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Differential scanning calorimetric as cholesterol, phospholipids and integral membrane pro-
. . . teins in order to develop structure—function relationships
studies on the mt_eraCthn of to rationalize their properties. In view of this, we have
N-acylethanolamines with cholesterol initiated a long-term programme aimed at investigating the
structure, physico-chemical properties, and interactions
of NAEs and NAPEs with other membrane lipids. litiah
studies the thermotropic phase transitions of a homologous
series of NAEs were investigated by differential scanning
?Present address: Department of Biochemistry and calorimetry (DSC3‘6. In other studies _report'ed from our
Molecular Biology, Mayo Clinic College of Medicine, laboratory and elsewhere, the three-dimensional structures
Rochester, MN 55905, USA of N-stearoylethanolamine (NSEA) andN-myristoyl-
ethanolamine (NMEA) were determined by single-tays
Earlier studies have suggested the formation of a:11  X-ray diffraction studies and the molecular packing and
(mol/mol) complex between N-myristoylethanolamine intermolecular interactions in the solid phase were ana-
(NMEA) and cholesterol in aqueous dispersion. In this |ysed~°. In a recent study from our laboratory, two structural
study, this interaction has bee_n investigated further polymorphs ofN-palmitoylethanolamine (NPEA) were in-
by differential scanning calorimetry (DSC) on dry \egtigated by single-crystal X-ray diffraction and their
mixtures of NMEA, N-palmitoylethanolamine (NPEA) packing properties and intermolecular interactions were

and N-stearoylethanolamine (NSEA) with cholesterol. 7 ol . .
The results obtained indicate that addition of choles- chqracterlze - These studles'revea.led thatin the crystal
lattice NAE molecules pack in a bilayer format, analo-

terol to NMEA leads to a new phase transition at ! o o
86.5°C, besides the solid—liquid phase transition of 90us to that found in phospholipid membrah&s

NMEA at 95°C. The intensity of the peak correspond- ~ The interaction of NPEA with dipalmitoylphosphati-
ing to the new transition increases with cholesterol dylcholine (DPPC) in aqueous dispersion, investigated by
content up to 50 mol%, but decreases thereafter, DSC, *'P-NMR and small-angle X-ray diffraction, indi-
whereas the intensity of the peak aoesponding to the cated that both components mix well up to 60 mol% of
melting of NMEA decreases with increasing choles- NPEA with phase separation occurring at higher contents
terol content, with concomitant and gradual shift to  of the NAE. Calorimetric*P-NMR and spin-label ESR
lower temperatures and vanishes at 50 mol% choles- o, gies on the phase behaviour of mixtures of NMEA and
terol. These results are consistent with the formation \bea with diacyl phosphatidylethanolamines (PEs) con-

of a 1: 1 molar complex between NMEA and choles- taining matched, saturated acyl chains have shown that

terol proposed earlier and indicate that these two am- h . Il onl % of
phiphiles are associated in the solid state as well. DScthe two components mix well only up to 35-40 mol% o

studies on hydrated mixtures of NPEA and NSEA NAE and that phase separation occurs at higher NAE
with cholesterol yielded results that parallel those ob- content?’. DSC, fast-atom-bombardment mass spectro-
tained with the NMEA/cholesterol system, indicating metric (FAB-MS) and molecular modelling studies on the
that these two long-chain NAEs also form 11 interaction of NMEA with cholesterol indicated the for-
(mol/mol) complexes with cholesterol. mation of a 11 (mol/mol) complex between théfn
Here, this interaction has been further investigated by
Keywords: 1:1 complex, hydrogen bonding, lipid DSC studies on solid mixtures of NMEA, NPEA and
membrane, phase transition. NSEA with cholesterol as well as on hydrated mixtures of
NPEA and NSEA with cholesterol.
LoNG-cHAIN N-acylethanolamines (NAEs) and their pre- NMEA, NPEA and NSEA were synthesized and char-
cursors,N-acylphosphatidylethanolamines (NAPEs) acacterized as described earfieEholesterol was purchased
cumulate in plants and animals when the parent organisrom Avanti Polar Lipids (Alabaster, AL, USA). Dry
is subjected to stress such as injury iimazals or dehydra- mixtures of NMEA, NPEA and NSEA with cholesterol
tion in plants. Besides, NAEs exhibit a variety of interfor DSC measurements were prepared by weighing out
esting biological properties such as binding to types-1 argppropriate amounts of the two lipids into a dry glass test
Il cannabinoid receptors, inhition of gap-junction con- tube to give the desired ratio and then dissolving the mix-
ductance and reduction of sperm fertilizing capacity asire (total weight ~5 mg) in ca 0.5 ml of dichloromethane
well as anti-inflammatory, antibacterial and antivirawith mild vortexing to ensure uniform mixing of the dis-
properties, which are also of considerable interest and poteotved components. The solvent was then removed by
tial applicatior™. blowing dry nitrogen gas slowly on the surface of the
In view of the foregoing, it is important to characterizgample while the sample tube was maintained in a warm
the physical properties of NAEs and NAPEs, and investigai@ter bath, followed by vacuum desiccation for at least
their interaction with other membrane constituents suchh. The dry mixture was then transferred to a pre-weighted
aluminium DSC pan, which was sealed by crimping and
*For correspondence. (e-mail: mjssc@uohyd.ernet.in) weighed again. Samples for experiments with hydrated
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mixtures of NPEA and NSEA and cholesterol were alsierol at low mole fractions results in two distinct changes
prepared in a similar manner, except that, after preparationthe thermograms. First, intensity of the peak correspond-
of the dry mixture, the sample (1-3 mg) was transferred tog to the chain-melting transition decreases, becomes
a pre-weighted stainless steel DSC pan, which wasmewhat broader and also shifts to a slightly lower tem-
weighed again. Then about 0of double-distilled wa- perature. In addition, a second peak appears around
ter was added and the sample pan was sealed by crirBp-5°C, indicating a new phase transition, the relative in-
ing. Reference pans were prepared with only water. tensity of which increases with increasing NMEA
DSC measurements were performed on a Perkin-Elmeholesterol ratio up to:1L (mol/mol). The two peaks parti-
DSC-4 calorimeter equipped with a data station or a Perkialy overlap and the overlap increases with increasing
Elmer Diamond DSC, which is computer controlled. Focholesterol content, because the shift in the peak corre-
dry samples, DSC scans were carried out by placing teponding to NMEA alone becomes larger with increasing
DSC pan containing the appropriate lipid or lipid mixtureholesterol content. For the sample with 40 mol% choles-
in the sample compartment of the calorimeter, with aterol, the thermogram appears to consist of two overlap-
empty pan in the reference compartment. Then two heatiping peaks — one broad and the other sharp — indicating that
and two cooling scans were performed at a scan ratetbé two transitions occur at the same temperature. Cooling
2.5°/min. The scan range was 30-2Q0for NMEA/cho- scans indicate that both the transitions are reversible (not
lesterol, and 40-12C for NPEA/cholesterol and NSEA/ shown). Cholesterol alone did not show any phase transition
cholesterol mixtures. DSC measurements on hydratbdtween 35 and 10Q (not shown).
samples were performed essentially as described &arlier In view of the overlapping transitions, it was not possible
Briefly, the DSC pans containing the lipid or lipid mixtureto obtain reliable quantitative information on the enthalpies
were hydrated by incubation at €D for 30 min in the of the two transitions as a function of cholesterol content.
calorimeter and then cooled to°85 After incubation at However, the above obsetions are qualitatively similar
this temperature for 20 min, two heating scans and two the results obtained earlier on hydrated mixtures of NMEA
cooling scans were performed at a scan rate 6f2i6.  and cholesterdf, and suggest that NMEA and cholesterol
After each scan, the sample was incubated for 10 minfatm a 1: 1 (mol/mol) complex in the solid state also. These
the extreme. Transition enthalpies were evaluated by intesults taken together with the those obtained earlier, indi-
grating the area under each peak using the software sopte that NMEA and cholesterol form a 1L (mol/mol)
plied by the instrument manufacturers. complex in the solid phase also and suggest that other NAEs
Heating thermograms of dry samples of NMEA andhay also form similar complexes with cholesterol. Such
NMEA/cholesterol mixtures of various compositions aréefined stoichiometry of interaction would indicate specific
shown in Figure &. Consistent with earlier results, dryinteraction between the two components, which is consis-
NMEA shows a reversible, highly cooperative solid—liquident with the results of computational modelling reported
phase transition centred at’@5 which is in good agreement earlier®. In such a case, the ability of NAEs to interact
with the literature valueof 93.9C. Addition of choles- with cholesterol may be relevant to the functional roles
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Figure 1. Heating thermograms of dry mixtures aj) NMEA, (b) NPEA and ¢) NSEA with cholesterol. Com-
position of the lipid mixture (in mol ratio) is indicated. Scan rate iS/ehh. Y-scale is not the same for all the
scans shown.
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that they play in different organisms. In order to investitems are qualitatively rather similar to and parallel to
gate this aspect further, interaction of NPEA and NSE#hose obtained earlier with hydrated mixtures of NMEA
(which are the major NAEs found in various living sysand cholesterdf. Therefore, results obtained with NPEA/
tems) with cholesterol was studied by DSC. cholesterol and NSEA/cholesterol mixtures are discussed
Thermograms corresponding to heating scans of dtggether here.
samples of NPEA and its mixtures with cholesterol and of From the thermograms shown in Figura andb, it
NSEA and its mixtures with cholesterol are shown iman be seen that hydrated samples of NPEA and NSEA
Figure 1b and c respectively. Dry NPEA and NSEA show highly cooperative gel-fluid chain-melting phase
yielded solid—liquid phase transitions at 98.2 408.2C  transitions centred at 78.4 and 844 espectively. These
respectively, which are in good agreement with the valugalues are in good agreement with the previously publi-
of 99.7 and 102X respectively, reported earlfeDry shed resulfs Addition of cholesterol at low mole frac-
NSEA also yielded a small peak at°@3 which has been tions results in two distinct changes in the thermograms.
attributed earlier to a solid—solid phase transitiéxddi- ~ First, the intensity of the peak corresponding to the chain-
tion of cholesterol to NPEA led to considerable broademnelting transition decreases with slight broadening and a
ing of the endotherm corresponding to NPEA meltingshift to lower temperature. In addition, a second peak ap-
accompanied by a shift of the transition to lower tempergears around 53—-86 for the NPEA/cholesterol mixture
tures. In addition, two new peaks are seen at 87288.5and 59-61C for the NSEA/cholesterol mixture, indicat-
and 89-90C (Figure 1b). The intensity of the peak cor- ing a new phase transition in each case. In both cases, inten-
responding to NPEA decreases with increasing cholesity of this new peak increases with increasing cholesterol
terol and vanishes completely at NPEA/cholestera@ontent up to 11 mol ratio of the two components in the
(mol/mol) ratio of 60 40, whereas the intensity of the twomixture, whereas intensity of the peak corresponding to
new peaks increases at the same time. The two new pealkain melting of the NAE decreases steadily and disap-
coalesce at 11 (mol/mol) atio and give a single, slightly pears completely at the same ratio. These observations
broad isotherm. At higher cholesterol contents, a singlge similar to the results obtained with the NMEA/
isotherm is observed. These results are consistent witholesterol system and suggest the formation ot 1
the formation of a 11 (mol/mol) complex when the two (mol/mol) complexes of both NPEA and NSEA with cho-
components are present in equal proportion as well aslasterol. Hence this new peak will be referred to as the
higher cholesterol fractions. At lower fractions of choleseomplexpeak. Intensity of the complex peak also decreases
terol, the picture is somewhat unclear and additional stugith increasing cholesterol content and becomes nearly
ies are required to understand the structures of the phageso at 0.7 mol fraction of the sterol (for the NPEA/
formed. Qualitatively similar results are observed focholesterol mixture), whereas for the NSEA/cholesterol
mixtures of NSEA and cholesterol, with the exception thamixture even at 0.8 mol fraction of the sterol, the com-
the 1:1 (mol/mol) mixture gave two endothermic peaksplex peak has some intensity. Cooling scans with both
which coalesced into a single peak when the NSEAkts of mixtures indicate that both the transitions are re-
cholesterol ratio was reduced to :4D. versible (not shown). Cholesterol alone did not Siamy
Earlier, computational modelling studies have showphase transition between 35 and©@0
that two strong hydrogen bonds between the hydroxy
groups of NMEA and cholesterol and between the amide
carbonyl of NMEA and the hydroxy group of cholesterol @ @
as well as significant dispersive interactions between tl
hydrophobic regions of the two molecules stabilize th
1:1 stoichiometric complé% A close matching in the size
and hydrophobic/hydrophilic regions of the partner mole
cules also contribute to the stabilization of the comple:
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dothermic —

The above obseations indicate that increasing the lengtt §
of the hydrophobic part, as in NPEA and NSEA, may alt¢ =
the interaction and lead to differences in the thermograrf
observed above. However, in the hydrated samples t§
difference in the length of the hydrophobic part betwee =
14 and 18 C-atoms does not seem to significantly affe
the interaction between NAE and cholesterol (see below
Heating thermograms of hydrated samples of NPE
and NPEA/cholesterol mixtures are shown in Figuee 2

and thermograms corresponding to hydrated samplestﬁure 2. Heating thermograms of aqueous dispersions a&f (
NPEA/cholesterol andb] NSEA/cholesterol mixtures. Composition of

Yhe lipid mixture (in mol ratio) is indicated. Scan rate is°&Bn. Y-
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ure 2b. Overall the results obtained with these two SySkcale is not the same for all the scans shown.
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A plot depicting variation of the change in enthalpy Due to the ubiquitous presence of cholesterol in animal
(AH,) of the two transitions as a function of cholestergbhlasma membranes, its interaction with different phos-
content in NPEA/cholesterol and NSEA/cholesterol mixpholipids, sphingolipids and glycolipids has been investi-
tures is given in Figure 3. For the sake of comparison, tlgated in great detdfi™® There is renewed interest in
corresponding data for the NMEA/cholesterol systenguch studies due to the presence of cholesterol in signifi-
taken from our previous wotk are also shown in Figure 3. cant amounts in membrane rafts, along with phospholipids
In each case)H, for the transition corresponding to theand sphingolipids, including glycosphingoliptas®2°
NAE/cholesterol complex increases gradually up t8uch studies have suggested that cholesterol forms novel
50 mol% cholesterol and then decreases steadily, becogendensed complexes’ with different phospholipids with
ing negligible around 70-80 mol% cholesterol for NMEAsimple integral stoichiometf} 2% Spin-label ESR and
and NPEA, whereas for NSEA the decrease is more graduaangmuir film balance studies on the interaction of cho-
remaining even at 80 mol% cholestetdH, values corres- lesterol withN-myristoyl DMPE have shown that choles-
ponding to the chain-melting transition of each NAE deterol exerts the classic chain condensing effect oiNthe
crease monotonically with increasing cholesterol conteratyl chain of NAPEs also and indicated the possibility of
and approach zero at 50 mol% cholesterol. These resuldsmation of complexes between NAPEs and cholesterol
are consistent with the formation of al.complex bet- as welf’?% It has been suggested that the condensed
ween the different NAEs investigated and cholesterotomplexes of phospholipids and cholesterol play a role in
proposed earlier for hydrated mixtures of NMEA andhe formation of lipid rafts and modulate the chemical activity
cholesterol. These results further suggest coexistenceobfcholesterol, which could possibly regulate its biosyn-
the 1: 1 complex and NAE in mixtures containing <50 mol%hesig®3° The formation of relatively strong stoichiomet-
cholesterol, and coexistence of the complex and cholase complexes between NAEs such as NMEA, NPEA and
terol in mixtures containing >50 mol% cholesterol. Th&SEA with cholesterol demonstrated earifeand in the
mixture having 50 mol% cholesterol appears to contaipresent study, provide an attractive model system for in-
the complex exclusively. vestigating the importance of lipid—lipid interactions in

Our previous computational modelling studies carriethe formation and dynamics of rafts. Such specific com-
out under water-soaked condition, suggested that sevepédxes could be important in the putative cytoprotective
hydrogen bonds between the hydroxy groups of NMEANd stress-combating actions of NAESs.
and cholesterol, besides dispersive interactions stabilize
the interaction between théf In view of the strong
similarities between NMEA and its higher homologues,; gschmid, H. H. 0., Schmid, P. C. and Natarajan, /Acylated
NPEA and NSEA in the chemical structure as well as in  glycerophospholipids and their derivativeBrog. Lipid Res
the results obtained in the DSC studies on the aqueous dis- 1990,29, 1-43.
persions of their mixtures with cholesterol, it is likely that 2 Schmid, H. H. O., Schmid, P. C. and Natarajan, V., The
similar hydrogen bonding and hydrophobic forces stabi- ffﬁﬁ‘é'olnggg?(.}%hﬂgfﬂgse pathway and signall@tgem. Phys.
lize the complexes formed in hydrated mixtures of NPEA; Hgnsén’ H. S., Moesgaard, B., Hansen, H. H. and Peterséw, G.,

and NSEA with cholesterol as well. Acylethanolamines and precursor phospholipids — Relation to cell
injury. Chem. Phys. Lipid2000,108, 135-150.
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