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Abstract—A series of group-specific modifying reagents were tested for their effects on [*H]SCH23390
binding to brain D, dopamine receptors in order to identify amino acid residues at the ligand binding
site of the D, dopamine receptor that are critical for ligand binding. The dependence of ligand binding
on the pH of the incubation medium was also examined. The histidine-selective reagent, di-
ethylpyrocarbonate did affect ligand binding but this is probably not due to an effect at the ligand
binding site. Experiments with N-acetylimidazole and ethylacetimidate indicated that modification of
tyrosine and amino residues did not exert major influences at the ligand binding site. The use of the
thiol dithiothreitol indicated that breakage of a disulphide bond altered ligand binding, probably by
affecting the receptor conformation, and the use of the sulphydryl reagent 5,5’-dithio-bis-nitrobenzoic
acid showed that modification of a sulphydryl group on the receptor inhibited ligand binding. The
carboxyl reagent N,N’-dicyclohexyl carbodiimide (DCCD) potently inhibited ligand binding and the
effect could be prevented by occupancy of the receptor site by an agonist or antagonist so that there is
an important carboxyl group at the receptor binding site. The total number of D, receptors was reduced
after the modification by DCCD and 70% of the residual receptors showed a reduced affinity for binding
[*HISCH23390, the remainder having the same affinity as untreated receptors.

[*H]SCH23390 binding is also reduced by a decrease of ;)H and this effect seems to depend on the
protonation of a group of pK, 6.9. Saturation analysis of [PH]SCH23390 binding performed at pH 7.5
shows a single class of high affinity sites whereas at pH 6.0, two classes of sites with higher and lower
affinities are seen. These studies suggested a model whereby [PH]SCH23390 binding is to two receptor
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isoforms with different pH dependencies for [PH]SCH23390 binding.

From the application of molecular genetic techniques,
it is now clear that there exists a large family of
structurally related receptors for neurotransmitters
and hormones that signal via G-proteins (guanine
nucleotide regulatory proteins) [1, 2]. Each receptor
shows a common motif of seven presumed membrane
spanning a-helices and between receptors there are
significant homologies at the amino acid level. The
ligand binding site for receptors for small molecule
ligands appears to be formed from the transmembrane
a-helical regions which bundle to form a cavity in
the membrane. The ligands then bind in this cavity
and interactions with certain amino acid side chains
are imporant in realizing the binding energy.

The amino acids that contact ligands at the ligand
binding site can be inferred in several ways. Amino
acids that are found only in receptors for related
ligands may play important roles. For example,
an aspartic acid residue in the third putative
transmembrane region is found only in receptors for
cationic amines [3] and may form the counter ion
for the positively charged ligand. Site specific
mutagenesis of the cloned gene can confirm such
speculation and this has been used for B-adrenergic
[4] and muscarinic acetylcholine receptors [5]. An
alternative, complementary approach is to use
chemical modification and protein labelling studies.
These approaches have been used to obtain direct
information on the importance of the same aspartic
acid residue for ligand binding to muscarinic
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acetylcholine receptors [6] and have inferred its
importance for ligand binding to D, dopamine
receptors [7].

In this report we have studied the ligand binding
site of another G-protein-linked receptor, the D,
dopamine receptor, in detail using chemical
modification and pH-dependence studies with [*H]-
SCH23390 binding as our assay. D, dopamine
receptors have been classically defined as the
receptors for dopamine linked to stimulation of
adenylyl cyclase [8]. D, dopamine receptors are now
known to be important for a variety of behavioural
effects mediated by dopamine [9]. Three D,
dopamine-like receptors have been cloned and
sequenced (Dy,: [10-13]); Dyy: [14]; Ds [15]). At
present it seems that the cloned Dy, receptor is the
principal D;-like receptor present in the striatum.
In this report we have used striatal tissue (caudate
nucleus) so that the results obtained should reflect
the structure of the ligand binding site of the cloned
D;, dopamine receptor.

MATERIALS AND METHODS

Preparation of mixed mitochondrial/microsomal
membrane preparation of bovine caudate nucleus.
Caudate nuclei were dissected from the brains of
freshly slaughtered cattle and either used directly or
frozen at —80°. The caudate nuclei were homogenized
at 4° using a teflon/glass homogenizer (15 strokes,
850 rpm) in 9vol. of buffer [sodium phosphate,
20mM, sucrose 0.3 M, trypsin inhibitor 0.001%
(w/v), phenylmethanesulphonylfiuoride, 0.1 mM,
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pH 7.5]. The homogenate was centrifuged (10 min,
1500 g, 4°), the supernatant retained and the pellet
rehomogenized in 4.5 vol. of buffer as above. This
homogenate was centrifuged (10 min, 1500 g, 4°),
the pellet discarded and the two supernatants
combined and centrifuged (45,000¢, 60 min, 4°).
The resulting pellet was resuspended by homo-
genization (8 strokes, 850 rpm) in 2 mL /g wet weight
of the tissue in buffer (sodium phosphate, 20 mM,
pH 7.5) containing a mixture of protease inhibitors
[0.05% (w/v) leupeptin, chymostatin, aprotinin,
pepstatin A, antipain] and stored at —80°.

pH dependence of [*H|SCH23390 binding. The
procedure used was based on that of Ref. 7. Aliquots
of bovine caudate nucleus membrane (1mg of
protein) were diluted into 1 mL of citrate buffer [citric
acid (28.5 mM), diethylbarbituric acid (28.5 mM),
potassium dihydrogen orthophosphate (28.5 mM),
boric acid (28.5 mM), magnesium sulphate (0.8 mM),
NaCl (110 mM)] at the chosen pH (between 3.0 and
10.0). The membranes were incubated for 1hr at
22° before [PH]SCH23390 binding was assayed. In
order to determine whether the effect of pH on [*H]-
SCH23390 binding was reversible, membranes
incubated at a given pH were centrifuged (12,000 g,
8 min, 4°) and resuspended in 1 mL of citrate buffer,
pH 7.5, prior to assay of [*H]SCH23390 binding.

Chemical modification with 5,5'-dithio-bis-nitro-
benzoic acid (DTNB*). The procedure used was
modified from the method described [16]. Caudate
nucleus membrane protein (0.75 mg) was incubated
with DTNB (0.001-2.5mM) in 1mL of 20 mM
phosphate buffer pH7.5, for 2hr at 22°. The
membranes were washed by centrifugation (12,000 g,
8min, 4°) and resuspended in 1mL of 20 mM
phosphate buffer, pH 7.5, followed by centrifugation
(as above) and resuspension in 0.75 mL of 20 mM
phosphate buffer, pH7.5. [PH]SCH23390 binding
was then assayed.

In experiments where the modification by DTNB
was reversed with dithiothreitol (DTT), membranes
were treated with DTNB and washed twice as
described above, resuspended in 1 mL of 2 mM DTT
and incubated for 1 hr at 22°. The membranes were
then washed twice as described previously before
[*H]SCH23390 binding was assayed.

Chemical modification with DTT. Caudate nucleus
membranes (0.75mg of protein) were incubated
with DTT (0.1-50 mM) in 1 mL of 20 mM phosphate
buffer, pH 7.5, for 1 hr at 22°. The membranes were
then washed as described above for DTNB-treated
membranes.

Chemical modification with N,N’-dicyclohexyl
carbodiimide (DCCD). The procedure used was
based on the method of Ref. 7. Caudate nucleus
membrane protein (0.75mg) was centrifuged
(12,000 g, 8 min, 4°) and resuspended in 20 mM
phosphate buffer, pH6.0 (1mL final volume)
containing DCCD (0.1-100 uM). Incubation with

* Abbreviations: DCCD, N,N’-dicyclohexyl carbodi-
imide; DEP, diethylpyrocarbonate; BSA, bovine serum
albumin; DTNB, 5,5'-dithio-bis-nitrobenzoic acid; DTT,
dithiothreitol; DIDS, 4,4'diisothiocyanostilbene-2,2’-dis-
ulphonate; EEDQ, N-ethoxycarbonyl-2-ethoxy-1,2-dihy-
droquinoline.

DCCD was carried out for 3hr at 15°. The
membranes were then washed as described for
modification with DTNB except that the first
resuspension was at pH 6.0, and then [PH}SCH23390
binding was assayed. DCCD (10 mM) was stored in
ethanol at —20° and was diluted 1:100 in 20 mM
phosphate buffer, pH 6.0, immediately prior to use.

For saturation binding studies, 9 mg of membrane
protein was modified with 20 uyM DCCD and the
membranes were washed with 12mL of 20mM
phosphate buffer, pH 6.0 with the final resuspension
in 9mL of 20mM phosphate buffer, pH7.5. In
order to protect sulphydryl residues from DCCD
modification, membranes (1 mL) were pretreated
with 1 mM DTNB and washed to remove excess
reagent (as described above) before treatment with
DCCD (0.1-100 uM) as described above. The
membranes were then washed twice and incubated
in 1 mL of 2mM DTT in 20 mM phosphate buffer,
pH7.5, for 1hr at 22° to restore free sulphydryl
groups. The membranes were washed twice and
resuspended in 0.75 mL of 20 mM phosphate buffer,
pH 7.5 before [*H]SCH23390 binding was assayed.

For binding site protection experiments, caudate
nucleus membranes (0.75 mg of protein) were pre-
incubated in duplicate in 1 mL of 20 mM phosphate
buffer, pH 6.0, containing haloperidol (1078-10~° M)
or (+)-SKF38393 (10-9-10"¢ M) for 1 hr at 22°. Half
of the membranes were then treated with 20 uM
DCCD (by addition of 250 uL. of 100 uM DCCD in
20 mM phosphate buffer, pH 6.0) for 3 hr at 15° and
the remainder, to which 250 uL of 20 mM phosphate
buffer, pH 6.0, was added, served as controls. Five
washing steps were used in order to remove the
protecting ligand and these consisted of two washes
with 1mL of 20mM phosphate buffer, pH 6.0,
containing 1 mg bovine serum albumin (BSA)/mL,
two washes with 1 mL of 20 mM phosphate buffer,
pH 7.5, containing 1 mg BSA/mL and resuspension
after the final centrifugation in 0.75 mL of 20 mM
phosphate buffer, pH 7.5.

Chemical modification with N-acetylimidazole.
This procedure was based on the method described
in Ref. 7. Caudate nucleus membranes (0.75 mg of
protein) were incubated with N-acetylimidazole
(0.1-100 mM) in 1 mL of 20 mM phosphate buffer,
pH 7.5, for 2 hr at 22°. The membranes were then
washed three times, as described for modification
with DTNB.

Chemical modification with ethylacetimidate. This
method was adapted from the procedure described
in Ref. 17. Caudate nucleus membranes (0.75 mg of
protein) were centrifuged (12,000 g, 8 min, 4°) and
resuspended in 1mL of 0.2M triethanolamine
hydrochloride, pH 8.5, containing ethy! acetimidate
(0.01-0.4M). Membranes were incubated with
ethylacetimidate for 2 hr at 22° followed by three
washes essentially as described for modification with
DTNB with the first resuspension in 0.2M
triethanolamine hydrochloride, pH 8.5, and sub-
sequent resuspensions in 20 mM phosphate buffer,
pH7.5.

For binding site protection experiments, duplicate
aliquots of caudate nucleus membranes (0.75 mg of
protein) were centrifuged (as described above) and
resuspended in 1mL of 0.2M triethanolamine
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hydrochloride, pH 8.5, containing haloperidol (103~
10~° M) followed by incubation for 1 hr at 22°. Half
of the membranes were then treated with 0.3 M
ethylacetimidate for 2hr at 22° and the other
half served as controls. The membranes were
subsequently washed as described for binding site
protection experiments with DCCD above except
that triethanolamine hydrochloride pH8.5, con-
taining 1 mg BSA/mL was used for the first two
washes.

Chemical modification with diethylpyrocarbonate
(DEP). The procedure used was adapted from the
method described in Ref. 8. Modification with DEP
was carried out in 20 mM phosphate buffer both at
pH 6.0 and at pH 7.5. For modification at pH 6.0,
membranes were centrifuged (12,000 g, 8 min, 4°)
and resuspended in 20 mM phosphate buffer, pH 6.0,
prior to treatment with DEP. Duplicate aliquots of
caudate nucleus membranes (0.75mg of protein)
were incubated with DEP (5-100 mM) in 0.75mL
of 20mM phosphate buffer for 20min at 4°
Membranes were then centrifuged (as described
previously) and half were resuspended in 0.75 mL
of 0.1 M hydroxylamine in 20 mM phosphate buffer,
pH 7.0, in order to reverse the modification with
DEP, whilst the remainder, as controls, were
resuspended in 20 mM phosphate buffer, pH 7.0.
The membranes were incubated for a further 20 min
at 4° followed by centrifugation (as described above)
and resuspension in 0.75 mL of 20 mM phosphate
buffer, pH 7.5, prior to assay of [H]SCH23390
binding.

[PH|SCH23390 binding assay for D, dopamine
receptors. Membrane suspension (100 uL; approxi-
mately 0.1 mg of protein, assuming no loss during
washing) was incubated with [PH]SCH23390 (0.5 nM
for competition binding studies; 0.05-5nM for
saturation analysis) in 20mM phosphate buffer,
pH 6.0 or 7.5 (1 mL final volume) for 1hr at 22°,
Non-specific binding was defined as that binding
inhibited by 10 uM (+)-butaclamol. The assay was
terminated by filtration through Whatman 934AH
glass fibre filter sheets mounted on a Dynatech
Automash 2000 cell harvester, the filters then being
washed with 15mL of ice-cold phosphate buffer
(12.3 mM Na,HPO,, 87.7 mM NaH,PO,), pH 6.0 or
ice-cold buffer (20 mM phosphate, 150 mM NaCl)
pH7.5 according to the pH of the assay buffer.
Radioactivity trapped on the filters was determined
by liquid scintillation counting.

Assay procedure modified for [PH]SCH23390
binding to membranes derived from pH dependence
experiments. Membrane suspension (100 uL;
approximately 0.1 mg of protein) was incubated with
0.5 nM [*H]SCH23390 (6575 Ci/mmol, Amersham)
in citrate buffer (1 mL final volume) at the desired
pH for 1 hr at 22°. Non-specific binding was defined
using 10uM (+)-butaclamol. The assay was
terminated by the addition of 5 mL of citrate buffer
at 4° and immediate filtration through Whatman GF/
B glass fibre filter discs mounted on a Millipore
filtration manifold. Each filter was immediately given
two 5 mL washes of buffer and radioactivity on the
filter was determined.

Data analysis. Saturation and competition binding
data were analysed by non-linear least-squares curve
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Fig. 1. pH dependence of [PH]SCH23390 binding. Bovine
caudate nucleus membranes were incubated at the chosen
pH for 1 hr at 22°, Binding of ["H]SCH23390 (0.5 nM) was
assayed either at the chosen pH (M) or following adjustment
of the pH to 7.5 (@). Values shown represent the
means * range of two experiments and are expressed as a
percentage of specific "HISCH23390 binding to membranes
incubated at pH 7.5.

fitting using the computer programs EBDA and
LIGAND [19, 20]. For the effects of pH on ligand
binding the hydrogen ion concentration was treated
as if it were a competing ligand. For binding site
protection experiments, the percentage protection
of the ligand bindingsite for each ligand concentration
was calculated and treated as if it were percentage
occupancy of receptor.

RESULTS

pH dependence of [PH]SCH23390 binding

In preliminary experiments the pharmacological
profile of [PHJSCH23390 binding to bovine caudate
nucleus membranes was established using a series of
specific competing ligands. This showed that the
specific binding of [PH]SCH23390 as in the present
report is exclusively to D, dopamine receptors with
no component of binding to SHT; serotonin receptors
{data not shown).

Specific [PH]SCH23390 binding to D, dopamine
receptors was then determined following pre-
incubation of caudate nucleus membranes at pH
values ranging from 3 to 10 for 1 hr at 22° (Fig. 1).
The optimal pH for [PH]SCH23390 binding was in
the range of pH8.0-8.5 and binding decreased
markedly as the pH was decreased from 8 to 5, with
a 50% reduction in binding at pH6.4 + 0.1
(mean * range, N =2). The shape of the pH
dependence curve in the range pH 5-8 is consistent
with interaction of [PH]SCH23390 with a single
ionizable group. An increase in pH from 8.5 to 10
resulted in a loss of approximately 60% of control-
specific [*H]SCH23390 binding which was probably
due to deprotonation of the ligand. The effects of
pH on [*H]JSCH23390 binding were reversed by
adjustment of the pH to 7.5 for membranes which
had been incubated in the pH range 5-10. However,
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Fig. 2. Effect of DTNB on [?’H]SCH23390 binding. Specific
[’H]SCH23390 binding to caudate nucleus membranes was
determined after treatment with increasing concentrations
of DTNB alone (@) or DTNB followed by 2mM DTT (R)
as described in Materials and Methods. Values shown are
the mean * SD of three experiments and are expressed as
a percentage of the control specific *H]SCH23390 binding
to membranes treated in the absence of DTNB and DTT.

an irreversible reduction in [PH]SCH23390 binding
(to 15-23% of the control) was observed for
membranes incubated at pH 3 and 4, which may in
part be due to the aggregation of membrane protein
which was noted under these conditions.

Effect of DTNB treatment on [PH}SCH23390 binding

The effect of modification of sulphydryl residues
on [PHJSCH23390 binding to the D; dopamine
receptor was examined by treatment with the
sulphydryl-specific reagent DTNB. A decrease in
specific [PH]SCH23390 binding was observed with
increasing DTNB concentration in a dose-dependent
manner (Fig. 2). At a concentration of 2.5mM
DTNB, a plateau was reached with a maximum loss
of approximately 80% of [*H]SCH23390 binding and
the concentration of DTNB reg;uired to achieve 50%
of this maximum reduction in [’H]SCH23390 binding
(ECsq) was 69 = 15 uM (mean * SD, N = 3). Eighty
to one hundred percent of control [PH}SCH23390
binding was recovered after the addition of 2 mM
DTT to DTNB-treated membranes in order to
release thionitrobenzoate ions from the protein and
thus restore free sulphydryl residues.

Effect of DTT on [H]SCH23390 binding

[*H]SCH23390 binding to caudate nucleus mem-
branes treated with DTT was examined and a
dose-dependent decrease in binding for DTT
concentrations above 1 mM was observed (Fig. 3).
The highest concentration of DTT tested (50 mM)
resulted in a loss of approximately 50% of control
specific [*PH]SCH23390 binding and the concentration
of DTT used to reverse DTNB modification (2 mM)
caused a 7% reduction in binding.
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Fig. 3. Effect of DTT on [*H]SCH23390 binding. Specific

[PH]SCH23390 binding to caudate nucleus membranes was

determined after treatment with increasing concentrations

of DTT for 1hr at 22°. Values shown represent the

means + SD of three experiments and are expressed as a

percentage of the specific binding to membranes treated in
the absence of DTT.

Effect of DCCD on [*H|SCH23390 binding

The effect of DCCD treatment on [*H]SCH23390
binding to caudate nucleus membranes was examined
using conditions of DCCD treatment (3 hr, 15°,
pH6.0) such that predominantly carboxyl and
sulphydryl residues would be modified [21,22]. A
dose-dependent decrease in specific [PH]SCH23390
binding to membranes was observed as the DCCD
concentration was increased (Fig. 4), with a
50% reduction in binding (ECs) at 7.5 =2.5uM
(mean = SD, N =3). Protection of sulphydryl
residues with DTNB, prior to DCCD treatment and
subsequent removal of the protecting groups with
DTT, resulted in a dose-dependent decrease in
[*H]SCH23390 binding with increasing DCCD
concentration similar to that observed for DCCD
alone (ECsy=4.4 = 1.8 uM; mean = SD, N =23).
DTT had no effect on the loss of binding associated
with DCCD treatment of the membranes (ECsy =
6.3 £ 3.2 uM; mean = SD, N = 3).

Saturation binding analysis of [*H]SCH23390
binding to control and DCCD-treated membranes
(20 uM DCCD) (Fig. 5) revealed a marked reduction
in the B, of PH|SCH23390 binding to DCCD-
treated membranes compared with the control. In
addition, two affinities of [PH]SCH23390 binding to
DCCD-treated membranes (K, =0.08 = 0.05 and
2.72 = 1.42 nM; mean = SD, N = 3) were observed
compared with a single site of binding to control
membranes (K;=0.10+0.01 nM; mean + SD,
N = 4) (Table 1). As DCCD treatments of caudate
nucleus membranes were carried out at pH 6.0,
saturation binding of [PH]SCH23390 to membranes
at this pH was examined (Fig. 6) and this study
revealed two classes of binding site with K, values
(0.12 £ 0.08 and 1.16 = 0.19nM; mean =+ SD, N =
3) similar to those observed for DCCD-treated
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Fig. 4. Effect of DCCD on [*H]SCH23390 binding. Specific
[PH]SCH23390 binding to caudate nucleus membranes was
determined after treatment with increasing concentrations
of DCCD (A), pretreatment with DTNB followed by
treatment with DCCD and removal of sulphydryl group
protection with DTT (M) or treatment with DCCD and
DTT (@®). Values shown are the means + SD of three
experiments and are expressed as a percentage of the
control-specific [PH]SCH23390 binding to membranes
treated in the absence of DCCD.
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Fig. 5. Saturation analysis of [PH]SCH23390 binding to
control and DCCD-treated membranes. Specific [°HJ-
SCH23390 binding to control membranes (M) and
membranes treated with 20 uM DCCD (@) was determined
in the presence of increasing concentrations of free
radioligand. Non-specific binding was defined using 10 uM
(+)-butaclamol. The figure shows data from a single
representative experiment, with determinations in tripli-
cate. The experiment was replicated as described in Table
1 which also gives the derived ligand binding parameters.

membranes but with a much greater binding capacity
for the lower affinity sites (Table 1).

Binding site protection experiments with DCCD
The dopamine receptor antagonist haloperidol

Table 1. Parameters of ['H]SCH23390 binding to control
and DCCD-treated membranes, and membranes assayed

at pH 6.0

Condition N K, (nM) B x (fmol/mg)
Control 4 0.10x0.01 867 + 136
(pH 7.5)
DCCD-treated 3  0.08 = 0.05 96 + 30
(pH 7.5) 272+ 1.42 226 = 91
pH 6 3 0.12%0.08 106 = 130

1.16 £ 0.19 603 + 90

Dissociation constants (K,;) and maximal binding capacity
(B,,) from saturation binding of [PH]SCH23390 to control
membranes, DCCD-treated membranes and membranes
at pH 6.0 are shown.

Values are mean + SD for the number of experiments
(N) indicated in the table.
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Fig. 6. Saturation analysis of PH]SCH23390 binding to
caudate nucleus membranes at pH 6.0. Caudate nucleus
membranes were incubated with increasing concentrations
of [*H]SCH23390 (0.05-5nM) at pH 6.0, for 1hr at 22°.
Non-specific binding was defined using 10uM (+)-
butaclamol. The figure shows data from a single
representative experiment, with determinations in tripli-
cate. The experiment was replicated as in Table 1 which
also gives the derived ligand binding parameters.

and D; dopamine receptor agonist (+)-SKF38393
were used as protecting ligands in experiments to
determine whether the reduction in [*H]SCH23390
binding associated with DCCD treatment was due
to a modification at the ligand binding site of the
receptor. The choice of haloperidol may at first sight
seem unusual as it is not a typical D, receptor ligand.
When, however, more potent D; dopamine receptor
selective ligands were used in protection experiments
e.g. (+)-butaclamol, SCH23390, cis-pifiutixol, it
proved impossible to wash the ligands away after
treatment of the membranes. Haloperidol, with its
moderate affinity for the D, dopamine receptor,
could be washed away satisfactorily as could (+)-
SKF38393. Preincubation of membranes with
haloperidol and (+)-SKF38393 (Fig. 7) for 1hr at
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Fig. 7. Inhibition of the effect of DCCD with protecting ligands. The percentage of the maximum

DCCD effect observed in membranes preincubated with increasing concentrations of haloperidol (a)

and (+)-SKF38393 (b) is shown, after treatment with 20 uM DCCD (@) or in control membranes (W).

Data were analysed by LIGAND and conformed to a one-site model (P >0.05) for both ligands. The

figure shows data from a single representative experiment, with determinations in triplicate. The
experiment has been replicated with similar results at least three times.

22° afforded protection against the effects of 20 uM
DCCD. Dose-related protection was observed with
increasing concentrations of both ligands. In
experiments with protecting ligands but omitting
the DCCD treatment, 100% of control-specific bind-
ing was observed, indicating that the ligands were
removed from the membranes by the washing
procedure used. Analysis of the ligand protection
data showed that in affording protection the ligands
appeared to interact with single classes of binding
sites and this analysis gave ECs; values of
0.59 = 0.19 uM (mean = SD, N = 4) for haloperidol
and 3.79 = 1.14 yM (mean + SD, N = 3) for (+)-
SKF38393. The corresponding ICsy values for these
ligands in competition experiments versus [*H]-
SCH23390 (0.5nM) binding to caudate nucleus
membranes at pH6.0 were: haloperidol
88.9+31.3nM, (+)-SKF38393 416 = 34nM
(mean = SD, N = 3).

Effect of N-acetylimidazole on[*H]SCH23390 binding

Modification with N-acetylimidazole was carried
out under conditions (pH 7.5, 2 hr, 22°) such that
predominantly tyrosyl residues would be acetylated
[23] and the reagent would be most stable [16].
However, caudate nucleus membranes treated with
N-acetylimidazole, at concentrations of up to
100 mM, showed no reduction in [PH]SCH23390
binding (data not shown).

Effect of ethylacetimidate on [*H]SCH23390 binding

The effect of modification of amino groups on
[*H]SCH23390 binding to the D, dopamine receptor
was examined by treatment with ethyl acetimidate,
a reagent specific for o~ and e-amino groups [24]. A
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Fig. 8. Effect of ethylacetimidate on ["H]SCH23390 binding.
Specific [PH]SCH23390 binding to caudate nucleus
membranes was determined after treatment with increasing
concentrations of ethylacetimidate for 2 hr at 22°. Values
shown are the means + SD of three experiments and are
expressed as a percentage of the control-specific [*H]-
SCH23390 binding to membranes treated in the absence
of ethylacetimidate.

decrease in specific [*H]SCH23390 binding was
observed with increasing reagent concentration with
an ECs of 0.18 £ 0.02 M (mean = SD, N = 3) (Fig.
8). In binding site protection experiments, however,
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Fig. 9. Effect of DEP on [PH]SCH23390 binding. [*H]SCH23390 binding to caudate nucleus membranes

treated with increasing concentrations of DEP at pH 6.0 (a) and pH 7.5 (b) for 20 min at 4° is shown.

[PH]SCH23390 binding was determined after incubation of the membranes in the presence (W) or

absence (@) of 0.1 M hydroxylamine. Values are the means + SD of three experiments and are

expressed as a percentage of the control specific [PH]SCH23390 binding to membranes treated in the
absence of DEP.

haloperidol (up to 10 uM) failed to protect against
the reduction in [*H]SCH23390 binding caused by
treatment with 0.3 M ethylacetimidate.

Effect of DEP on [PH|SCH23390 binding

Modification with DEP was carried out using
conditions (pH 6.0 or 7.5, 20 min, 4°) which would
be expected to result in a selective attack on histidyl
and primary amino groups [16]. A dose-dependent
reduction in specific [PH]SCH23390 binding to
membranes treated with increasing concentrations
of DEP was observed at both pH 6.0 and 7.5 (Fig.
9). The reagent was slightly more potent at pH 7.5
(ECsp =22+ 5mM; mean = SD, N=3) than at
pH 6.0 (EC5g = 30 = 5 mM; mean = SD,N = 3). The
reduction in [*H}SCH23390 binding caused by DEP
treatment at pH 6.0 was partly reversed (60-70%)
by subsequent incubation of the membranes with
0.1 M hydroxylamine. However, the modification
at pH 7.5 was reversed to a much smaller extent
(0-30%) by hydroxylamine.

DISCUSSION

In this report we provide, using chemical
modification and pH dependence studies on the D,
dopamine receptor, evidence for the importance of
sulphydryl residues and acidic ionizable groups at
the ligand binding site of this receptor. These
residues may be important in ligand binding to this
receptor. D; dopamine rece})tors were assayed in
this report using specific [P"H]SCH23390 binding
which in bovine caudate nucleus is exclusively to D,
dopamine receptors.

The specific tyrosine modifying agent, N-ace-

tylimidazole failed to affect ligand binding to D,
dopamine receptors. Since tyrosyl residues in
carboxypeptidase A were modified by N-ace-
tylimidazole under similar conditions [23], this
suggests that tyrosine residues are not important for
[PH]SCH23390 binding. An analogous study on D,
dopamine receptors also indicated a lack of
importance of tyrosyl residues in ligand binding to
that receptor [7]. There are, however, conserved
tyrosine residues within the presumed ligand binding
regions of receptors for cationic amines and Hulme
et al. [25] have proposed that at least for the
muscarinic acetylcholine receptor, tyrosine residues
may be involved in a conformational switch after
ligand binding. Srivastava and Mishra [26] have
reported effects of tyrosine-modifying agents on
ligand binding to both D, and D, dopamine receptors.
In their study, however, teranitromethane and 4-
nitrobenzene sulphonylfluoride were used and
tetranitromethane has additional effects on residues
other than tyrosine [17]. Therefore, although the
present data suggest that tyrosine residues are
unimportant for ligand binding to D; dopamine
receptors it would be prudent to await the results of
mutagenesis studies in order to clarify the situation.
It could be, for example, that tyrosine residues in
the D, receptor are inaccessible to N-acetylimidazole
under the conditions used.

Amidination of amino groups with ethyl-
acetamidate resulted in a reduction of [PH]SCH23390
binding to D, dopamine receptors. The effect was,
however, not prevented by occupancy of the receptor
by a protecting ligand. It, therefore, is not due to
modification of a group at the ligand binding site
and probably reflects effects on the conformation of
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the receptor protein following modification of
accessible external amino groups. Similar data have
been reported using the lysine modifying reagent
DIDS [27].

The sulphydryl reagent DTNB markedly reduced
[PH]JSCH23390 binding in the present study and the
effects of DTNB could be reversed by subsequent
treatment with DTT indicating a specific effect at a
free sulphydryl residue. DTT itself also reduced
[PHJSCH23390 binding albeit at rather high con-
centrations so that the integrity of a disulphide bond
may be important for ligand binding. These data are
in agreement with those of Dewar and Reader [28]
and Sidhu et al. [29] which also provided evidence
for the importance of free sulphydryl groups and
disulphide bonds in D, dopamine receptors. There
is considerable evidence that a disulphide bond
between the putative first and second extracellular
loops is important in forming the ligand binding
conformation of G-protein linked receptors (3, 30].
Perhaps it is the breaking of this bond that accounts
for the effects of DTT. In Refs 28 and 29 it was
shown that the effects of DTNB on D; dopamine
receptors could be prevented by occupancy of the
ligand binding site by an agonist and partially by
antagonists suggesting that the effects of DTNB are
to modify a sulphydryl residue at the ligand binding
site. Cysteine residues are found in the putative third
and sixth membrane spanning domains of the D,
dopamine receptor.

The results of the experiments suggest that there
is a cysteine at the ligand binding site whose
alkylation affects ligand binding. The differential
protection by agonists versus antagonists suggests
that the cysteine involved may be closer to the
agonist binding region and this may be subtly
different from the antagonist binding region. The
role of such a cysteine residue is unclear but it could
be involved in hydrogen bonding or, if the pK, of
the cysteine were sufficiently reduced by the
microenvironment, in forming an ionic interaction
with the cationic ligand.

Treatment of caudate nucleus membranes with
DEP at pH 6.0 and 7.5 resulted in a dose-dependent
reduction in [*H]SCH23390 binding. At acidic pH,
DEP reacts predominantly with amino and histidyl
groups of proteins although reactions with sulphydryl,
tyrosyl and serine residues have been observed [18].
It is possible to distinguish between modification of
amino and histidyl residues as hydroxylamine
treatment can only reverse the modification of
histidine groups. The results obtained indicate that
60-70% of the reduction in binding observed after
DEP treatment at pH 6 is reversed by hydroxylamine
and so this loss of binding represents histidine
modification. The irreversible reduction in binding
at pH6 could be due to modification of amino
groups, assuming that the reduction is due to a
conformational change, as suggested from the
experiments using ethylacetimidate treatment, with
modification of amino groups outside the ligand
binding site leading to reductions in ligand binding
(see above). An alternative possibility is that a
number of dicarbethoxyhistidyl residues were formed
during DEP treatment and that addition of
hydroxylamine resulted in ring cleavage thus causing

an irreversible modification. At pH 7.5, where DEP
treatment resulted in a largely irreversible loss of
[*H]SCH23390 binding, reaction with other groups
such as sulphydryl residues must be considered in
addition to the possibilities discussed above. The
lower level of reversibility at pH 7.5 compared to
pH 6 reflects a pH-dependent shift in the selectivity
of the DEP reaction either from the formation
of carbethoxyhistidine residues to formation of
dicarbethoxyhistidine residues or to modification of
amino and other residues. Binding site protection
experiments to determine whether the reactive
histidine residue at pH 6 was at the ligand binding
site of the receptor were not performed as previous
work on the D, dopamine receptor [7] showed that
the modification with DEP at pH 6 was spontaneously
reversed during the washing procedure to remove
protecting ligands. It does appear unlikely, however,
that histidine residues are involved in ligand binding
to the D, dopamine receptor from the circumstantial
evidence that no histidine residues are present in
the putative transmembrane regions of the protein
where the ligand binding site is thought to be
situated.

The results of experiments with DCCD, however,
did provide evidence for the involvement of carboxyl
residues in ligand binding to the D; dopamine
receptor. These results support earlier preliminary
indications of a role for carboxyl groups in ligand
binding to D, dopamine receptors using the reagent
EEDQ [31]. DCCD treatment of caudate nucleus
membranes in the present study resulted in a marked
reduction in [*H]SCH23390 binding which can be
attributed to modification of carboxyl residues as,
although DCCD can also react with sulphydryl
groups, protection of cysteine residues by DTNB
treatment had no effect on the subsequent loss of
[PH]SCH23390 binding. The ability of the antagonist
ligand, haloperidol, and the agonist (+)-SKF38393
to protect against modification by DCCD would
indicate that the loss of [*PH}SCH23390 binding was
due to modification of a carboxyl residue at the
ligand binding site of the receptor. However, the
ECs values for protection with these ligands were
6-10-fold higher than the ICs, values of the ligands
measured in ligand binding assays at pH 6. Similar
discrepancies were observed between ECsq values for
protection and K; values of ligands in competition
experiments in DCCD modification experiments on
the D, dopamine receptor [7] using a range of
antagonist ligands for binding site protection. The
suggested explanation of the discrepancies in that
study was that if protecting ligands were less
hydrophobic than the DCCD then they would wash
out of the tissue more quickly and higher ligand
concentrations would be required to protect the
receptor against DCCD treatment.

The results of saturation binding experiments also
indicated that DCCD modification affected carboxyl
residues at the ligand binding site as a marked
decrease in the By, of [PH]SCH23390 binding was
observed. However, when partial modification was
achieved approximately 70% of the binding sites
remaining after treatment with DCCD also exhibited
a lower affinity for [PH]SCH23390 (K, = 2.72 nM)
compared with the control (K; = 0.1 nM). A possible
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explanation for this decrease in binding affinity will
be discussed later in the light of the results of
experiments performed to determine the effect of
pH on [*H]SCH23390 binding to the receptor.

The pH dependence profile of [PH]SCH23390
binding to D; dopamine receptors showed that
binding was reversibly inhibited by a decrease in
pH. The effect of pH in the range 5-8 could be
analysed in terms of the protonation of a single
ionizing group so that hydrogen ions were behaving
as if they were competitive inhibitors of ligand
binding. Making this assumption, the pK, of the
ionizing group can be estimated as 6.9 after correcting
for occupancy of the receptors by radioligand. The
simplest rationalization of these data is that the
ionizing group is the same carboxyl modified by
DCCD and that this corresponds to the aspartic acid
residue (Asp 103) in the third transmembrane
spanning region which has been shown for other
cationic amine receptors to be essential for ligand
binding [4,6]. A pK, of 6.9 is rather high for an
aspartic acid residue and the pK, of the corresponding
residue has been inferred as 5.4 at the muscarinic
acetylcholine receptor [32] and 5.5 at the D,
dopamine receptor [7]; after correction for binding
site occupancy. The microenvironment of the
receptor site could be different for the D, dopamine
receptor and mutagenesis studies will be needed to
confirm these speculations. There is also considerable
evidence for the participation of groups of higher
pK,, which may also be aspartic acid residues, in the
binding of selective ligands to muscarinic and D;
dopamine receptors {7, 32, 33].

Further indirect evidence for the importance of
ionizing groups at the receptor site being involved
in ligand binding came from saturation analysis of
[*H]SCH23390 binding to D, dopamine receptors
that had been treated with DCCD. Whereas
saturation analysis of [PHJSCH23390 binding to
control membranes (at pH 7.5) indicated a single
class of high affinity binding sites (K;=0.1nM),
when DCCD treated membranes were tested (at
pH 7.5), although overall there were fewer binding
sites, the residual binding sites exhibited two affinities
for PH]SCH23390 (K, = 0.08 nM, 2.72 nM}). As the
DCCD modification was performed at pH6
saturation analysis was then performed at pH 6 and
two affinity states were seen whose affinities (K, =
0.12nM, 1.16 nM) agreed quite closely with those
seen in DCCD-treated membranes.

These observations can be rationalized in the
following model. [PH]SCH23390 binding to D,
dopamine receptors depends on interaction with
several groups including an electrostatic interaction
with a carboxyl group (Asp 103 in the D, sequence).
In bovine caudate nucleus there are two forms of
D, receptors in which the pK, of this carboxyl group
differs. In the minor form (=15%) the pK, is about
5, in the other predominant form (=~85%) the pK,
is about 7. Either form binds [PH]SCH23390 with
high affinity (K, about 0.1 nM) when the carboxyl
group is fully ionized. Using the equation for the
pH dependence of the ligand dissociation constant
derived in Ref. 7 it can be shown that at pH 7.5 both
forms of receptor will display high affinity (K, about
0.1 nM) for [*H]SCH23390 whereas at pH6 there
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will be two affinities (K; = 0.1 nM, 1.1 nM approx.).
This provides an explanation of the effects of pH on
the K, for [PH]SCH23390 binding. In the experiment
where the pH dependence of the binding of a single
concentration of [*H]SCH23390 was examined there
was no evidence of more than one ionizing group
affecting ligand binding. This may be because in this
experiment the pH dependence of the predominant
form (pK,7) will dominate the apparent pH
dependence.

As for the effects of DCCD, this will modify
carboxyl groups on the receptor and where this is
the carboxyl group of Asp 103 this will eliminate
ligand binding. When there is partial modification
by DCCD but some of the residual receptors have
an altered K it may be that there is modification of
another more reactive carboxyl group. In the
receptors with this carboxyl group modified, ligand
binding is not inhibited but the pX, of the ligand-
binding carboxyl group (Asp 103) is altered in one
form of the receptor, the predominant form (from
a pK, of 7 to a pK, of about 8.8 which would
represent a carboxyl group in a highly perturbed
environment). This form would then have a K, of
about 2nM at pH7.5. Partial modification of the
minor receptor form does not affect its pK, and so
the K; at pH 7.5 is still about 0.1 nM. The two forms
of the receptors in this scheme would differ at the
amino acid level and so would correspond to distinct
isoforms. The relation of these to the presently
cloned species is unclear.

In conclusion, therefore, this study has shown the
power of the chemical modification approach in
identifying residues at the active site of the D,
dopamine receptor. The information will be
important in producing models of the receptor
binding site, in guiding mutagenesis experiments and
ultimately in drug design.
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