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Abstract The acylethanolamide anandamide (AEA) oc-
curs in a variety of mammalian tissues and, as a result of its
action on cannabinoid receptors, exhibits several cannabimi-
metic activities. Moreover, some of its effects are mediated
through interaction with an ion channel-type vanilloid re-
ceptor. However, the chemical features of AEA suggest that
some of its biological effects could be related to physical
interactions with the lipidic part of the membrane. The
present work studies the effect of AEA-induced structural
modifications of the dipalmitoylphosphatidylcholine (DPPC)
bilayer on phospholipase A, (PLA,) activity, which is strictly
dependent on lipid bilayer features. This study, performed
by 2-dimethylamino-(6-lauroyl}naphthalene fluorescence, dem-
onstrates that the effect of AEA on PLA, activity is concen-
tration-dependent. In fact, at low AEA/DPPC molar ratios
(from R = 0.001 to R = 0.04), there is an increase of the en-
zymatic activity, which is completely inhibited for R = 0.1.
X-ray diffraction data indicate that the AEA affects DPPC
membrane structural properties in a concentration-depen-
dent manner.filf Because the biphasic effect of increasing
AFA concentrations on PLA, activity is related to the in-
duced modifications of membrane bilayer structural prop-
erties, we suggest that AEA-phospholipid interactions may
be important to produce, at least in part, some of the simi-
larly biphasic responses of some physiological activities to
increasing concentrations of AEA.—Ambrosi, S., L. Ragni,
A. Ambrosini, L. Paccamiccio, P. Mariani, R. Fiorini, E. Ber-
toli, and G. Zolese. On the importance of anandamide
structural features for its interactions with DPPC bilayers:
effects on PLA, activity. J. Lipid Res. 2005. 46: 1953-1961.

Supplementary key words dipalmitoylphosphatidylcholine ¢ Laur-
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Acylethanolamides (N-acylethanolamines; NAEs) are a
class of naturally occurring single-chain membrane lipids
that are widely distributed in plant, invertebrate, and
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mammalian tissues (1). They also accumulate in many or-
gans under a large variety of pathological conditions (2),
such as in brain during neurodegeneration (3) and in
cerebrospinal fluid of schizophrenic patients (4). The
NAE anandamide (arachidonoylethanolamide; AEA) oc-
curs in a variety of mammalian tissues and, as a result of its
action on cannabinoid receptors, exhibits several can-
nabimimetic activities (5). Moreover, some of its effects
are mediated through an interaction with an ion channel-
type vanilloid receptor (6).

AEA presents interesting pharmacological actions in
many different tissues (7-12). On the other hand, NAEs,
with saturated and monounsaturated acyl chains, present
some biological activities but are thought to be inactive to-
wards cannabinoid (CB) receptors (13, 14). The chemical
nature of these NAEs and experimental evidence (15-19)
suggest that some of their biological effects could be re-
lated, at least in part, to physical interactions with the li-
pidic part of the membrane. Because AEA is a largely
hydrophobic molecule, it is possible that its local concen-
tration in close proximity to the cannabinoid receptor
binding site, which is localized within the lipid bilayer
(20), may be considerably higher than that in aqueous en-
vironments outside the cells (21). Therefore, it is reason-
able to suppose that AEA binding to CB receptors can be
modulated by the physical and structural properties of the
lipid bilayer and/or by AEA effects on the lipidic part of
the membrane. Furthermore, the possible AEA-induced

Abbreviations: AEA, anandamide; d, unit cell dimension; DPPC,
dipalmitoylphosphatidylcholine; emGP, emission generalized polariza-
tion; exGP, excitation generalized polarization; GP, generalized polar-
ization; Laurdan, 2-dimethylamino-(6-lauroyl)-naphthalene; LUV, large
unilamellar vesicle; MLV, multilamellar vesicle; NAE, acylethanolamide;
PL, phospholipid; PLAy, phospholipase Ay; T, lag time; Tm, main phase
transition temperature.
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physicochemical and/or structural modifications of the li-
pidic part of the membrane likely affect other important
membrane physiological functions, which are known to
be modulated by lipid bilayer properties, such as enzy-
matic activities, membrane permeability, hormonal re-
sponse, etc. (18 and references cited therein).

In previous work, we studied the effect of NAEs with
saturated and monounsaturated acyl chains on the physi-
cochemical and structural properties of liposomal mem-
branes of dipalmitoylphosphatidylcholine (DPPC) and egg
phosphatidylethanolamine (16, 17). Moreover, we demon-
strated that saturated and monounsaturated NAEs affect
the activity of a secretory phospholipase Ay (18) that is
largely dependent on the structural, physicochemical, and
dynamic properties of the lipid bilayer (22-24). Secretory
PLAys are a family of water-soluble enzymes (13-15 kDa)
that are structurally and mechanistically related. These
proteins catalyze the hydrolysis of the sn-2 ester bond of
glycerophospholipids and are involved in lipid metabo-
lism and transduction pathways. There is increasing evi-
dence of the important role of secretory PLA, in many
physiological pathways, such as immune events, allergic
reactions, spermatozoa acrosomal reaction, etc. Moreover,
increased levels of secretory PLA, have been reported in
inflammatory tissues (25) and in several tumor types (26).
We demonstrated that the acyl chain length and/or the
presence of a single double bond was crucial both for the
NAE interaction with the lipid bilayer and for the effect
exerted on enzymatic activity (18).

The aim of this work was to investigate the effect of AEA
on PLAy activity and on the structural and physicochemi-
cal properties of lipid bilayers. In fact, the evaluation of
AFEA-bilayer interactions and their effects on PLAy activity
could help in understanding, at least in part, the molecu-
lar reasons for the different physiological and pharmaco-
logical roles of NAEs with different acyl chains. DPPC
large unilamellar vesicles (LUVs) were used for these stud-
ies to compare our results with recent reports on PLA ac-
tivity modulation by the lipid surface and with our previ-
ous work with saturated and monounsaturated NAEs (18).

In fact, because many details of the enzymatic activity
have been clarified in liposomes (e.g., the temperature de-
pendence of the enzymatic rate), these systems are largely
used as fairly simple model systems to investigate the inter-
play between PLAy activity and the physicochemical fea-
tures of lipid bilayers (27, 28).

MATERIALS AND METHODS

The fluorescent probe 2-dimethylamino-(6-lauroyl)-naphtha-
lene (Laurdan) was purchased from Molecular Probes (Eugene,
OR). DPPC was obtained from Avanti Polar Lipids (Alabaster,
AL). AEA was purchased from Sigma (St. Louis, MO).

Porcine pancreas PLAy (Sigma) was dialyzed in water, lyophi-
lized, and stored at —20°C. Stock solutions of DPPC and Laur-
dan, dissolved in chloroform, were stored at —20°C. AEA was
dissolved in ethanol immediately before use. The buffer used
was 10 mM HEPES, 0.12 M NaCl, 50 mM KCl, and 1 mM EGTA
(pH 7.4).
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Fluorescence measurements

DPPC and Laurdan solutions were mixed to a final probe-lipid
phosphate molar ratio of 1:1,000. The solvent was then removed
at room temperature under a nitrogen stream, and the sample
was lyophilized for several hours in the dark. DPPC LUVs were
prepared by extrusion through 0.1 pm polycarbonate filters 25
times at 55°C using the apparatus LiposoFast, as described previ-
ously (23). LUVs were diluted to a final concentration of 0.3 mM
lipid phosphate; PLAy was 0.5 uM. When present, AEA in etha-
nol was added to LUVs at different molar ratios. Because AEA
was always dissolved in 1 pl of ethanol, control experiments were
performed with the same volume of this solvent; no significant
effects of ethanol DPPC physicochemical properties on PLAy ac-
tivity were measured (data not shown). Hydrolysis was triggered
by 5 mM Ca®" injection in the cuvette containing liposomes and
the enzyme at a final volume of 2 ml. Data were acquired at
38.6°C. Laurdan steady-state fluorescence measurements were
performed on a Perkin-Elmer LS50 B. The fluorescent probe
Laurdan is located at the hydrophobic-hydrophilic interface of
the bilayer (at the glycerol backbone) (29). Its spectral features
are largely sensitive to the polarity and to the molecular dynam-
ics of solvent dipoles in the probe microenvironment (29, 30).
Because these parameters are very different in the gel and in the
liquid-crystalline phases of phospholipids (PLs), this probe was
used to monitor PL phase changes (29, 30). Below the main
phase transition temperature (Tm; i.e., in the gel phase), the
Laurdan emission maximum is near 440 nm, whereas above the
Tm (i.e., in the liquid-crystalline phase), this maximum is shifted
to 490 nm (30). The excitation generalized polarization (exGP)
measured at Aoy = 340 nm (exGP3%0) (calculated on emission
spectra obtained by A, = 340 nm) quantitatively relates the rela-
tive fluorescence intensities at 440 and 490 nm. These values
were demonstrated to be independent of PL. head groups and
pH changes (in the range 4 < pH < 10). The exGP*¥ values
measured in PL undergoing phase changes (28, 29) or in lipo-
somes of different composition (31) have been related to the
number and motional freedom of water molecules in the probe
microenvironment. ExGP3* was used as an index of the hydration
level (polarity) of the lipid bilayer (31), in the region of the head
groups at the hydrophobic-hydrophilic interface. Moreover, it was
a useful probe to monitor PLAy hydrolytic activity (18).

Laurdan exGP3* was calculated from Laurdan emission spec-
tra (Aexe = 340 nm) by the following equation (29, 30):

GP = (Ig — Ip) /(I + Ig)

where Iy and I are, respectively, the intensity at 440 and 490 nm.
An exGP*0 decrease represents an increase of bilayer polarity.

ExGP?* cannot be used as a final proof of the coexistence of
separate PL phase domains (31). However, it was demonstrated
that the generalized polarization (GP) behavior, as a function of
excitation and emission wavelengths, is sensitive to phase coexist-
ence in lipid systems (31). Emission generalized polarization
(emGP) spectra were obtained by calculating the GP value for
each emission wavelength by the following formula (32):

emGP = (L4190 — I340) / (Ly1o + Is40)

where 1) and I3 are the intensities measured at each emission
wavelength. These values are obtained by fluorescence emission
spectra recorded at fixed excitation wavelengths of 410 and 340
nm, respectively.

ExGP spectra were obtained by calculating the GP value for
each excitation wavelength using the following formula (32):

exGP = (I440 — Lygo) / (Lyao + L4g0)

where Iy and I,gy are the intensities measured at each excita-
tion wavelength. These values are obtained by fluorescence exci-
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tation spectra recorded at fixed emission wavelengths of 440 and
490 nm, respectively. The choice of 410, 340, 440, or 490 nm for
GP calculation was based on the characteristic excitation and
emission wavelengths of pure gel and liquid-crystalline lipid
phases (31). The emGP and exGP spectra show characteristic
patterns in the presence of pure or coexisting lipid phases (32).

X-ray diffraction

Samples for X-ray diffraction were prepared as follows. AEA
and DPPC were combined in the appropriate amounts in chloro-
form solutions and dried under a dry nitrogen stream to obtain a
homogeneous film on a glass tube. The tube was left under vac-
uum for several hours to remove all traces of the organic solvent.
The lipid film was hydrated by adding an excess of the same
buffer used for fluorescence measurements; to obtain the homo-
geneous mixture, hydrated samples were subjected to heat shock
cycles and then left for 1 day at 4°C in the dark. In these condi-
tion, X-ray diffraction spectra were found to be time-indepen-
dent for periods of 1-2 weeks. The analyzed AEA-DPPC molar ra-
tios (R) were 0, 0.02, and 0.2.

X-ray diffraction experiments were performed using a 3.5 kW
PW 1830 X-ray generator (Philips, Eindhoven, The Netherlands)
equipped with a Guinier-type focusing camera (Inel, Artenay,
France) operating with a bent quartz crystal monochromator
(N = 0.154 nm). Diffraction patterns were recorded on an Inel
CPS 120 detector. Samples were held in a vacuum-tight cylindri-
cal cell provided with thin Mylar windows. Diffraction data were
collected at different temperatures (20, 34.5, 38.8, 40.5, and
50°C). The temperature was controlled using a Haake F3 ther-
mostat (ThermoHaake, Karlsruhe, Germany) with an accuracy of
0.1°C. Before each measurement, the sample was maintained at
the requested temperature for at least 10 min.

In each experiment, a number of Bragg peaks (at least three)
were observed in the low-angle X-ray diffraction region, and
their spacings were measured. The peak indexing was performed
considering the different symmetries commonly observed in
lipid phases (33, 34). The indexing problem was easy to solve, be-
cause at all of the different conditions of temperature and com-
position investigated, the spacing ratios of the observed Bragg
peaks were fully compatible with the one-dimensional lamellar
symmetry (spacing ratios 1:2:3...). From the averaged spacing of
the observed peaks, the unit cell dimension (d), which corre-
sponds to the distance between the midplane of two opposing
lipid bilayers, was finally calculated. The nature of the short-
range lipid conformation was derived by analyzing the high-
angle X-ray diffraction profiles. In fact, it is well known that the
high-angle pattern is characteristic of the lipid chain organiza-
tion. A very sharp peak superposed to a rather broad reflection is
detected when the hydrocarbon chains, rigid, fully extended,
and tilted with respect to the lamellar plane, are packed in a dis-
torted hexagonal structure [the lamellar phase is known as the gel
phase (LB’)]. By contrast, a narrow diffraction peak is observed
when the chains are rigid, fully extended, and packed in a hexago-
nal array [this phase is known as the ripple phase (PB’)]. Finally, a
broad and flat diffraction peak reflects the liquid-like conforma-
tion of the hydrocarbon chains [this phase is known as the liquid-
crystalline phase (La)]. In the present experimental conditions,
all three different characteristic profiles were detected.

It should be observed that in pure DPPC in fully hydrated con-
ditions, temperature induces the transition between the differ-
ent phases: the first phase transition, which corresponds to the
transition from the LB’ to the PR’ phase and that occurs at
~35°C, is known as pretransition, whereas the second transition,
related to the melting of the hydrocarbon chain occurring at
~42°C and then to the transition from the PP’ to the La phase,
is named the main transition.

Ambrosi et al.

RESULTS

Effects of increasing concentrations of AEA on DPPC
phase behavior: fluorescence measurements

The AEA concentrations used in this study were 0.3, 3,
4, 6, 12, and 30 pM, corresponding to AEA/DPPC molar
ratios (R) of 0.001, 0.01, 0.013, 0.02, 0.04, and 0.1, respec-
tively.

The thermotropic behavior of Laurdan exGP3% was
measured in DPPC LUVs (Fig. 1). Previous studies dem-
onstrated that DPPC LUVs and multilamellar vesicles
(MLVs) have nearly identical phase behavior, with similar
pretransition and main transition temperatures (35),
and the gel-to-liquid-crystalline phase transition of DPPC
LUVs is known to be highly cooperative (18, 36 and refer-
ences cited therein). In agreement with previous data (18,
29), Laurdan exGP%¥ values (Fig. 1) show a large de-
crease at the main phase transition of DPPC LUV, whereas
it is very difficult to assess the presence of the pretransi-
tion by the small slope changes shown by GP curves, al-
though they occur at a temperature (~36.5°C) similar to
previously reported data. For this reason, only the gel-to-
liquid-crystalline phase transition will be discussed for all
samples. Figure 1 shows that 0.3 uM AEA (R = 0.001)
does not largely affect the Tm and the width of the gel-to-
liquid-crystalline phase transition. These data suggest that
there is no lateral phase separation in lipid domains with
different lipid composition within the bilayer, although
the presence of small-scale microheterogeneity with clus-
ters of different lipid composition cannot be excluded.
The larger AEA concentrations (from 3 to 30 uM) (0.01 =
R = 0.1) decrease DPPC Tm and broaden the tempera-

0.6

0.4 1

0.2 1

Laurdan exGP340

28 32 36 40 44 48 52
Temperature (°C)

Fig. 1. Effect of increasing concentrations of anandamide (AEA)
on 2-dimethylamino-(6-lauroyl)-naphthalene (Laurdan) excitation
generalized polarization (exGP; Ay = 340 nm) measured in di-
palmitoylphosphatidylcholine (DPPC) large unilamellar vesicles
(LUVs) as a function of temperature. Closed triangles, control.
AEA/DPPC molar ratios (R) are as follows: open triangles, R =
0.001; open circles, R = 0.010; closed circles, R = 0.013; open
squares, R = 0.020; asterisks, R = 0.040; closed squares, R = 0.10.
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ture transition range, suggesting the presence of domains
of different lipid composition.

Table 1 shows the effect of increasing concentrations of
AEA on Laurdan exGP?#" measured at 38.6°C both in the
absence and the presence of PLAy. All data were acquired
in the absence of Ca?". Results obtained show that AEA at
3 uM (R = 0.01) significantly increases the bilayer hydra-
tion (bilayer polarity) measured in the probe microenvi-
ronment. Table 1 also reports exGP3* values calculated in
each lipid mixture after incubation with PLAy but in the
absence of Ca%*. The results obtained indicate that the
enzyme does not significantly perturb the Laurdan micro-
environment, either in the absence or the presence of AEA,
as indicated by unmodified values of exGP%% (Table 1).

Figure 2 shows the wavelength dependence of exGP
and emGP spectra in DPPC LUVs at 38.6°C in the absence
and presence of AEA. The wavelength dependence of the
GP pattern in these samples changes gradually, always show-
ing a slight positive slope for exGP and a negative slope for
emGP, although this is slightly more evident in samples
containing AEA. This spectral slope is characteristic of gel/
liquid-crystalline phase coexistence (32) and is evident
both for pure DPPC and for each AEA concentration
shown in the figure. A similar behavior is also seen at lower
AFEA concentrations (data not shown). The pattern of the
wavelength dependence of exGP and emGP spectra, to-
gether with their shift to lower GP values with increasing
AEA concentrations, are likely to be related to an AEA-
induced increase of bilayer microheterogeneity. From Figs.
1, 2 and by X-ray studies (see below), we conclude that at
the temperature used to measure PLAy activity, all samples
tested in this work are in the gel phase or in the range of
phase transition but not in the liquid-crystalline phase.

Effects of increasing concentrations of AEA on DPPC
phase behavior: X-ray diffraction measurements

X-ray diffraction experiments were performed on DPPC
MLVs prepared in the absence or presence of AEA. It

TABLE 1. Effect of increasing concentrations of AEA on
2-dimethylamino-(6-lauroyl)-naphthalene exGP** in the
absence and presence of PLAy

AEA/DPPC
AFA Molar Ratio No PLA, With PLA,
uM R
0 0 0.441 = 0.017 (9) 0.440 = 0.010 (6)
0.3 0.001 0.444 = 0.016 (3) 0.451 = 0.006 (3)
3 0.010 0.391 = 0.027¢ (4) 0.402 = 0.006° (3)
4 0.013 0.395 = 0.024¢ (3) 0.409 = 0.0127 (3)
6 0.020 0.365 = 0.021% (3) 0.364 = 0.010° (3)
12 0.040 0.315 = 0.040° (4) 0.304 = 0.006° (3)
30 0.100 0.178 = 0.046° (3) 0.139 = 0.034% (3)

AFEA, anandamide; DPPC, dipalmitoylphosphatidylcholine; PLA,
phospholipase Ag. Numbers in parentheses represents the number of
experiments performed for each sample. Significance was tested by
Student’s t-test.

“P < 0.010 control versus sample measured in the same condi-
tions.

b P < 0.001 control versus sample measured in the same condi-
tions.

¢P < 0.05 control versus sample measured in the same conditions.

1956  Journal of Lipid Research Volume 46, 2005
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Fig. 2. ExGP and emGP spectra recorded in DPPC LUVs as a func-
tion of increasing AEA/DPPC molar ratios: trace a, control; trace b,
R = 0.02; trace ¢, R = 0.04; trace d, R = 0.1. Temperature = 38.6°C.

should be observed that DPPC MLVs can be compared
with DPPC LUVs, because their thermal behavior is simi-
lar. In particular, it has been shown that both DPPC MLV
and DPPV LUV display two transitions at similar tempera-
tures (35, 37). It is well known that in DPPC MLV, these
temperatures correspond to gel-to-ripple and to ripple-to-
liquid-crystalline phase transitions, respectively, and it has
been demonstrated that the corresponding transitions in
DPPC LUV give rise to the same lipid phases (38).

The AEA/DPPC molar ratios considered were 0, 0.02,
0.1, and 0.2, and measurements were performed at differ-
ent temperatures, from 20°C to 50°C (i.e., temperatures at
which pure DPPC samples occur as gel, ripple, and liquid-
crystalline phases). The main purpose of these measure-
ments was to determine whether the presence of increas-
ing concentrations of AEA can induce transitions from
the lamellar to the nonlamellar phase, as suggested by the
large acyl chain unsaturation of AEA, which is expected to
modulate the curvature of the polar-apolar interface and
then to affect the polymorphic phase behavior of mem-
brane lipids [Hy phase is reviewed by Hafez and Cullis
(39)]. Moreover, X-ray experiments were used to assess
the possible presence of phase separation, even if only
large multiphase domains are usually revealed.

Low- and high-angle diffraction patterns (Figs. 3, 4, re-
spectively) were analyzed separately. Phase structures and
d values were derived from low-angle diffraction data,
whereas high-angle data were used to determine the hy-
drocarbon chain conformations.

As a first notable result, it can be observed that at all of
the considered temperatures and AEA concentrations,
the spacing of the low-angle diffraction peaks was unam-
biguously indexed according to a lamellar one-dimen-
sional symmetry: at all the investigated experimental con-
ditions, samples form lamellar structures, which occur as
single phases. However, the high-angle diffraction profiles
indicate that the lipid hydrocarbon chain conformation
depends on sample composition. As expected, in fully hy-
drated DPPC systems, three different lamellar phases are
formed as a function of temperature: the L3’, PB’, and La
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Fig. 3. Low-angle X-ray diffraction profiles obtained for fully hydrated DPPC multilamellar vesicles (MLVs)
prepared in the absence and presence of AEA at AEA/DPPC molar ratios of 0, 0.02, 0.1, and 0.2. Each exper-
iment was performed at 38.8°C. Scattering intensitites are reported in arbitrary units (a.u.) as a function of
the scattering angle 20.

phases. Moreover, a similar phase behavior is detected in
the sample prepared at the lower AEA concentration (R =
0.02). On the contrary, samples with AEA/DPPC R = 0.1
and R = 0.2 clearly show that the ripple phase already
forms at 20°C. Moreover, in these samples, the main tran-
sition is detected to occur at a temperature a few degrees
lower than in pure DPPC.

From the position of the peaks observed in the low-
angle scattering region, the d values were determined as a
function of the different experimental conditions: the de-
pendence on temperature observed in the different inves-
tigated samples is reported in Table 2. In pure DPPC sam-
ples in excess water, the behavior is in agreement with
previous results (40). In the LB phase, the unit cell in-
creases as a function of temperature (6.29 and 6.48 nm at
20°C and 34.4°C, respectively; Table 2) because of the
thermal dependence of the chain-tilting angle; in the PB’
phase, the d is constant and rather large, because of the
formation of periodic ripples (usually with periods in the
range of 100-300 A), which increases the intensity of

Intensity (a. u.)

Fig. 4.

angle 20.

the repulsive steric forces between the membranes (35,
40) (Table 2). The range of existence of the PR’ phase is
very small, so that the d appears practically independent
on temperature (7.12 and 7.13 nm at 38.8°C and 40.5°C,
respectively; Table 2). At the main transition, the lipid hy-
drocarbon chains assume a liquid-like conformation, and
a large reduction of the unit cell distance is detected. Be-
cause of the decrease of the chain order parameter, the
unit cell in Lo is reduced further as a function of tempera-
ture (6.69 nm at 50°C; Table 2). It should be noted that
below the pretransition and above the main transition,
the membrane is planar.

A similar behavior is observed at a low AEA molar ratio
(R = 0.02), even if data at 34.4°C indicate that the pre-
transition is anticipated (the PB’ phase is already formed
at this temperature) (Table 2). The shift of pretransition
to lower temperatures is also confirmed by results ob-
tained at the higher AEA concentration analyzed. In par-
ticular, the main effect detected at 20°C in the R = 0.1 and
R = 0.2 samples is a shift of the low-angle reflections to

R LRLLLIALE LAAR) RiRLE LA RLLLE LIRLE LR

50°C

TTYTTT

40.5°C7]

ak

TTIT QU r[TT

34.4°C ]

hsdyobusdusbudnabinbod

ML LR LU RN LELL) AL AL L)

TTTT

"3

0°C

40.5°C 1

38.8°C

N

34.4°C

T

20°C ]

ATV TR IRTTI EYRTH IR TR RTRIN ITRVA 1OE R

R LAL LARLN L LIS LR LR U AL
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4
earaleraadevoalonenbrianaboamalonaedions ivad s boa sl lselase hu i)
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20 (scattering angle)
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20 (scattering angle)
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High-angle X-ray diffraction profiles obtained for fully hydrated DPPC MLVs prepared in the ab-
sence and presence of AEA at AEA/DPPC molar ratios of 0, 0.02, 0.1, and 0.2. Each experiment was per-
formed at 38.8°C. Scattering intensitites are reported in arbitrary units (a.u.) as a function of the scattering
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TABLE 2. X-ray diffraction data in DPPC liposomes containing
increasing AEA/DPPC molar ratios

Temperature Phase Unit Cell Dimension
°C A
Pure DPPC
20 LB’ 62.90
34.4 Lp’ 64.75
38.8 ripple 71.20
40.5 ripple 71.30
50 La 66.85
R=0.02
20 LB’ 63.45
34.4 ripple 68.95
38.8 ripple 71.45
40.5 ripple 71.50
50 La 67.11
R=0.1
20 ripple 67.40
34.4 ripple 70.85
38.8 ripple 73.60
40.5 La 71.78
50 La 67.59
R=102
20 ripple 65.96
34.4 ripple 67.25
38.8 La 70.19
40.5 La 69.30
50 La 67.20

La, liquid-crystalline phase; LB, gel phase.

lower 26 angles (scattering angles), which corresponds to
an increase of lamellar repeat spacing to 6.74 nm in the
R = 0.1 sample and a subsequent decrease to 6.60 nm in
the R = 0.2 sample (compared with the value of 6.29 nm
measured on DPPC at 20°C; Table 2) and a broadening of
the diffraction peaks. According to the high-angle pro-
files, this behavior confirms that AEA shifts the appear-
ance of the ripple phase to lower temperatures, even if the
dependence of lamellar repeat spacing from the AEA con-
centration is rather surprising. This special feature charac-
terizes all samples showing the ripple structure: the peri-
odicity increases as a function of the AEA concentration
but then decreases at the higher investigated molar ratio
(R = 0.2; Table 2). Furthermore, upon heating, the lamel-
lar d spacing values of the R = 0.2 sample increase from
6.73 nm in the ripple phase at 34.4°C to 7.02 = 0.29 nm in
the La phase at 38.8°C (Table 2). No similar behavior is
evident in the other AEA/DPPC samples. Also notable is
the fact that at 50°C (i.e., when all samples are in the lig-
uid-crystalline phase), d values show no differences at any
of the investigated AEA concentrations.

Effect of increasing concentrations of AEA on
PLA, activity

In the presence of zwitterionic PL vesicles, PLA, activity
is characterized by a latency period [identified as lag time
(1)1 of slow rate followed by an abrupt increase of the hy-
drolytic rate. This increase of enzymatic rate at the 7 is be-
lieved to be dependent on the formation of threshold
concentrations of the reaction products. The length of
the 7 is dependent on various factors, such as structure,
composition, and lipid lateral segregation into domains.
The increase of PLAy activity near the lipid Tm was re-
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lated to the increase of the heterogeneous lateral bilayer
structure (41) caused by thermal density fluctuations. In
this work, PLAy activity studies were performed on DPPC
LUVs at a temperature (38.6°C) below the main PL transi-
tion (41.5°C for DPPC LUVs in our experimental condi-
tions) to compare data with a previous study performed,
in similar conditions, with saturated and monounsatu-
rated NAFEs. The fluorescent features of Laurdan were
used to study enzymatic activity, according to a previous
work (18). Briefly, the time-dependent change of Laurdan
exGP3%0 data was monitored after the addition of 5 mM
Ca?* to DPPC LUVs (18). It was shown that, in these con-
ditions, Laurdan exGP3*" exhibits an abrupt decrease that
is coincident with the increase of enzymatic activity at
the 7 (18). The time course of vesicle hydrolysis in DPPC
LUVs showed that AEA induces the decrease of 7 at all
concentrations tested except for 30 wuM AEA (Table 3). In
fact, no enzymatic activity is measured at this AEA concen-
tration, whereas the maximum activity (measured as the
larger decrease of ) is obtained at 6 uM AEA (—49.7%
compared with pure DPPC; Table 3).

DISCUSSION

It was demonstrated that PLAy hydrolytic activity is sig-
nificantly affected by the presence of lipid lateral segrega-
tion into domains and by other bilayer defects, which can
be in the form of holes in the bilayer (42, 43) or line defects
occurring in bilayers undergoing density fluctuations near
the Tm (41). In fact, the increase of PLAy activity near the
lipid Tm was related to the contemporary increase of the het-
erogeneous lateral bilayer structure (41) caused by thermal
density fluctuations. The degree of bilayer heterogeneity
can be quantified as the amount of bilayer area occupied
at the interfaces between the gel and fluid domains (44).

In general, temperature effects and other factors (such
as the presence of exogenous molecules) that allow an
easier access of the enzyme to substrate are thought to
shift the reaction equilibrium toward the products. On
the contrary, the rate of lipid hydrolysis is reduced by fac-
tors that modify bilayer physical properties in a way that
promotes the desorption of bound enzyme. Furthermore,

TABLE 3. Effectof increasing concentrations of AEA on PLA, activity
T at 38.6°C

AEA T Percent Change
wM min

0 37.8 7.2 (6)

0.3 40.0 £ 0.1 (3) +5.8

3.0 28.0 £ 2.8 (3) —23.8

4.0 22.0 £ 4.24(3) —41.8

6.0 19.0 = 2.8%(3) —49.7
12.0 24.5 = 4.9%(3) —35.2
30.0 No activity

7, lag time. Numbers in parentheses represent the number of ex-
periments performed for each sample. Significance was tested by Stu-
dent’s t-test.

“P<0.05.

bP<0.01.
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it was postulated that PLAy presents an increased sensitiv-
ity toward regions of high curvature, such as the P’ phase
(45). It was shown that the hydrolysis occurs within the
ripple valleys, indicating that the high-curvature regions
are susceptible to hydrolysis (45). Laurdan GP thermotro-
pic behavior in DPPC LUVs indicated that AEA induces
concentration-dependent shifts of the lipid Tm to lower
temperatures, likely because of the presence of unsatura-
tions, which decrease acyl chain packing, favoring the
transition to a fluid liquid-crystalline phase. Moreover, it
is evident that increased AEA concentrations cause the
greater width of the main transition. This behavior and
the pattern of Laurdan GP spectra at 38.6°C (Fig. 2) sug-
gest an AEA-induced increase of lipid bilayer heterogene-
ity. These results indicate that, at the temperature chosen
for the reaction, no sample is in a pure liquid-crystalline
phase; rather, gel and liquid-crystalline phases always co-
exist, which is expected to increase with AEA concentra-
tion. For these reasons, a strong correlation between the
AFA-induced decrease of DPPC Tm and an increase of PLA,
activity (measured as a decrease of the 7) is expected. As
predicted, the low AEA concentrations (from 3 to 12 uM;
corresponding to R ranging from 0.001 to 0.04) increase
the PLAy activity (Table 3) as a consequence of an in-
creased lateral heterogeneity. However, the effect of 30
uM AEA (corresponding to AEA/DPPC R = 0.1) was un-
expected, because no PLAy activity was recorded in this
sample. X-ray diffraction data indicate no evident AEA-
induced structural changes of PR’ phase in the R = 0.02
sample at the temperature used for activity studies.

These results support the hypothesis of a correlation
between the increased PLAy activity and the higher AEA-
induced microheterogeneity. This microheterogeneity is
not incompatible with the presence of a pure P@’ phase,
according to a recent model for this poorly characterized
phase (35). This model attempts to explain the local spon-
taneous curvature observed in the ripple phase by suggest-
ing that curvature derives from the presence of linear ar-
rays of fluid state molecules coexisting with gel phase
lipids. Ripples are considered to be one-dimensional de-
fects of fluid lipid molecules (35). The increased PLA, ac-
tivity induced by AEA < 12 uM could be explained by the
increased degree of small-scale lateral structures caused
by dynamic gel/fluid domain formation. On the other
hand, X-ray diffraction data indicate a characteristic be-
havior for the ripple phases formed by the AEA/DPPC
R = 0.1 and R = 0.2 samples. A similar but more evident
behavior was described for bilayers formed at low temper-
atures by DPPC codispersed with branched-chain phos-
phatidylcholine (at a concentration of >5%) (46). In
those samples, the peak broadening of small-angle reflec-
tions is associated with an initial increase of lamellar re-
peat spacing (@) for mixtures with 10 mol% branched
lipid and with a subsequent a decrease for the 20 mol%
sample. This behavior was explained by the formation of
rippled bilayers with unusually large periodicities (up to
120 nm), which were identified as macroripples that are
characterized by a symmetrical ripple (47). With increas-
ing concentrations of the branched phosphatidylcholine,
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the relative proportion of bilayers showing the ripples is
decreased, whereas flat membrane structure increases
(46), thus explaining the decrease of the lamellar repeat
spacing. The formation of alternative ripples (often re-
ferred to as macroripples) was observed previously in many
lipid mixtures containing a phosphatidylcholine able to
form pretransition ripples (commonly DPPC or dimyris-
toylphosphatidylcholine) (48).

Semmler, Meyer, and Quinn (46) suggested that the in-
corporation of a second molecule in a gel phase phos-
phatidylcholine bilayer causes the formation of a different
lipid superstructure, which likely depends on the detailed
molecular structure of the incorporated molecule. A pre-
vious structural model (18) suggested that two hydrogen
bonds are formed by NAEs with PL head groups: the
nitrogen atom of the amide interacts with the carbonyl
group of the sn-2 acyl chain, whereas the hydroxyl group
of NAE is hydrogen bonded with the phosphate group.
Because of the bent structure of AEA (49) (likely a closed-
hairpin structure, which can be favored for the steric con-
straints exerted by the rigid DPPC molecules in the gel
phase), the quite stable dimer AEA-DPPC could simulate
a branched-chain phosphatidylcholine, suggesting possi-
ble AEA-induced macroripple formation on DPPC bilay-
ers at low temperatures. In fact, macroripple was without
doubt associated with the change of chain volume while
maintaining a similar head group volume (48): in the
AEA-DPPC dimer, the DPPC head group volume cannot
be appreciably modified by the small hydroxyl group of
AFEA, whereas the chain volume is largely increased by the
presence of the bent arachidonoyl acyl chain of AEA. It
was suggested that, for macroripple formation, a certain
proportion of fluid chains must be present to allow the
periodic tilting of the bilayer, with the localization of fluid
lipid in the crests and valleys of the macroripples (46).
The Laurdan GP results (indicating an AEA-induced de-
crease of DPPC Tm and the presence of coexisting gel
and fluid domains in the lipid mixtures studied) are in
agreement with these data, supporting the hypothesis that
quite large concentrations AEA (AEA/DPPC R = 0.1 and
R = 0.2) can induce a reorganization of the gel phase DPPC.
On the other hand, the increased value of the lamellar
spacing measured in the R = 0.2 sample upon the forma-
tion of La phase could be a consequence of the increased
conformational disorder of the phosphatidylcholine acyl
chains, which could affect AEA interaction with DPPC
(e.g., the proper localization of the NAE within the bi-
layer) and hydrogen bond formation. Although the AEA/
DPPC R = 0.2 bilayer modifications, occurring at the tran-
sition of the ripple phase to the La phase, require further
characterization, we hypothesize that the increased DPPC
conformational disorder modifies the PL shape, avoiding
the proper AEA localization within the bilayer and shift-
ing it to a different location perpendicular to the bilayer.
At this large AEA concentration, this effect could signifi-
cantly affect the lamellar repeat spacing measured by
X-ray diffraction.

Because the length scale of the PR’ ripple of a phos-
phatidylcholine was suggested to be relevant to the length
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scale of the enzyme (45), the possibility of an AEA-induced
modification of the ripple profile could explain the com-
plete inhibition of PLAy shown by the R = 0.1 sample. Al-
though several factors can come into play to affect PLA,
activity, a possibility exists that the ripple profile of the
sample AEA/DPPC R = 0.1 could be modified, depending
on the temperature and relative degree of coexisting gel-
fluid domains, so that porcine pancreatic PLAy cannot
properly interact with the ripple to have useful accessibil-
ity to the lipids. This possibility is also suggested by the
known structural requirements of the secretory PLA,,
which must make critical and specific interactions along
its i-face (which is the interface binding region of the pro-
tein with the bilayer) to reach its fully activated form on
an interface (50, 51).

Conclusions

AFEA concentrations used in this work are not normally
present in biological membranes (2), although the AEA/
lipid molar ratio R = 0.001 could be reached in some con-
ditions, such as in murine uterus (the calculation can be
made assuming 20 wmol lipid phosphorous/g tissue) (2).
However, it was suggested that the possible preferential lo-
calization of the hydrophobic AEA in specific membrane
domains of different lipid composition could give rise to
an increase of its local concentration (21). As a conse-
quence, we suggest the possible formation of microenvi-
ronments with particular structural and physicochemical
features, as hypothesized previously for other NAEs (18).
Data shown in this work indicate that increasing concen-
trations of AEA affect the membrane physicochemical
and structural properties of a phosphatidylcholine bilayer
differently. Moreover, the biphasic effect of increasing
AEA concentrations on PLAy activity is related to the
induced modifications of membrane bilayer properties.
Many reports have shown similarly biphasic responses of
physiological activities to increasing AEA concentrations
(21 and references cited therein). These findings might
have different explanations, such as an agonist-induced al-
losteric modulation of cannabinoid receptors, a large re-
ceptor reserve, or a coupling of cannabinoid receptors to
both G; and G proteins (21). Although our present data
were obtained in model lipid systems and require further
investigations to be related to AEA effects on living cells,
they suggest the possibility that AEA-PL interactions may
be important to produce these biphasic effects. The fact
that the ligand binding sites for cannabinoid receptors
are within the lipid bilayer of biological membranes (20)
could support this hypothesis. il
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