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SUMMARY

ABOOD, L. G., M. BUTLER AND D. REYNOLDS. Effect of calcium and physical state of
neural membranes on phosphatidylserine requirement for opiate binding. Mol. P/tar-

macol. 17: 290-294 (1980).

A study was undertaken to investigate the nature of the inhibitory action of phospholipase
A2 (PL-A) on stereospecific opiate binding to rat brain membrane preparations in relation
to the hypothesis that phosphatidylserine (PS) is required for binding. Although the
presence of albumin will prevent the inhibitory effect of PL-A, the protective action of
the protein is substantially less at higher enzyme concentrations, which result in over 10%
reduction of the endogenous PS. PS is able to restore opiate binding after exposure to
lower, but not higher, concentrations of the enzyme. In the presence of albumin, the

enhancement effect of PS is not demonstrable, presumably because the albumin conju-
gates the lipid. The presence of Ca or other multivalent cations is not required for the
enhancement effect of PS, as evidenced by the fact that the repeated washing of the

membranes by EGTA or EDTA does not alter the extent of enhancement. Opiate binding
was greatly reduced by physical disruption of membranes by either freeze-thawing or
sonication, while in each case the addition of PS restored binding to the control level.

INTRODUCTION

Despite the intensive efforts to elucidate the molecular
nature of the opiate receptor, knowledge concerning its
molecular composition and configuration is based largely

on indirect evidence. The evidence that the receptor is
comprised of both a protein and a phospholipid derives
from the observations that various proteases, protein-
modifying agents, and phospholipases can destroy stere-
ospecific opiate binding (1). Evidence for its proteina-
ceous nature is complicated by the fact that the proteases
as well as their autolytic peptides are inhibitory to opiate
binding (2), whereas the evidence for its phospholipid
requirement is confounded by the fact that the presence

of bovine serum albumin during exposure of neural mem-
branes to PL-A’ can greatly reduce the inhibitory action
of the enzyme (3).

Interest in this laboratory has focused on the attempt
to demonstrate that PS is an essential component of the
opiate receptor. Evidence for its role is based on the
observations that PL-A and PS decarboxylase destroy
opiate binding, while exogenous phosphatidylserine will
restore it (4). The objectives of the present study are to
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examine further the nature of the membrane interaction
with PS, to determine the possible requirements for Ca
and other divalent cations for the lipid interaction, and
to investigate further the inhibitory action of PL-A to
determine the effect of physical disruption of membranes
on opiate binding, as well as the protective effect . of
albumin against the enzyme.

MATERIALS AND METHODS

The procedures for the preparation of the neural mem-
branes from rat brain (excluding cerebellum) are de-
scribed elsewhere (4). In those experiments where EGTA
or EDTA was used, the membrane pellet was homoge-
rnzed in i0� mol of the chelating agent in 0.05 M Tris,

pH 7.5, incubated for 30 mm at 37#{176}C,and centrifuged at
75,000g for 30 mm. The pellet was then homogenized and
diluted to 1 mg protein/mi in 0.05 M Tris, pH 7.5, prior
to use. The procedure for adding PS involved the addi-
tion of 100 �tg/mi homogenate oflipid dissolved in hexane
to a glass homogenizer, evaporating off the hexane with
a stream of N2, adding a suspension of neural membranes
to the homogenizer, and then homogenizing with a Teflon
pestle for about 10 s. The fatty acid composition of the
added PS was as follows: 16:0, 1.1%, 18:0, 40.3%; 18:1,
21.7%; 20:4, 2.6%, 22:6, 24.7%; other, 9.6%. Bovine serum
albumin was used at a concentration of 2 mg/mi homog-
enate.
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Membrane treatment with FL-A. PL-A (Viper russelli,
11 units/mg), at a concentration of iO3-i04 unit/mg

membrane protein, was incubated with the membrane

preparation at 37#{176}Cfor 15 mm, which was determined to
be an optimal time for PL-A hydrolysis. The membranes
were then centrifuged at 75,000g for 20 mm and the pellet
was homogenized in Tris buffer. The PL-A, obtained

from Sigma Chemical Co., contained less than 0.001%
protease activity.

Analysis ofphospholipids and fatty acids released by

PL-A. The procedures for the separation of the various
phospholipids and the fatty acids released by PL-A are
described in detail elsewhere (5).

Preparation ofphosphatidyLserine from bovine brain.

The procedure for the preparation of PS from bovine

brain is a modification of that described by Rouser et al.
(6). After extraction of the lipid from bovine brain by the
procedure of Bligh and Dyer (7), the total phospholipids
were fractionated on a silicic acid colunm. PS was then

separated on a DEAE-cellulose column according to the
procedure of Rouser et al. (6). Chloroform was added
and the acetic acid removed by repeated extraction with
water. Upon removal of the chloroform by flash evapo-

ration and lyophilization to remove the residual acetic
acid, the PS was dissolved in hexane and stored under
argon at -20#{176}C. Approximately 70 mg ofPS was obtained
from 20 g wet weight of cortical gray matter of bovine
brain.

Sonication of membranes. Somcation of membranes
was performed with a Branson cell disruptor using a

power density of 450 W in.2 and an operating frequency

of 50 kcycles/s. The time of sonication was 30 s, and the
temperature 4#{176}C.

Measurement of opiate binding. Opiate binding was
measured by the technique of Pasternak and Snyder (1)
with slight modifications as described elsewhere (4). It
involved the use of 3H-dihydromorphine (sp act = 80 Ci/
mmol) and filtration in vacuo through Whatman GF/B
glass-fiber filters. A typical incubation medium contained
the following in a final volume of 1.2 ml: 0.05 M Tris, pH

7.5, 0.05 �zCi of 3H-dihydromorphine, and iO� M dextro-
rophan or levorphanol. Stereospecific binding is the dif-
ference in radioactivity obtained in the presence of dex-
trorphan from that of levorphanol.

RESULTS

Effect ofFL-A on opiate binding and fatty acid with
or without PS. Exposure of neural membranes to 2 x
iO� units of PL-A/mg membrane protein resulted in a
44% inhibition of opiate binding, while the subsequent
addition of PS resulted in an 18% increase over the
control (Table 1). Under similar conditions the control
value was enhanced 41% by added PS. At this concentra-
tion of PL-A, 5.0 nmol of C�:6 fatty acid was released, as

compared to 1.4 and 2.7 nmol of C18:i and C�:4, respec-
tively. In the presence of added PS, the release of C�6
was about threefold greater than in the absence of the
lipid, as compared to a twofold increase in C18:i and no
change in C�4. At a concentration of i03 units PL-A/
mg protein, opiate binding was almost completely in-

hibited, while the subsequent addition of PS was without
effect. At this concentration of PL-A, 19 nmol of C�6 was
released in the absence of the lipid and 31 nmol in its
presence. C18:i increased from 6 to 25 nmol after the
addition of the lipid, while C�4 showed no change. The
fact that free fatty acids are released in the absence of
added PL-A may be due to endogenous PL-A activity.

Fatty acid content of membrane phospholipids after
attack by FL-A. An analysis of the changes in the fatty
acid content of the individual phospholipids after expo-
sure to two concentrations of PL-A is presented in Table
2. The fatty acid showing the most significant decrease
at 2 x iO� units of the enzyme was C�6 of PS (6%) and
phosphatidylethanolamine (5.5%). At the higher enzyme

concentration, C�6 decreased 19 and 21% from the con-
trol values of PS and phosphatidylethanolamine, respec-

tively, while decreasing 41% in phosphatidylcholine. A
decrease of 5-10% was observed in C18:i in 9.11 phospholip-
ids at the higher enzyme concentration.

Effect of EGTA and CaCl2 on PS enhancement of
opiate binding. When a fresh or frozen EGTA-washed
membrane preparation was incubated for 30 mm at 37#{176}C
in io-3 M Tris and washed with 0.05 M Tris, the enhance-
ment of opiate binding by PS was comparable to that of
the control (Table 3). After the addition of iO� M EGTA
to the EGTA-washed preparations, PS resulted in a 41%
enhancement of fresh membranes and a 115% enhance-
ment of a day-old preparation stored at -20#{176}C.In the
presence of i05 M CaCl2, the enhancement of opiate

TABLE 1

Effect ofphospholipase A2 on opiate binding and release offatty acids in the presence and absence of added phosphatidylserine

Neural membranes were incubated for 5 mm at 37#{176}Cin phospholipase A2 (Viper russelli) and exposed to phosphatidylserine for another 10

mill prior to the measurement of opiate binding. Equivalent samples were used for measuring the release of free fatty acids during the total

incubation period. The values in parentheses indicate the increment over the control leveL The data are expressed as mean ± standard deviation.

All percentage changes in opiate binding are significant at P < 0.01-0.001 according to the t test.

Added Opiate binding Free fatty acids (nmol/mg)
PS

mol/mg % Change 18:1 22:6 20:4
)( 1014

Control - 4.6 ± 0.32 - 3.7 ± 0.2 0.5 ± 0.04 2.5 ± 0.03

+ 6.5 ± 0.50 41 3.2 ± 0.2 0.5 ± 0.05 2.4 ± 0.02

2 x i0-� units PL-A - 2.6 ± 0.30 -44 5.1 ± 0.5 (1.4) 5.5 ± 0.5 (5.0) 5.2 ± 0.05 (2.7)

+ 5.0 ± 0.40 18 10.4 ± 0.9 (7.2) 15.8 ± 1.8 (15.3) 5.1 ± 0.4 (2.7)

1 x i0-� units PL-A - 0.3 ± 0.02 -93 9.7 ± 0.9 (6.0) 19.4 ± 1.5 (18.8) 11.1 ± 0.9 (8.5)
+ 0.4 ± 0.04 -86 28.6 ± 2.0 (25.4) 31.8 ± 3.0 (31.3) 10.0 ± 0.8 (7.5)
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TABLE 2

Fatty acid content ofmembrane phospholipids after attack by phospholipase A2

Values are expressed in nmol/mg membrane protein and represent an average of two separate experiments agreeing with 10% of the mean. PL-

A concentration = 2 x iO� and 1 x i0� units/mg protein.

Phosphatidylserine Phosphatidylethanolamine Phosphatidyicholine

C 0.0002 0.001C 0.0002 0.001 C 0.0002 0.001

i-�;-- 3.0 3.0 2.4 22.0 21.6 20.2 150.5 148.0 134.8

18:0 61.5 58.2 55.8 72.5 69.1 65.5 43.9 43.2 40.8

18:1 23.4 23.4 22.3 49.2 48.7 46.3 84.9 83.9 79.0

20:4 4.1 3.9 2.9 34.7 33.6 30.0 16.1 14.7 11.3

22:6 30.0 28.2 24.4 69.3 65.5 54.5 7.3 7.0 4.0

Other 7.1 8.1 7.8 97.8 97.5 89.6 13.6 13.3 13.1

Total

nmol 129.1 124.7 115.6 346.5 336.0 306.1 316.3 310.1 283.0

binding was 47% with the fresh and 69% with the frozen
membranes. The enhancement also occurred in both
preparations with iO� M CaC12, although the degree of
opiate binding was diminished by this concentration of
CaC12. In the presence of i04 M MnCJ2, a 29% enhance-
ment was observed in the EGTA-washed fresh mem-

branes, and an 84% enhancement in the frozen prepara-
tion. Similar results were obtained with EDTA (data not

shown).
Effect of repeated EGTA washing on Ca levels and

opiate binding in neural membranes. When neural mem-
branes were prepared in and exposed repeatedly to i0�
M EGTA, the degree of opiate binding was not signifi-
cantly decreased until the third washing with EGTA

TABLE 3

Influence ofEGTA and CaC12 on PS enhancement ofopiate binding
of neural membranes

Neural membranes were incubated in 0.05 M Tris containing 10-’ M

EGTA at 37#{176}Cfor 30 mm and washed once with 0.05 M Tris. Mem-

branes were used immediately or frozen at -20#{176}C and used 24 h later.

Control = membranes prepared without EGTA. iO� M EGTA and iO�

or i0� M CaCl2 were added to the incubation medium of EGTA-washed

preparations. DHM bound is in mol x 10’4/mg protein. PS = phospha-

tidylserine. The data are presented as mean ± standard deviation and

are significant at P < 0.01-0.001.

Added Fresh membranes Frozen mem-
PS branes

DHM % In- DHM % In-
bound crease bound crease

by+PS by+PS

Control - 4.2 ± 0.30 - 2.2 -

+ 6.0 ± 0.45 44 3.7 67

EGTA washed - 4.0 ± 0.30 - 2.1 -

+ 5.7 ± 0.45 42 3.6 67

EGTA washed - 4.3 ± 0.30 - 1.6 -

+ io-4 M + 6.1 ± 0.45 41 3.4 115

EGTA

EGTA washed - 4.2 ± 0.30 - 2.3 -

+ iO-� M + 6.2 ± 0.40 47 3.9 69

CaCl2

EGTA washed - 2.7 ± 0.20 - 2.2 -

+ iO-� M + 3.7 ± 0.25 37 3.6 64

CaCl2

EGTA washed - 4.5 ± 0.30 - 2.3 -

+ io-4 M + 5.8 ± 0.40 29 4.2 84

MnCl,

(Table 4). After the fourth wash, opiate binding de-
creased about 30%. On the other hand, the ability of PS

to enhance opiate binding increased from 40% initially to
69% after the fourth wash with EGTA. The presence of
io-4 M EGTA in the incubation medium after the fourth
wash slightly decreased opiate binding and the enhance-
ment by PS. With repeated washing in EGTA, the level
of 45Ca remaining in the membranes decreased progres-
sively, attaining a value of 1-2% of the original after the
fourth wash with EGTA.

Effect of albumin on protection of opiate binding to
FL-A treatment. In the presence of bovine serum albu-
mm, the addition of PS to neural membranes had no
enhancement effect on opiate binding (Table 5). After
exposure of membranes to 2 x i(r4 units PL-A/mg
membrane protein, opiate binding was reduced to 42% of
the control, while the subsequent addition of the lipid
restored binding to the control level. The presence of

albumin greatly reduced the inhibitory effect of the li-

TABLE 4

Effect ofrepeated EGTA washing on Ca level and opiate binding of

neural membranes

Rat brain was homogenized in i0’ M EGTA + 0.05 M Tris, incubated

for 30 mm, and recentrifuged (1st wash). The procedure was repeated

three times. To measure Ca, 0.1 j�Ci of �Ca (10 Ci/g) was incubated

with membranes (prepared without EGTA) for 1 h, centrifuged, and

resuspended in i(Y3 M EGTA. The subsequent procedure was then

identical as described. The results are an average of three separate

experiments agreeing within 6% of the mean.

Bound �Ca Opiate binding (mol x
10/mg protein)

Radioac- % Re- Control +PS %
tivity maining Change

dpm

Initial pellet 13,690 100 4.3 6.0 40

i03 M EGTA (1st

wash) 5,060 35 4.2 6.3 50

io-3 M EGTA (2nd

wash) 2,590 19 4.0 6.1 52

io-3 M EGTA (3rd

wash) 1,130 8 3.7 5.8 57

10-’ M EGTA (4th

wash) 220 1.5 3.2 5.4 69

4th wash + iO� M

EGTA� 220 1.5 3.0 4.9 63

a � M EGTA added to incubation medium.
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TABLE 5

Effect of bovine albumin on protection ofopiate binding to
phospholipase treatment in the presence and absence of

phosphatidylserine

Bovine serum albumin (BSA) at a concentration of 2 mg/mi was

added to membranes 2 miii prior to the addition of phospholipase A2

and the mixture incubated for 5 min at 37#{176}C.A final concentration of

io-� M EGTA or CaC12 was added 2 mm prior to PS, the mixture briefly

homogenized and incubated for 15 mm at 37#{176}C.Opiate binding was

then measured. The results are presented as mean ± standard deviation

and are significant at P < 0.01.

Added

BSA
Added

PS
Opiate binding %

Control

mel X 1O’4/mg

Control -

+

-

+

-

+

4.3 ± 0.30

6.0 ± 0.45

4.3±0.35

4.4 ± 0.35

-

140

100

102

PL-A (2 x 10� units) -

+

-

+

-

+

2.1 ± 0.15

4.4 ± 0.30

3.8±0.25

3.8±0.30

48

102

85

85

PL-A (2 x iO� unit.s) -

+

-

+

-

+

0.2 ± 0.01

0.2±0.01

2.3±0.20

2.2±0.20

5

5

52

50

PL-A (2 x i0’ units) - - 4.0 ± 0.30 93

+ iO� M EGTA + 4.0 ± 0.30 93

PL-A (2 x i0-� units) - - 2.6 ± 0.25 56

+ iO-� M CaC12 + 2.6 ± 0.25 56

pase, while adding PS failed to produce any enhance-
ment. At a 10-fold higher concentration, the lipase in-
hibited opiate binding completely and about 50% in the
absence and presence of albumin, respectively, while the
lipid had no effect with or without albumin present. In
the presence of iO� M EGTA, the inhibitory effect of PL-
A and the enhancement effect of PS on opiate binding
were abolished. The presence of iO� M CaC12 did not
alter the inhibitory effect of the enzyme, but prevented
the enhancement of opiate binding.

Effect of sonication on opiate binding. Sonication of
rat brain membranes resulted in an over 50% loss of
opiate binding, while the addition ofPS increased binding
to 80% of the control level without added lipid (Table 6).

Effect ofFL-A on opiate binding ofmembranes from
spinal cord. Opiate binding to rat spinal cord membranes
was enhanced 60% by the addition of PS (Table 7).
Exposure of the membranes to 0.02 �tg of PL-A/mg
protein resulted in a 32% reduction in opiate binding,
while the subsequent addition of PS increased binding

TABLE 6

Effect of sonication on opiate binding to rat brain membranes

Membranes were sonicated in the presence and absence of added

phosphatidylserine prior to measurement of opiate binding. The results

are presented as mean ± standard deviation and are significant at P <

0.01.

Membranes Added PS DHM bound

x i�’� mol/mg

% Control

Control

Sonicated

-

+

-

+

4.2 ± 0.30

5.7±0.40

2.0 ± 0.20

3.4 ± 0.25

-

135

53

81

TABLE 7

Effect ofphospholipase A2 on opiate binding to rat spinal cord

membranes in the presence and absence of added

phosphatidylserine

Spinal cord membranes were incubated with phospholipase A, (PL-

A) for 5 miii at 37#{176}C.After the addition of 100 �tg phosphatidylserine/

mg protein, tubes were incubated for another 10 mm at 37#{176}C,prior to

the addition of 3H-DHM and either levorphanol or dextorphan. The

results are based on three separate experiments agreeing within 6% of

the mean.

DHM bound % Change

x iO’� mol/mg

Control 0.70 -

Control + PS 1.12 60

2 x iO� units PL-A 0.49 -32

2 x iO� units PL-A + PS 0.80 14

5 x iO-� unit�s PL-A 0.40 43

5 x iO� units PL-A + PS 0.32 54

14% over the control level. At a concentration of 0.4 zg of
PL-A/mg protein, binding was reduced 43% in the ab-
sence and 54% in the presence of PS.

DISCUSSION

One of the objectives of the present study was to
determine whether Ca or another multivalent cation was
essential for the ability of PS to enhance stereospecific
opiate binding. The failure to alter the lipid enhancement
appreciably by repeated washing of membranes with

EGTA or EDTA indicates that Ca or related cations are
not required. Although it is difficult to remove all Ca
from the membranes even after extensive washing with
EGTA, the enhancement effect is only marginally re-
duced when only 2% of the original bound Ca remains.
Even the presence of EGTA, Ca, or Mn in the incubation
medium of the EGTA-washed membranes failed to mod-
ify the lipid enhancement of opiate binding. It can be
concluded that multivalent cations are not required for
the enhancement effect. It had been previously demon-
strated that PS in the Ca form is no longer effective (8).

It should be mentioned that the purity of the PS is
essential for obtaining the results described in the present
study. Slight contaminants, particularly those obtained
from the DEAE-cellulose used in the purification, greatly
reduce or abolish the enhancement effect on opiate bind-
ing. Other factors which reduce the enhancement are the
oxidation and hydrolysis of the lipid, the latter effect
resulting in the formation of the highly inhibitory unsat-
urated fatty acids (8). When working with such subopti-
mal preparations of lipid, the enhancement effect was
not demonstrable in the EGTA-washed membrane prep-
arations, but returned upon the subsequent addition of
io� M Ca. The explanation for such results is unknown.

To establish the validity of the argument that PS is a
requirement for the opiate receptor (2, 4), an explanation
must be offered for the fact that albumin is able to
prevent the inhibitory effects of PL-A treatment on
opiate binding. One possibility is that the albumin alters
the pattern of the enzymic attack of the membrane PS
which is believed to be asymmetrically distributed (9,
10). The similarity in the pattern of fatty acid hydrolysis

by the enzyme in the presence and absence of albumin
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Send reprint requests to: Leo G. Abood, Box 605, University of

Rochester, 601 Elmwood Avenue, Rochester, New York 14642.

does not lend support to this argument. Another possi-
bility is that, following enzymic cleavage of the lipid
associated with the receptor, the PS may redistribute
and replenish the depleted lipid at the receptor site. The
fact that lateral diffusion of membrane phospholipids
(11, 12) and phospholipid exchange (13) between mem-

brane components are relatively rapid processes lends
support to this argument. It may also be argued that the
protective effect of albumin against PL-A supports the
argument that phospholipids are not required for opiate
binding. Although the protective effect of albumin is
evident at lower concentrations of PL-A, it is less evident
at higher enzyme concentrations when the levels of PS
are reduced more than 10% of normal. At concentrations
of the enzyme exceeding 0.01 unit/mg membrane, albu-
mm is ineffective in preventing the inhibition of opiate
binding. In previous studies where albumin was reported
to be ineffective, only the higher range of enzyme con-
centrations was used (4).

Opiate binding was reduced about 50% when the fatty
acids released by PL-A--mostly Cn:6were about 5
nmol/mg membrane protein. The PS content of the
membranes was 0.060 mg/mg protein, which represents
about 200 nmol of fatty acid at the C2 position, so that
less than 3% of the endogenous PS was depleted by PL-
A. At greater concentrations of PL-A, when the released
C22:6 approached 20 nmol/mg protein, the inhibition of
opiate binding was complete. It is conceivable that the
PS associated with the receptor may be more readily
accessible to the enzyme.

It has been reported that the binding ofopiate agonists,
but not antagonists, to neural membranes is enhanced by
Mn and other divalent cations (14). Since opiate binding
was decreased by EDTA and could be subsequently
restored by the addition of Mn or Ni, it was inferred that
a divalent cation served as a modulator of receptor func-
tion (14). The present studies do not indicate that wash-
ing with either EDTA or EGTA significantly diminishes
opiate binding or that the addition of either Mn or Ca to
EGTA-washed membranes significantly mcreases opiate
binding. In frozen membrane preparations there occurs
a marked reduction of opiate binding, and the degree of
enhancement resulting from PS is twice that obtained
with the unfrozen membranes. The addition of i0� M

MnC12 to EGTA-washed frozen membranes does appear
to augment the enhancement effect of PS. No explana-
tion is evident for this binding. Nevertheless, the possi-

bility that an extremely low concentration of Ca or some
other multivalent cation is required for opiate binding
cannot be ruled out.

Although the lipid concentration of membrane prepa-
rations from rat spinal cord are somewhat greater than
that found in rat brain, the addition of PS produced an
even greater enhancement than that generally found in
membranes from brain. It is conceivable that the in-
creased enhancement is related to the fact that the
concentration of binding sites in spinal cord is only 16%
of that bound in brain. The enhancement by PS appears
to be greater when the degree of opiate binding is de-
creased, as exemplified by the studies with frozen and
sonicated membranes.
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