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Reconstitution of affinity-purified dopamine D, receptor binding activities
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The role of lipids in maintaining ligand binding properties of affinity-purified bovine striatal dopamine D,
receptor was investigated in detail. The receptor, purified on a haloperidol-linked Sepharose CL6B affinity
column, exhibited low [*H]spiroperidol binding unless reconstituted with soybean phospholipids. In order to
understand the role of individual phospholipids in maintaining the receptor binding activity, the purified
preparation was reconstituted separately with individual phospholipids and assayed for [>H]spiroperidol
binding. Except for phosphatidylcholine and phosphatidylethanolamine, that respectively restored 30 and
20% binding as compared to that obtained with soybean lipids, reconstitution with other lipids had very little
effect. When various combinations of phospholipids were used for reconstitution, a phosphatidylcholine and
phosphatidylserine mixture seemed to almost fully restore the receptor binding. A mixture of phosphati-
dylcholine and phosphatidylethanolamine was as effective as phosphatidylcholine alone in reconstituting
ligand binding; however, when phosphatidylserine was also included in the mixture, there was a pronounced
increase in binding (about 2-fold compared to the soybean lipids and about 6-fold compared to the
phosphatidylcholine-phosphatidylethanolamine mixture). Substitution of other phospholipids or cholesterol
for phosphatidylserine in phosphatidylcholine and phosphatidylethanolamine mixture had little effect.
Maximal reconstitution of |>H]spiroperidol binding was obtained with phosphatidylcholine, phosphatidyl-
ethanolamine and phosphatidylserine mixture (2:2:1, w/w) at a concentration of 0.5 mg/ml. The
reconstituted receptor exhibited high affinity binding for [>H]spiroperidol which was comparable to that
obtained with membrane or solubilized preparations. Various dopaminergic antagonists and agonists showed
appropriate order of potency for the reconstituted receptor. The presently described reconstitution data
suggest a role of specific phospholipids in preserving the binding properties of dopamine D, receptor and
should prove useful in studies on functional reconstitution of the receptor.

Abbreviations: PC, phosphatidylcholine; PE, phosphatidyl- Introduction
ethanolamine; PS, phosphatidylserine; PI, phosphatidylinosi-
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Correspondence: R.K. Mishra, Departments of Psychiatry and neur Otfansmltter receptor mec}}amsms 18 now YV“?H
Neurosciences, McMaster University, Health Sciences Centre, recognized; however, the question of specific lipid
1200 Main Street West, Hamilton, Ontario, Canada L8N 3Z5. requirement for the maintenance of receptor func-

0005-2736,/87,/303.50 © 1987 Elsevier Science Publishers B.V. (Biomedical Division)



176

tions remains unresolved [1,2]. Lipid involvement
in receptor-ligand interactions and the subsequent
transduction mechanisms has largely been sug-
gested by treatment of memrbanes with various
phospholipases. The interpretation of results ob-
tained by such methods is made difficult by the
presence of cleavage products in the preparation.
Thus, in order to study the requirement of specific
lipids in receptor functions, it is desirable to ob-
tain a purified preparation of the receptors and
reconstitute them in lipid vesicles of defined com-
position. Data on specific lipid requirement of
isolated receptors are limited, but for those recep-
tors that have been reconstituted in lipid vesicles
or planar bilayers, the importance of particular
lipids was noted in some instance but not in
others [3]. For example, no specificity for the
phospholipid polar head or its alkyl chain could
be defined for B-adrenergic receptor [4] or nico-
tinic cholinergic receptor [5], although in the latter
case, cholesterol and negatively charged lipids were
found to improve the functional reconstitution in
terms of ion-gating properties [5-7]. Using a de-
lipidated preparation of B-adrenergic receptor that
showed no antagonist binding, it has been re-
ported [8] that reconstitution of the receptor with
phosphatidylethanolamine restored maximal bind-
ing compared to other phospholipids, and that
cholesterol ester in mixture with acidic phos-
pholipids dramatically increased the antagonist
binding. Similarly, isolation of opiate receptors by
affinity chromatography has been shown to result
in a loss of ligand binding which could be restored
by reconstituting the receptor with an acidic lipid
fraction from the column [9]. The same group of
workers has recently reported [10] a change in
opiate receptor characteristics with alteration of
membrane lipid composition by a new enzymatic
reconstitution method.

Brain dopamine receptors have been classified
into two subtypes, D, and D,, based on their
affinity towards dopaminergic ligands and rela-
tionship to adenylate cyclase [11]. The bovine
caudate D, receptor has been solubilized with
cholate and reconstituted in crude soybean phos-
phatidyicholine [12}. An enhancing effect of phos-
phatidylcholine and phosphatidylserine on D,-
antagonist binding to crude cholate extracts of rat
brain synaptic membranes has also been observed

[13]. Since in the above studies, the effects of lipid
were studied in crude extracts, it is difficult to
assess the requirement of specific lipids by the
receptor.

We have recently purified bovine-striatal
dopamine D, receptor by affinity chromatography
on haloperidol-Sepharose and have found that
inclusion of lipids was necessary in the elution
buffer to obtain active receptor [14]. In another
recent report on the purification of anterior pitui-
tary dopamine D, receptor [15], an absolute re-
quirement of reconstitution with soybean phos-
pholipids had been noted for the demonstration of
receptor characteristics; however, no lipid specific-
ity for the receptor was evaluated. In our goal
toward functional reconstitution of dopamine D,
receptor with its effector system, we first set out to
define the role of various phospholipids in recon-
stituting the ligand-binding properties of the
purified receptor. In the present communication,
we describe the reconstitution of purified dopa-
mine D, receptor in phospholipid vesicles of de-
fined composition and demonstrate that a combi-
nation of phosphatidylcholine, phosphatidyl-
ethanolamine and phosphatidylserine offers an
optimal system for the study of receptor character-
istics.

Materials and Methods

Materials. [*H)Spiroperidol (25 Ci/mmol) and
[*H}haloperidol (18 Ci/mmol) were purchased
from New England Nuclear. The following un-
labelled drugs were generous gifts: haloperidol
(McNeil, Canada); spiroperidol and domperidone
(Janssen, Belgium); N0434 (Nelsen, U.S.A.). N-
Propylnorapomorphine, (+)- and (— )-butaclamol
were obtained from Research Biochemicals Inc.,
Wayland, MA, U.S.A. Apomorphine, phenylmeth-
ylsulphonyl fluoride (PMSF), and all the phos-
pholipids were purchased from Sigma Chemical
Co., St. Louis, U.S.A. Sepharose CL6B and cholic
acid were from Pharmacia (Uppsala, Sweden) and
Calbiochem, (La Jolla, CA, U.S.A\) respectively.
Bio-Bead SM-2 was from Bio-Rad and was washed
with methanol and water prior to use. All other
chemicals were of the highest available grade.

Solubilization and purification of D, receptor.
Bovine striatal membranes and soluble prepara-



tions were obtained as described previously [16].
Briefly, solubilization was carried out by stirring
equal volumes of the membranes and a detergent
solution (0.5% cholic acid/1.8 M NaCl/1 mM
dithiothreitol /0.2 mM PMSF) in an ice-bath for 1
h and then centrifuging the mixture at 100000 X g
for 1 h. The clear supernatant was diluted 4-fold
with 50 mM Tris-HCI (pH 7.4) containing 1 mM
EDTA, and used for purification.

The receptor was purified using an affinity
column of haloperidol-Sepharose, essentially as
described earlier [14]. The receptor was eluted
from the column either by 500 nM spiroperidol in
a buffer containing 50 mM Tris/1 mM
EDTA /0.225 M NaCl/0.06% cholic acid at pH
74 or by 05 M Tris containing 1 mM
EDTA /0.225 NaCl/0.06% cholic acid at pH 8.5.
When spiroperidol was used for elution the ligand
was removed from the eluate on Sephadex G-50
after concentrating it in Amicon centriflo cones.
The Tris elution protocol was followed in most of
the reconstitution studies described herein. In
either case, no appreciable ligand binding (assayed
with [*H]spiroperidol) could be detected unless
crude soybean phospholipids or bovine brain total
lipids (0.1-0.5 mg/ml) were present in the elution
buffer. The receptor thus eluted showed a specific
activity of 150-170 pmol/mg protein, repre-
senting about 2000-fold purification from the
membranes.

Reconstitution with lipids. The reconstitution of
the purified receptor was performed according to
the method of Cerione et al. [17] with modifica-
tions that included omission of ultracentrifugation
step. The various phospholipids used in recon-
stitution were dispersed as follows. The phos-
pholipid solution (in chloroform) was evaporated
to dryness under nitrogen and resuspended in 50
mM Tris (pH 7.4) containing 1 mM EDTA by
vigorous vortexing to give a final concentration of
5 mg/ml unless otherwise specified. Phosphati-
dylserine or other dry lipids were dissolved in the
organic solvent (or added to other phospholipid
solutions, if used in mixture), evaporated and sus-
pended as above. Phosphatidic acid was directly
suspended in the Tris-EDTA buffer. All lipid sus-
pensions were sonicated in a sonicator bath
(Bransonic) for 10-15 min until no further de-
crease in turbidity was noted.
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Unless otherwise mentioned, the phospholipid
dispersions were added to the receptor prepara-
tion at a final concentration of 0.5 mg/ml lipid
and 0.4 pg/ml protein, respectively. After incuba-
tion for 30 min at 0-4° C, washed Bio-Bead SM-2
(0.04 g /ml) was added and the mixture was stirred
gently for about 30 min. The Bio-Beads were then
removed by centrifugation at 1000 X g.

Receptor binding assay. The binding of
[*H]spiroperidol to the reconstituted preparations
was assayed as previously described for purified
preparation [14]). The total binding was de-
termined in 1.0 ml assay volume containing 1 nM
[3H]spiroperidol in 50 mM Tris/1 mM EDTA
(pH 7.4), and the nonspecific binding was mea-
sured in parallel assays containing 1 uM (+)-
butaclamol. A titrated amount of HCl was added
to the buffer so that the final pH, after addition of
receptor preparation, was 7.4. Incubation was car-
ried out at 4°C for 16 h and the bound ligand was
separated on GF /C filters after precipitation with
poly(ethylene glycol) (10% final concentration).
The binding of [*H]spiroperidol to various lipid
dispersions alone was also determined the same
way and, in all cases, the specific binding was
always found to be less than 10% of the corre-
sponding lipid reconstituted preparation.

Protein determination. Protein was determined
by the Amido schwartz method [18] using bovine
serum albumin as a standard.

Results

Purification and reconstitution of the receptor with
individual lipids

The receptor eluted from the affinity column
showed low specific binding when assayed with
the specific antagonist [*H]spiroperidol. However,
reconstituted with crude soybean phospholipids, it
showed a specific binding of about 160 pmol /mg
protein that represented a 2000-fold purification
of the receptor. In order to understand the role of
individual phospholipids in supporting the recon-
stitution, the receptor preparation was recon-
stituted separately with different purified lipids
and assayed for [*H]spiroperidol binding (Fig. 1).
Except for phosphatidylcholine (PC) and phos-
phatidylethanolamine (PE), that restored about 30
and 20% binding respectively as compared to the
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Fig. 1. [*H]Spiroperidol binding by purified D, receptor re-
constituted with different lipids. NONE, no lipids added; SOY
PLP, soybean phospholipids; PC, phosphatidylcholine; PE,
phosphatidylethanolamine; PS, phosphatidylserine; PI, phos-
phatidylinositol; PA, phosphatidic acid; SPHING, sphingo-
myelin; CARD, cardiolipin, SULPHTD, sulphatide; CHOL,
cholesterol. The receptor preparation was reconstituted with
the different lipids (0.5 mg/ml, final concentration) as de-
scribed under Materials and Methods. The results are means of
tripicate determinations carried out on the same receptor pre-
paration and are representative of three separate experiments
with different batches of receptor preparations, (S.E. <10%).

soybean lipids, none of the other lipids had any
significant effect. The binding increased as a func-
tion of lipid (PC or PE) concentration from 0.05
mg,/ml to 0.2 mg/ml and remained more or less
constant up to a concentration of 2 mg/ml (data
not shown). Assuming that more than one type of
lipid may be necessary to support the optimum
reconstitution of the receptor, various combina-
tions of other lipids with PC or PE were tested
(Fig. 2a). A PC and phosphatidylserine (PS) mix-
ture almost fully restored the binding activity when
compared to the soybean control. Phosphati-
dylinositol (PI) with PC also restored 50% of
binding but inclusion of other lipids with PC or
PE had only little effect. In fact, some acidic
phospholipids, like phosphatidic acid and
cardiolipin inhibited the antagonist binding when
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Fig. 2. Effect of a combination of different lipids on recon-
stitution of [>H]spiroperidol binding by purified dopamine D,
receptor. A. Reconstitution of the receptor by different lipids
in mixture with either PC or PE. The different lipid additions
with PC or PE were done at a proportion of 2:1, w/w (PC or
PE: lipid added) and the final concentration of lipids in
reconstitution medium was 0.5 mg/ml. The results are ex-
pressed relative to that obtained with soybean phospholipids
(100%). B. Effect of reconstitution with a PC, PE mixture (1:1,
w/w) and addition of PS or PI to PC and PE mixture. The
PC/PE/PS and PC/PE/PI mixtures were in 2:2:1 (w/w)
ratio. The final concentration of lipid was kept constant at 0.5
mg/ml. Results are relative to that obtained with soybean
phospholipids (100%). Results are means of triplicate de-
terminations carried out on the same receptor preparation and
are representative of three separate experiments. See Fig. 1 for
abbreviations.

mixed with PC or PE. PC and PE together were as
good as PC alone in the reconstitution of
[*H]spiroperidol binding (Fig. 2b), but interest-
ingly, when phosphatidylserine was included in
the PC/PE mixture, there was a dramatic increase
in the binding (about 2-fold compared to the
soybean control and about 6-fold compared to
PC/PE mixture). A mixture of PI with PC and
PE, although much less effective than PC/PE /PS
mixture, did cause an increase in the antagonist
binding. None of the other lipids — phosphatidic
acid, cardiolipin, sulphatide, sphingomyelin or
cholesteryl hemisuccinate — caused any apprecia-
ble increase in binding when used in combination
with PC/PE mixture (data not shown).



In order to test whether phospholipids are in-
dispensable for the reconstitution of receptor, a
dispersion of cholesteryl hemisuccinate and mono-
lein glycerol (1:1, w/w) was used; however, no
appreciable increase in the binding above that
obtained with cholesterol ester itself could be noted
(data not shown).

To investigate the proportional requirement of
different phospholipids in the PC/PE/PS,
PC/PE/PI and PC/PS mixtures to reconstitute
the receptor, different ratios of individual lipids in
the mixtures were used for reconstitution at a total
phospholipid concentration of 0.5 mg,/ml. A broad
range of optimal ratio from 5:5:1 to 2:2:1
(w/w) was observed for PC/PE/PS mixture; for
PC/PE /Pl mixture, the ratio of individual lipids
from 10:10:1 to 1:1:1 was found optimal. Equal
proportions of the three lipids in PC/PE /PS mix-
ture decreased the receptor binding. For PC/PS
mixture, an optimum ratio of 10:1 to 2:1 was
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Fig. 3. Concentration of different phospholipid mixtures re-
quired for reconstitution of maximal binding of purified
dopamine D, receptor. ®, PC/PE/PS (2:2:1, w/w); a,
PC/PE/PI (2:2:1, w/w); @ PC/PS (2:1, w/w). Different
amounts of the phospholipid mixtures at the indicated propor-
tions were added to the receptor preparation and the volume
was brought to the same level with 50 mM Tris/1 mM EDTA
buffer (pH 7.4). The values are means of triplicate determina-
tions that are representative of two or three experiments.
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observed. Various phospholipids were added to
PC or PE (Fig. 2a) at two different ratios (5:1
and 2 :1); no significant difference was noted and
the data therefore are reported for 2:1 ratio.

To determine the optimal phospholipid-to-pro-
tein ratio, a constant amount of receptor was
titrated with increasing amount of a fixed propor-
tion of PC/PE/PS, PC/PE/PI or PC/PS mix-
ture (Fig. 3). It was found that PC/PE/PS, at a
concentration of 0.5 mg/ml (which was used in
experiments of Fig, 2) produced maximal binding.
PC/PS and PC/PE/PI mixtures were less effi-
cient at all concentrations used. Higher concentra-
tions of PC/PE/PS and PC/PS mixtures ap-
peared inhibitory.

Competition of the reconstituted receptor with mem-
brane-bound receptors

An important test of the integrity of the iso-
lated receptors is their ability to compete for
ligands with the membrane-bound receptors [19].
As shown in Fig. 4, the purified receptor recon-
stituted with PC/PE/PS mixture inhibited
[*H]spiroperidol binding to bovine striatal mem-
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Fig. 4. Inhibition of [*H]spiroperidol binding to bovine striatal
membrane by the purified receptor reconstituted with
PC/PE/PS mixture. ®, reconstituted receptor; O, lipid mix-
ture. The receptor was reconstituted as described in Materials
and Methods, and various amounts of the reconstituted recep-
tor or lipid mixture were added directly to the binding assay
system for membrane receptor. Membrane receptor assays
were performed essentially as described in Materials and Meth-
ods except that incubation was carried out at 25° C for 60 min
and the contents filtered on GF /B filters. Results are means of
triplicate determinations and are representative of two or three
experiments.
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branes in a concentration-dependent manner.
Lipid mixture alone showed only a small inhibi-
tion at the highest amount used. However, no
inhibition could be observed with the purified
receptor preparation alone (data not shown).

Binding specificity of the reconstituted receptor

The receptor reconstituted with PC/PE /PS re-
vealed binding parameters that were similar to
those observed for the solubilized or purified pre-
parations [14]. The binding to antagonist
[*H]spiroperidol was saturable and the Scatchard
analysis of the data (Fig. 5) yielded an apparent
dissociation constant (K,) of 0.65 nM. Displace-
ment of [*H]spiroperidol with various dopaminer-
gic antagonists and agonists followed a similar
rank order of potency as that observed with the
solubilized or purified receptor. The I1C;, values of
different drugs are compared in purified and re-
constituted preparations (Table I) and it is shown
that, although the rank order of potency is similar
in both the preparations, there are differences in
the absolute values. In general, the 1Cs; values for
antagonists and agonists were slightly higher for
the reconstituted preparation.
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Fig. 5. Scatchard plot and saturation isotherm (inset) of
[*H]spiroperidol binding to reconstituted dopamine D, recep-
tor. The receptor was reconstituted with a mixture of
PC/PE/PS (2:2:1, w/w) at a final concentration of 0.5
mg,/ml as described in Materials and Methods. Assays were
done as described in Materials and Methods at [*H]spiroperi-
dol concentrations varying from 0.025 nM to 4 nM. Results are
means of triplicate determinations and are representative of
three separate determinations with different batches of recep-
tor preparations.

TABLE 1

BINDING SPECIFICITY OF VARIOUS DOPAMINERGIC
LIGANDS TO RECONSTITUTED DOPAMINE D, RE-
CEPTOR

The receptor was reconstituted with a mixture of PC, PE and
PS as described in Materials and Methods. The ICs, values
(concentration of ligands that inhibit 50% of [*H]spiroperidol
binding) were obtained by using 0.5 nM [*Hispiroperidol and
7 to 9 concentrations of the competing ligands (from 1071° to
107* M) and were calculated by log probit analysis. The
values are means of two or three experiments carried out in
triplicate. Results for purified preparations are from Ref. 14.

Ligand Affinity Reconstituted
purified ICsy (nM)
1Csp (nM)

Antagonists

spiroperidol 0.7 21
(4 )-butaclamol 9.66 18.7
domperidone 15.0 440
haloperidol 240 47.0
( — )-butaclamol > 2000.0 > 2000.0
Agonists
N-propylnorapomorphine 33.0 85.0
N0434 167.0 4100
apomorphine 500.0 520.0
Others
propranolol >10000 >10000
phentolamine >10000 >10000
ketanserine 1100 1285
Discussion

The present study shows that ligand binding to
purified striatal dopamine D, receptor can be
restored modestly by reconstituting with crude
soybean lipids and to a great extent by a mixture
of PC/PE/PS. None of the purified lipids was
able to restore the binding to any appreciable
extent when used individually in reconstituting the
receptor, although PC and PE did show some
promise. The dramatic increase in the receptor
binding by inclusion of PS with PC or with PC/PE
mixture may suggest a role of the acidic lipid in
the expression of ligand binding. No stringent
specificity of phospholipids can be defined from
the results, since PI, substituting for PS, showed a
similar effect, though to a much lesser extent.
Although Moroi and Hsu [13] too reported an
increase in [*H]spiroperidol binding to synaptic



membrane cholate extract by PC, their results
regarding the enhancing effect by PS alone do not
quite agree with the present studies. Since in our
experiments with purified receptor preparation,
PS strongly stimulated binding only in combina-
tion with PC or PC/PE mixture, it may be possi-
ble that the cholate extract already contains some
amount of neutral lipids. Acidic phospholipids,
especially phosphatidic acid and PS have been
reported to have marked influence on the proper-
ties of some other receptor systems, when used in
combination with PC or PE [7,20], but it is
surprising to note that in the present experiments,
besides PS and Pl, neither acidic phospholipids
nor cholesterol was able to stimulate the ligand
binding to the receptor. The significance of this
observation is not clear at present.

Although little is known about the molecular
processes by which lipids and proteins interact
during reconstitution to form vesicles, there could
be several possibilities for the differential effects
of lipids. Different lipids may not associate to the
same extent with the receptor, or if they do, the
conformation formed by such an association may
not be suitable for ligand binding. It may also be
possible that some of the incorporated receptors
are trapped within the vesicles or oriented towards
its interior, thereby masking the ligand binding
sites. Thus, it cannot be said with any certainty if
the stimulatory action of PS in PC/PE/PS mix-
ture is due to a direct specific requirement of this
phospholipid for the ligand binding to the recep-
tor or due to its effect on receptor protein confor-
mation by providing a negatively charged environ-
ment,

The receptor reconstituted with PC/PE/PS
mixture demonstrated high affinity for [*H]spiro-
peridol (K = 0.65 nM) which is almost similar to
that observed for solubilized or purified prepara-
tions [14-16]. The receptor thus reconstituted also
competed with membrane-bound receptors for the
antagonist and exhibited the characteristic rank
order of potency for different dopaminergic
antagonists and agonists. However, the IC, values
for different drugs were generally somewhat higher
with the reconstituted preparation than those ob-
served with the purified preparation [14]. Al-
though the reasons are not clear, a change in the
affinity of ligands has generally been reported by
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several research groups for different receptor sys-
tems reconstituted in lipid vesicles [8,9,21]. The
changes in affinity may possibly have been caused
by a higher weight ratio of lipid to protein (1000 : 1)
used in the present experiments to achieve most
efficient reconstitution of the receptor. The lack of
any effect of cholesterol upon reconstitution may
suggest that membrane fluidity is not an im-
portant parameter in dopamine D, receptor bi-
nding characteristics.

Since the receptor did not show any apprecia-
ble binding in the absence of lipids, it is difficult
to assess the true efficiency of reconstitution.
However, in terms of relative efficiency, the pres-
ence of zwitterionic and acidic lipids appears to
offer the most suitable reconstitution medium for
the expression of ligand binding properties. A
requirement of complex mixture of phosphati-
dylserine, phosphatidylethanolamine and choles-
terol has indeed been shown for efficient recon-
stitution of nicotinic acetylcholine receptor [22]
and B-adrenergic receptor [23]. In this context, it
is relevant to take note of a recent report [24] that
acidic phospholipid species, viz., PS and phos-
phatidic acid inhibit fluoride and glucagon-
activated adenylate cyclase in rat liver membrane,
presumably by acting at guanine nucleotide regu-
latory proteins. Although no direct bearing of
such findings on the present experiments can be
related at present, it would be worthwhile to in-
vestigate if these lipids have similar action on
striatal adenylate cyclase where dopamine D, re-
ceptor is negatively coupled to the cyclase.

In summary, the present studies define the lipid
requirements for successful reconstitution of puri-
fied dopamine D, receptor binding properties,
which should be helpful in our efforts to function-
ally reconstitute the purified D, receptor with
guanine nucleotide regulatory protein(s) and
adenylate cyclase.
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