropic after the phase transition.
Qualitatively similar spectra have been obtained with octadecyl-
trimethylammonium bromide micelles and other micelles using
5-SASL as a spin probe [32]. This suggests that in water OSEA.HCI
may form some kind of micelles above the phase transition
temperature. This observation is consistent with the results of the
above turbidimetric studies, which could be interpreted in terms of
the formation of micelles by OSEA.HCI above the phase transition. In
150 mM NacCl above phase transition temperature (55 °C) the 2Aax
was found to be ca. 42.6 G, which is in the range expected for the
liquid crystalline phase of a bilayer membrane [30,31,33]. Also, the
spectra recorded above phase transition temperature display features
that are characteristic of a fluid liquid crystalline phase with partially
motionally averaged, axial hyperfine anisotropy [29]. These results
are in agreement with OSEA.HCI undergoing a lamellar gel phase to a
fluid liquid crystalline phase transition in the presence of salt, instead
of transforming to micellar phase as concluded above for the sample
hydrated with water.

3.4. Fluorescence spectroscopy

The relative intensities of vibronic bands in pyrene monomer
fluorescence exhibit good correlation with polarity of the environ-
ment in which the probe is located [34]. Higher values of I;/I5 peak
ratio indicate higher polarity of the probe environment. In phospho-
lipids, simple monitoring of the I;/I5 peak ratio allows determination
of the gel-to-liquid crystalline phase transition temperature [35]. The
I;/1I5 peak ratio of pyrene in OSEA.HCl decreases with increase in
temperature (Fig. 5), suggesting that below the phase transition
temperature (gel phase) pyrene is presumably located near the head
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Fig. 4. A) ESR spectra of 5-SASL in OSEA.HCI dispersed in water. B) ESR spectra of 5-SASL in OSEA.HCI dispersed in 150 mM NaCl. C) Temperature dependence of 2A,.x (G) in water
(@) and in 150 mM NaCl (O). In A and B the temperature at which each spectrum was recorded is indicated.

group (polar) region and above the phase transition temperature,
pyrene moves deeper into the hydrophobic region of the lipid
aggregate. At room temperature (i.e., in the gel phase) I;/Is peak
ratio of OSEA.HCl in water and in 150 mM NaCl has values of 1.39 and
1.59, respectively. The higher value of peak ratio in 150 mM NaCl may
be due to the fact that the environment becomes more polar at high
ionic strength. It may also be possible that salt induces tighter packing
of acyl chains and thus pyrene penetration to bilayer is further
prohibited, resulting in its immobilization near the head group region.

3.5. Single-crystal X-ray diffraction studies

3.5.1. Description of the structure

Since spectroscopic studies have shown that preferred conforma-
tions of acyl chains observed in solid state by X-ray analyses are
predominant also in the gel phase of lipids [36], determination of
the 3-dimentional structure of lipids in the solid state by single-
crystal X-ray diffraction and analyzing the intermolecular interac-
tions will be of immense value in understanding the structure and
organization in the hydrated state. Therefore, we have determined
the 3-dimensional structure of OSEA.HCI and its molecular packing

18{ H
]
1.6 —
L4 .“-—.-——-.-___.
o \.
[l
S 149 O \
] o.. °
0,
1.2 4
o.A._,_O.
" T T T d T . T ¥
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Fig. 5. Temperature dependence of polarity ratio (I;/I3) of pyrene in OSEA.HCl
dispersed in water (O) and in 150 mM NaCl (@®). Values of I; /I3 of pyrene alone in water
(1) and in 150 mM NaCl (M) are also shown.

and intermolecular interaction have been analyzed. The molecular
structure of O-stearoylethanolamine hydrochloride is shown in the
ORTEP plot given in Fig. 6. The bond distances, bond angles and
torsion angles involving all the non-hydrogen atoms are given in
Table 2. It is clearly seen from Fig. 6 that the hydrocarbon portion (C4-
C20) of the acyl chains is in all-trans conformation. The torsion angles
observed for the acyl chain region are all close to 180° (Table 2). The all-
trans conformation of the acyl chain region, where all the torsion
angles are close to 180°, gives the molecule a linear geometry. In NAEs
such as N-myristoylethanolamine, N-palmitoylethanolamine and N-
stearoylethanolamine, existence of a single gauche conformation in
the acyl chain region results in a bending of the N-acyl chain, giving
an ‘L’ shape to the molecules in the crystalline state [37-39]. Thus, there
is a significant difference in the acyl chain conformation between NSEA
and the O-stearoyl isomer of NSEA, due to which the molecular geome-
try changes from a bent structure in the NAEs to a linear structure in
OSEA.HCL.

3.5.2. Molecular packing

Packing diagrams of OSEA.HCI along the a-axis and the b-axis are
givenin Fig. 7A and B, respectively. The OSEA.HCl molecules are packed
in a head-to-head (and tail-to-tail) manner in stacked bilayers. The
hydrocarbon chains in the bilayer make an angle of 110° with each
other, resulting in a ‘V’ shaped arrangement of the two interacting
chains in the bilayer (Fig. 7A), whereas in NAEs the angle between
adjacent hydrocarbon chains in the bilayer is nearly 180° (i.e., collinear
arrangement of the chains) [37-39]. The methyl ends of the stacked
bilayers are in van der Waals contacts, with the closest methyl-methyl
contact distance (C20-C20) between the opposing layers and within
the same layer being 3.95A and 5.41 A, respectively. The bilayer
thickness (N1-N1 distance) of OSEA.HClis 37.1 A and the all-trans acyl
chains are tilted by 44.4° with respect to bilayer normal, which is
considerably higher than the tilt angles of 34.5-37° observed in the
crystal structures of NAEs [38,39]. The relatively high tilt angle in OSEA
HCl as compared to NAEs may be due to the presence of bulky CI™
anion. This suggests that acyl chain packing can be modulated by the
size of counter anions.

The different lateral packing modes, adopted by hydrocarbon chains
in lipid crystals are generally described by subcells that specify the
relations between equivalent positions within the chain and its neigh-
bors. Examination of the hydrocarbon chain packing in the O-acyl chains
of OSEA.HCl revealed that the hydrocarbon chains pack according to the
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®cli)

Fig. 6. An ORTEP plot showing the molecular structure of O-stearoylethanolamine
hydrochloride.

Table 2
Selected bond distances, bond angles and torsion angles for OSEA.HCI.

triclinic subcell (T,,) [40,41]. The unit cell dimensions of these subcells
area=541A,b=494 A and c=254A.

3.5.3. Hydrogen bonding and intermolecular interactions

To understand the intermolecular interactions in OSEA.HCI, the
molecular packing in the crystal lattice was examined from various
angles. The observed hydrogen bonding pattern in the crystal lattice is
shown in Fig. 8. Fig. 8A shows that each chloride ion is hydrogen
bonded to three N-H hydrogens and that the chloride ion acts as a
bridge between the head groups coming from opposite layers and
adjacent layers. This results in the formation of three distinct hydro-
gen bonds by each chloride ion, with the hydrogen bond distance
(H---Cl) and angle of the three types of N-H- - -Cl interactions being
2.29A, 230A, 228 A and 168.0°, 158.1°, 172.4°, respectively. The
three types of N-H- - -Cl interactions give rise to a hydrogen bonding
motif in the head group region, which is topologically similar to the
arrangement observed in super black phosphorous [42] (Fig. 8B).
Besides the N-H---Cl interactions, weak C-H---O interaction be-
tween the carbonyl oxygen (02) and an H-atom on C4 (carbon atom
a- to the ester carbonyl) of an adjacent molecule in the same layer
was observed (Fig. 8A). The C-H---O hydrogen bond connects
adjacent OSEA.HCI molecules in the same plane and all the C-H-- -0
H-bonds have the same H---O distance of 2.47 A. The C-H---0
hydrogen bond is non-linear with the angle between the covalent
bond and hydrogen bond being 138.5°.

3.6. Low-angle X-ray scattering studies

Fig. 9 gives LAXS profiles of OSEA dispersed in water and in 150 mM
NaCl. In both cases only a single sharp reflection was observed below
the phase transition temperature, over the scattering range studied.
Although the single reflection does not unambiguously confirm
that the structure is lamellar, it is likely that the phase is lamellar.
Supporting evidence for this comes from, although indirect, single-
crystal X-ray diffraction studies of OSEA, which adopts a lamellar
structure in the crystalline phase, with a bilayer thickness (N1-N1
distance) of 37.1 A. The LAXS data presented in Fig. 9 indicate that at
25 °C OSEA.HCI dispersed in water and in 150 mM NaCl has repeat
spacings of 39.6 and 40.0 A, respectively, which are higher than the
value obtained from the crystal structure determination. However, it
should be noted that the spacings measured in the hydrated samples
correspond to the combined thickness of the lipid bilayer and the

Bond distances (A) Bond angles (degree)

Torsion angles (degree)

0(1) - C(2) 1.449(15) C(2) - 0(1) - C(3)
0(1) - €(3) 1.11(2) N(1) - C(1) - C(2)
0(2) - C(3) 1.15(2) 0(1) - C(2) - C(1)
N(1) - (1) 1.447(12) 0(1) - C(3) - 0(2)
C(1) - C(2) 1.563(14) 0(1) - C(3) - C(4)
C(3) - C(4) 151(2) 0(2) - C(3) - C(4)
C(4) - ¢(5) 1.574(17) C(3) - C(4) - C(5)
C(5) - C(6) 1.488(16) C(4) - C(5) - C(6)
C(6) - C(7) 1.567(15) C(5) - C(6) - C(7)
C(7) - C(8) 1.488(14) C(6) - C(7) - C(8)
C(8) - C(9) 1.472(14) C(7) - C(8) - C(9)
C(9) - C(10) 1.474(14) C(8) - C(9) - C(10)
C(10) - C(11) 1.526(15) C(9) - C(10) - C(11)
C(11) - C(12) 1.445(15) C(10) - C(11) - C(12)
C(12) - C(13) 1.557(15) C(11) - C(12) - C(13)
C(13) - C(14) 1.474(15) C(12) - C(13) - C(14)
C(14) - C(15) 1.545(17) C(13) - C(14) - C(15)
C(15) - C(16) 1.513(15) C(14) - C(15) - C(16)
C(16) - C(17) 1.536(17) C(15) - C(16) - C(17)
C(17) - C(18) 1.458(17) C(16) - C(17) - C(18)
C(18) - C(19) 1.601(19) C(17) - C(18) - C(19)
C(19) - C(20) 151(2) C(18) - C(19) - C(20)

119.0(11) C(3) 0(1) C(2) C(1) -168.9(14)
103.7(9) C(2) 0(1) C(3) 0(2) 29(3)
107.2(8) C(2) 0(1) C(3) C(4) 170.0(12)
121(2) N(1) C(1) €(2) O(1) 73.7(11)
117.0(15) 0(1) C(3) C(4) C(5) -176.9(14)
111.0(17) 0(2) C(3) C(4) C(5) -33(2)
119.2(11) C(3) C(4) C(5) C(6) -170.0(12)
115.9(9) C(4) C(5) C(6) C(7) -173.5(9)
113.9(9) C(5) C(6) C(7) C(8) -177.4(10)
112.4(8) C(6) C(7) C(8) C(9) 169.4(9)
115.5(8) C(7) C(8) C(9) C(10) 171.4(9)
118.9(8) C(8) C(9) C(10) C(11) -179.2(9)
121.3(9) C(9) C(10) C(11) C(12) -179.0(9)
118.0(9) C(10) C(11) C(12) C(13) -178.2(9)
116.0(9) C(11) C(12) C(13) C(14) 179.1(10)
1162(8) C(12) C(13) C(14) C(15) -178.8(9)
113.7(9) C(13) C(14) C(15) C(16) -175.7(10)
113.2(9) C(14) C(15) C(16) C(17) 176.3(10)
114.0(9) C(15) C(16) C(17) C(18) 177.1(10)
111.8(10) C(16) C(17) C(18) C(19) -175.3(10)
114.0(10) C(17) C(18) C(19) C(20) -174.2(12)
114.2(12)
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Fig. 7. Packing diagrams of OSEA.HCI. (A) A view along the a-axis. (B) A view along the b-axis. Dimensions of the unit cell are: a=5.382(5), b=5.410(5), c=79.98(7) A. Color
legend: red, oxygen; grey, carbon; blue, nitrogen; green, chlorine. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 8. Hydrogen bonding pattern in the crystal lattice of OSEA.HCL. (A) A close-up view displaying N-H- - -O type and C-H- - - O type hydrogen bonding. (B) Hydrogen bonded motif
involving N-H---Cl interactions is topologically similar to super black phosphorous. Color legend: red, oxygen; grey, carbon; blue, nitrogen; white, hydrogen; green, chlorine.
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Fig. 9. Low-angle X-ray scattering patterns of OSEA.HCI dispersed in A) water, B) in
150 mM NaCl. The temperature at which the data were collected is indicated.

water layer between adjacent bilayers. If the tilt angle of the acyl
chains with respect to the bilayer normal is comparable to that
observed in the crystal structure (44.4°), then the additional spacing
of ca. 3A would correspond to the thickness of the water layer
between adjacent bilayers. If the tilt angle is less than 44.4°, then the
water layer thickness would be correspondingly less, whereas for
larger tilt angles the water layer thickness will be more than 3 A.
Further wide-angle X-ray scattering studies are required to investi-
gate this in more detail.

Itis pertinent to mention here that hydrated N-palmitoylethanolamine
also exhibits a single sharp reflection in LAXS studies, which was inter-
preted as arising from the lamellar phase [43]. Similarly, LAXS studies on
various surfactant systems also yielded single sharp reflections, which
were interpreted as due to the lamellar structure [44,45]. It is possible that
the higher order peaks are absent due to low electron density of head
group of OAEs and NAEs as compared to phospholipids where electron-
rich phosphorous is present. It is also possible that the second order
reflection could be missing due to the phasing problem [cf. 46].

The peak position in both the cases (samples prepared in water
and in 150 mM NaCl) does not change significantly with temperature
below T.. Above T; (65 °C), the sample prepared in water exhibits a
broad scatter, which most likely indicates a micellar structure. For the
sample prepared in 150 mM NaCl above phase transition temperature
(65 °C), the sharp peak is still seen although the intensity decreases
significantly and some underlying broad scatter is seen (Fig. 9).

4. Discussion

Research work done since the early 1960 s has shown that long-
chain N-acylethanolamines are present as minor components in a
variety of organisms and their content increases dramatically under
different types of stress [3,4]. Additionally, it has been shown that
NAEs can be transformed to O-acylethanolamines in acidic medium
whereas the reverse transformation i.e., conversion of OAEs to NAEs
takes place at basic pH [10]. This suggested that OAEs are also likely to
be present in biomembranes, especially under stress conditions when
the content of NAEs increases quite significantly. Indeed this proved to
be the case when O-arachidonylethanolamine was found to be present
in brain tissues and it was shown that it can bind to the cannabinoid
receptors, type-1 and type-2 [14]. In view of this, it is of great interest
to investigate the structure, phase properties and membrane interac-

tions of O-acylethanolamines and to compare them with those of
N-acylethanolamines, which are structural isomers of OAEs. While
several studies have been carried out on the phase behavior of aqueous
dispersions of NAEs and their interaction with other membrane lipids
with a view to correlate the diverse biological activities exhibited by
them [47-53], there have been no reports of similar studies on OAEs. In
view of this lacuna, we have synthesized O-stearoylethanolamine
hydrochloride and investigated its phase behavior and aggregation
properties in aqueous dispersions. The results obtained are discussed
here.

The self-aggregation of lipids and surfactants is an interesting
phenomenon. Above a critical concentration these amphiphiles form
aggregated structures and the aggregate morphology depends on the
well-known packing parameter (P) as described by Israelachvili [54]:

P=v/la,

where v and [. are the volume and chain length of the hydrophobic
portion, respectively, and a, is the optimal surface area occupied by
the molecule at the hydrocarbon interface. For charged amphiphiles
a, is influenced considerably by the electrostatic repulsion between
adjacent head groups in the aggregates and reducing the electrostatic
repulsion can increase the value of P. Most short, single-chain sur-
factants have a P of less than one-third and consequently form
spherical micelles. For membrane lipids and double-tailed surfactants,
the volume of the hydrophobic region (v) is increased as compared to
single-chain lipids, resulting in a P value in the one-half to one range,
and they will adopt a bilayer or vesicular phase.

The results obtained from calorimetric and spectroscopic studies
indicate that the structure of OSEA.HCI formed in aqueous dispersion
depends on the ionic strength of the medium. In the absence of
salt, due to electrostatic repulsion between the lipid head groups
of adjacent layers OSEA.HCI takes up large amounts of water. The
hydration of head group generally makes it large compared to the tail
which may induce the formation of tilted lamellar gel phase at room
temperature, which undergoes a phase transition with increase in
temperature to yield most likely a micellar phase which was found to
be optically clear in turbidimetric measurements (Fig. 2). In presence
of salt the phase transition temperature increases with increase in the
salt concentration and also the transition becomes sharp, which was
evidenced by a decrease in the Ty, value (Table 1). This may be due to
better packing of the hydrocarbon chains as the electrostatic repulsion
will be screened in the presence of salt. The corresponding T; and T4,
found in OSEA.HCI are 55.8 and 0.36 °C, which are close to the values
obtained for the gel-liquid crystalline phase transition temperature of
distearoylphosphatidylcholine [27]. The corresponding enthalpy of
transition was 5.45 kcal mol~ !, which is nearly half of the enthalpy of
transition determined for the lamellar gel to liquid crystalline phase
transition of DSPC [27]. This could be attributed to the fact that DSPC
contains two fatty acyl chains, whereas OSEA.HCI is a single-chain
lipid. Although DSC studies cannot give information on the structure
of the phase, the thermodynamic parameters obtained here when
taken together with the results from LAXS measurements and other
studies (discussed below) are consistent with the interpretation that
in presence of 150 mM NaCl OSEA.HCI undergoes a lamellar gel to
liquid crystalline phase transition, whereas in water above phase
transition temperature micellar phase is formed. The possibility of the
phase transition being due to a micelle order-disorder transition can
be discounted based on the very small enthalpy associated with such
transitions. For example, sphingosine-1-phosphate micelles undergo
an order-disorder transition at 65 °C, with an enthalpy of 0.34 kcal/
mol [55].

Spin-label ESR spectroscopy employing fatty acid or phospholipid
spin labels bearing stable nitroxide spin probes have been used exten-
sively to study the environment in the hydrophobic region of lipid
aggregates and membranes [30,56,57]. The outer hyperfine splitting
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(2Amax) of the probe provides information regarding the structure
and dynamics of lipid aggregates. The observed 2A.,.x values of
5-doxylstearic acid embedded in OSEA.HCI dispersed in water and in
150 mM NaCl at low temperature (below phase transition) are com-
parable to the 2A,.x values obtained for this spin label in the lamellar
gel phase of different lipids [29-31]. The ESR spectrum recorded above
transition temperature in aqueous dispersions was more isotropic,
which is consistent with a micellar structure. In presence of 150 mM
salt the ESR spectrum was relatively more anisotropic even after the
phase transition and displays features that are characteristic of a fluid
liquid crystalline phase with partially motionally averaged, axial
hyperfine anisotropy [29]. The obtained 2An.x values are in the range
of values observed for this spin label in liquid crystalline phase
[30,31,33]. The ESR data and the bluish turbidity of the sample suggest
the presence of liquid crystalline phase above the phase transition
temperature (Figs. 3 and 4).

4.1. Effect of salt on the phase behavior of O-stearoylethanolamine
hydrochloride

The influence of ions on the structure and function of biological
membranes is well recognized and the effects of ions on natural
membranes as well as on model systems have been extensively
investigated [15-22]. For a charged lipid in water, due to electrostatic
repulsion the effective head group size of charged lipids increases and
above the phase transition, for some lipids the lamellar fluid phase
will be unstable due to more open head group structure and it will
most likely transform to a micellar phase. This type of phase transition
has been characterized in surfactants, platelet activating factor and
also in important derivatized lipids such as N-biotinyl phosphatidy-
lethanolamines [58-64]. Increase in the ionic strength of the aqueous
solution of single-tailed ionic surfactants may result in a decrease in
the head group area, which increases the value of packing parameter
P towards one, which stabilizes the bilayer gel and liquid crystalline
phases. In the present study it was observed that presence of 150 mM
NaCl stabilizes the bilayer structure of OSEA.HCI.

4.2. Structure and phase behavior

Previous biophysical studies suggest that N-acylethanolamines and
their precursors, i.e., N-acylphosphatidylethanolamines stabilize the
bilayer structure of phospholipids in which they are incorporated, most
likely due to their strong tendency to form bilayer structure [47,65,66].
The crystal structure of NAEs with different fatty acyl chainlengths
namely, N-stearoylethanolamine, N-palmitoylethanolamine and N-
myristoylethanolamine also revealed that these molecules are
packed in a bilayer fashion with tail-to-tail chain packing [37-39].
0O-acylethanolamines are structural isomers of NAEs and analysis
of the crystal structure of O-stearoylethanolamine hydrochloride
revealed that the acyl chains in this lipid are also packed in a bilayer
fashion. Although both NAEs and OSEA.HCI adopt a bilayer structure
in the solid state the structure of individual molecules in these two
classes of compounds is different. While NAEs adopt an L shape in
the solid state, OSEA.HCI adopts a linear shape. The different shapes
may result in differences in the type of interaction with other mem-
brane lipids such as phospholipids, lysolipids and cholesterol.

The tilt angle with respect to bilayer normal in OSEA.HCl was
found to be 44.4°, which is much higher than the values found in NAEs
with different chainlengths [37-39]. The chain tilt is a consequence of
large head group and the packing problem is overcome by the tilting
of the hydrocarbon chains with respect to the bilayer normal. Other
biologically relevant single-chain lipids such as lysophosphatidic acid
and lysophosphatidylethanolamine also have large head group areas
due to which they pack in a bilayer format with high tilt angle of the
acyl chains with respect to the bilayer normal [67,68]. It was observed
that if the tilt angle is more than 60° it induces interdigitation in the

acyl chain packing [26]. In OSEA.HCI the bulky CI™ counterions may
induce higher chain tilt as compared to NAEs and it is expected that in
water, hydration will make the effective head group area even larger.
Such increase in head group area may induce tilt in the chains with
respect to bilayer plane.

5. Conclusions

Biophysical investigations using DSC, turbidimetry, spin-label ESR,
fluorescence and low-angle X-ray scattering have been employed in
order to characterize the phase behavior of O-stearoylethanolamine,
a member of new class of lipid called O-acylethanolamines. These
studies indicate that in the hydrated state OSEA undergoes a phase
transition centered at 53.8 °C and ionic strength may modulate the
transition temperature and the phase structure above the phase
transition. All the results from different biophysical techniques fit
well if one assumes that O-stearoylethanolamine dispersed in water
undergoes a lamellar gel to micellar phase transition, whereas in
presence of salt it undergoes a lamellar gel to liquid crystalline phase
transition. The first crystal structure of an O-acylethanolamine
molecule, namely O-stearoylethanolamine hydrochloride (OSEA.HCI)
has been solved by single-crystal X-ray diffraction. The structure dem-
onstrates that the OSEA.HCI molecules adopt a bilayer-type arrange-
ment with tail-to-tail chain packing. The stabilization of bilayer
structure of single-tailed membrane components even at high temper-
ature in presence of physiological salt concentration may be useful to
understand the role of ionic strength on the membrane structure under
stress, for example, at high temperatures in extremophiles.
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