Available online at www.sciencedirect.com

science (@horneer:

Biochimica et Biophysica Acta 1715 (2005) 49 — 56

BIOCHIMICA ET BIOPHYSICA ACTA

BB

http://www.elsevier.com/locate/bba

o

ELSEVIER

N-acyl phosphatidylethanolamines affect the lateral distribution of
cholesterol in membranes

J . : b b *
Bohdana Térova?®, Gitte Petersen”, Harald S. Hansen”’, J. Peter Slotte®
Department of Biochemistry and Pharmacy, Abo Akademi, Turku, Finland
®Department of Pharmacology, the Danish University of Pharmaceutical Sciences, Copenhagen, Denmark

Received 22 May 2005; received in revised form 6 July 2005; accepted 19 July 2005
Available online 28 July 2005

Abstract

N-Acyl phosphatidylethanolamines are negatively charged phospholipids, which are naturally occurring albeit at low abundance. In this
study, we have examined how the amide-linked acyl chain affected the membrane behavior of the N-acyl-1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphatidylethanolamine (N-acyl-POPE) or N-acyl-dipalmitoyl-sn-glycero-3-phosphatidylethanolamine (N-acyl-DPPE), and how the
molecules interacted with cholesterol. The gel —liquid crystalline transition temperature of sonicated N-acyl phosphatidylethanolamine
vesicles in water correlated positively with the number of palmitic acyl chains in the molecules. Based on diphenylhexatriene steady state
anisotropy measurements, the presence of 33 mol% cholesterol in the membranes removed the phase transition from N-oleoyl-POPE
bilayers, but failed to completely remove it from N-palmitoyl-DPPE and N-palmitoyl-POPE bilayers, suggesting rather weak interaction of
cholesterol with the N-saturated NAPEs. The rate of cholesterol desorption from mixed monolayers containing N-palmitoyl-DPPE and
cholesterol (1:1 molar ratio) was much higher compared to cholesterol/DPPE binary monolayers, suggesting a weak cholesterol interaction
with N-palmitoyl-DPPE also in monolayers. In bilayer membranes, both N-palmitoyl-POPE and N-palmitoyl-DPPE failed to form sterol-rich
domains, and in fact appeared to displace sterol from sterol/N-palmitoyl-sphingomyelin domains. The present data provide new information
about the effects of saturated NAPEs on the lateral distribution of cholesterol in NAPE-containing membranes. These findings may be of
relevance to neural cells which accumulate NAPEs during stress and cell injury.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction very high in most membranes of mammals, constituting less

than 0.1% of total phospholipid [1]. The content of NAPEs,

Phosphatidylethanolamines with an N-linked acyl chain
(NAPE) are negatively charged phospholipids naturally
occurring in many different species. Their abundance is not
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however, increases markedly in membranes of tissues and
cells, which experience different types of stress and cell
injury [for reviews, see [2,3]]. In mammals, the formation of
NAPE:s is catalyzed by a membrane-associated N-acyltrans-
ferase, which transfers the sn-1 acyl group of a phospholipid
to the amino group of phosphatidylethanolamine [4]. In
NAPEs, isolated from natural sources the N-acyl chain is
often long (16 to 18 carbons) and saturated [5,6].

The current interest in NAPEs derives in part from the
fact that NAPEs are precursors for N-acyl ethanolamines,
which may function as endogenous ligands for cannabinoid
receptor type 1 [7]. On the other hand, interest in NAPEs
also comes from the findings that these lipids have been
reported to be membrane-stabilizing compounds. It has for
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instance been shown that the presence of N-acyl egg
phosphatidylethanolamine (PE) or N-palmitoyl dipalmitoyl
PE in liposomes can reduce spontaneous or induced
leakage across liposomal membranes [8]. The bilayer-
stabilizing effects of NAPEs may relate to the finding that
the N-linked acyl chain is firmly anchored within the
bilayer if its length is at least 10 methylene units [9,10].
Whereas unsaturated phosphatidylethanolamines prefer
non-bilayer phases under certain conditions [11], the N-
acylation is known to convert the phosphatidylethanol-
amine to a lamellar phase preferring phospholipid [12,13].
NAPEs are known to interact with cholesterol in mono-
layer and bilayer membranes, since cholesterol has been
demonstrated to exert an ordering effect on the acyl chains
of NAPEs [14]. Cholesterol orders the N-linked acyl chain
in a similar manner as is seen for the sn-2 acyl chain of the
NAPEs [10]. The N-linked acyl chains in sphingomyelins
are known to be crucial for stabilizing the intermolecular
association between cholesterol and sphingomyelin [15,16].
In this study, we have explored the effects of the N-linked
acyl chain in NAPEs on their membrane properties and
interactions with cholesterol.

2. Material and methods
2.1. Material

D-erythro-N-palmitoyl-sphingomyelin (PSM) was purified
from egg yolk sphingomyelin (Avanti Polar Lipids, Alabaster,
AL, USA) by reverse-phase HPLC (Supelco Discovery C18-
column, dimensions 250 x 21.2 mm, 5 im particle size, with
100% methanol as the mobile phase, flow 9 ml/min). The
purity and identity of the product was verified on a
Micromass Quattro IT mass spectrometer (Manchester, UK).
1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
(POPE) were obtained from Avanti Polar Lipids (Alabaster,
AL, USA). Cholesterol, triethylamine, palmitic and oleic
anhydride and dipalmitoyl-sn-glycero-3-phosphoethanol-
amine (DPPE) were from Sigma Chemicals (St. Louis,
MO, USA). p-Cyclodextrin (p-CyD) was obtained from
Fluka (Buchs, Switzerland) and was dried before use for 24 h
at 50 °C in a vacuum drying oven. 1,6-Diphenyl-1,3,5-
hexatriene (DPH) was obtained from Molecular Probes
(Leiden, the Netherlands). All organic solvents were obtained
from Merck (Darmstadt, Germany). Stock solutions of lipids
were prepared in hexane/2-propanol (3/2, v/v), stored in the
dark at —20 °C and warmed to ambient temperature before
use. P-CyD solutions were prepared in pure water to a
concentration of 40 mM. Millipore UF Plus produced water
(resistivity 18.2 M{)cm) was used.

(7-Doxyl)-stearic acid was obtained from TCI (Zwijn-
drecht, Belgium) and was used for the synthesis of 1-
palmitoyl-2-stearoyl-(7-doxyl)-sn-glycero-3-phosphocholine
(7SLPC), done by a slight modification of the method

describe in [17]. Cholesta-5,7,9(11)-trien-3-beta-ol (cholesta-
trienol, CTL) was synthesized from 7-dehydrocholesterol
using the method published in ref. [18]. D-erythro-N-trans-
parinoyl-sphingomyelin (tParSM) was synthesized from
trans-parinaric acid (Molecular Probes, Eugene, OR, USA)
and D-erythro-sphingosylphosphorylcholine (Matreya LLC,
Pleasant Gap, PA, USA) according to [19]. The fluorescent
probes were purified by reverse-phase HPLC on an RP-18
column with methanol/acetonitrile (70:30, by vol) as eluent
for CTL, or with 100% methanol as eluent for tParSM. All
compounds were identified by mass spectrometry. Probes
were stored dry under argon in the dark at —87 °C until
solubilized in argon-purged ethanol (CTL) or methanol
(tParSM). Stock solutions of fluorescent lipids were stored
in the dark at —20 °C and used within a week.

2.2. Synthesis of NAPEs

1-Palmitoyl-2-oleoyl-sn-glycero-3-phospho(N-palmi-
toyl)ethanolamine (N-palmitoyl-POPE), 1-palmitoyl-
2-oleoyl-sn-glycero-3-phospho(N-oleoyl)ethanolamine
(N-oleoyl-POPE) and 1,2-dipalmitoyl-sn-glycero-3-phos-
pho(N-palmitoyl)ethanolamine (N-palmitoyl-DPPE) were
prepared basically as described in ref. [20]. Briefly, 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine or
1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine were
dissolved in dichloromethane. A two-fold molar excess of
either oleic or palmitic anhydride and a ten-fold excess of
triethylamine were added to the solution. The mixture was
stirred for 30 min at room temperature, then evaporated to
dryness and dissolved in chloroform. The formed NAPEs
were purified by Bond Elut LRC SI 500 mg column (Varian,
Palo Alto, CA, USA) using step-wise solvent gradients
consisting of chloroform and methanol (100:0, 98:2, 95:5,
90:10 and 80:20 by vol, respectively). The NAPEs were
almost completely ecluted after the 90:10 chloroform/
methanol step. To verify the purity and identity of the
compounds, mass spectrometric analysis was done. For the
accurate determination of the concentration of the NAPE
stock solutions, GC-MS for fatty acid analysis with internal
standards was performed.

2.3. Cholesterol desorption kinetics

To measure the relative association of cholesterol with co-
lipids in monolayer membranes, we determined cholesterol
desorption rates from mixed phospholipids/cholesterol mono-
layers to P-CyD in the subphase. Mixed monolayers
containing phospholipids and 50 mol% cholesterol were
prepared at the air/water interface at 22 °C. The trough used
was of zero-order type, with a reaction chamber (23.9 ml
volume, 28.3 cm? area) separated by a glass bridge from a
lipid reservoir. The monolayers were compressed to 20 mN/m
with a KSV surface barostat. After a stable baseline had been
obtained, R-CyD (in a volume not exceeding 1 ml) was
injected into the stirred reaction chamber without penetrating
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the monolayer. The final concentration of P-CyD in the
subphase was 1.7 mM. The removal of cholesterol from the
monolayer to the subphase was determined from the area
decrease of the monolayer at constant surface pressure, as
described by [21].

To determine whether the association between choles-
terol and PSM was disturbed by N-palmitoyl-DPPE,
cholesterol desorption rates were determined from mixed
monolayers containing equimolar amounts of cholesterol
and PSM with increasing amounts of N-palmitoyl-DPPE.
The other experimental conditions were as described
above.

2.4. Steady-state fluorescence anisotropy

To characterize packing properties of NAPE bilayer
membrane in both pure and cholesterol containing vesicles,
the steady-state anisotropy of DPH as a function of
temperature was determined. The small vesicles were
prepared from pure phospholipids, or from a mixture of
33 mol% cholesterol and 66 mol% phospholipids and 1
mol% DPH as a reporter molecule. The lipids were dried
under nitrogen, resuspended in water, heated above the
transition temperature of the particular lipid. The warm
samples were vortexed briefly and sonicated for 2 min (20%
duty cycle, power output 15 W) using a Branson W-250
probe sonifier (Branson Ultrasonics, MA, USA). The
samples with the fluorescent probe were protected from
light during all steps. Excitation was carried out at 355 nm
and the emission was recorded at 425 nm as the temperature
was scanned from 5 to 80 °C using PTI QuantaMaster 1
spectrofluorimeter (Photon Technology International, Law-
renceville, NJ, USA). The steady-state anisotropy was
determined as described in [22].

2.5. Quenching of steady state cholestatrienol fluorescence

To follow the formation of sterol-rich domains in bilayer
membranes, a CTL quenching assay was used, which is
described in more detail in [23]. Briefly, vesicles with a total
lipid concentration of 50 pM with 1 mol% CTL were used.
Fluorescence emission intensity was measured in sample ¥
(quenched) consisting of POPC/7SLPC/phospholipids/
cholesterol/CTL (30:30:30:9:1, or 45:30:15:9:1 molar ratio),
and compared to F, samples (nonquenched), in which
7SLPC (30 mol%) was replaced by POPC (totaling 60 or 75
mol%). The small vesicles were prepared by probe
sonication as described above. The solvent water was
saturated with argon before being used to minimize the
risk of oxidation and the samples containing fluorescent
probe were protected from light during all steps. The
phospholipids used were PSM, N-palmitoyl-POPE and N-
palmitoyl-DPPE and the fluorescence emission intensity of
cholestatrienol was measured with excitation and emission
wavelengths of 324 nm and 374 nm, respectively, as a
function of temperature.

2.6. Quenching of steady state trans-parinoyl sphingomyelin

fluorescence

To follow the formation of sphingolipid-rich domains, an
analogous quenching assay was used as described for the
formation of sterol-rich domains, but instead of CTL, the
quenching of tParSM by 7SLPC was measured. Similarly as
above, the fluorescence emission intensity was measured
in sample F (quenched) consisting of POPC/7SLPC/phos-
pholipid/cholesterol/PSM/tParSM (30:30:15:10:14:1, molar
ratio), and compared to F, samples (nonquenched), in
which 7SLPC was replaced by POPC. The small vesicles
were prepared by probe sonication as described above. The
phospholipids used were PSM, N-palmitoyl-POPE and N-
palmitoyl-DPPE and the fluorescence emission intensity of
tParSM was measured with excitation and emission wave-
lengths of 305 nm and 410 nm, respectively, as a function of
temperature.

2.7. Differential scanning calorimetry

The transition temperature of pure NAPE vesicles and
the miscibility of N-palmitoyl-DPPE with PSM were
determined by differential scanning calorimetry using a
Nano II high-sensitivity scanning calorimeter (Calorimeter
Science Corporation, Provo, UT, USA). Samples containing
pure N-palmitoyl-DPPE, or N-palmitoyl-DPPE and 50
mol% PSM were dried under nitrogen and excess solvent
was removed by vacuum drying at a room temperature for at
least 4 h. The small vesicles were prepared by probe
sonication as described above. The final concentration of
lipids in the solution was 1 mM. Two consecutive heating
and cooling scans from 0 °C to 100 °C and a scan rate of
0.5 °C /min were performed.

3. Results

3.1. Steady-state anisotropy of DPH in NAPE bilayers with
and without cholesterol

To obtain information about packing properties in the
hydrophobic core of NAPEs bilayer membranes consisting
of NAPEs in both the presence and absence of cholesterol,
we measured the anisotropy of DPH as a function of
temperature. In Fig. 1A, the steady-state anisotropy of
DPH in pure NAPE bilayers is plotted against temperature.
The gel to liquid disordered phase transition was clearly
reported as a steep decrease in the anisotropy of DPH. The
mid-temperature of this transition was 14 °C for N-oleoyl-
POPE, 41 °C for N-palmitoyl-POPE and 71 °C for N-
palmitoyl-DPPE. Inclusion of 33 mol% cholesterol
removed the phase transition in N-oleoyl-POPE containing
membranes, but only partially abolished the phase tran-
sition in N-palmitoyl-POPE and N-palmitoyl-DPPE
bilayers (Fig. 1B). Cholesterol at a similar concentration
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Fig. 1. Steady state anisotropy (rss) of DPH in NAPE or cholesterol/NAPE
bilayers as a function of temperature. The steady state anisotropy of pure
NAPESs bilayers containing 1 mol% DPH is shown in panel A. Panel B
shows results obtained from vesicles containing 66 mol% NAPE and 33
mol% cholesterol with 1 mol% DPH. The curves shown are representative
traces from at least two separate experiments and correspond to (1) N-
oleoyl-POPE, (2) N-palmitoyl-POPE, (3) N-palmitoyl-DPPE with or
without cholesterol.

also failed to abolish the phase transition in N-palmitoyl-
DPPE bilayers as determined by DSC (data not shown).
The failure of cholesterol to abolish the gel-liquid
transition in N-palmitoyl-DPPE bilayers suggests a rather
weak effect of cholesterol on the cooperative chain-melting
of the saturated NAPEs, which may relate to poor
interaction or miscibility of cholesterol with the fully
saturated NAPE. Interestingly, when the gel to liquid
disordered phase transition of pure NAPE vesicles was
determined using differential scanning calorimetry, the
measured 7™:s were lower by a few degrees from the
T™:s measured with DPH (11.6, 39.3 and 65 °C, for N-
oleoyl-POPE, N-palmitoyl-POPE, and N-palmitoyl-DPPE,
respectively). The fact that DPH anisotropy reported a 6-
degree higher T™ for N-palmitoyl-DPPE than the DSC
method suggests that DPH had some miscibility problems
in the fully saturated N-palmitoyl-DPPE vesicles.

3.2. Cholesterol desorption from monolayer membranes

One way to measure the relative association between
cholesterol and a co-lipid in a monolayer membrane is to
determine the rate of cholesterol desorption from the
mixed monolayer to B-CyD in the subphase [16]. If the
interaction between cholesterol and a co-lipid is strong or

of high affinity, desorption rates will be slower than for
systems where the interaction is weaker. We measured
cholesterol desorption from monolayers of different com-
positions (50 mol% cholesterol and a co-lipid), which were
kept at constant lateral pressure (20 mN/m and 22 °C), to
1.7 mM R-CyD in the subphase. As detailed in Table 1,
the cholesterol desorption rate was highest from pure
cholesterol monolayers, as previously shown by [16]. The
interaction between PSM and cholesterol resulted in a very
low desorption rate for cholesterol, as seen in many
previous studies, and in part, this slow desorption depends
on the N-linked acyl chain of sphingomyelin [17,24].
When DPPE and DPPC were compared, it was observed
that cholesterol had a much weaker association with DPPE
as compared with DPPC because the desorption rate was
significantly higher from DPPE than from DPPC mono-
layers. Apparently, the difference in headgroup size and
hydrogen bonding properties of these lipids may explain
the difference in cholesterol desorption rate. The rate of
cholesterol desorption was also higher from POPE than
from DPPE mixed monolayers, as can be expected for
monounsaturated two-chain phospholipid membranes
[25,26]. The rate of cholesterol desorption was very high
from monolayers containing the fully saturated N-palmi-
toyl-DPPE but was lower from N-palmitoyl-POPE mono-
layers. These result may imply that cholesterol was not
fully miscible (giving a high desorption rate) with N-
palmitoyl-DPPE (because of its high 7™), and was better
soluble (giving lower desorption rate) in the partially
unsaturated N-palmitoyl-POPE monolayer. Further, the
cholesterol desorption rate was lower in N-palmitoyl-POPE
monolayers than it was in POPE monolayers, implying
some effect of the N-palmitoyl residue for cholesterol
interaction in the membrane. These results clearly show the
effects of the head group size, the hydrogen bonding
properties and the acyl chain number and degree of
unsaturation on cholesterol interaction.

Table 1
Cholesterol desorption from mixed monolayers to 3-CyD in the subphase

% of rate of
pure cholesterol

Monolayer composition Desorption rate

(pmol/cm 2, min)

N-palmitoyl-SM/chol 1:1 0.6+0.2° 1.5
DPPC/chol 1:1 1.8+0.1° 4.6
DPPE/chol 1:1 7.1+0.7 18.1
POPE/chol 1:1 23.1+1.3° 58.9
N-palmitoyl-DPPE/chol 1:1 17.0+0.2 43.3
N-palmitoyl-POPE/chol 1:1 9.2+1.2 234
N-oleoyl-POPE/chol 1:1 10.7+0.9 27.3
Cholesterol 39.2£0.6 100

Mixed monolayers containing a phospholipid and 50 mol% cholesterol
were prepared at the air/water interface. The monolayers were compressed
to 20 mN/m and maintained at a constant surface pressure (at 22 °C). The
desorption values are given as the average desorption rate+SD from at least
three different monolayer experiments.

# Desorption data taken from [16].

b Desorption data taken from [17].
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3.3. Formation of the sterol-rich domains

In model membranes, cholesterol promotes phase sepa-
ration with sphingomyelins, commonly containing long
saturated acyl chains, and with saturated phosphatidylcho-
lines [27—-29]. We used fluorescence quenching to examine
whether cholesterol can form liquid ordered domains also
with NAPEs containing two (N-palmitoyl-POPE) or three
(N-palmitoyl-DPPE) saturated acyl chains. The fluorescent
cholesterol analog used was cholestatrienol, which is known
to behave similarly as cholesterol with respect to orientation
in the membrane and condensation of phospholipid mem-
branes [30] 7SLPC, which is located mainly outside the
ordered domains [29] because of the bulky doxyl group at
carbon 7 of the sn-2 acyl chain, was used as a quencher of
cholestatrienol emission intensity. The fluorescence emis-
sion intensity was measured in sample F (quenched)
consisting of POPC/7SLPC/phospholipid/cholesterol/CTL,
and compared to F, samples (nonquenched), in which
7SLPC was replaced by POPC. The ratio F/F was plotted
against temperature. The melting of PSM and sterol-rich
domains was clearly detected as a decrease in F/F|, ratio in
the temperature range 10—30 °C (Fig. 2). No such domain
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Fig. 2. Quenching of CTL emission by 7SLPC in phospholipids bilayers as
a function of temperature. Sample F (quenched) consisted of POPC/
7SLPC/PSM/cholesterol/CTL (45:30:15:9:1 molar ratio), 7SLPC was
replaced by POPC in sample F, (unquenched). In NAPE containing
bilayers, the composition was POPC/7SLPC/X/cholesterol/CTL (30:
30:30:9:1 molar ratio), where X was NAPE alone (30 mol%) or mixed
with PSM (15 mol% each). Panel A shows the F/F,, ratio plotted against
temperature for bilayers containing PSM (15 mol%), N-palmitoyl-POPE
(30 mol%) or PSM/N-palmitoyl-POPE (15:15 mol%), panel B for bilayers
containing PSM (15 mol%), N-palmitoyl-DPPE (30 mol%) or PSM/N-
palmitoyl-DPPE (15:15 mol%). The temperature was increased by 5 °C/min
and the F/F, ratio was calculated.

melting can be seen in POPC/sterol bilayers [23]. Choles-
tatrienol did not report the melting of sterol-enriched
domains in a bilayer system containing 30 mol% of N-
palmitoyl-POPE (Fig. 2A) or N-palmitoyl-DPPE (Fig. 2B).
When 15 mol% of N-palmitoyl-POPE (Fig. 2A) or N-
palmitoyl-DPPE (Fig. 2B) were included in the bilayer
membranes together with 15 mol% PSM and sterol, the
PSM/sterol domain properties were clearly affected in a way
suggesting that the NAPEs displaced some or most of the
sterol in the PSM domains. To further verify this, we tested
the quenching susceptibility of tParSM (which is miscible
with PSM) by 7SLPC in analogous membrane systems. In
the absence of NAPEs, PSM and the sterol formed domains
which appeared to melt in the temperature range 10—30 °C,
as reported by the increased quenching of tParSM (Fig. 3).
This temperature interval is similar irrespective of the probe
(cholestatrienol or tParSM), since both probes very likely
occupy the same domain when the bilayer contains PSM
and sterol in a matrix of POPC. The inclusion of 15 mol% of
N-palmitoyl-DPPE into the bilayer system markedly stabi-
lized PSM-enriched domains against temperature-induced
melting, while the presence of 15 mol% N-palmitoyl-POPE
did not markedly affect the apparent stability of the PSM-
enriched domains.

To further verify the indication that NAPEs displace
sterol from PSM-enriched domains, we measured the effects
of N-palmitoyl-DPPE on cholesterol desorption from PSM
monolayers. As seen in Fig. 4, the incremental addition of
N-palmitoyl-DPPE to a monolayer containing an equimolar
mixture of cholesterol and PSM led to an increased rate of
cholesterol desorption. This clearly implies that N-palmi-
toyl-DPPE mixed with PSM and displaced cholesterol
which eventually became available for rapid desorption.

3.4. Miscibility of N-palmitoyl-DPPE with PSM

To further verify that N-palmitoyl-DPPE indeed was
miscible with PSM, we measured the miscibility of N-
palmitoyl-DPPE with PSM in an equimolar bilayer mixture
using DSC (Fig. 5). The miscibility of PSM with N-
palmitoyl-DPPE appeared to be fairly good, since the
thermogram revealed no melting from pure PSM (which
would occur at 41 °C [31]), and since the melting temper-
ature of N-palmitoyl-DPPE was decreased only by about
3.5 °C. The cooperativity of melting of the binary system
was markedly decreased, as can be expected for non-ideal
mixing.

4. Discussion

The membrane behavior of acyl-chain defined NAPEs
was recently thoroughly characterized by electron spin
resonance spectroscopy [10]. In that study, it was demon-
strated that an N-linked myristoyl moiety inserted directly
into the hydrophobic core of the membrane, and that the
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Fig. 3. Quenching of tParSM emission by 7SLPC in phospholipids bilayers
as a function of temperature. Sample F' (quenched) consisted of POPC/
7SLPC/PSM/cholesterol/tParSM (45:30:14:10:1 molar ratio), 7SLPC was
replaced by POPC in sample F, (unquenched). In NAPE containing
bilayers, the composition was POPC/7SLPC/X/cholesterol/tParSM (30:
30:29:10:1 molar ratio), where X was NAPE alone (29 mol%) or mixed
with PSM (15 mol% NAPE and 14 mol% PSM). The F/F, is plotted
against temperature, which was increased by 5 °C/min.

vertical location of the N-linked acyl chain was comparable
to the location of the sn-2 chain of the NAPE. It was further
demonstrated that cholesterol affected the mobility and
order of the N-linked acyl chain similarly as it affected O-
linked acyl chains in glycerophospholipids [10]. The recent
study [14] characterized the monolayer properties of N-
myristoyl DMPE and the effects of cholesterol on molecular
packing in the monolayer, showing that cholesterol indeed
was able to condense the lateral packing of N-myristoyl
DMPE. The focus of the present study was to study how the
N-linked acyl chain of POPE and DPPE affected their
membrane properties, and how the N-linked acyl chain
affected interactions with cholesterol in model membranes.

The membrane properties of the NAPEs with different N-
linked acyl chains were markedly different depending on the

Desorption rate (pmol cm? min™")

0.0 0.1 0.2 0.3
X (N-palmitoyl-DPPE)

Fig. 4. Desorption of cholesterol from PSM/cholesterol/N-palmitoyl-DPPE
monolayers to 3-CyD in the subphase. The mixed monolayers were
prepared at air/water interface, compressed to 20 mN/m and maintained at a
constant surface pressure (at 22 °C). The ratio PSM/cholesterol in the
monolayer was kept at 1:1 while N-palmitoyl-DPPE content increased from
0 to 30 mol%. The desorption values are given as the average desorption
rate£SD from at least three different monolayer experiments and plotted
against N-palmitoyl-DPPE molar ratio.
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Fig. 5. Miscibility of N-palmitoyl-DPPE with PSM. The representative
DSC heating thermograms of (1) pure N-palmitoyl-DPPE bilayer, or (2) N-
palmitoyl-DPPE bilayer containing 50 mol% PSM are shown. The samples
were heated at a rate of 0.5 °C/min. The measured 7™ for N-palmitoyl-
DPPE was 65.9 °C and that for the 1:1 mixture of N-palmitoyl-DPPE and
PSM was 62.4 °C.

N-linked chain length and degree of unsaturation. In bilayer
membranes, it was observed that N-palmitoyl-DPPE was the
most ordered lipid since its gel-to-liquid transition temper-
ature was highest of all the palmitoylated NAPEs. The 7™
was 71 °C based on changes in DPH steady-state anisotropy
(Fig. 1), and 65 °C based on DSC analysis (Fig. 5). The
discrepancy in reported 7™ is likely due to constraints in
DPH miscibility in the gel-phase N-palmitoyl-DPPE. In
another DSC study, the melting temperature of N-palmitoyl-
DPPE was determined to 64.2 °C [32], which is in good
agreement with our DSC measurements. There was a much
better correlation in the measured 7™ values for N-
palmitoyl-POPE (41 °C versus 39.3 °C) and N-oleoyl-
POPE (14 °C versus 11.6 °C) with both DPH anisotropy and
DSC measurements. However, the discrepancy in the
reported 7™:s clearly weakens the value of DPH anisotropy
measurements for accurate 7™ determination. Whereas cho-
lesterol at 33 mol% was able to eliminate the transition
from N-oleoyl-POPE, it failed to do so with the N-palmitoyl
NAPEs. Although 33 mol% cholesterol is not enough
to completely remove a gel-liquid transition from e.g.
saturated phosphatidylcholines [33], the gel-liquid transi-
tion is not usually reported by DPH steady state anisotropy
measurements at cholesterol concentrations above 30 mol%
in at least N-palmitoyl ceramide phosphoethanolamine [34]
or N-palmitoyl sphingomyelin bilayers [24]. Consequently,
one can argue that a cholesterol concentration of 33 mol% is
not enough to disorder the palmitoyl acyl chains of the
NAPEs examined, and this may relate to packing constraints
and/or miscibility problems of cholesterol in the three-chain
(partly or completely saturated) phospholipid matrix.

It was of interest to study how the N-linked acyl chain in
NAPEs affected their association with cholesterol. Choles-
terol desorption from PSM monolayers is known to be very
slow compared to desorption from DPPC monolayers, as
seen previously [21]. Decreasing the head-group size (going
from DPPC to DPPE) of the matrix phospholipid increased
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desorption rates markedly, which may suggest that choles-
terol was more easily squeezed out from the DPPE
monolayer as the phospholipid molecules could pack closer
and interact through hydrogen bonding. The bigger head
group size of DPPC would prevent such close interaction
and possibly allows for better solubility of cholesterol in the
phospholipid matrix. In fact, the maximum solubility of
cholesterol in bilayers of phosphatidylcholines and phos-
phatidylethanolamines are different, with phosphatidylcho-
line being a higher capacity solubilizer of cholesterol [35—
37]. When cholesterol desorption from N-palmitoyl-DPPE
was determined, a very high desorption rate was seen,
possibly suggesting that cholesterol was not completely
miscible with N-palmitoyl-DPPE and hence was more
readily available for desorption. A much slower desorption
rate was seen from N-palmitoyl-POPE monolayers, which
may relate to a better miscibility of cholesterol in the
partially unsaturated phospholipid monolayer and/or some
interaction of cholesterol with the N-linked palmitoyl
residue in combination with the monounsaturated nature
of the N-palmitoyl-POPE. Although the phase state in
monolayers containing 50 mol% cholesterol and a phos-
pholipid was not directly measured in this study, it is clear
that DPPE and N-palmitoyl-DPPE monolayers were the
most condensed ones (based on surface pressure-molecular
area isotherms). It is therefore likely that some of the
differences seen in cholesterol desorption rates may be
influenced by differences in phase states in the monolayer
systems examined.

The formation of liquid-ordered domains in membranes
is mainly due to lipid—lipid interactions, which are largely
dependent on the structure and biophysical properties of the
lipid components. Formation of ordered domains in mixed
lipid bilayers is favored by the presence of long-chain
saturated sphingolipids and by the presence of cholesterol
[38—40]. Cholesterol influences the physical properties of
the surrounding phospholipids in these membranes and
causes phase-separation into liquid-disordered (L) choles-
terol-poor and liquid-ordered (L,) cholesterol-rich domains
[41,42]. We measured the formation of sterol-rich domain
using the cholestatrienol quenching assay, as described in
more detail in [23]. Whereas cholesterol and PSM formed
ordered domains which became more disordered at higher
temperatures (Fig. 2), cholesterol failed to form such
ordered domains with N-palmitoyl-POPE or N-palmitoyl-
DPPE. This finding is in good agreement with both the DPH
steady-state anisotropy results, as well as with the choles-
terol desorption data, which all suggest that cholesterol does
not interact well with the NAPEs examined in this study,
although N-acylation of the natural occurring POPE seems
to increase its interaction with cholesterol (Table 1). Instead,
it appeared that the NAPEs showed so good miscibility in
PSM-rich domains that the NAPEs displaced (at least in
part) the sterol from the PSM-domains. The good miscibility
of NAPEs with PSM was verified both by DSC analysis and
by analysis of the thermal stability of PSM domains, as

reported by the tParSM-probe. In fact, the good miscibility
of N-palmitoyl-DPPE in PSM domains markedly stabilized
these domains, as seen from the increased melting temper-
ature (Fig. 3). It is possible that the N-linked acyl chain and
its hydrogen-bonding properties enable the palmitoylated
NAPESs to mix favorably with PSM and displace cholesterol
from the PSM-rich domains. A similar displacement of
cholesterol from PSM-rich domains is also induced by
ceramides [23,43], which also have N-linked acyl chains
and show good miscibility with sphingomyelins. Addition-
ally, our monolayer desorption data (Fig. 4) clearly showed
a dramatic effect of N-palmitoyl-DPPE on cholesterol/PSM
interaction. The increased desorption of cholesterol from
PSM monolayers containing increasing amounts of N-
palmitoyl-DPPE strongly suggests that also in the mono-
layer system did N-palmitoyl-DPPE displace cholesterol
from interacting with PSM.

Taken together, our present results using a variety of
biophysical techniques to study the membrane properties of
N-acylated phosphatidylethanolamines suggest that their
properties are markedly influenced by the type of acyl chain
linked to the head group. In comparison with PSM, the
NAPEs do not interact well with cholesterol, and in fact
appear to affect the lateral distribution of cholesterol in
membranes containing both unsaturated phospholipid spe-
cies and saturated sphingolipids. Since at least 50% of
NAPE:s in rat brain cells are located in plasma membranes
[44], our novel finding that saturated or mono-unsaturated
NAPEs may in fact displace cholesterol from raft-like
structures may have dramatic implications for neural cell
membrane function during stress and injury.
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