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SUMMARY

SuEPPARD, HERBERT, AND BURGHARDT, CHARLES R.: The dopamine-sensitive adenyl-
ate cyclase of rat caudate nucleus. I. Comparison with the isoproterenol-sensitive
adenylate cyclase (beta receptor system) of rat erythrocytes in responses to dopamine
derivatives. Mol. Pharmacol. 10, 721-726 (1974).

Various analogues of dopamine were examined for agonist activity with vespect to the
dopamine-sensitive adenylate cyclase of rat caudate nucleus and the isoproterenol-sensitive
enzyme of rat erythrocytes. In both systems decreased activity was associated with
5-methyl, 6-methyl, 2-phenyl, or (R, —)-a-methyl substitution. With the dopamine-sensi-
tive cyclase system N-alkyl, (S, +)-a-methyl, and (R, —)-8-hydroxy substitution resulted
in decreased activity, in contrast to results with the isoprotcrenol-sensitive cyclase. The
isomers of the tetrahydroisoquinolines, salsolinol and its N-methylated derivatives, were
inactive, lending support to the concept that the nitrogen and catechol moieties were in a
trans rather than a gauche conformation. It is suggested that the receptors for the dopa-
mine- and isoproterenol-sensitive adenylate cyclases could have identical primary structures
but that they are folded in the membrane in such a way that the binding sites for the active
‘groups of the agonists differ in their relative positions.

INTRODUCTION

An adenylate cyclase which responded to
dopamine has been found on rat erythrocyte
ghosts, but proved to be of the beta adre-
nergic receptor type. In addition, this en-
zyme was not responsive to apomorphine
(1). A more specific dopamine-sensitive
adenylate cyclase was first demonstrated
for the superior cervical ganglion by Keba-
bian and Greengard (2), then for the retina

A preliminary report of this work was presented
at the fall meeting of the American Society for
Pharmacology and Experimental Therapeutics,
East Lansing, Michigan, August 19-23, 1973, [Phar-
macologist, 16, 237, (1973)].

by Brown and Makman (3) and for the rat
caudate nucleus by Kebabian et al. (4).
These workers reported that apomorphine
was a potent agonist in these systems (4, 3).
Both groups demonstrated that dopamine
was a more potent agonist than norepineph-
rine, that isoproterenol had little or no
agonist activity, and that the response to
dopamine was inhibited by alpha but not
by beta adrenergic blocking agents. This
pattern of response contrasts with the beta
receptor system, where isoproterenol is the
more potent agonist, whose effects are
blocked more by beta rather than alpha
blocking agents (1). The availability of a
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variety of dopamine derivatives made it
possible to probe the structural require-
ments for agonist activity in the isoprotere-
nol- and dopamine-sensitive adenylate cy-
clase systems. The studies reported here are
concerned with the effects of substituents
at various positions of the side chain and
aromatic ring on the potency of dopamine
as a stimulator of both cyclases. Some
effort has been made to explain these
effects in terms of the topography of the
receptor and the conformation of the agonist.

METHODS

The removal of the rat caudate nucleus,
homogenization, incubation for measure-
ment of cyclase activity, and determination
of cyclic 3',5-AMP were performed as
described by Kababian et al. (4). Briefly,
the caudate nuclei from 150-250-g adult
male Charles River rats were homogenized
with 25 volumes of 2 mm Tris-maleate
buffer, pH 7.4, containing 2 mM EGTA.!
The cyclase assay was performed in tripli-
cate in 0.5 ml of medium containing 80 mm
Tris-maleate, 0.5 mm ATP, 2 mm MgSO,,
10 mMm theophylline, 0.2 mm EGTA, 50 ul
of cyclase preparation (equivalent to 2 mg,
wet weight), and the test substance under
study. After incubation for 5 min at 37°
the reaction was terminated by boiling for 2
min and centrifugation to remove insoluble
material. The cyclic AMP content of each
sample was determined in duplicate by the
charcoal exclusion method of Brown et al.
(6). None of the compounds tested had any
effect on this assay.

The erythrocytes were collected and
washed as described by Sheppard and Burg-
hardt (7). The hemolysates were prepared
with the Tris-maleate-EGTA buffer de-
scribed above. The ghosts, equivalent to
0.15 ml of packed erythrocytes, were incu-
bated for 7.5 min in the same medium used
for the caudate nucleus, and the cyclic AMP
was analyzed as described above.

Several concentrations of each agonist,
ranging from 1 to 100 uM, were studied in
order to obtain dose-response curves where

1 The abbreviation used: EGTA, ethylene
glycol bis(8-aminoethyl ether)-N,N’-tetraacetic
acid.
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possible. For those compounds demonstrat-
ing little activity at 100 uM, a full curve was
not developed. In all the cases the relative
potency refers to the amount of dopamine
divided by the amount of agonist required
to give the same response in the same experi-
ment. Where almost complete dose-response
curves were obtained, the values utilized
were near the EDso.

It was necessary to have a dopamine or
isoproterenol dose-response curve for each
experiment because of the variability of
response from preparation to preparation.
The ECs values were 1.7-7.0 um for dopa-
mine and 0.14 um for isoproterenol with the
dopamine- and isoproterenol-sensitive cy-
clases, respectively.

The major reagents and chemicals were
obtained from the following sources: Tris-
maleate, EGTA, and ATP, Sigma Chemical
Company; N-ethyldopamine, metatyra-
mine, and metaraminol, Sterling-Winthrop
Corporation; (S,+)- and (R, —)-a-methyl-
dopamine, Dr. C. Porter, Merck Sharp &
Dohme, Inc.; all other dopamine deriva-
tives, Hoffmann-La Roche, Inc.; charcoal
(Norit SC “extra’), J. T. Baker Chemical
Company. All of the dopamine derivatives
were used as hydrohalide salts.

RESULTS

The previous demonstration that the
(S,+) isomer of norepinephrine was as
active as dopamine in the isoproterenol-
sensitive adenylate cyclase system of rat
erythrocytes (1) was not observed with the
dopamine cyclase of rat caudate nucleus
(Table 1). Dopamine was many times more
potent than the (S,+) isomer of norepi-
nephrine and slightly more potent than its
(R,-) or natural isomer. Metatyramine
was weakly active with the dopamine- but
not the isoproterenol-sensitive cyclase, while
the reverse was true for metaraminol.

The observed order of potency with re-
spect to adenylate cyclase activation of the
beta receptor system of rat erythrocytes was
reported to be N-methyldopamine >
N-isopropyldopamine > dopamine (1). It
was of interest to determine the conse-
quences of alkyl substitution of the nitrogen
atom of dopamine on stimulation of the
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TasBLE 1
Effects of 100 ua dopamine, norepinephrine isomers,
and p-deoxy derivati on lation of

adenylate cyclases of rat caudate nucleus and

erythrocytes

The basal cyclic AMP production (mean =+
standard error) was 55.8 + 3.3 and 5.7 & 0.1
pmoles per incubation for the adenylate cyclases
of caudate nucleus and erythrocytes, respectively.

Agonist Increase over basal
in cyclic AMP per
incubation
Caudate Erythro-

nucleus cytes

-fold -fold
Dopamine 2.3 2.0
(R,—)-Norepinephrine 1.9 5.9
(S,+)-Norepinephrine 1.4 1.7
Metatyramine 1.4 1.2
Metaraminol 1.1 2.2

s Not significantly increased over basal produc-
tion. All other values are statistically significant
at p < 0.05.

dopamine-sensitive adenylate cyclase of rat
caudate nucleus. The addition of an alkyl
group to the nitrogen atom of dopamine
resulted in reductions of activity which were
generally proportional to the size of the
substituent (Table 2). Thus dopamine was
not significantly more potent than its
N-methyl derivative, although both were
much more potent than N-isopropyldopa-
mine, which was inactive at 100 uM. An
additional methyl group on N-methyldopa-
mine reduced the activity slightly, but the
addition of a third methyl group to form
the quaternized nitrogen almost abolished
activity. The N-ethyl and N,N-diethyl de-
rivatives possessed only about 7.5% of the
activity of dopamine. The N-ethyl, N-pro-
pyl, and N-isopropyl-N-methyl derivatives
also revealed only a small percentage of the
dopamine activity, and all three yielded
maximum responses which were about 50 %
of that seen with dopamine.

Derivatives of dopamine and N,N-di-
methyldopamine with substituents on the
ring and in the a-position of the side chain
are listed in Table 3. Dopamine and its
2-methyl derivative were equipotent with
respect to stimulation of the enzyme of the
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TABLE 2
Ability of N-alkyl derivatives of dopamine to
stimulate rat caudate nucleus adenylate
cyclase
Relative activity refers to the ratio of dopa-
mine to the test substance at equieffective con-
centrations.

Dopamine analogue Relative activity
N-Methyl 0.900
N,N-Dimethyl 0.600
N,N,N-Trimethyl —s
N-Ethyl 0.025
N,N-Diethyl 0.075
N-Propyl 0.025
N -Isopropyl —a
N-Methyl-N-isopropyl 0.018

¢ No measurable activity at 100 um.

caudate nucleus. In contrast, 2-phenyl sub-
stitution reduced the potency to about 5%
of that of dopamine, and 6-methylation
reduced it further, to 1%. The addition of
a (%)a-methyl group reduced the potency
of both dopamine and its 2-methyl deriva-
tive to about 1-2% of the original activity.
With the other a-methylated derivatives
no activity could be detected up to 100 um.
A similar pattern was noted with the
erythrocyte enzyme, except that (=&)a-
methyl substitution increased the potency
of dopamine and its analogues 3—4-fold, in
sharp contrast to the activity seen with the
caudate nucleus enzyme.

In the N, N-dimethyldopamine series, the
2-methyl group again had no effect, while
the 2-phenyl and 6-methyl groups reduced
the potency 99% or more with the dopa-
mine-sensitive cyclase. When tested with
the isoproterenol-sensitive cyclase of eryth-
rocytes, the 6-methyl group reduced po-
tency by only 61 %. In the tertiary amine
series the (+)a-methyl group again reduced
the potency of dopamine with the dopa-
mine-sensitive enzyme. With the isopro-
terenol-sensitive cyclase a modest reduction
rather than an increase in potency was ob-
tained with the 2-methyl and 6-methyl
analogues.

The two isomers of a-methyldopamine
were tested (Table 4). Only the (R,-—)
isomer was active with the enzyme of the
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TaBLE 3

Effects of various subsliluents on aromatic ring or
side chain of dopamine and its N,N-dimethyl
derivative on ability lo activate adenylate cyclases
of rat caudate nucleus or erythrocytes
Relative activity refers to the ratio of dopa-

mine to the test substance at equieffective con-

centrations. A complete dopamine dose-response
curve was obtained in each experiment.

Dopamine analogue Relative activity
Caudate | Eryth-
nucleus | rocytes
1.00 1.00
2-CH;, 1.09¢ | 1.15°
2-C¢H; 0.06 | 0.10
6-CH, 0.01 |0.10
DL-Q‘CH)-2~CH3 0.02 3.30
DL-(!-CH;-2-C(H5 —b 020
pL-a-CH;-6-CH, —b 1 0.20
pL-a-CH, 0.01 | 4.00
N,N-DiCH;, 0.60 | 0.88
2-CH,;-N,N-DiCH, 0.58 | 0.76
2-C¢H;-N ,N-DiCH, —b —b
§-CH,;-N,N-DiCH, —b —b
6-CH,;-N,N-DiCH, 0.01 | 0.34
pL-a-CH;-2-CH,;-N ,N-DiCH, 0.01 | 0.48
DL-a-CH:-z-C.H;-N ,N-DiCH; —b —b
pL-a-CH;-5-CH;-N,N-DiCH; —b —b
pL-a-CH,-6-CH,-N,N-DiCH, —%10.19

s Not significantly different from 1.0. All others
have values of p < 0.05.
& No measurable activity at 100 um.

caudate nucleus, and it had less than 10%
of the activity of dopamine. With the
erythrocyte enzymes the potency of the
(R, —) isomer was equivalent to dopamine
and comparable to that obtained with the
caudate nucleus enzyme. The (S, +) isomer,
on the other hand, was much more potent
than the (R,—) isomer of a-methyldopa-
mine.

Other dopamine analogues were tested
and found to be inactive at 100 um. These
included 3-O-methyl-, 4-O-methyl-, 6-hy-
droxy-, and 6-aminodopamine, tyramine,
and amphetamine. With the dopamine-sensi-
tive cyclase L-dopa appeared to have about
10% of the potency of dopamine. All these
compounds were inactive with the erythro-
cyte enzyme. When tested as possible
inhibitors or potentiators of the dopamine
response, L-dopa and L-isoproterenol, both

SHEPPARD AND BURGHARDT

TaBLE 4

Abilily of two isomers of a-methyldopamine to
activate adenylate cyclases of rat caudate
nucleus and erythrocyltes

Results are means 4+ standard errors.

Dopamine | Concen- cAMP content
analogue | tration
Caudate Erythrocytes
nucleus
B pmoles/incubation
None 41.4 £ 23| 5.1 £ 0.2
Dopamine 10 [80.3 +4.0| 7.4 0.2
a-Methyl
(R,-) 10 (43.0 £ 54| 8.4 0.2
30 |49.9 £ 6.5|13.7 = 0.4
100 |61.3 5.4 |23.8 1.2
a-Methyl
$,+) 10 |41.6 +£ 2.7|14.8 £ 0.6
30 45.8 &+ 6.2 | 30.0 = 0.9
100 [44.8 +£6.5|60.5 % 2.5

excellent substrates for catechol O-methyl-
transferase, were inactive at 100 uM against
the isoproterenol- and dopamine-sensitive
cyclases, respectively. The role of oxidative
enzymes and conditions was evaluated and
found to be minimal, since dopamine stimu-
lation was not enhanced by incubation in an
N, atmosphere or in the presencc of the
monoamine oxidasc substrates tyramine and
serotonin.

Certain isoquinolines which have been
shown to be formed from dopamine and
acetaldehyde under conditions in vitro (8)
were tested and found to have little or no
activity in both cyclase systems up to 100
uM. These include the two stereoisomers of
salsolinol (6,7-dihydroxy-1-methyl-1,2,3,4-
tetrahydroisoquinoline) as well as their
N-methylated derivatives.

DISCUSSION

The dopamine-scnsitive cyclase (4, 5), in
contrast to the isoproterenol-sensitive en-
zyme of rat erythrocytes (1), had been
shown to be activated by apomorphine.
The potency of this agent was found to be
similar to that of dopamine (4), and there-
fore it seemed reasonable to consider the
configuration of its catechol and nitrogen
groups as a model for dopamine at its
receptor site (9, 10). The Newman projec-
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tions in Fig. 1 point to the probability that
the nitrogen and catechol groups are in a
trans relationship. Dopamine, of course, is
free to rotate around certain C—C bonds,
as indicated by the arrows in Fig. 1. Al-
though the trans conformation predominates
in crystals (11), solutions contain a signifi-
cant and perhaps predominent (12) fraction
of the molecules in a gauche conformation,
which corresponds to that obtained by a
120° rotation of the carbon atom bound to
the nitrogen. That this is not the conforma-
tion at the receptor site is indicated by the
absence of activity of the tetrahydroiso-
quinoline salsolinol and its derivatives.

It is important to point out that the dis-
cussion which follows is based on confidence
that the results truly reflect interactions
with the receptors and are not affected by
metabolic degradation of the agonists. The
failure of isoproterenol to enhance the re-
sponse to dopamine eliminates catechol
O-methyltransferase as a factor. Likewise,
monoamine oxidase and other oxidative
mechanisms can be viewed as unimportant
in 5-min incubations, since the dopamine
response could not be increased by flushing
the incubations with N or incubation with

(R,-) APOMORPHINE

HO
HO OH
@ CHy A CH
) %7 (3
N PN

AN

2- CgHg-DA (R-)x-CH3DA  (S,+)ct-CHyDA

Fi6. 1. Newman projections of apomorphine,
dopamine, 2-phenyldopamine (2-CHs-DA), (R,—)-
a-methyldopamine (a-CH3:DA), and (S,+)-a-
methyldopamine (a-CH3DA)
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substrates of monoamine oxidase such as
tyramine or serotonin.

The structure of the apomorphine mole-
cule suggests that the activity of dopamine
at the dopamine receptor might not have
been greatly altered by a methyl or phenyl
group at position 2 of the catechol moiety,
a methyl group on the a-carbon with an
(S,+) configuration, an alkyl group even
as large as a propyl moiety on the nitrogen,
or dialkylation to form a tertiary nitrogen.
The data obtained in these studies, of
course, prove several of these ideas false.
While a methyl group at position 2 was
without effect, a phenyl group was clearly
very inhibitory. The (S, +)-a-methyl group
was also very inhibitory, as were substituents
on the nitrogen larger than a methyl group.
The latter two findings correspond with
observations made at more physiological
levels of organization. Goldberg et al. (13)
demonstrated that N-ethyl-, N-propyl-, and
N-isopropyldopamine, as well as isopro-
terenol, failed to promote vasodilation
through a dopamine receptor in the dog
kidney, and clinical experience has shown
that a-methyldopa, which yields (S, +)-a-
methyldopamine after decarboxylation, is
ineffective in the treatment of parkin-
sonism.

The marked reduction in potency seen
with the 2-phenyl, (R,—)-a-methyl, and
N-alkyl derivatives suggests that these
substituents are unable to adopt the con-
formations seen in the apomorphine mole-
cule because of interactions with other
regions of the receptor. The presence of
some activity suggests that these com-
pounds probably do interact with the dopa-
mine binding site, but that a hydrophobic
region interacts with these substituents and
distorts the molecule from its optimum con-
formation. While several such regions may
exist, it is felt that these results can be ac-
commodated to a model having a single
hydrophobic region to the left of the mole-
cule at the 9 o’clock position.? This region
could bind the 2-phenyl group and effect a

? The Newman projections in Fig. 1 are viewed
from the C—C bond of the side chain and give
the relative positions of the catechol hydroxyl
and the side chain nitrogen, regardless of which
portion actually moves.
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90° rotation of the catechol moiety as seen
in Fig. 1. The binding of the (S, +)-a-
methyl group could cause the nitrogen to
move to the left, resulting in an increase in
the N to 3-O distanee. The (R, —)-a-methyl
group would move the nitrogen with a lesser
increase in N to 3-O distance and the reten-
tion of some activity. The N-alkyl sub-
stituents of 2 or more carbon atoms may also
interact with the same hydrophobic region
to effect changes in the conformation of the
catecholamine. It is equally likely that they
produce steric hindrance to attachment of
the nitrogen to its binding site.

Similar reasoning may be applied to the
beta adrenergic receptor, with the notable
differences being that N-alkylation, S-hy-
droxylation, and (S, +)-a-methyl substitu-
tion increase the effects of dopamine. Per-
haps the receptor molecules have the same
primary structure in both systems but differ
in their conformation in the membrane. Thus
the beta receptor would be organized with
the nitrogen binding group closer to the
postulated hydrophobic region, and this
would require a conformation of the dopa-
mine molecule similar to that seen in Fig. 1
for the (S, +)-a-methyl compound.

It has been noted from pharmacological
studies that the catechol and amine functions
are important for the activity of catechol-
amines. In agreement with this concept are
the observations that methylation of either
of the catechol hydroxyls results in a loss of
activity.

The failure of isoproterenol and L-dopa to
inhibit the activation of the dopamine- and
beta-sensitive cyclases, respectively, suggests
that the catechol binding site is not fully
exposed in both receptors. It has been sug-
gested that sequential binding occurs at the
beta receptor so that the initial interactions
effect a partial unfolding of the receptor,
making the rest of the binding site available
(14). The initial interaction was envisioned
as involving a folded catecholamine. Al-
though this could apply to the beta receptor
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it would not permit the rigid extended con-
formation of apomorphine to act on the
dopamine receptor. Thus a different inter-
action-unfolding mechanism would have to
be applied to the dopamine receptor, and
perhaps the beta receptor as well. It would
be premature at this time to attempt a more
detailed description of these mechanisms.
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