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Abstract The molecular structure, packing properties, and
intermolecular interactions of two structural polymorphs of
N-palmitoylethanolamine (NPEA) have been determined by
single-crystal X-ray diffraction. Polymorphs o and 8 crystal-
lized in monoclinic space group P2;/c and orthorhombic
space group Pbca, respectively. In both polymorphs, NPEA
molecules are organized in a tail-to-tail manner, resembling
a bilayer membrane. Although the molecular packing in
polymorph « is similar to that in N-myristoylethanolamine
and N-stearoylethanolamine, polymorph 3 is a new form.
The acyl chains in both polymorphs are tilted by ~35° with
respect to the bilayer normal, with their hydrocarbon moi-
eties packed in an orthorhombic subcell. In both structures,
the hydroxy group of NPEA forms two hydrogen bonds
with the hydroxy groups of molecules in the opposite leaf-
let, resulting in extended, zig-zag type H-bonded networks
along the b-axis in polymorph « and along the ag-axis in
polymorph (. Additionally, the amide N-H and carbonyl
groups of adjacent molecules are involved in N-H:--O hy-
drogen bonds that connect adjacent molecules along the b
axis and a-axis, respectively, in o and 3. Whereas in poly-
morph o the Lshaped NPEA molecules in opposite layers are
arranged to yield a Z-like organization, in polymorph 3 one of
the two NPEA molecules is rotated 180°, leading to a W-like
arrangement.fil] Lattice energy calculations indicate that poly-
morph a is more stable than polymorph B by ~2.65 kcal/
mol.—Kamlekar, R. K. and M. J. Swamy. Molecular packing
and intermolecular interactions in two structural polymorphs
of N-palmitoylethanolamine, a type 2 cannabinoid receptor
agonist. J. Lipid Res. 2006. 47: 1424-1433.
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N-Acylethanolamines (NAEs) are naturally occurring
amphiphilic derivatives of 2-ethanolamine, wherein the
amino group is derivatized with a long acyl chain. They
appear to be ubiquitous molecules, with their presence in
a wide variety of animals, plants, and microbes such as
bacteria, fungi, and viruses being well established (1, 2).
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The content of long-chain NAEs and their precursors,
N-acylphosphatidylethanolamines (NAPEs), increases
quite dramatically in the parent organisms under condi-
tions of stress (3). For example, both NAEs and NAPEs
accumulate in animal tissues during stress conditions such
as postdecapitative ischemia in rat brain (4, 5) and trau-
matic brain injury (6, 7), and their contentincreases to very
high levels when extensive membrane degradation occurs,
such as in myocardial infarction (1, 3, 8-11). They also
accumulate in a variety of human tumors and surrounding
normal tissues. Because NAEs have been also shown to
inhibit the growth of different cell lines in vitro, this obser-
vation suggests that their accumulation in the tumor tissue
may be attributable to the production of NAEs by the ad-
jacent tissues to fight the cancerous growth (12). These
observations have led to the postulate that increases in the
levels of NAEs and NAPEs probably are attributable to a
stress-fighting response of the parent organisms.

Besides their increased levels in various organisms
under conditions of stress, NAEs also exhibit several inter-
esting biological and medicinal properties. It has been
shown that MN-arachidonylethanolamine (anandamide)
acts as an endogenous ligand of type I cannabinoid recep-
tors, inhibits gapjunction conductance, and reduces the
fertilizing capacity of sperm (13-15), whereas Npalmitoyl-
ethanolamine (NPEA) acts as an agonist for the type 2
cannabinoid receptor CB-2 (16). N-Myristoylethanol-
amine (NMEA) and Mlauroylethanolamine are secreted
into the culture medium of tobacco cells when challenged by
the fungal elicitor xylanase (17). NAEs also exhibit anti-
inflammatory, antibacterial, and antiviral properties,
which have considerable application potential (1, 18).

Besides the interesting biological properties exhibited
by them, NAEs and NAPEs may also be useful in devel-
oping liposomal formulations for drug delivery and target-
ing, in view of their ability to stabilize bilayer structure;
especially, N-palmitoyl phosphatidylethanolamine has been
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shown to stabilize liposomes even in the presence of hu-
man serum (19-21).

In view of their interesting biological properties,
putative role in the stress-combating response of organ-
isms, therapeutic potential in treating bacterial, fungal,
and viral infections, and potential in developing liposomal
drug-delivery vehicles, it is important to carry out system-
atic investigations on NAEs and NAPEs directed at un-
derstanding their metabolism, physicochemical properties
(e.g., phase transitions and supramolecular structure),
and interaction with other membrane lipids and proteins.
Considerable work has already been done on the metab-
olism of NAPEs and NAEs, and it has been shown that
the former are continuously synthesized by a calcium- and
energy-dependent transacylase and are hydrolyzed by a
phospholipase D-type enzyme to phosphatidic acid and
NAEs, which are further degraded by fatty acid amido-
hydrolase (3, 22). More recently, it has been demonstrated
that NPEA and anandamide can also be synthesized by the
sequential action of phospholipase Ay and lysophospho-
lipase D on NAPEs (23). Several of these enzymes involved
in the biosynthesis and degradation of NAPEs and NAEs
have been purified, characterized, and cloned (23-25).

In earlier studies, we investigated the chain-melting
phase transitions of homologous series of these two classes
of compounds by differential scanning calorimetry (DSC),
which indicated that the longer chain length NAEs exhibit
one or two minor transitions before the main chain-
melting phase transition, suggesting that they exhibit struc-
tural polymorphism in the solid state (8, 26-28). Addition-
ally, we have also reported the crystal structure of NMEA
and analyzed the intermolecular interactions and molec-
ular packing in the crystal lattice (29). Studies using DSC,
fast-atom bombardment mass spectrometry, and compu-
tational modeling have indicated that NMEA forms a
1:1 (mol/mol) complex with cholesterol (30). In another
study, the interaction of NPEA with dipalmitoylphospha-
tidylcholine was investigated by DSC, *'P-NMR, and small-
angle X-ray scattering (31). Here, we report single-crystal
X-ray diffraction studies on two structural polymorphs of
NPEA (designated o and ) and analyze the molecular
packing and intermolecular interactions in the crystal lat-
tice. Although in both polymorphs the molecular struc-
ture of NPEA is similar to that observed earlier with NMEA
and N-stearoylethanolamine (NSEA), in the 8 polymorph,
which is a new crystal form of NAE, the molecules packin a
different way. However, the hydrogen bonding pattern is
remarkably similar in both forms.

MATERIALS AND METHODS

Materials

Palmitic acid was purchased from Sigma (St. Louis, MO).
Oxalyl chloride was from Merck. Ethanolamine was obtained
from Ranbaxy (Mumbai, India). Palmitic acid was converted to
palmitoyl chloride by treating with 4 mol equivalents of oxalyl
chloride according to the procedure described previously (32).
NPEA was synthesized by the reaction of palmitoyl chloride with
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ethanolamine and characterized by thin-layer chromatography
and infrared spectroscopy as reported earlier (26). All solvents
were distilled and dried before use.

Crystallization and X-ray diffraction

Thin plate-type colorless crystals of NPEA were grown at room
temperature from isobutanol. A crystal of 0.03 X 0.42 X 0.50 mm
was used for the data collection. Diamond-shaped, colorless
crystals of NPEA were grown at room temperature from a 1:1
(v/v) mixture of dichloromethane and toluene containing a
trace of ethanol. A crystal of 0.24 X 0.14 X 0.12 mm was used for
data collection in this study. As will be discussed below, these two
types of crystals gave two different polymorphic structures.
Therefore, henceforth, they will be referred to as polymorph «
and polymorph B, respectively. X-ray diffraction measurements
were carried out at room temperature (~25°C) with a Bruker
SMART APEX charge-coupled device area detector system using
a graphite monochromator and Mo-Ka (A = 0.71073 A) radiation
obtained from a fine-focus sealed tube.

Structure solution and refinement

For polymorphs a and @, the data collected in the range of
0 = 1.41-26° and 6 = 1.41—25° respectively, were used for
structure solution. Data reduction was done using the Bruker
SAINTPLUS program. Structure solution was carried out in the
monoclinic space group for o and the orthorhombic space group
for B. Absorption correction was applied using the SADABS pro-
gram. The structures were solved successfully by direct methods
in the space groups P2;/c for a and Pbca for . In both cases,
refinement was done by full matrix leastsquares procedure using
the SHELXL.97 program (33). For polymorph «, the refinement
was carried out using 2,264 observed [>20(F,)] reflections and
converged into a final R; = 0.058, wR; = 0.1604 with goodness of
fit = 1.032, whereas for polymorph B, 2,679 observed [>20(F,)]
reflections upon refinement converged into a final R; = 0.0978,
wR; = 0.2635 with goodness of fit = 1.036. For both structures,
two hydrogen atoms, the amide N-H and hydroxyl O-H, were
refined isotropically, whereas all of the carbon atoms and het-
eroatoms (N and O) were refined anisotropically. All hydrogen
atoms on the acyl chains and other carbon atoms were included
in the structure factor calculation with fixed thermal parameters
at idealized positions but were not refined.

Crystal parameters of NPEA

Polymorph o.. The molecular formula is C;gHg7NOg; molecular
formula weight is 299.49. Crystals were thin plate-type and color-
less. The crystal system was monoclinic. Space group, Sg = P2;/c;
ambient temperature, T = 298 (2) K; radiation wavelength (\) =
0.71073 A; radiation type, Mo-Ka; radiation source, fine-focus
sealed tube; radiation monochromator, graphite. Number of re-
flections collected was 18,314; unique reflections, 3,685. Reflec-
tion with I > 20 (I), 2,264; number of parameters, 192.

Unit cell dimensions (with standard deviations in paren-
theses) are as follows: space group = P2;/c; a = 43.410 (13),
b = 4.8850 (15), ¢ = 9.003 (3) A; B = 94.075 (6); volume of
the cell, V = 1,904.4 (10) A® (5); density, Doy = 1.045 g/cm;
number of molecules in the unit cell, Z = 4; angle of tilt of acyl
chains, g = 34.5°% cross-sectional area of the unit cell, 3 = 43.979
A2 area per molecule, S = 21.989 A% Fooo) = 672; absorption
coefficient, o = 0.066 mm~'; 7= 298 (2) K.

Polymorph . The molecular formula is C;gHs7NOs. Crystals
were colorless and diamond-shaped. Crystal system, orthorhom-
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bic; space group, Sg = Pbca; ambient temperature, T = 298 (2)
K; radiation wavelength (A\) = 0.71073 A; radiation type, Mo-Ka;
radiation source, fine-focus sealed tube; radiation monochroma-
tor, graphite. Number of reflections collected was 33,801; unique
reflections, 3,586. Reflections with I > 20 (1), 2,679; number of
parameters, 198.

Unit cell dimensions (with standard deviations in parentheses)
are as follows: space group = Pbca; a = 4.8979 (4), b = 8.9974
(7), ¢ = 86.419 (7) A; volume of the cell, V = 3,808.3 A® (5);
density, Dcae = 1.045 g/cm; number of molecules in the unit
cell, Z = 8; angle of tilt of acyl chains, 8 = 35.5% cross-sectional
area of the unit cell, 3 = 44.068 A% area per molecule, S =
22.034 A% Foooy = 1,344; absorption coefficient, w = 0.066 mm™
T=298 (2) K.

Lattice energy calculations

Lattice energy calculations for polymorphs o and ( were
performed using the COMPASS force field in the Cerius? suite
of programs (Accelrys, Inc., San Diego, CA; http://www.accelrys.
com). Lattice energies were reported after normalizing the values
obtained for a single molecule.

DSC

Differential scanning calorimetric scans were recorded on a
TA Instruments Universal V2.6D differential scanning calorim-
eter. Samples of dry NPEA (~1-2 mg) were loaded into alumi-
num sample pans covered with aluminum lids and sealed by
crimping. Reference pans were prepared in a similar manner but
without any sample in the pan. DSC measurements were per-
formed by heating the samples at a scan rate of 0.5°C/min or
1.5°C/min. Transition enthalpies (AH,) were estimated by inte-
grating the areas under the peaks corresponding to the indi-
vidual transitions. Transition entropies (AS;) were determined
from the transition enthalpies according to the expression (34):

AHt = T, X AS;

RESULTS AND DISCUSSION

Description of the structure

The molecular structure of NPEA as found in poly-
morph a is shown in the Oak Ridge thermal ellipsoid plot
(ORTEP) plot given in Fig. 1, along with atom numbering
for all of the nonhydrogen atoms. The atomic coordinates
and equivalent isotropic displacement parameters for all
nonhydrogen atoms and the two hydrogen atoms on het-
eroatoms (N-H and O-H) are given in Table 1. The bond
distances, bond angles, and torsion angles involving all of
the nonhydrogen atoms are given in Tables 2, 3, and 4,
respectively. From the data presented in Table 4, it is seen
that the torsion angles observed for the acyl chain region,
excepting the C1-C2-C3-C4 angle, which is 68.13°, are all
close to 180°, clearly indicating that the hydrocarbon por-
tion (C3-C16) of the acyl chains is in an all-trans confor-
mation (Fig. 1). The gauche conformation at the C2-C3
bond results in a bending of the molecule, giving it an L
shape. The carbonyl group and the amide N-H are also in
trans geometry. The molecular structure of NPEA ob-
served here is very similar to the structures of NMEA and
NSEA reported previously (29, 35).
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Fig. 1. ORTEP plot of N-palmitoylethanolamine (NPEA) in the «
polymorph. The atom numbering is indicated. Hatched symbols
indicate atoms that are refined anisotropically.

NPEA adopts an essentially similar structure in the 3
polymorph, which is a new structural form of NAE. Only
very minor differences were seen between the molecular
features of NPEA in these two polymorphs, although cer-
tain distinct differences are seen in the molecular packing
between the two polymorphs, which are discussed below.
For example, the C1-C2-C3-C4 torsion angle in polymorph
B is found to be 66.9°, which is very close to the value of
68.13° mentioned above for polymorph a and the value of
68.5° for the corresponding torsion angle in the crystal
structure of NMEA (29). The atomic coordinates and equiv-
alent isotropic displacement parameters for all nonhydro-
gen atoms in polymorph B are given in Table 5. The bond
distances, bond angles, and torsion angles involving all
of the nonhydrogen atoms are given in Tables 6, 7, and
8, respectively.

Molecular packing

Packing diagrams of NPEA along the ¢axis and J-axis in
polymorph a are shown in Fig. 2A, B, respectively. The
NPEA molecules are packed head-to-head (and tail-to-tail)
in stacked bilayers. As will be discussed in greater detail
below, the hydroxy groups from opposite layers form O-
H---O hydrogen bonds, which, together with N-H---O



TABLE 1. Fractional atomic coog(}inatesA (X10* and equivalent
isotropic displacement parameters (A% X 10%) for the « form of NPEA

Atom X y z U(eq)
N(1) 5,884 (1) 8,627 (3) 4,575 (2) 46(1)
O(1) 6,017 (1) 12,984 (2) 4,991 (2) 61(1)
0O(2) 5,121 (1) 10,477 (3) 2,808 (2) 94(1)
C(1) 6,051 (1) 10,553 (3) 5,286 (2) 39(1)
C(2) 6,285 (1) 9,599 (3) 6,481 (2) 40(1)
C(3) 6,609 (1) 10,696 (3) 6,273 (2) 41(1)
C(4) 6,755 (1) 9,536 (3) 4,925 (2) 41(1)
C(b) 7,077 (1) 10,634 (3) 4,755 (2) 41(1)
C(6) 7,238 (1) 9,426 (3) 3,457 (2) 42(1)
C(7) 7,559 (1) 10,589 (3) 3,301 (2) 43(1)
C(8) 7,724 (1) 9,388 (4) 2,015 (2) 45(1)
C(9) 8,043 (1) 10,578 (4) 1,864 (2) 45(1)
C(10) 8,211 (1) 9,396 (4) 584 (2) 47(1)
C(11) 8,530 (1) 10,581 (4) 446 (2) 48(1)
C(12) 8,699 (1) 9,399 (4) —829 (2) 49(1)
C(13) 9,020 (1) 10,577 (4) —949 (2) 54(1)
C(14) 9,191 (1) 9,424 (4) —2,219 (2) 54(1)
C(15) 9,511 (1) 10,559 (5) —2,327 (2) 69(1)
C(16) 9,678 (1) 9,437 (5) —3,611 (3) 86(1)
C(17) 5,352 (1) 9,975 (5) 3,995 (3) 75(1)
C(18) 5,647 (1) 9,219 (4) 3,379 (2) 58(1)
H(1) 59,166 69,482 48,281 55

H(2) 50,460 90,178 25,132 140

NPEA, N-palmitoylethanolamine. U(eq) is defined as one-third of
the trace of the orthogonalized Uij tensor [U(eq) = s 22 Uy @+ a5+ 6
@ cos (ai, aj)].

hydrogen bonds between adjacent molecules in the same
leaflet, appear to drive the formation of such bilayer-like
supramolecular arrangement. The methyl ends of the
stacked bilayers are in van der Waals contacts, with the
closest methyl-methyl (C16-C16) distance between oppos-
ing layers and within the same layer being 3.922 and 4.885
A, respectively.

The bilayer thickness (O2-O2 distance) in the a poly-
morph is 45.57 A, and the all-trans acyl chains are tilted by
34.5° with respect to the bilayer normal. This is identical to
the tilt angle in NSEA and very close to that observed in
NMEA (37°) (29, 35). Other long-chain molecules such as
long-chain carboxylic acids and n-alcohols also pack in a

TABLE 2. Bond lengths (A) for the o form of NPEA

o(1)-C(1) 1.2238 (18)
0(2)-G(17) 1.434 (3)
N(1)-G(1) 1.325 (2)
N(1)-C(18) 1.464 (2)
C(1)-G(2) 1.500 (2)
C(2)-C(3) 1.527 (2)
C(3)-C(4) 1.518 (2)
C(4)-C(5) 1.518 (2)
C(5)-G(6) 1.523 (2)
C(6)-C(7) 1.520 (2)
C(7)-G(8) 1.522 (2)
C(8)-C(9) 1.518 (3)
C(9)-C(10) 1.520 (3)
C(10)-C(11) 1.515 (3)
C(11)-C(12) 1.519 (3)
C(12)-C(13) 1.519 (3)
C(18)-G(14) 1.515 (3)
C(14)-C(15) 1.508 (3)
C(15)-C(16) 1.510 (3)
C(17)-G(18) 1.479 (3)

TABLE 3. Bond angles (degrees) for the o form of NPEA

C(1)-N(1)-C(18) 128.17 (15)
O(1)-C(1)-N(1) 122.02 (16)
0O(1)-C(1)-C(2) 121.53 (15)
N(1)-C(1)-C(2) 116.45 (13)
C(1)-C(2)-C(3) 112.64 (13)
C(2)-C(3)-C(4) 113.96 (13)
C(8)-C(4)-C(5) 112.88 (13)
C(4)-C(5)-C(6) 114.67 (13)
C(5)-C(6)-C(7) 118.55 (13)
C(6)-C(7)-C(8) 114.21 (14)
C(7)-C(8)-C(9) 118.73 (15)
C(8)-C(9)-C(10) 114.26 (15)
C(9)-C(10)-C(11) 118.96 (15)
C(10)-C(11)-C(12) 114.17 (15)
C(11)-C(12)-C(13) 113.82 (15)
C(12)-C(13)-C(14) 114.46 (15)
C(13)-C(14)-C(15) 114.58 (16)
C(14)-C(15)-C(16) 114.24 (18)
0(2)-C(17)-C(18) 110.00 (2)
N(1)-C(18)-G(17) 110.84 (16)

bilayer form with tail-to-tail hydrocarbon alignment with
tilted chains (36).

Packing diagrams corresponding to the 3 polymorph of
NPEA along the baxis and eaxis are given in Fig. 2C, D,
respectively. Similar to the o polymorph, the NPEA mol-
ecules are packed in a tail-to-tail manner akin to that
found in a lipid bilayer in this polymorph, with O-H:--O
hydrogen bonds between the hydroxyl groups from oppo-
site layers. However, a very significant difference is seen
in the alignment between the opposing leaflets. Although
in polymorph «a the L-shaped NPEA molecules in opposite
layers are arranged to yield a Z-like shape, in polymorph
B one of the two NPEA molecules is rotated by ~180°, such
that the organization of two molecules yields a W-like
shape. This is shown schematically in Fig. 3. Despite this
difference in the orientation of the acyl chains with respect
to polymorph «, the hydrogen bonding network involv-
ing the amide N-H and carbonyl groups of adjacent mol-
ecules in polymorph  is remarkably similar to that in
polymorph «. In addition, the B form contains eight mol-

TABLE 4. Torsion angles (degrees) for the a form of NPEA

c(18) N(1) c(1) o) 0.30 (3)
C(18) N(1) c(1) C(Q) ~179.80 (15)
c(1) N(1) C(18) c(17) —83.10 (2)

o) c(1) C(Q) C(3) —53.30 (2)

N(1) c(l) C(2) C(3) 126.84 (15)
c(1) C(2) C(3) C(4) —68.13 (17)
c(2) C(3) C(4) C(5) —179.32 (13)
c(8) C(4) C(5) C(6) 177.3% (13)
C(4) C(5) C(6) C(7) 179.23 (13)
C(5) C(6) c(n C(8) 179.59 (14)
C(6) C(7) C(8) C(9) 179.62 (14)
(7 C(8) C(9) C(10) —180.00 (14)
C(8) C(9) C(10) c(1) —179.65 (15)
C(9) C(10) C(11) c(12) 179.79 (15)
C(10) C(11) c(12) C(13) —179.41 (15)
C(11) C(12) C(18) c(14) —179.83 (15)
C(12) C(13) C(14) C(15) —179.13 (16)
c(18) C(14) C(15) C(16) —178.98 (18)
0(2) c(17) C(18) N(1) —178.50 (16)

Crystal structures of N-palmitoylethanolamine polymorphs
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TABLE 5. Fractional atomic coogdinatesA (X10* and equivalent
isotropic displacement parameters (A% X 10%) for the  form of NPEA

Atoms X y z U(eq)
O(1) 2,007 (4) —1,288 (4) 1,998 (1) 68(1)
0O(2) 4,617 (9) 823 (6) 2,434 (1) 96(1)
N(1) 6,397 (6) —956 (4) 2,064 (1) 58(1)
C(1) 4,458 (6) —1,589 (4) 1,980 (1) 47(1)
C(2) 5,375 (7) —2,716 (4) 1,863 (1) 47(1)
C(3) 4,296 (7) —2,398 (4) 1,701 (1) 48(1)
C(4) 5,436 (7) —1,009 (4) 1,627 (1) 45(1)
C(5) 4,365 (7) —728 (4) 1,466 (1) 45(1)
C(6) 5,569 (7) 623 (4) 1,385 (1) 45(1)
C(7) 4,425 (7) 892 (4) 1,225 (1) 45(1)
C(8) 5,593 (7) 2,226 (4) 1,142 (1) 47(1)
C(9) 4,436 (7) 2,486 (4) 982 (1) 48(1)
C(10) 5,588 (7) 3,823 (4) 898 (1) 49(1)
C(11) 4,445 (7) 4,062 (4) 737 (1) 49(1)
C(12) 5,584 (8) 5,398 (4) 653 (1) 51(1)
C(13) 4,444 (8) 5,624 (4) 493 (1) 57(1)
C(14) 5,558 (8) 6,947 (4) 406 (1) 57(1)
C(15) 4,482 (10) 7,168 (5) 246 (1) 72(1)
C(16) 5,641 (12) 8,504 (5) 162 (1) 88(2)
C(17) 4,950 (11) —414 (6) 2,323 (1) 84(1)
C(18) 5,816 (9) 242 (5) 2,178 (1) 72(1)
H(1A) 8,190 (8) —1,290 (4) 2,010 (0) 5(1)
H(1B) 5,880 (9) 990 (5) 2,470 (1) 6(2)

U(eq) is defined as one-third of the trace of the orthogonalized Uij

tensor [U(eq) = Y 22 Uy @ « @ « aig cos (ai, aj)].

ecules of NPEA in the orthorhombic unit cell. This is be-
cause the hydrogen bonded leaflets in polymorph B are
arranged in two different orientations (as seen in Fig. 2C);
whereas the methyl termini of the upper two layers in the
unit cell point to the left, the methyl termini of the lower
pair of layers point to the right. The distance between the
terminal methyl groups (C16-C16) of the bilayer in poly-
morph B is 3.918 A, whereas that between adjacent mole-
cules in the same layer is 4.898 A. These values closely
match the corresponding values obtained for the a poly-
morph, as mentioned above.

In an earlier study, Lambert and coworkers (37) studied
the polymorphism of NSEA by DSC, powder X-ray dif-
fraction, and Fourier transform infrared spectroscopy.
Although the polymorph observed in the crystal structure

TABLE 6. Bond lengths (A) for the B form of NPEA

o(1)-C(1) 1.240 (4)
0(2)-C(17) 1.480 (6)
N(1)-G(1) 1.322 (5)
N(1)-C(18) 1.488 (6)
C(1)-G(2) 1.504 (5)
C(2)-C(3) 1.522 (5)
C(3)-C(4) 1.507 (5)
C(4)-C(5) 1.508 (5)
C(5)-C(6) 1.518 (5)
C(6)-C(7) 1.516 (5)
C(7)-C(8) 1.509 (5)
C(8)-C(9) 1.509 (5)
C(9)-C(10) 1.515 (5)
C(10)-C(11) 1.509 (5)
C(11)-C(12) 1.513 (5)
C(12)-C(13) 1.501 (5)
C(18)-G(14) 1.508 (5)
C(14)-C(15) 1.498 (5)
C(15)-C(16) 1.496 (6)
C(17)-G(18) 1.449 (6)

TABLE 7. Bond angles (degrees) for the § form of NPEA

C(1)-N(1)-G(18) 122.3 (3)
O(1)-C(1)-N(1) 122.5 (3)
0O(1)-C(1)-C(2) 121.0 (3)
N(1)-C(1)-C(2) 116.5 (3)
C(1)-C(2)-C(3) 118.0 (3)
C(2)-C(3)-C(4) 114.6 (3)
C(8)-C(4)-C(5) 118.6 (3)
C(4)-C(5)-C(6) 115.2 (3)
C(5)-C(6)-C(7) 114.1 (3)
C(6)-C(7)-C(8) 115.1 (8)
C(7)-C(8)-C(9) 114.6 (3)
C(8)-C(9)-C(10) 115.2 (3)
C(9)-C(10)-C(11) 114.7 (8)
C(10)-C(11)-C(12) 114.9 (3)
C(11)-C(12)-C(13) 114.6 (3)
C(12)-C(18)-C(14) 1155 (3)
C(13)-C(14)-C(15) 116.1 (3)
C(14)-C(15)-C(16) 115.8 (4)
0(2)-C(17)-C(18) 106.8 (4)
N(1)-C(18)-C(17) 109.5 (4)

of NSEA [which is similar to polymorph o of NPEA (35) ]
was identified by them as the most stable one, based on
powder diffraction and Fourier transform infrared data,
they proposed that two other polymorphic forms differ
from this form in the chain tilt angles and chain mobility,
with the head group region remaining essentially unal-
tered (see Fig. 6 in 37). Our present results, however, in-
dicate that reorientation of the acyl chain region in one
layer with respect to the opposite layer, as shown in Fig. 3,
resulting from a rotation of the NAE molecules by 180°,
would most likely lead to the conversion of the stable form
(polymorph a) to asecond form (polymorph ). Although
our results are obtained with NPEA, similar conversion is
highlylikely in the other long-chain NAEs as well, especially
NMEA and NSEA for which an equivalent to the a poly-
morph has been observed by single-crystal X-ray diffraction.

Besides the similarities in the hydrogen bonding pat-
terns between the two polymorphs, the bilayer thickness
and angle of tilt of the acyl chains are also very similar.
Thus, in polymorph B, the 02-O2 distance is 45.2 A and
matches very well the distance of 45.57 A observed in

TABLE 8. Torsion angles (degrees) for the § form of NPEA

c(18) N(1) c(1) o) —4.5 (6)
C(18) N(1) c(1) C(Q) 176.2 (3)
c(1) N(1) c(18) camn 83.6 (5)
o(1) c(1) c() C(3) 53.6 (4)
N(1) c(1) c(Q) C(3) -127.0 (3)
c(1) C(2) C(3) C(4) 66.9 (4)
c(2) c(3) C(4) C(5) 179.2 (3)
C(3) C(4) C(5) C(6) ~177.2 (3)
C(4) C(5) C(6) c(7) ~179.1 (3)
C(5) C(6) (7 C(8) —179.8 (3)
C(6) (7 C(8) C(9) ~179.8 (3)
(7 C(8) C(9) C(10) 179.9 (3)
C(8) C(9) C(10) c(11) 179.2 (3)
C(9) C(10) c(11) C(12) 179.9 (3)
C(10) c(11) c(12) C(13) 179.8 (3)
C(11) C(12) C(13) c(14) ~-179.8 (3)
c(12) c(18) c(14) C(15) 178.7 (8)
c(18) c(14) C(15) C(16) 1785 (4)
0(2) C(17) C(18) N(1) 175.5 (4)
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Fig. 2. Packing diagrams of NPEA. A: View along the caxis of polymorph a. B: View along the baxis of
polymorph a. C: View along the baxis of polymorph . D: View along the a-axis of polymorph £.

polymorph «, whereas the chain tilt angle of 35.5° for
polymorph { is in good agreement with the value of 34.5°
estimated for polymorph a.

Subcell structure

The hydrocarbon chains in lipid crystals adopt a variety
of lateral packing modes, which may be described by sub-
cells that specify the relations between equivalent posi-
tions within the chain and its neighbors. Analysis of a large
number of lipid crystal structures has shown that the chain-
packing modes fall into a relatively small number
of hydrocarbon subcells with triclinic, monoclinic, ortho-

. %
AR

Polymorph o Polymorph B
Fig. 3. Model for the interconversion between the o and 8 poly-
morphs of NPEA. This model suggests that a simple rotation of all
of the molecules in one of the two leaflets of the bilayer by 180°
(indicated by the curved arrow) results in the conversion of poly-
morph a to polymorph 8 (and vice versa).

Crystal structures of N-palmitoylethanolamine polymorphs

rhombic, and hexagonal symmetry and that their poly-
methylene planes can be mutually parallel or perpendicular
with respect to their neighbors (38, 39). The subcells have
been further divided into simple and hybrid types, with the
latter type involving more than two different asymmetric
units in a subcell. Examination of the hydrocarbon chain
packing in the o and 8 polymorphs of NPEA revealed that
the subcells in both of these polymorphs are of the or-
thorhombic type (O’Ll) in the Pbnm space group. The
unit cell dimensions of these subcells are as follows: a =
7.435 A, b= 4.885 A, and ¢ = 2.544 A for polymorph a and
a="745A, b= 4898 A, and ¢ = 2.547 A for polymorph B.
These then yielded the areas per chain of 18.16 A” for the
a polymorph and 18.25 A? for the B polymorph. These
parameters are in the range that is typically observed for
the orthorhombic type O’ L (36).

Molecular area

The areas per each NPEA molecule in the bilayer plane
in the crystal structures of polymorphs o and 3 are 21.99
and 22.03 A2, respectively. These values are in the same
range as those found for other NAEs whose three-
dimensional structures have been determined, namely
NMEA (21.95 A?) and NSEA (21.99 A?), as well as some
other single-chain lipids such as 3(11-bromoundecanoyl)-
p-glycerol, 3-lauroyl-n-glycerol, and 3-strearoyl-p-glycerol,
whose molecular areas are in the range of 21.5-22.7 A?
(29, 35, 40-43). Other single-chain lipids, such as lysophos-
phatidic acid and lysophosphatidylethanolamine, have
somewhat larger molecular areas (33.6 and 34.8 A? res-
pectively). Such large molecular areas observed in these
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two molecules are attributable to the very high tilt angle of
the acyl chains with respect to the bilayer normal (43-45).

Hydrogen bonding and intermolecular interactions

The molecular packing in the crystal structure of NPEA
was examined from various angles to understand the in-
termolecular interactions. Results obtained for polymorph
o, which is similar to the crystal structure of NMEA (29),
will be presented first, and then the results from the
analysis of polymorph B will be discussed in comparison.

The hydrogen bonding pattern observed in the crystal
lattice of polymorph a is shown in Fig. 4. Figure 4A gives
a view of the molecular packing together with the hydro-
gen bonds between hydroxyl groups in the opposite leaflets
as well as those between the amide hydrogen and the
carbonyl oxygen atoms of adjacent layers in the same leaf-
let of the bilayer. In Fig. 4B, a detailed picture of the hy-
drogen bonding pattern is shown, viewed along the 5-axis.
The O-H---O hydrogen bonds form an extended, zig-zag-
type network along the b-axis, with each O-H group being
involved in two hydrogen bonds with proximal hydroxyls,
one as donor and the other as acceptor. In each unit cell
containing four NPEA molecules organized in a bilayer,
the hydroxy group of each molecule forms one hydrogen
bond within the same unit cell and a second hydrogen
bond with another molecule of NPEA in an adjacent unit
cell along the #-axis. All of the O-H---O hydrogen bonds in
the a polymorph are 2.701 (2) A in length, with the H--O
distance and the angle subtended at the hydrogen atom
being 1.78 A and 169°, respectively.

Besides the hydrogen bonds between the hydroxy
groups, strong hydrogen bonds are also formed between
the amide N-H and carbonyl oxygen of adjacent NPEA
molecules along the b-axis. The carbonyl oxygen atoms of
adjacent molecules point in opposite direction, thus pro-
viding the appropriate juxtaposition of the amide carbonyl

A B

Fig. 4. Hydrogen bonding pattern in the crystal lattice of the a
polymorph of NPEA. A: View of the bilayer displaying both the
O-H---O and N-H---O type hydrogen bonds. B: Close-up view along
the baxis. The hydrogen bonds (N-H---O and O-H---O) are indi-
cated by dashed lines. Small open circles, hydrogen; large open
circles, carbon; closed circles, oxygen; hatched circles, nitrogen.
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and hydrogen atoms to interconnect adjacent molecules
by hydrogen bonds. All of these hydrogen bonds are again
identical, with an N-O distance of 2.836 (2) A, a H---O
distance of 1.84 A, and an N-H---O angle of 167°.

Figure 4B clearly shows that the O-H---O hydrogen
bonds form an extended network along the b-axis, which
stabilizes the bilayer-type packing in the crystal lattice. The
hydroxy groups are arranged in a zig-zag network, with the
angle between two hydrogen bonds (02-O2-O2 angle)
being 129.5°. This is essentially identical to the value of
129.4° observed for the corresponding O1-O1-O1 angle in
the crystal structure of NMEA (29). The N-H---O hydrogen
bonds join adjacent NPEA molecules in the same plane
along the baxis. Although the N-H group of each NPEA
molecule forms a hydrogen bond with another NPEA mol-
ecule in the adjacent unit cell on one side, the carbonyl
oxygen of the same molecules forms a hydrogen bond with
the amide N-H of another NPEA molecule in the adjacent
unit cell on the other side (Fig. 4A).

Hydrogen bonding patterns observed in polymorph
are shown in Fig. 5. Figure 5A shows both the packing
arrangement and hydrogen bonding in polymorph . In
the unit cell containing eight NPEA molecules in two head-
to-head bilayers stacked one above the other, the hydroxy
group of each molecule forms one hydrogen bond within
the same unit cell and a second hydrogen bond with an-
other molecule from one of the adjacent unit cells along
the aaxis. A comparison of Fig. 5B with Fig. 4B clearly
shows that despite the significantly different arrangement
of the acyl chains in the opposite leaflets of the bilayer ar-
rangement, the hydrogen bonding pattern in the 8 poly-
morph is very similar to that observed in the o polymorph.
All of the O-H---O hydrogen bonds in polymorph 3 of NPEA
have the same H---O distance of 1.75 A, and the distance
between the two oxygen atoms is 2.699 (6) A. These hy-
drogen bonds are also nonlinear, with the angle between
the covalent bond and the hydrogen bond being 160°.

In polymorph {3, the hydrogen bonds between the amide
N-H and carbonyl oxygen of adjacent NPEA molecules are
seen along the a-axis. Here, the distance between hydrogen
bonded carbonyl oxygen and the amide hydrogen atom is
1.89 A and the N--O distance is 2.823 (4) A. The angle
between the covalentbond and the hydrogen bond (N-H---O
angle) is 152°, which deviates significantly from linearity
and hence is expected to be somewhat weaker compared
with the N-H---O hydrogen bonds in the o polymorph.

Similar to the o polymorph (Fig. 4B), the O-H---O hy-
drogen bonds in polymorph B also form extended zig-zag
networks (Fig. 5B), which stabilize the bilayer arrange-
ment. These networks are seen along the g-axis, and the
angle between the two hydrogen bonds (02-O2-O2 angle)
at each oxygen atom is 130.3°. The N-H:--O hydrogen
bonds connect the adjacent NPEA molecule in the same
plane along the a-axis. The amide N-H group of each
NPEA molecule forms a hydrogen bond with another
molecule in the adjacent unit cell on one side, whereas the
carbonyl oxygen atom from the same molecule is involved
in another hydrogen bond with the amide N-H of an
NPEA molecule in the unit cell on the other side (Fig. 5B).



Fig. 5. Hydrogen bonding pattern in the crystal lattice of the § polymorph of NPEA. A: View of the bilayer
displaying both the O-H:--O and N-H---O type hydrogen bonds. B: Close-up view along the a-axis. The
hydrogen bonds (N-H---O and O-H---O) are indicated by dashed lines. Small open circles, hydrogen; large
open circles, carbon; closed circles, oxygen; hatched circles, nitrogen.

As seen clearly in Figs. 4B and 5B, the interconnecting
hydrogen bonds at the head-to-head bilayer interface
result in the formation of 14 membered loops. Each loop
contains one N-H:--O hydrogen bond and two O-H:--O
hydrogen bonds. Two adjacent molecules of NPEA in each
leaflet, which are connected by an N-H:--O hydrogen
bond, and one NPEA molecule from the opposite leaflet,
which forms one hydrogen bond each with these two
NPEA molecules via its hydroxy group, are involved in the
formation of the 14 membered, hydrogen bonded loop.

Lattice energy calculations

The lattice energy of polymorphs o and 3 was computed
using the COMPASS force field in the Cerius® program
package to estimate their relative energies. These calcula-
tions yielded an overall energy of —46.53 kcal/mol for the
a polymorph, which is made up of —39.61 kcal/mol van
der Waals energy and —6.92 kcal/mol electrostatic energy.
For the B polymorph, the overall computed energy is
—43.88 kcal/mol, with the van der Waals and electrostatic
components being —39.63 and —4.25 kcal/mol. These
results indicate that the crystal lattice energy of polymorph
a is lower than that of polymorph B by ~2.65 kcal/mol,
which appears to be arising solely from the electrostatic
component. Because the N-H:--O bond angle is signifi-
cantly lower in the  polymorph compared with the o
polymorph (167° vs. 152°), it is likely that this difference
can be largely accounted for by the weaker N-H---O hy-
drogen bond in the former.

DSC

Previous DSC studies from this laboratory have shown
that, based on the thermal history, NPEA and other long-

chain NAEs give one or two minor transitions before the
major chain-melting transition, which were attributed to
solid-solid phase transitions, indicating structural polymor-
phism (29). To investigate this further, additional DSC ex-
periments were carried out. Thermogram a in Fig. 6 gives
the first heating scan of the a form of dry NPEA, and
thermogram b gives the cooling scan obtained immediately

Heat Flow (—)

1T

c " !

T T
50 60 70 80 90 100
Temperature (°C)

Fig. 6. Differential scanning calorimetric thermograms of the «
polymorph of NPEA. Thermogram a: First heating scan. Thermo-
gram b: Cooling scan. Thermogram c: Second heating scan per-
formed in succession.
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after the heating. Thermogram c corresponds to the second
heating scan of the same sample. The first heating scan
shows three endothermic transitions at ~76.8, 86.2, and
97.3°C, with enthalpies of 3.1, 1.3, and 11.3 kcal/mol, re-
spectively, and the enthalpy of transition 3 is in good
agreement with the value of 11.54 kcal/mol reported pre-
viously for the melting transition of NPEA (29). These
results show that NPEA exists in at least three polymorphic
forms in the solid state: polymorph I exists below transi-
tion 1, polymorph II exists between transitions 1 and 2, and
polymorph III exists between transitions 2 and 3. Because
the DSC scans were performed with the o polymorph, these
results establish that polymorph I'is the same as the o form.
Heating the a polymorph to 80°C and 90°C (i.e., to temper-
atures above transitions 1 and 2, respectively), followed by
cooling to room temperature and then reheating, gave
thermograms that are identical to thermogram c (Fig. 6).
This shows that transition 1 is not reversed once it is com-
pleted irrespective of whether transitions 2 and 3 are also
completed, whereas transition 2 could be readily reversed
by cooling from a temperature below transition 3 or above
it. These observations suggest the polymorph II is meta-
stable at room temperature.

The enthalpy value of 3.1 kcal/mol for transition 1
occurring at ~77°C (thermogram a, Fig. 6) is in good
agreement with the energy difference of 2.65 kcal/mol
between the o and B polymorphs obtained from lattice
energy calculations described above and suggests that poly-
morph II is most likely the § form.

It has been suggested that NAEs may stabilize the bilayer
structure of diacyl phosphatidylethanolamines because
the addition of NAEs, such as Mlauroylethanolamine and
N-oleoylethanolamine, to egg phosphatidylethanolamine
shifted its bilayer-inverse hexagonal phase transition to
higher temperatures (19). This study, together with earlier
studies on the crystal structures of NMEA and NSEA, sug-
gests that such stabilization is probably driven by the
strong tendency of the NAEs to form a bilayer structure.
This is further strengthened by the observation of bi-
layer arrangement in both the polymorphic forms of
NPEA. Because intermolecular hydrogen bonds between
the head groups of neighboring molecules are found in
the crystal structures of phosphatidylethanolamines (43,
44) as well as in all of the NAEs for which crystal structures
are known, namely NMEA (29), NSEA (35), and NPEA
(this study), it appears likely that hydrogen bond for-
mation between phosphatidylethanolamine and NAE may
play an important role in such stabilization. Currently, we
are investigating the mixing properties of NAEs and phos-
phatidylethanolamines to understand their interaction at
the molecular level.

Conclusions

The crystal structure of NPEA has been solved in two
different polymorphic forms (o and ) by single-crystal
X-ray diffraction. In both polymorphs, the NPEA mole-
cules adopt a bilayer-type arrangement with tail-to-tail
chain packing. This supramolecular organization is gov-
erned primarily by strong intermolecular hydrogen bonds
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between the hydroxy groups of NPEA molecules in oppo-
site leaflets as well as between the amide N-H and C=0
groups of adjacent molecules in the same leaflet, with the
van der Waals forces between acyl chains providing further
stabilization. Although the molecular structure as well as
the crystal packing arrangement of NPEA in polymorph o
with the P2,/c space group are very similar to the cor-
responding features in the crystal structures of NMEA and
NSEA reported previously, the crystal packing of NPEA
molecules in polymorph  with the Pbca space group,
which is a new form, differs from that in polymorph a. In
polymorph a, the supramolecular organization of the bent
NPEA molecules in opposite layers yields a Z-like shape,
whereas in polymorph B, one of the two NPEA molecules
in this organization is rotated by ~180° such that the two
molecules are now arranged in a W shape. Despite these
differences, the hydrogen bonding patterns in the two
polymorphs are very similar. Packing energy calculations
indicate that the o polymorph is more stable than the B
polymorph by ~2.65 kcal/mol, which is comparable to the
enthalpy of transition 1 seen in the DSC thermograms of
the a form of dry NPEA. Finally, this study firmly estab-
lishes the existence of different polymorphic forms in
NAEs, which was suggested earlier based on DSC studies,
and provides a comparison of the structures of two poly-
morphic forms of NPEA together with a possible mecha-
nism for their interconversion.i
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