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The conversion of phosphatidylethanolamine (PE) into
phosphatidylcholine (PC) by a sequence of three trans-
methylation reactions is shown to be stimulated by the apolipo-
protein E-free subclass of high-density lipoprotein (HDL,) in
isolated bovine brain capillary (BBC) membranes. HDL ,-induced
stimulation of BBC membranes pulsed with [methyl-
H1C]methionine causes a transient increase in each methylated
phospholipid, i.e. phosphatidyl-N-monomethylethanolamine
(PMME), phosphatidyl-NN-dimethylethanolamine (PDME)
and PC. PC substrate arising from the activation of PE
N-methyltransferase (PEMT) is hydrolysed by a phospholipase
A, (PLA,), as demonstrated by the accumulation of
lysophosphatidylcholine (lyso-PC). When PE containing
[**C]larachidonic acid in the sn-2 position ([**C]PAPE) is in-
corporated into BBC membranes, HDL, stimulation induces the
formation of PMME, PDME, PC and lyso-PC and the release of

[**Clarachidonic acid, which correlates with the previous pro-
duction of lyso-PC, suggesting that HDL, stimulates a PLA, that
can release polyunsaturated fatty acids (PUFA). Both PEMT
and PLA, activities depend on a HDL, concentration in the
range 0-50 xg/ml and are strictly dependent on HDL, binding,
because HDL, modified by tetranitromethane is no longer able
to bind to specific receptors and to trigger PEMT and PLA,
activation. Moreover, HDL, prelabelled with [**C]PAPE can
stimulate PDME and lyso-PC synthesis in BBC membranes in
the presence of S-adenosylmethionine, suggesting that HDL, can
supply BBC membranes in polyunsaturated PE and can activate
enzymes involved in PE N-methylation and PUFA release. The
results support the hypothesis of a close relationship between
HDL, binding, PE methylation and PUFA release, and suggest
that the PC pool arising from PE could be used as a pathway for
the supply of PUFA to the brain.

INTRODUCTION

Despite the fact that the precise mechanism used by brain tissues
to accumulate polyunsaturated fatty acids (PUFA) is unknown
and the exact function of these PUFA remain unresolved [1],
recent studies [2] suggest that phospholipids directly provide the
preformed PUFA that are thus used for brain membrane
synthesis. Phosphatidylethanolamine (PE), which is highly
modified by lipid diets, exists as a very unsaturated pool, and
high-density lipoprotein (HDL) represents the major vector
lipoprotein that ensures its transport in the blood to the brain [3].
The presence of different apolipoproteins [4,5] and their receptors
[6,7] has been reported in the brain. The apolipoprotein E-free
HDL subclass (HDL,) has been shown to bind to the luminal
membrane of capillary endothelial cells [bovine brain capillary
(BBC) membranes] but the transport of HDL, into the brain is
restricted, at least in part, by the near absence of vesicular
transport [6]. Lipid transport through the blood/brain barrier, if
it does occur, must involve the transfer of the lipid core from
plasma HDL, to the luminal membrane of the capillary endo-
thelial cells.

An interesting pathway was suggested by Crews et al. [8]. In

rat basophilic leukaemia cells, the specific stimulation of IgE
receptors causes a transient rise in methylated phospholipids and
the release of arachidonic acid previously incorporated into
phosphatidylcholine (PC). The sequential activation of a PE N-
methyltransferase (PEMT) and of a phospholipase A, (PLA,)
has been described in other cell types [9,10].

PEMT (EC 2.1.1.17) is a single-subunit enzyme catalysing the
synthesis of PC via the stepwise transfer of methyl groups to the
amino head group of PE, and it exhibits a higher rate of
methylation with more unsaturated PE species [11,12]. Thus PC
molecules arising from N-methylation are richer in PUFA and
might constitute a distinct pool with particular physiological
functions [13]. Rat brains and rat brain synaptosomes express
PEMT activities, and Crews et al. [14] found at least two enzymes
with a different pH optimum, K, Mg** requirement and
membrane localization. The activity of brain PEMT is influenced
by dietary levels of n— 6 and the ratio of n— 6 to n— 3 fatty acids,
suggesting that the pathway exhibits substrate selectivity for
individual species of PE containing dietary PUFA [15,16]. It
could be involved in providing PUFA to the brain. HDL, would,
according to this hypothesis, bind to brain capillary endothelial
cells, transfer their PE to luminal membranes and activate

Abbreviations used: BBC, bovine brain capillary; ['"*C]PAPE, L-1-palmitoyl 2-['*C]arachidonyl phosphatidylethanolamine; GTP[S], guanosine 5[y-
thio]Jtriphosphate; HDL, high-density lipoprotein; LCAT, lecithin:cholesterol acyltransferase; lyso-PC, lysophosphatidylcholine; PC, phosphatidyl-
choline; PDME, phosphatidyl-N, N-dimethylethanolamine; PE, phosphatidylethanolamine; PEMT, phosphatidylethanolamine N-methyltransferase;
PLA,, phospholipase A,; PMME, phosphatidyl-N-monomethylethanolamine; PUFA, polyunsaturated fatty acids; TNM, tetranitromethane.
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PEMT to produce polyunsaturated PC, which could be the
substrate for PLA, and enter a deacylation—reacylation cycle for
remodelling.

The aim of this study was to question whether or not HDL, is
able to stimulate both enzymes in luminal membranes of BBC
cells. This paper demonstrates that HDL, is able to stimulate
both PEMT and PLA, activities and that PC arising from the
sequential methylation of PE can act as a source of PUFA.

MATERIALS AND METHODS
Materials

L-1-Palmitoyl 2-[**Clarachidonyl phosphatidylethanolamine
([**C]PAPE; 40-60 mCi/mM), [methyl-**C]lmethionine
(70 mCi/mM) were from NEN. S-Adenosyl-L-methionine,
guanosine 5’-[y-thio]triphosphate (GTP[S]), GTP, ATP and
tetranitromethane (TNM) were from Sigma. Silica gel high
performance TLC (HPTLC) plates were from Merck ; Adsorbosil
Plus TLC plates were from Altech.

Lipoprotein isolation

HDL, (d = 1.125-1.210 g/cm®) was isolated from bovine serum
by standard differential ultracentrifugal flotation [17] and
resuspended in 0.01 M sodium phosphate buffer, pH 7.0, con-
taining 0.15M NaCl and 0.019% EDTA (PBS/EDTA). Its
protein content was measured by the procedure of Petersen et al.
[18]. Apolipoprotein E (apo-E) constituted less than 0.2 9%, of the
total HDL, protein. SDS/PAGE analysis performed on 79,
(w/v) gel indicates that HDL, was free from any plasma protein
contaminants. TNM-modified HDL, (TNM-HDL,) was pre-
pared as described previously [19]. ["*C][PAPE-prelabelled HDL,
was prepared by incubation of 50 ug/ml HDL, in PBS/EDTA
containing glass beads (100 mg) covered with 4 ul of ["*C]PAPE
for 2 h at 37 °C. ["*C]PAPE-prelabelled HDL, was then collected
after a mild centrifugation step (1000 g for 10 min at 4 °C).

Endothelial cell membrane isolation (BBC membranes)

Cerebral microvessels were isolated by the method of Brendel et
al. [20]. Endothelial cell membranes were prepared according to
the procedure of Lidinsky et al. [21]. SDS/PAGE [129, (w/v)
gel] was performed on solubilized membrane fractions by the
procedure of Lidinsky et al. [21]. No similarities were registered
between the two banding patterns. y-Glutamyl transpeptidase
activity (Boehringer reagents) was found to be restricted to the
endothelial membrane fraction (luminal surface).

Incorporation of radioactive precursors

We used different procedures to label PC via the methylation
pathway.

Radioactive methionine, the precursor of S-adenosyl-L-meth-
ionine, was used to label lipids arising from the conversion of PE.
Aliquots of membranes (60-100 ug of protein) were resuspended
in 1 ml of Tris/sucrose/BSA buffer (50 mM Tris, 0.2 mM EDTA,
0.32M sucrose, SmM MgCl,,6H,0, 0.359% BSA, pH 8.3)
containing 0.1 mM ATP and 0.1 mM GTP[S]. Reactions were
started by the addition of 50 xg/ml HDL, and 0.3 xCi/ml
[methyl-**Clmethionine. Samples were incubated for the indicated
times and the reaction was stopped by the immediate addition of
2.5 ml of chloroform/methanol (2:1, v/v).

To determine whether polyunsaturated PE was a substrate for
PEMT, [""C]PAPE was first incorporated into BBC membranes
and converted into PC in the presence of S-adenosyl-L-meth-

ionine on stimulation by HDL,. BBC membranes (100 xg/ml)
resuspended in Tris/sucrose/BSA buffer containing 0.1 mM ATP
and 0.1mM GTP[S] were prelabelled with [“C]PAPE
(0.15 uCi/ml) for 2 h at 37 °C. After washing in Tris/sucrose/
BSA buffer and centrifugation (25000 g for 10 min at 4 °C), BBC
membranes prelabelled with [**C]PAPE were incubated with
50 ug/ml HDL, in the presence of 200 xM S-adenosyl-L-meth-
ionine for up to 15 min at 37 °C and processed as previously for
lipid extraction.

To determine whether polyunsaturated PE carried by HDL,
was a substrate for cellular PEMT, BBC membranes were
incubated with ["**C]PAPE-prelabelled HDL, in the presence of
S-adenosyl-L-methionine. Unlabelled BBC membranes (100 xg/
ml), resuspended as previously, were incubated with 50 ug/ml
[“*C]PAPE-prelabelled HDL, in the presence of 200 xM S-
adenosyl-L-methionine for up to 15 min at 37 °C and processed
as previously for lipid extraction.

Measurement of PEMT activity

Phospholipids were extracted by the procedure of Folch et al.
[22] and separated after TLC on Adsorbosil Plus 1 TLC plates
developed in chloroform/propionic acid/propan-1-ol/water
(2:2:3:1, by vol.) [13]. Under these conditions PE and lipids
arising from the N-methylation pathway were easily separated
(R, values: PE, 0.775; phosphatidyl-N-monomethylethanolamine
(PMME), 0.689; phosphatidyl-N,N-dimethylethanolamine
(PDME), 0.620; PC, 0.55). Spots corresponding to ["*C]IPMME,
[**CIPDME or ["C]PC were scraped into vials for radioactivity
measurement (Wallac 1410). Despite the fact that formation of
PMME is best estimated from the radioactive counts in PMME
plus one-half of the counts in PDME plus one-third of the counts
in PC, and PDME biosynthesis is best estimated from one-half
of the counts in PDME plus one-third of the counts in PC, our
estimation of PEMT activity was not corrected as recommended
by Pelech and Vance [23]. In some experiments the radioactivity
in PDME was used as an index of PEMT activity.

The PEMT activity eventually expressed by HDL, was assayed
by incubation of 50 pg/ml HDL, in Tris/sucrose/BSA buffer
containing 0.15 xCi/ml ["*C]PAPE and 200 M S-adenosyl-L-
methionine for up to 30 min at 37 °C. HDL, was not found to
express any PEMT activity.

Measurement of PLA, activity

Lipids were extracted by the procedure of Folch et al. [22]. The
radioactivity in free fatty acids after TLC separation on silica gel
HPTLC plates developed with petroleum ether/ethyl ether /acetic
acid (90:10:5, by vol.) was used as an index of PLA, activity in
[**C]PAPE-prelabelled membranes.

The radioactivity in [**C]lyso-PC was also recorded to evaluate
PLA, activity in BBC membranes pulsed with [methyl-**C]-
methionine. Separation of [**C]PC or [**C]lyso-PC was performed
by the procedure of Nouvelot et al. [24] modified as follows:
lipids were separated after TLC on Adsorbosil Plus 1 TLC plates
developed in chloroform/methanol/4 M NH,OH (70:50:7, by
vol.) and processed for counting for radioactivity to evaluate
PLA, activity. Under these conditions PC and lyso-PC were well
separated (R, values: PC, 0.55; lyso-PC, 0.24) and lyso-PE, lyso-
PMME or lyso-PDME spots, if present, were localized between
PC and lyso-PC without any overlapping.

Intrinsic PLA, activity expressed by HDL, was assayed during
incubation of 50 ug/ml HDL, in buffer (32 mM Tris, 0.05 mM
NaCl, 3.2 mM MgCl,, 1.1 mM EDTA, pH 8.3) and containing
0.12 uCi of L-dipalmitoyl-[2-palmitoyl-9,10-*H(N)]phosphatidyl-
choline (42 Ci/mol) for 30 min at 37 °C. Increasing concen-
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trations of HDL,, of modified HDL, or of inhibitors were tested.
Lecithin:cholesterol acyltransferase (LCAT) activity was assayed
by using 10 ul of rL-palmitoyl 2-oleoyl phosphatidylcholine-
liposomes containing apo-Al [25]. Cholesterol and cholesterol
ester spots were processed for counting for radioactivity after
TLC separation in petroleum ether/ethyl ether/acetic acid
(90:10:5, by vol.). HDL, (50 ug/ml) promoted the release of
20-50 d.p.m. of lyso-PC per min, representing less than 59, of
the maximal lyso-PC release (1000 d.p.m./min) induced by
HDL, in BBC membranes. PLA -like activity associated to HDL,
could reflect the LCAT activity of the particles because both
PLA, and LCAT have the same characteristics: little dependence
on Ca*', stimulated by reducing conditions and inhibited by
modifications of either serine, threonine and histidine residues or
disulphide bridges.

Presentation of data

Representative results for three or four separate experiments
performed in triplicate are shown. Values are the means; the
standard deviations were within 8-109,.

RESULTS
HDL,-stimulated phospholipid methylation

The temporal relationship between PE methylation and HDL,
binding on the cell surface was first examined with isolated BBC
membranes labelled with [methy/-**C]methionine, the precursor
of S-adenosyl-L-methionine, and stimulated by HDL, at concen-
trations (50 xg/ml) known to saturate cellular binding sites [6].
The incorporation of *C-labelled methyl groups into PE was
monitored by evaluating the radioactivity of ['C]JPMME,
[**'CIPDME and [*'C]PC after TLC separation of extracted
lipids. Results are shown in Figure 1. Incorporation of the C-
labelled methyl group into PMME reached a maximum at 3 min
after HDL, stimulation. Incorporation of the '*C-labelled methyl
group into PDME was maximal within 5-6 min. Radioactivity
was also incorporated into PC, but to a smaller extent, and
peaked at approx. 5 min. Thereafter a decline in the amount of
each methylated phospholipid occurred in stimulated mem-
branes, and could coincide with the succeeding methylation step,
the release of PUFA or any other metabolic pathway. The
incorporation of the “C-labelled methyl group into PMME,
PDME and PC was strictly dependent on the stimulation of
cellular PEMT, because HDL, expressed no intrinsic PEMT
activity.

To ascertain whether HDL, binding on membranes was a key
event, PEMT activity was stimulated by HDL, modified with
TNM (TNM-HDL,). TNM-HDL, lost its ability to bind to
specific cell-surface receptors [19] and to induce PE N-
methylation. In fact, TNM-HDL, fully blocked the incorporation
of the C-labelled methyl group into PMME, PDME and PC,
indicating that PC synthesis was linked to HDL, binding to BBC
membranes.

Hence the production pattern for ["*CJPMME, ["*C]JPDME
and [**C]PC in BBC membranes after HDL, stimulation suggests
that the interaction of HDL, with the membrane activates
PEMT activities and increases the formation of methylated
phospholipids.

HDL,-induced formation of [*C]lyso-PC

The fact that PC arising from the methylation pathway never
accumulated in BBC membranes suggests that it could be
modified by PLA,. We therefore investigated HDL,-induced
PLA, activation in BBC membranes with [**C]lyso-PC as an index
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Figure 1  Time course of HDL,-stimulated '*C-labelled methyl incorporation
into phospholipids

BBC membranes (60 zq/ml) were stimulated with 50 g/ml HDL, () or 50 zg/ml TNM-
HDL, (O) or no additive (A) in the presence of 0.3 xCi of [methyi**C]methionine for up to
16 min at 37 °C. After lipid extraction and TLC separation, the radioactivity in PMME (upper
panel), PDME (middle panel) and PC (lower panel) spots was recorded.

of PLA, activity. Figure 2 shows the time course of [**C]lyso-PC
formation observed in BBC membranes labelled with [methyl-
1C]methionine and incubated with 50 pg/ml HDL, for up to
16 min.

[**C]PC hydrolysis into [**C]lyso-PC was readily detectable in
response to HDL, binding to BBC membranes, with a rapid peak
of production often apparent 3—-5min after HDL, addition.
Lyso-PC levels then declined to basal values within 16 min of
stimulation. TNM-HDL, was unable to trigger lyso-PC synthesis.

Despite the fact that the amounts of lyso-PC reported here are
most probably underestimated, because lyso-PC might be con-
tinuously consumed by lysophospholipase activity or reacylation
[26], these findings show that a PLA, pathway responds quickly
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Figure 2 Time course of HDL,-stimulated formation of [*C]lyso-PC

BBC membranes (100 zg/ml) were stimulated with 50 zg/ml HDL, ([7) or 50 zeg/ml TNM-
HDL, (O) or no additive (A\) in the presence of 3 xCi of [methy-'*C]methionine for up to
16 min at 37 °C. After lipid extraction and TLC separation, the radioactivity in lyso-PC spots
was recorded as an index of PLA, activity.

Table 1 Dose dependence of HDL,-induced PEMT and PLA, activation

BBC membranes (60 zg/ml) were prelabelled with 0.3 zCi of [methy'*C]methionine and
stimulated for 3 or 5 min at 37 °C in the presence of 12.5, 30 or 50 xg/ml HDL, or with
50 ug/ml TNM-HDL,. Lipid extracts were then separated on TLC plates and processed for
counting for radioactivity in PDME (PEMT activity) and Lyso-PC (PLA, activity).

PEMT activity PLA, activity

HDL, PDME formation Lyso-PC formation

(feg/ml) (pmol/mg of membrane protein)  (pmol/mg of membrane protein)
0 HDL, 0 0
5 HDL, 19+3 53+ 6

12.5 HDL, 3145 58+ 6

20 HDL, 56+ 6 161+12

30 HDL, 137+12 204+19

50 HDL, 125+ 16 215+ 21

50 TNM-HDL, 1045 64+5

to HDL,, and hydrolyses PC arising from the conversion of PE
via the methylation pathway.

HDL, dose dependence of PEMT and PLA, activation

Table 1 shows the concentration—response relation of HDL,-
induced '“C-labelled phospholipid formation in [methyl-
1Clmethionine-prelabelled BBC membranes incubated in the
presence of increasing concentration of HDL, for 3 or 5 min at
37 °C. The enhancement of either PDME or lyso-PC radioactivity
was dependent on the concentration of HDL, in the range
0-50 png/ml HDL,. As far as PEMT activity is concerned, the
half-maximal increase in PDME was registered with approx.
20 ug/ml HDL,. For PLA, activity expressed by lyso-PC radio-
activity, the half-maximal increase was obtained with 18 xg/ml
HDL,.

These results strongly support the hypothesis of a close relation
between HDL, binding, PE methylation and PUFA release in
BBC membranes.
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Figure 3 Role of GTP on HDL,-induced PEMT and PLA, activities

BBC membranes (60 z«g/ml) were incubated with 0.3 xCi of [methy“C]methionine and
30 zeg/ml HDL, at 37 °C for up to 12 min in the presence of 0.05 mM GTP (O) or 0.05 mM
GTP[S] (@) or no additive ([). After lipid extraction and TLC separation, radioactivity in
["*C]PDME was recorded as an index of PEMT activity, and radioactivity in ["“C]lyso-PC as an
index of PLA, activity.

Effect of GTP on HDL,-induced PEMT and PLA, activities

Various studies suggest that GTP is involved in receptor-
mediated activation of PEMT and PLA, [27-29]. As a first
attempt to investigate whether GTP is involved in HDL,-
stimulated PC synthesis and PUFA release, [methyl-
H1C]methionine-labelled BBC membranes were incubated with
50 ug/ml HDL, and the effects of both GTP and its analogue
GTP[S] were investigated (Figure 3).

HDL,-induced PEMT activity was strictly dependent on the
presence of GTP in the medium, as the omission of GTP in the
medium fully blocked sequential methylation of PE as measured
by PDME synthesis. Moreover GTP[S], which persistently
activates G-proteins, stimulated HDL,-induced PEMT activity
with an approx. 2-fold increase registered 3 min after stimulation
with HDL,.

HDL,-induced PLA, activity was also dependent on the
presence of GTP in the medium, as the omission of GTP
blocked PLA, activity and lyso-PC formation. However, at
maximal PLA, activity (5-6 min after agonist stimulation) no sig-
nificant increase in lyso-PC generation, compared with GTP
addition, was registered when GTP[S] was added. GTP[S] had no
significant effect on HDL,-induced PLA, activation.

Taken together, these results suggest a role for GTP in coupling
HDL, to PEMT, monitored by the sharp increase in enzyme
activities in the presence of GTP[S]. In contrast, HDL,-induced
PLA, stimulation does not strictly depend on GTP.

[“C]PAPE is modified by the HDL,-induced PEMT/PLA, pathway

The above experiments indicate that HDL,, when interacting
with BBC membranes, can activate PEMT and PLA, activities.
Because polyunsaturated PE is supposed to be metabolically
converted into PC and further into lyso-PC to achieve PUFA
supply, we determined whether polyunsaturated PE (['*C]PAPE)
was modified by the HDL,-induced PEMT/PLA, pathway.
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Figure 4 [“C]PAPE is modified by the PEMT/PLA, pathway

BBC membranes (100 zg/ml) were prelabelled with 0.15 xCi/ml ["C]PAPE for 2 h at 37 °C.
After several washing steps, BBC membranes were incubated in the presence of 200 xM S
adenosyl-L.-methionine and 50 x«g/ml HDL, for the indicated times at 37 °C. Radioactivity in

PMME (O), PDME (@), PC () and lyso-PC (A\) was recorded after lipid separation on
TLC.
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Figure 5 Time course of HDL,-induced release of arachidonic acid

BBC membranes (100 zg/ml) were prelabelled with 0.15 xCi/ml ['*C]PAPE for 2 h at 37 °C.
After several washing steps, BBC membranes were incubated with 50 #g/ml HDL, in the
presence of S-adenosyl-L-methionine (200 M) for up to 15 min at 37 °C. After lipid extraction
and TLC separation, the radioactivity in the free fatty acid spot was recorded.

[**C]PAPE-prelabelled BBC membranes were stimulated by
HDL, in the presence of S-adenosyl-L-methionine. HDL,-
induced PEMT or PLA, stimulation was respectively monitored
by measurement of radioactivity in PMME, PDME, PC or lyso-
PC. The results are shown in Figure 4. Controls represented by
prelabelled membranes challenged with TNM-HDL, indicated
no significant formation of PMME, PDME, PC or lyso-PC
(results not shown).

HDL,, which has no intrinsic PEMT activity, stimulated
cellular PEMT, thus allowing the formation of PMME, PDME

and PC from [**C]PAPE. The estimated amount of each methyl-
ated lipid correlated with our previous results (Figure 1).
Moreover, C-labelled PC arising from ["*C]PAPE conversion
was found to be modified by HDL,-induced PLA,, giving rise to
[**CJlyso-PC.

These results indicate clearly that ['*C]PAPE is a substrate for
PEMT and PLA, and is converted first into polyunsaturated PC,
and then into lyso-PC.

HDL,-induced release of ['“C]Jarachidonic acid

The above experiment indicated that ['*C]JPAPE, when incor-
porated into BBC membranes, was converted into [**CI[PDME,
suggesting that polyunsaturated PE was a substrate for PEMT. It
was important to determine whether polyunsaturated phospho-
lipids were really substrates for PLA, because there is more than
one PLA, species: 14 kDa PLA,, which is secreted and exhibits
properties such as non-selectivity for fatty acids at the sn-2
position, and 85kDa PLA,, which is recovered in plasma
membrane or cytosol and shows high selectivity for arachidonyl
residues at the sn-2 position. We thus measured the production
of free ['*Clarachidonic acid in [**C]PAPE-prelabelled BBC
membranes when stimulated by HDL, to identify the role of
PLA, in providing PUFA to the brain.

[**C]Arachidonic acid release in response to HDL, stimulation
was registered in [**C]PAPE-prelabelled membranes (Figure 5):
it peaked at 3-5 min then stayed constant for up to 16 min. Thus
the time course of HDL,-induced arachidonic acid release
correlated temporally with the production of [*C]lyso-PC,
suggesting that PE and lipids arising from PE methylation can
act as substrates for brain PLA,.

These results are consistent with a major role for PLA, as
mediator of HDL,-induced PUFA release from lipids arising
from PE N-methylation. The interaction of HDL, with brain
membrane receptors increases the turnover of methylated
phospholipids and activates PLA,, as measured by the release
of both lyso-PC and PUFA.

HDL,-induced PE transfer and PEMT/PLA, activation

To ascertain whether HDL, is able to transfer its PE to BBC
membranes, and in a second step to activate PEMT and PLA,
activities, BBC membranes were: (1) prelabelled with [**C]PAPE
and incubated with no HDL, (control) or with HDL, or TNM-
HDL, in the presence of S-adenosyl-L-methionine, or (2) stimu-
lated in the presence of S-adenosyl-L-methionine and ['*C]PAPE-
prelabelled HDL,.

HDL,-induced PEMT stimulation was monitored by
measurement of the radioactivity (**C label) in PDME. Results
are shown in Figure 6: C label in PDME increased both in
[**C]PAPE-prelabelled BBC membranes stimulated by HDL,
and in BBC membranes stimulated by [*C]JPAPE-prelabelled
HDL,. Controls represented by prelabelled membranes alone, or
stimulated with TNM-HDL,, indicated no significant increase in
PDME radioactivity. Experiments performed on [“C]PAPE-
prelabelled membranes (both enzymes and substrates are located
in BBC membranes) clearly indicated that HDL,, which has no
intrinsic PEMT activity and cannot by itself promote [**C]PAPE
methylation, stimulated cellular PEMT activity, thus allowing
[**CJPDME synthesis. This PDME synthesis was strictly de-
pendent on the binding of HDL, to BBC membranes, as it was
not observed after HDL, pretreatment with TNM. When
unlabelled membranes (containing PEMT) were stimulated with
[**C]PAPE-prelabelled HDL, (containing substrates), large
amounts of radiolabelled PE were converted into ["*C]JPDME,
indicating that ["*C]PAPE carried by HDL, became a substrate
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Figure 6 Sequential PE transfer and PEMT activation

BBC membranes (100 zg/ml) were prelabelled (open symbols) or not (solid symbols) with
0.15 xCi/ml ["*C]PAPE for 2 h at 37 °C. After several washing steps, BBC membranes were
incubated in the presence of 200 xM S-adenosyl-.-methionine, with 0 mg/ml HDL, (A\),
50 pg/ml HDL, (), 50 geg/ml TNM-HDL,; (O) or 50 ug of ["C]PAPE-prelabelled HDL,
(). Radioactivity in PDME was recorded after lipid separation on TLC.
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Figure 7 Sequential PE transfer and PLA, activation

BBC membranes (100 zg/ml) were prelabelled (open symbols) or not (solid symbols) with
0.15 xCi/ml ["*C]PAPE for 2 h at 37 °C. After several washing steps, BBC membranes were
incubated in the presence of 200 xM S-adenosyl-L-methionine, with 0 mg/ml HDL, (A\),
50 pg/ml HDL, (C3), 50 geg/ml TNM-HDL,; (O) or 50 ug of ["C]PAPE-prelabelled HDL,
(). Radioactivity in lyso-PC was recorded after lipid separation on TLC.

for membrane PEMT. One hypothesis is that [**C]PAPE was
tranferred into BBC membranes, where PEMT is located.

HDL,-induced PLA, stimulation was monitored by measure-
ment of radioactivity in lyso-PC spots. Results are presented in
Figure 7. Similarly, *C labelling of lyso-PC increased in both
[**C]PAPE-prelabelled BBC membranes activated by HDL, and
in BBC membranes challenged by ["*C][PAPE-prelabelled HDL,
when compared with controls (prelabelled membranes alone, or
stimulated with TNM-HDL,). Once ['*C]PAPE is transferred to
BBC membranes it is converted into PC and then into lyso-PC.

These results suggest that HDL, is able to transfer its un-
saturated PE to BBC membranes and to trigger PC synthesis by
N-methylation, and PC remodelling by PLA,,.

DISCUSSION

A great deal of interest in the methylation of PE has been
generated by the proposal of Hirata and Axelrod [30] and Crews
[31] that there is a cause-and-effect relationship between the
binding of specific ligands, methylation of PE and cellular
metabolic responses. An attractive hypothesis about the PEMT

function would be to supply a cellular pool of PUFA-rich PC to
the brain. This is consistent with previous reports indicating that
in the brain, tetraenoic and hexaenoic PCs were the major
products formed by methylation [13,32], and that PEMT activity
in cerebrum, which decreases during the myelination process, is
409, lower in 50-day-old animals than at birth, whereas the
PEMT activity of the cerebellum is unchanged throughout the
postnatal period [33]. Moreover, in cortical synaptic membranes,
a transient rise in PE methylation in the early days of life
correlates with the transient increase in the level of arachidonic
acid-rich PC species [23]. The age-dependent changes in the
methylation of rat brain PE [34] seem to be related to modi-
fications of the ratio of S-adenosyl-L-methionine to S-
adenosylhomocysteine [35].

Our proposal is that HDL, acts as a plasma vector of poly-
unsaturated PE that can be transferred to BBC membranes. At
the same time HDL, acts as a ligand to stimulate PEMT and
PLA,, which can respectively promote the synthesis of poly-
unsatured PC by the methylation pathway and the release of
PUFA.

Our findings strongly support this hypothesis: we have shown
that HDL,, at concentrations (50 xg/ml) that saturate its binding
sites [6], stimulates PEMT and PLA, activities in isolated BBC
membranes. The HDL,-induced PE N-methylation is rapid and
causes a transient increase in successively PMME, PDME and
PC, which fails to accumulate, suggesting the involvement of a
remodelling enzyme. This pathway catalysed by PEMT has been
demonstrated in the brain [13,34], and PEMT activity was
localized to the synaptosomal plasma membrane [14]. PEMT
activity was also found in the plasma membrane of erythrocytes,
whereas in the liver most PEMT activity is localized in the
cytoplasmic surface of the endoplasmic reticulum and to a
mitochondria-associated membrane fraction, which in fact
represents a pre-Golgi compartment of the secretory route [36].
The fact that PEMT has marked actions on cellular respon-
siveness to catecholamines and enhances the coupling of
adrenergic receptors with adenylate cyclase I [14] argues for the
existence of PEMT in brain plasma membranes. The estimated
amount of PC produced by HDL,-induced N-methylation is
small, and is in good agreement with previously published
estimations indicating a maximum formation of 3-5 pmol of
methylated phospholipids per min per mg of membrane protein
[8,34].

PC remodelling could be realized through base exchange or a
cycle of deacylation—reacylation [23]. We provide evidence that
HDL,-induced remodelling of PE-derived PC is principally due
to PLA, activation as demonstrated by the concomitant ac-
cumulation of lyso-PC. The occurrence of phospholipases in
brain tissue has been known for some time. Multiple forms of
Ca®"-dependent PLA, are present in the brain [37], and recently
two forms of Ca**-independent PLA, were detected in bovine
brain cytosol, corresponding to 110 and 40 kDa species of PLA,
[38,39]. The presence of an ecto-PLA, was reported on the outer
surface of cultured cells of neuronal and glial origin [40]. PLA,
is also a constituent of endothelial cells [41]. Thus our experiments
are in good agreement with previous reports, and HDL,-induced
PUFA release from PC is in the same range as PUFA release in
agonist-stimulated cells [8,42].

Both PEMT and PLA, activity depend on an HDL, con-
centration in the range 0-50 xg/ml and are strictly linked to the
binding of HDL, on cell surface receptors, because TNM-HDL,,
which has lost its binding capacity, fails to induce both PE N-
methylation and PC deacylation.

These findings suggest that in the BBC membrane HDL, can
activate PEMT and PLA,. Bazzi and Nelsestuen [43] postulated
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that both enzymes could be clustered in the membrane, thus
forming a special domain. If such special domains containing
PEMT and PLA, exist, HDL, has to bind to these domains to
activate both enzymes.

In considering the mechanism by which HDL, binding sites
are coupled to PEMT and PLA,, there are several forms of
mechanism that can be responsible for enzyme activation:
activation by certain members of the heterotrimeric G-protein
family, Ca*" mobilization, protein kinase C or substrate. PEMT
has been shown to be agonist-activated in various cells, but the
precise mechanism is still unknown. PEMT activity is modulated
on serine phosphorylation by either protein kinase A [29,44] or
protein kinase C [45]. Cytosolic factors and GTP have a
regulatory role on PEMT activity [27,29,46]. PLA, can be
activated by each of the previous mechanisms: G-proteins [28],
Ca?*" [47] and protein kinase C [48], in addition to high pH
facilitation linked to a Na®/H* antiporter [49]. Our results
indicate that HDL,-induced PC synthesis involves a PEMT that
is strictly dependent on GTP, significantly enhanced by GTP[S].
In contrast, HDL,-induced PLA, activity is less dependent on
GTP, as it is not enhanced by GTP[S]. Mechanisms triggering
HDL,-induced PUFA release seem to be complex. As a hy-
pothesis, PEMT could be linked to HDL, by GTP-binding
proteins, thus giving rise to PC, which could be a substrate for a
specific PLA,. Further studies are needed to identify the precise
mechanism involved.

In our working hypothesis, HDL, represents a key vector for
polyunsaturated PE, which has to be transferred into BBC
membranes, whereas PEMT and PLA, activities are stimulated
on HDL, binding. Our results clearly indicate that [**C]PAPE is
converted into PC in the BBC membrane, whenever it was
incorporated into BBC membranes or brought by HDL,.
[“*C]JPAPE-prelabelled HDL, promotes the formation of
[**CIPDME in BBC membranes, to the same extent as HDL, in
BBC membranes prelabelled with ['*C]JPAPE. The supply of PE
via HDL, seems to activate PC biosynthesis by the
transmethylation pathway in BBC membranes. Our findings
suggest that HDL,, considered as a plasma vector of poly-
unsaturated PE, can activate the PE N-methylation pathway
while providing BBC membranes with polyunsatured PE. PC
formed by the methylation pathway is a substrate for HDL,-
induced PLA, and represents one source of arachidonic acid for
the brain. Thus the concerted action of PEMT and PLA, might
provide a mechanism for supplying essential PUFA to developing
tissues.
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