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Influence of phosphatidylserine on (Na+ + K+)-stimulated ATPase and
acetylcholinesterase activities of dog brain synaptosomal plasma membranes
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Phosphatidylserine (PtdSer) incubated with synaptosomal plasma membranes (SPM)
of dog brain is incorporated into SPM in proportion to its concentration in the
incubation medium. Low PtdSer concentrations progressively activated the SPM-
associated (Na+ + K+ )-stimulated ATPase and acetylcholinesterase. Increasing the
PtdSer concentration above that which maximally stimulated the enzyme activities
effected a progressive inhibition with respect to maximal stimulation. Arrhenius plots
of (Na+ + K+ + Mg2+ )-dependent ATPase and 5'-nucleotidase revealed a clear break
at 23-24°C for both enzymes in SPM untreated with PtdSer (controls), whereas a
linear relation was obtained for SPM treated with PtdSer. Changes in the allosteric
properties of (Na+ + K+ )-stimulated ATPase by fluoride (F-) and/or of 5'-
nucleotidase by concanavalin A (i.e. changes of Hill coefficients) indicate that PtdSer
increases the membrane fluidity. These results suggest that modifications of lipid-
protein interactions in SPM induced by PtdSer may have implications in the
physiological processes in the central nervous system.

We have studied the effect of small amphipathic
compounds (e.g. cholesterol or its glucoside,
dodecanol or its glucoside, steroid hormones etc.)
on the activity of some membrane-bound enzymes
(Papaphilis & Deliconstantinos, 1980; Alivisatos
et al., 198 1 a,b; Deliconstantinos, 1983), suggesting
that these compounds can alter the membrane
fluidity, causing functional consequences in the
allosteric properties of integral enzymes (Alivisa-
tos & Deliconstantinos, 1982; Deliconstantinos &
Ramantanis, 1983; Deliconstantinos et al., 1983).
PtdSer vesicles (liposomes) interact with biological
membranes, causing changes in physicochemical
properties of the membrane (Portis et al., 1979).
Such alterations of the membrane structure evoke
several membrane-linked events, such as modifi-
cations of the activities of membrane-bound
enzymes (Floreani et al., 1981), increase in output
of acetylcholine from rat cerebral cortex (Casa-
menti et al., 1979), and stimulation of the release of
histamine from mast-cells (Hirata et al., 1979).

In the present investigation we studied the effect
of PtdSer on the activity of some integral enzymes
and on the membrane fluidity ofdog brain SPM. A
sensitive insight into protein-lipid interactions
Abbreviations used: PtdSer, phosphatidylserine; SPM,

synaptosomal plasma membranes.
* To whom reprint requests should be addressed.

could result from the investigation of the influence
of the membrane alterations on the co-operative
behaviour of membrane integral enzymes (Farias,
1980; Deliconstantinos & Ramantanis, 1983). Thus
the effects of PtdSer on the allosteric properties
and on the temperature-dependence of the SPM-
associated (Na+ + K+ )-stimulated ATPase and
5'-nucleotidase activities were studied.

Materials and methods

SPM from dog brain were prepared and qualita-
tively assessed as previously described (Papaphilis
& Deliconstantinos, 1980). Compared with the
original homogenate from which they were pre-
pared, they showed 7-10-fold increase in the
(Na+ +K+)-stimulated ATPase (EC 3.6.1.3)
activity.

PtdSer liposomes were prepared essentially as
described by Deliconstantinos et al. (1977). Briefly,
1 ml of PtdSer solution (20mg/ml) in chloroform
(Sigma) was pipetted into 20ml test tubes. The
solvent was evaporated under N2. The dried
PtdSer was then dispersed in 2ml of 5mM-
Tris/HCl, pH 7.4, by sonication for 20min at 0°C
under N2 in a Branson LS-75 sonicator. The lipid
dispersions were then centrifuged at 30000g for
40min, and the sediment, containing large lipo-
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somes, was discarded. The supernatant was ap-
plied to a column (1 cm x 40cm) of Sepharose-4B
(Pharmacia, Uppsala, Sweden) and eluted with
5mM-Tris/HCl, pH7.4. Fractions (approx. 1ml)
were collected and analysed for PtdSer. Fractions
from the PtdSer peak were pooled to give the
required vesicle preparations. These preparations
were kept at 4°C and used within 2 days.
To determine binding of PtdSer liposomes to

SPM, preincubations of SPM protein with differ-
ent concentrations of PtdSer specified in Fig. 1(a)
were performed for 3h at 25°C in an incubation
mixture of 1.15% (w/v) KCl/5 mM-Tris/HCl,
pH 7.4, in a final volume of 5 ml, with continuous
magnetic stirring. Samples (4ml) were withdrawn
and layered over 30ml of 20% (w/v) sucrose/5 mm-
Tris/HCl, pH7.4, and centrifuged for 60min at
95 000g in the SW-27 rotor of a Spinco L5-75
ultracentrifuge. SPM used for measurement of
PtdSer binding were extracted overnight with
20 vol. of chloroform/methanol (2:1, v/v) by the
method of Folch et al. (1957), and the lipid
phosphorus was measured as described by Bartlett
(1959) after digestion with 70% (v/v) HCl04 at
180°C. The protein content was determined by the
Lowry method as described by Miller (1959), with
bovine serum albumin (Sigma) as standard. After
incubation ofSPM with PtdSer liposomes for 3 h at
25°C, the bound and free PtdSer were separated by
centrifugation as described above. The bound and
free PtdSer fractions were pooled separately and
extracted. The pooled chloroform extracts were
dried under a stream of N2, and the residue was
dissolved in 1.Oml of chloroform. Samples of these
solutions were directly spotted on a silica-gel G
t.l.c. plate (Merck). Samples of chloroform extracts
of a mixture of unincubated SPM with PtdSer and
PtdSer alone were also chromatographed similarly.
Chromatography was developed as described by
Breckenridge et al. (1972). The migration of
extracts of membrane-bound and free PtdSer was
identical with those of unincubated SPM and
PtdSer, suggesting that no significant metabolic
conversion of membrane-bound and free PtdSer
occurred under the present incubation conditions.
(Na+ + K+ )-stimulated ATPase activity of SPM

was assayed in an incubation medium consisting
of 40mM-Tris/HCl, pH7.4, 5mM-MgCl2, 3mM-
disodium ATP, 80mM-NaCl, 20mM-KCl, lmM-
ouabain and 0.1 mg of SPM protein, in a final
volume of 1.0 ml. Incubations were performed in
the reaction medium for 30min at temperatures of
5-42°C at 3-40C intervals. The reaction was
started by the addition of ATP and stopped with
0.2ml of 50% trichloroacetic acid. The liberated Pi
was measured by the method of Fiske & Subbarow
(1925). (Na+ +K+)-stimulated ATPase activity
was defined as the difference between the Pi

liberated during incubations in the presence and
absence of ouabain. The ouabain-inhibitable com-
ponent of ATPase activity is the activity that is lost
when Na+ or K+ is omitted from the reaction
mixture. For the assay of the inhibition by F- of
the (Na+ + K+ )-stimulated ATPase, the reaction
mixture contained increasing amounts of NaF, as
indicated in Fig. 3.

Acetylcholinesterase activity was determined by
measuring the hydrolysis of acetylthiocholine by
the method of Ellman et al. (1961). The assay
mixture (3 ml) contained 1 mM-acetylthiocholine
iodide, 0.125 mM-5,5'-dithionitrobenzoic acid,
lOOmM-NaCl, 0.24M-sucrose and lOmM-Tris/HCl,
pH8.0. Protein concentration was 0.07mg/3ml
incubation mixture. The reaction was followed
spectrophotometrically by the increase in A412 by
using a Beckman Acta MVI spectrophotometer.

5'-Nucleotidase activity (EC 3.1.3.5) was as-
sayed by the method of Bodansky & Schwartz
(1963) in an incubation medium (l.Oml final
volume) containing 50mM-Tris/HCl, pH 7.4, 5mM-
MgCl2, 10mM-AMP and 0.25 Mg of SPM protein
in the presence of various concanavalin A (Sigma)
concentrations as indicated in Fig. 3. Incubations
were performed at 37°C for 45min and stopped
with 0.2 ml of 50% trichloroacetic acid. The
liberated Pi was measured by the method of Fiske
& Subbarow (1925). Lines were fitted to the data
points in Arrhenius plots and in Hill plots by
regression analysis. Statistical comparisons were
made by regression analysis and Student's t tests.

Results

The incorporation of PtdSer into SPM as a
function of PtdSer concentrations is shown in Fig.
l(a). The amounts of PtdSer incorporated per mg
of SPM protein considerably increase, in a
relatively short (up to 3 h) incubation period.
Within the range of PtdSer concentrations used
(up to 5 umol/mg of SPM protein) the total P
content of SPM was increased from 0.825 + 0.020
to 1.010+0.030umol/mg of SPM protein. An
initial (zero-time) absorptive binding which does
not lend to any functional changes was subtracted
from all measurements at all concentrations used.
This initial binding may well arise from the simple
adherence of PtdSer liposomes to the SPM. To
determine whether or not the incubation procedure
for the incorporation assay caused a metabolic
conversion of the PtdSer, samples of the PtdSer-
enriched SPM and free PtdSer were analysed by
t.l.c. as described in the Materials and methods
section. No significant degradation of incorpor-
ated or free PtdSer occurred under the present
incubation conditions.
The effects of PtdSer incorporation on the main
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Fig. 1. Incorporation ofPtdSer into dog brain SPM (a) and its effects on membrane-bound (Na+ + K+ )-stimulated A TPase
activity (b) and on acetylcholinesterase activity (c)

In (a) PtdSer incorporation up to 3 h at 25°C was estimated by measuring the total phosphorus content ofSPM after
pretreatment with PtdSer liposomes. In (c) Acetylcholinesterase activity was estimated spectrophotometrically by
measuring the increase in A412 with a Beckman Acta MVI spectrophotometer. Points and bars represent means
+ S.D. from three different experiments.

functional parameters measured in this study, i.e.
the specific activities of the (Na+ + K+ )-stimulated
ATPase and of acetylcholinesterase are shown in
Figs. 1(b) and 1(c). Up to a concentration of 1 4umol
of PtdSer/mg of SPM protein, a dramatic increase
in the specific activities of both enzymes was
induced, with maximal effects of approx. 80% and
40% above their original values respectively.
Further increases in PtdSer concentration above
this point, however, led to inhibition of the
activities of the enzymes with respect to the
maximal percentage of stimulation. The activity of
two other SPM-bound enzymes tested, namely
5'-nucleotidase and Mg24 -dependent ATPase,
showed a slight but not statistically significant
increase (P>0.05) at different PtdSer concen-
trations. To examine the relative specificity of the
functional effects of PtdSer on SPM, liposomes
prepared from the uncharged phospholipids
phosphatidylcholine and dipalmitoyl phos-
phatidylcholine and from the negatively charged
phosphatidylglycerol and phosphatidic acid were
incubated with SPM under the same conditions as
those described for PtdSer. No statistically signifi-
cant difference (P>0.05) in the (Na+ +K+)-

stimulated ATPase activity was observed in SPM
treated with these phospholipids compared with
untreated SPM.

Arrhenius plots of the activities of
(Na+ + K+ + Mg2+ )-dependent ATPase and 5'-
nucleotidase were clearly biphasic, exhibiting one
break point at around 23-24°C for both enzymes
(Figs. 2a and 2b). The biphasic nature of the
Arrhenius plots for both enzymes was abolished
and a linear relation was obtained after pre-
incubation of SPM with 1 umol of PtdSer/mg of
SPM protein at 25°C for 3h. The Arrhenius
activation energy (Ea) of 44.17+ 14.30kJ/mol
for the (Na+ + K+ + Mg2+ )-dependent ATPase in
PtdSer-treated SPM was intermediate between the
Ea obtained above (31.17 + 9.l1O kJ/mol) and below
(60.04 + 11.13 kJ/mol) the break point for the
untreated SPM. For the 5'-nucleotidase activity,
the Ea value of 41 + 12.80kJ/mol in the PtdSer-
treated SPM was also intermediate between those
obtained above (28.49 + 3.91 kJ/mol) and below
(59.85+9.OOkJ mol) the break point for the un-
treated SPM. Thus from the data in Fig 1 it is
obvious that in PtdSer-treated SPM the Ea below
the break point was decreased for both
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Fig. 2. Effect of temperature on the activity of(Na+ + K+ + Mg2+ )-dependent ATPase (a) and S'-nucleotidase (b) in native
(-) and PtdSer-treated (A) SPM

Arrhenius plots of both enzyme activities were performed as described in the Materials and methods section. Each
point represents the average value of duplicate determinations from a typical experiment which has been repeated
three times. Units of both activities are ymol of P1/h per mg of protein. The straight lines were fitted by the method
of least squares.

(Na+ + K+ + Mg2+ )-dependent ATPase and 5'-
nucleotidase, consistent with a general increase in
bilayer fluidity.
The co-operative behaviour of several mem-

brane-bound enzymes could be used as a tool to
detect modifications at the cell membrane level,
since variations in the Hill coefficient in co-
operative membrane enzymes depend on their
relationship to lipids and on the fluidity of the
latter (Farias, 1980). The allosteric inhibition of
(Na+ + K+ )-stimulated ATPase by fluoride (F-)
and/or of 5'-nucleotidase by concanavalin A was
studied to detect possible influence of PtdSer on
membrane fluidity. The enzyme 5'-nucleotidase
offers a potentially interesting model for the study
of the interactions between a membrane-bound
enzyme and its lipid environment (Merisko et al.,
1981). Fig. 3 shows the curves obtained when the
relative rates of the enzymic activities were

plotted against different concentrations of F- for
(Na+ + K+ )-stimulated ATPase and of concanava-
lin A for 5'-nucleotidase in SPM preincubated with
PtdSer (1 ymol of PtdSer/mg of SPM protein) at
250C for 3 h. The Hill coefficient h (slope of the
plot) for the F- inhibition of the (Na+ + K+)-
stimulated ATPase activity for the control (un-

treated SPM) was 1.76+ 0.20, indicating the
presence of co-operativity, which was abolished in
the PtdSer-treated SPM (h = 0.88 + 0.10) (Fig. 3a).
Likewise, the Hill coefficient h (1.85 + 0.23) for the
concanavalin A inhibition of the 5'-nucleotidase
activity for the control was decreased to 0.93 + 0.11
in the PtdSer-treated SPM (Fig. 3b). The effects of
other charged phospholipids (phosphatidylglycerol
and phosphatidic acid) on the allosteric properties
of (Na+ + K+ )-stimulated ATPase and 5'-nucleoti-
dase were also evaluated. There was no statistically
significant difference (P>0.005) in Hill coeffi-
cient of both enzyme activities assayed in the
presence or absence of these phospholipids.
These results may suggest that PtdSer increases
the membrane fluidity and subsequently changes
the allosteric behaviour of the SPM-bound
(Na+ + K+ )-stimulated ATPase and 5'-nucleo-
tidase.

Discussion

After injection of PtdSer liposomes, modifica-
tion of glucose distribution in the body and
increase in the metabolism of catecholamines in
the brain of animals, with release of acetylcholine
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Fig. 3. (a) Effect ofF on the reaction rate of the (Na+ + K+ )-stimulated A TPase, and (b) effect of concanavalin A on the
reaction rate of S'-nucleotidase for PtdSer-treated SPM (a) and untreated SPM (control; 0)

The inserts show Hill plots of the same data. Corresponding Hill coefficients (h) are as indicated. The correlation
coefficients (r2) for the straight lines in the inserts are > 0.95. v is the reaction velocity, and VO is the rate of the
reaction in the absence ofF- or concanavalin A. The specific activity of 5'-nucleotidase at 37°C was 4.6pmol of Pi/h
per mg of protein. Points in the curves drawn are mean values of duplicate determinations from a typical experiment
which has been repeated three times.

from the brain cortex, is observed (Mantovani et
al., 1982; Bruni et al., 1976). Such liposomes also
increased both the dopamine-sensitive adenylate
cyclase activity and the cyclic AMP content of
mouse brain (Leon et al., 1978). PtdSer liposomes
injected into human subjects affected pituitary
function, possibly at the level of dopamine-
mediated prolactin regulation (Masturzo et al.,
1977).
The ability of PtdSer to be incorporated in vitro

into SPM isolated from dog brain, causing signifi-
cant changes of the SPM-associated (Na+ + K+ )-
stimulated ATPase activity by altering the mem-
brane fluidity, was investigated in the present
study. Discontinuities in Arrhenius plots of
membrane-bound enzymes have widely been con-

sidered to reflect a lipid-phase transition and there-
fore to indicate a lipid-dependence of the enzymes
(Shinitzky & Barenholz, 1978). Abrupt changes in
slope at a particular temperature have been taken
to represent a phase transition in the lipid en-
vironment of the (Na+ +K+ )-stimulated ATPase

(Lenaz et al., 1975). In the present study the
(Na+ + K+ + Mg2+ )-dependent ATPase and 5'-
nucleotidase activities showed a break point
around 23-24°C, which was abolished to give a
linear relation in the Arrhenius plots in PtdSer-
treated SPM (Figs. 2a and 2b). The observed inter-
mediate values of the Arrhenius activation ener-

gies (Ea) for both enzymes in PtdSer-treated SPM
as compared with untreated SPM (controls) would
be expected if it is assumed that PtdSer 'fluidizes'
the lipid bilayer of the SPM.

It has been reported that in the liver concanava-
lin A is an allosteric effector of 5'-nucleotidase, and
changes of the Hill coefficient were used to detect
alterations of membrane fluidity (Bruscalupi et al.,
1980). We have previously reported investiga-
tions of perturbations of (Na+ +K+)-stimulated
ATPase of liver plasma membranes resulting
from changes in bilayer fluidity during liver
regeneration, based on the estimate that this
enzyme of liver plasma membranes from normal
animals exhibits a substantial allosteric inhibition
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by F-, which was significantly decreased in
hepatectomized animals (Deliconstantinos & Ra-
mantanis, 1983). Several preliminary experiments
were conducted here to indicate that concanavalin
A allosterically inhibits the SPM-associated 5'-
nucleotidase and that this co-operative behaviour
of the enzyme could be used as a tool to detect
possible modulations of the membrane fluidity.
Thus in the present study, further evidence for the
increase in the bilayer fluidity in PtdSer-treated
SPM was obtained from the alterations in the co-
operative behaviour of the SPM-bound enzymes
(Na+ + K+ )-stimulated ATPase and 5'-nucleoti-
dase. As shown in Fig. 3, the values of the Hill
coefficient, h, for the inhibition of (Na+ + K+)-
stimulated ATPase by F - and of 5'-nucleotidase by
concanavalin A were decreased in PtdSer-treated
SPM, indicating a loss of the co-operativity of the
enzymes consistent with a general increase in lipid
fluidity. It has been reported that PtdSer is one of
the acidic phospholipids that restores the activity
of (Na+ +K+)-activated ATPase in delipidated
membrane systems (Wheeler & Whittam, 1970),
and that PtdSer, which has the highest affinity for
Ca2+ in comparison with other phospholipids, can
function as a calcium ionophore (Green et al.,
1979). Wheeler (1971) demonstrated that the
activating effects of chelating agents, such as
EGTA, on particulate as well as delipidated
(Na+ +K+)-activated ATPase from brain micro-
somal functions was due to the removal of
inhibitory Ca2+ ions by the chelator, and that this
may also be accomplished by PtdSer. It has also
been reported that Ca2+ ions decrease the fluidity
of biological membranes, and this effect can be
readily reversed on addition of excess of EGTA
(Livingstone & Schachter, 1980; Gordon et al.,
1983). The lack of effect of phosphatidylcholine,
dipalmitoyl phosphatidylcholine, phosphatidyl-
glycerol and phosphatidic acid on the SPM-
associated (Na+ + K+ )-stimulated ATPase activity
and their inability to alter the membrane fluidity
suggest that the PtdSer-dependent fluidization of
SPM may not exclusively reflect the removal of
endogenous Ca2+ from the membrane. The activa-
tion of the endo-enzyme (Na+ +K+)-stimulated
ATPase and of the ecto-enzyme acetylcholin-
esterase by PtdSer in intact membranes is probably
due to the phase properties ofthis phospholipid, and
this suggestion is in agreement with the view that
SPM-associated (Na+ + K+ )-stimulated ATPase
activity requires a fluid state of the membrane lipid
bilayer to be fully active (Levental & Tabakoff,
1980). Such a presumed increase in bilayer fluidity
caused by PtdSer has different effects on the
membrane enzymes tested. Thus 5'-nucleotidase
and Mg2+-activated ATPase, both of which are
ecto-enzymes, are relatively insensitive to changes

in bilayer fluidity, although Arrhenius plots of their
activity clearly indicate lipid phase separations
occurring in the bilayer. In the present study, the
curves representing the changes in (Na+ + K+)-
stimulated ATPase and acetylcholinesterase ac-
tivities at different concentrations of PtdSer have
biphasic character (Figs. lb and 1c). The increase
in the activity of the enzymes at low concentrations
of PtdSer is probably due to the increase in lipid
fluidity of the enzymes' immediate environment,
which would relieve a constraint on the protein
molecule and increase its conformational flexibil-
ity and hence its activity. Above that turning point
(I pmol of PtdSer/mg of SPM protein), the de-
crease in the activities of the enzymes with respect
to the maximal stimulation is probably due to
fluidizing effects of PtdSer on bulk lipids of SPM
(see, e.g., Houslay et al., 1981).

In addition to altering (Na++K+)-stimulated
ATPase and acetylcholinesterase activities,
changes in membrane characteristics by PtdSer
may also affect the function of other integral
enzymes or even receptors on neuronal mem-
branes. For instance, we have shown that changes
in SPM microenvironment resulted in a consider-
able decrease in both neurotransmitter binding
and the activity of adenylate cyclase (Papaphilis &
Deliconstantinos, 1980). Modulation ofSPM archi-
tecture caused by changes in lipid fluidity by
PtdSer could be associated with changes in enzyme
activity, binding of transmitters, agonists and
antagonists, as well as in synaptic plasticity, which
may account for the pharmacological effects of
PtdSer in the brain.

We extend grateful acknowledgement to Professor
S. G. A. Alivisatos for his interest. This work was
supported by funds from the University of Athens.
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