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Abstract—Differential scanning calorimetry (d.s.c.) and assays of phospholipase A2 activity were used
as tools to distinguish between drugs which interact with the phospholipids and those which interact
directly with the enzyme. Cholesterol lowered the transition temperature (¢c) and reduced the heat
absorbed at transition and inhibited phospholipase A2 activity on liposomes prepared from dipalmitoyl-
lecithin~cholesterol. Subsequent addition of filipin to these liposomes overcame the inhibitory effect.
Cholesterol therefore inhibits phospholipase A2 by interacting with the membrane phospholipids.
Mepacrine and phentermine did not interact with dipalmitoyl-lecithin (DPL) as determined by d.s.c.,
but reduced the rate of hydrolysis induced by purified phospholipase Az by a direct interaction with the
enzyme. The anaesthetics, ethrane, halothane and trichloroethylene, inhibited phospholipase Az more
than 90 per cent and were found to interact with DPL to modify membrane fluidity and lower the
transition temperature. However, they also appeared to interact directly with the enzyme because the
inhibitory effect was not overcome either by assaying phospholipase A: at the new tc or by a ten-fold
increase in Ca®* concentration. The anti-inflammatory steroids hydrocortisone, dexamethasone and
betamethasone did not affect the rate of hydrolysis of DPL liposomes induced by phospholipase Az
even at 2:1 w/w steroid/lipid. Furthermore, these steroids were found to be without any effect on
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membrane fluidity as examined by d.s.c. and microviscosimetry.

In a great number of tissues the phospholipids are
a major source of arachidonic acid (AA) for pros-
taglandin (PG) synthesis. Phospholipase A; is the
enzyme responsible for the release of AA from the
phospholipids and therefore plays a vital role in
controlling PG synthesis. In view of its importance,
it is not surprising that in recent years it has been
the subject of intensive research. Different drugs
including mepacrine [1], phentermine [2], some local
anaesthetics [3, 4] and anti-inflammatory steroids
[5, 6] have been reported to prevent fatty acid release
in different tissues and it has been suggested that
they act via inhibition of phospholipase Az. We have
therefore studied the mechanisms by which this
enzyme can be inhibited using purified phospholipase
Az in a model system and have investigated the mode
of action of different drugs.

The physical state of the phospholipids is essen-
tially important in determining their susceptibility
to phospholipase A: activity [7, 8]. The lipids in the
membrane may exist either in a rigid gel-like state
where they are closely packed together and very
little motion is possible, or they may exist in a liquid
crystalline state where the molecules within the
bilayer are further apart and considerable motion
occurs. The transition between these two states is
temperature-dependent and can be measured by
d.s.c. This technique measures both the heat
absorbed and the temperature at which this transition
occurs. These are characteristic of the lipid under
investigation and any molecule which interacts with
the lipid can modify either the f¢ or the amount of
heat absorbed [9].

Phospholipase Az can hydrolyze phosphatidylcho-
line containing saturated or unsaturated fatty acids
maximally at the transition temperature [10]. Below
or above this temperature the enzyme activity is

considerably reduced. The coexistence of ordered
and disordered regions of phospholipid occurring
only at the tc may be responsible for the optimization
of the hydrolysis rate. Irregularities in the packing
of the lipid bilayer at this temperature may favour
insertion of the enzyme into the bilayer.

Therefore, activity of phospholipase Az might be
expected to modified either by drugs which interact
directly with the enzyme or by molecules which
interact with the lipids and modify their fluidity. It
is possible to distinguish between these two mech-
anisms by measuring the rate of hydrolysis induced
by phospholipid A; and by using d.s.c.

MATERIALS AND METHODS

The following agents were used: phospholipase Az
from Naja naja venom, lyophilized powder and phos-
pholipase A: from porcine pancreas, suspension in
3.2M (NH4):SO4 (Sigma); filipin (Upjohn Com-
pany); cholesterol (Sigma); ethrane (Abbots Lab-
oratories); halothane and trichloroethylene BP
(I.C.1.); mepacrine BP (May & Baker); L-B-dipal-
mitoyl-a-lecithin ~ (Fluca);  dimethyl-hexatriene
(Eastman-Kodak); dexamethasone sodium phos-
phate, hydrocortisone-21-sodium succinate and
betamethasone sodium phosphate (Glaxo); phen-
termine (Duromine) was a gift from Riker.

Preparation of liposomes. Dipalmitoyl-lecithin is
a saturated phospholipid and when it is dispersed in
solution and heated above the fc (41°), it forms
multibilayer liposomes.

Multibilayer liposomes were prepared in 0.1 M
Tris-buffer pH 7.2 containing 1mM CaCl.. The prep-
arations containing 1 mg DPL per ml of buffer were
heated above the fc (41°) and whirlimixed.

Preparation of cholesterol-dipalmitoyl-lecithin
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liposomes. Mixtures of cholesterol and DPL were
dissolved in benzene/methanol (95:5 v/v) and lyophi-
lized. The liposomes were then prepared as described
above,

Hydrolysis of dipalmitoyl-lecithin liposomes. The
liposome suspension was incubated at the fc (41°)
with purified phospholipase A; from pig pancreas or
Naja naja venom in a volume of 1 ml. The reaction
was terminated by the addition of 2 ml methanol and
15 mM EDTA. The mixture was evaporated to dry-
ness, the lipids dissolved in chloroform/methanol
(2:1 v/v) and chromatographed on silica gel H plates
in chloroform/methanol/water (65:25:4 v/v/v). The
lysophospholipids and remaining DPL were scraped
off the plates and quantified by phosphate assay [11].

A novel method was also used for assaying the
enzyme activity spectrophotometrically. These
measurements were carried out in a Pye Unicam SP
1800 spectrophotometer using a wavelength of
340 nm. The liposomes were incubated in buffer and
maintained at 41° during the whole experiment. The
addition of phospholipase A: induced a rapid
decrease in absorbance which corresponded to the
hydrolysis of phospholipids when assayed in parallel
by chromatographic and phosphorous techniques.
A comparison of the results obtsined from the two
methods is illustrated in Figs. la and b. This new
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Fig. 1. The hydrolysis of DPL dispersed as multibilayer

liposomes by purified phospholipase Az (a) followed by

recording absorbance changes at 340 nm, (b) followed by
chemical assay of digestion products.
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method has the advantage of being able to determine
the initial reaction rate.

Differential scanning calorimetry. Samples were
sealed in Perkin—FElmer volatile sample capsules and
examined on the differential scanning calorimeter
DSC-2. A scan speed of 20° per min was used for
heating and cooling runs over the temperature range
280-350 K. Peak areas were estimated by weighing
the area under the curve and enthalpies calculated
using indium as a standard for temperature and
power calibration. After the scans, the sample pans
were opened and the total amount of lipid deter-
mined by phosphate assay. The accuracy of DSC-2
under the range used is 0.2 per cent.

Microviscosimetry. Microviscosimetry is an alter-
native method of measuring membrane fluidity and
has been used in the present experiments with fat
cell ghosts. Fluorescence polarization measurements
were performed with a Perkin—Elmer MPF3-L spec-
trometer using an excitation wavelength of 366 nm,
an emission wavelength of 460 nm and 10 nm slits.
Corrections were made for light scattering and for
the polarization produced by the emission monoch-
romator. Diphenylhexatriene was used as the flu-
orescent probe.

Fat cell ghosts. Fat cell ghosts were prepared from
rabbit isolated fat cells according to the method of
Rodbell {12].

RESULTS

Effects of drugs on hydrolysis of dipalmitoyl-leci-
thin liposomes. When DPL liposomes were incu-
bated at the ic of 41° with phospholipase A (5i.u.),
hydrolysis of the phospholipids occurred. In the pres-
ence of mepacrine (0.2~1 mg mepacrine/mg DPL)
or phentermine (0.2-1.0 mg phentermine/mg DPL)
there was a concentration-related inhibition of
hydrolysis as shown in Fig. 2. Figure 2 illustrates
that a concentration of 0.8 mg mepacrine or 1 mg
phentermine/mg DPL caused 75 per cent inhibition.

Dipalmitoyl-lecithin liposomes containing choles-
terol, a compound known to interact with phospho-
lipids, also inhibited hydrolysis. Figure 3 shows that
cholesterol/DPL. mixtures (0.03-0.12mg choles-
terol/mg DPL) decreased the rate of hydrolysis as
the concentration of cholesterol increased. At
0.12 mg cholesterol/mg DPL, 95 per cent inhibition
occurred.

The general anaesthetics, ethrane (enflurane),
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Fig. 2. The inhibition of phospholipase Az induced by
mepacrine and phentermine.
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Fig. 3. The effect of cholesterol on DPL hydrolysis induced
by phospholipase A:.

halothane and trichloroethylene also caused a con-
centration-related reduction of hydrolysis as shown
in Fig. 4. Below 0.2 ul anaesthetic/mg DPL the
inhibition was negligible, while with 1ul anaes-
thetic/mg DPL all three anaesthetics inhibited phos-
pholipase A: activity by more than 80 per cent.

On the other hand, the glucocorticoids hydrocor-
tisone, dexamethasone and betamethasone failed to
influence the hydrolysis of DPL liposomes induced
by phospholipase A: from pig pancreas or Naja naja
venom even in concentrations as high as 2:1 (w/w)
steroid/lipid.

Effect of drugs on the transition temperature of
dipalmitoyl-lecithin. When the interaction of mepa-
crine and phentermine with DPL liposomes was stud-
ied by d.s.c., even concentrations of 400 ug com-
pound/mg DPL had no effect on the transition
temperature (41.5°) or enthalpy (36.6 kJ mole ™) of
DPL. In contrast, addition of cholesterol to DPL
inhibited the transition between the gel and liquid
crystalline state. Cholesterol 30-130 ug/mg DPL (i.e.
the same range of concentrations found to inhibit
phospholipase A:z) decreased the heat absorbed at
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the transition, as shown previously by Ladbrooke et
al [13]. They also found that no transition occurred
in the presence of equimolar ratios of
lecithin/cholesterol. It is known that the polyene
antibiotic filipin forms an association with cholesterol
and restores the co-operative phase transition of the
phosphatidyl-choline molecules [14]. In the present
experiments, filipin (in equimolar concentrations
filipin/cholesterol) was found to restore 95 per cent
of the phospholipase A: activity.

All three anaesthetic agents studied, at a concen-
tration of 1 ug/ml DPL, lowered tc, as illustrated in
Fig. 5. Ethrane, halothane and trichloroethylene
interacted with the phospholipids, lowering the
phase transition by 9, 15 and 30°, respectively and
increased the width of the transition. The activity of
phospholipase A: in the presence of these anaes-
thetics was not restored when the enzyme was
assayed at the new tcs. Mountcastle et al. [15] have
suggested that these anaesthetics decrease the degree
of co-operativity of the phospholipid molecules at
the z¢. This property might explain their inhibitory
effect. Another possibility is a direct inhibition of
phospholipase A; by these molecules.

It has been suggested that some local anaesthetics
inhibit phospholipase A by competing for Ca**
[3,4]. This, however, is not the case for general
anaesthetics. In the present experiments, even when
the Ca®* concentration was increased 10-fold (10
mM), the effect of these anaesthetics was not
reversed.

An attempt was also made to use d.s.c to explain
the earlier finding that glucocorticoids inhibit AA
release from fat cell ghosts [6].

Glucocorticoid-lipid interactions were studied by
d.s.c. and at concentrations of the three steroids up
to 100 ug/ml DPL (i.e. a much higher concentration
than that used in biological studies), no effect on #
(41.5°) or enthalpy (36.6 kJ.mole™!) of DPL.

A direct study of the effect of glucocorticoids on
fat cell ghosts was carried out using the technique
of microviscosimetry. Fluorescence polarization
measurements at 25° on fat cell ghosts using diphenyl-
hexatriene as a fluorescent probe showed that incu-
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Fig. 4. The effect of different general anaesthetics on DPL hydrolysis induced by phospholipase Aa.
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Fig. 5. The effect of anaesthetics on the DPL gel to liquid-
crystalline phase transition.

bation with different concentrations of dexametha-
sone from 5 to 100 ug/ml did not alter the measured
value of P (the fluorescence polarization) found to
be 0.228 for control and 0.225 for steroid treated
preparations (mean of three experiments).

DISCUSSION

The present findings have demonstrated the
importance of membrane fluidity with regard to
phospholipase activity. Irregularities in lipid packing
in the bilayer of liposomes strongly enhance enzyme
activity and these packing faults exist at the transition
temperature of the lipid. At this temperature, lipids
in both the liquid crystalline and the gel phase co-
exist. It appears likely that penetration ofthe enzyme
into the interphase is facilitated at the border of the
domains of “frozen lipid” {10, 16].

Purified phospholipase A: has been widely used
in a number of different studies on membrane struc-
ture and physical properties. The asymetric distri-
bution of the phospholipid classes across the mem-
brane of the erythrocyte [17] and the micro-organism
Acholeplasma laidlawii [18] have been studied using
this enzyme. It has also proved a useful tool in the
studies on membrane physical properties, e.g. mem-
brane surface pressure [7], membrane sidedness [19]
and metabolism of membrane lipid [20].

The hydrolysis of phospholipids by phospholipase
A; has thus become a very suitable tool for the
investigation of the physical properties of the plasma
membrane, its lipid organization and its function as
a permeability barrier.

Interest in phospholipase A: has grown consider-
ably in recent years in view of its importance with
regard to PG synthesis. Arachidonic acid is released
from the phospholipids by phospholipase A; before
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being converted into prostaglandins. The spectro-
photometric assay of phospholipase A which we
have presented in this paper is rapid and simple and
would be ideally suited for the screening of drugs
which might modify phospholipase activity.

Parallel studies of drug-phospholipid interactions
using d.s.c. provide further insight into the mech-
anism of action of phospholipase inhibitors. The
present experiments show that agents which rigidify
the membrane, such as cholesterol, or those which
fluidize the membrane, such as anaesthetics,
inhibited phospholipase action. Other drugs, e.g.
mepacrine and phentermine, directly inhibited the
enzyme without interacting with the membrane
phospholipids. In biological systems, however, other
regulatory mechanisms might also be present,

Cholesterol was found to decrease the heat
absorbed at the transition and to inhibit the hydroly-
sis rate induced by phospholipase in the same con-
centration range. Furthermore, this activity was
reversed by filipin. It seems likely, therefore, that
cholesterol inhibits the phospholipase by interacting
with the phospholipids. Some local anaesthetics have
been reported to inhibit endogenous phospholipase
A:z [3, 4]. Similar molecules have been found to
interact with the phospholipids and modify their
fluidity [21]. In the present study, the actions of the
general anaesthetics, ethrane, halothane and trich-
loroethylene, were found to be more complex. They
lowered the tc, decreased the heat absorbed at tran-
sition and inhibited the hydrolysis. In addition, when
hydrolysis was carried out at the new zc, the enzyme
was still inhibited, indicating some other action. This
was not competition for Ca**, since an increase in
Ca”* did not reverse the inhibition. It appears, there-
fore, that the three anaesthetics not only interact
with the membrane phospholipids but influence the
enzyme activity either by direct interaction or by
reducing the cluster size of the phospholipids at this
temperature {15].

In 1961, glucocorticoids were first reported to
stabilize biological membranes [22] and we have
therefore studied glucocorticoid-phospholipid inter-
action by d.s.c. and microviscosimetry to determine
whether this stabilization is due to a direct interaction
with the membrane phospholipids. Our studies using
even higher concentrations of glucocorticoids than
those used in biological systems failed to reveal any
effect of these drugs on membrane fluidity. A stabil-
ization of the membrane by glucocorticoid—phospho-
lipid interactions can therefore be excluded.

Another possible stabilization mechanism of these
drugs could be via a direct inhibition of phospholi-
pase A: activity. However, the present investigation
has shown that the rate of hydrolysis of DPL by
purified phospholipase A: from pig pancreas or Naja
naja venom was not altered in the presence of
hydrocortisone, dexamethasone or betamethasone
up to 2:1 (w/w) steroid/lipid.

The inhibition of phospholipase A: in biological
systems by anti-inflammatory steroids does not
therefore appear to be either via direct interactions
of the steroids with the enzyme or by steroid-
phospholipid interactions. A further mechanism pre-
sently under investigation must therefore be involved
to explain their action.
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