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Dopamine Activation of an Orphan of the Steroid

Receptor Superfamily

RoNAN F. POwWER, JOHN P. LYDON, OrRLA M. CONNEELY,

BERT W. O’MALLEY*

The chicken ovalbumin upstream promoter transcription factor (COUP-TF) is a
member of the steroid receptor superfamily and participates in the regulation of several
genes. While a number of functions have been ascribed to COUP-TF, no ligand or
activator molecule has been identified, and thus it is classified as one of a group of
orphan receptors. Activation of COUP-TF by physiological concentrations of the
neurotransmitter dopamine was observed in transient transfection assays. Treatment
of transfected cells with the dopamine receptor agonist a-ergocryptine also activated
COUP-dependent expression of a reporter gene. COUP-TF that contained a deletion
in the COOH-terminal domain was not activated by these compounds. These
observations suggest that dopamine may be a physiological activator of COUP-TF.

HE COUP (CHICKEN OVALBUMIN

upstream promoter) transcription

factor is a member of the.steroid-
thyroid hormone receptor superfamily (7).
COUP-TF participates in the regulation of
the chicken ovalbumin gene (2), the rat
insulin II gene (3), the proopiomelanocortin
(POMC) gene (4) and the apo-very low
density lipoprotein II (apo VLDLII) gene
(5). A Drosophila protein related to COUP-
TF termed Seven Up (6) regulates retinal
cell differentiation and shares 93% sequence
identity with human COUP-TF in the
COOH-terminal or putative ligand binding
domain. Because an activator ligand for
COUP-TF has not been identified, it is
classified as one of a list of orphan receptors
in search of either a ligand or an activator.
Dopamine is the predominant catechola-
mine in the retina (7), yet the function of
dopamine in this tissue is unclear. Dopa-
mine action is mediated by its interaction
with D1 and D2 G protein—coupled recep-
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tors that stimulate and inhibit adenylyl cy-
clase, respectively (8). Here we report the
activation of human COUP-TF by dopa-
mine and a dopamine receptor agonist o-er-
gocryptine.

To search for potential COUP-TF ligands
we constructed a chimeric COUP receptor
that contained the NH,- and COOH-termi-
nal regions of human COUP-TF and the
DNA binding domain of the chicken pro-
gesterone receptor (cPR) (Fig. 1A). This
strategy was implemented to prevent com-
petition from endogenous COUP-TF in
transfected cells. Transient transfection as-
says were conducted in a PR-negative mon-
key kidney cell line (CV1) transfected with
the chimeric COUP construct and a reporter
plasmid (PRETKCAT) (9); the reporter
contained two copies of a progesterone re-

“sponse element (PRE) located upstream of

the herpes simplex virus thymidine kinase
promoter linked to a chloramphenicol acetyl
transferase (CAT) gene. Candidate com-
pounds were tested for their ability to acti-
vate COUP-dependent CAT gene expres-
sion.

Because of the possible function of
COUP-TF in human retinal development,

dopamine and related compounds were test-
ed. Concentrations of dopamine as low as 3
uM stimulated CAT gene activity five- to
tenfold (Fig. 2A). Dopamine (100 pM) did
not stimulate CAT activity in cells trans-
fected with the parent expression vector
P91023 (B), which lacked COUP-TF cod-
ing sequences. This demonstrates that dopa-
mine stimulation of transcription required

. COUP-TF and did not result from a general

increase in transcriptional activity. The do-
pamine receptor agonist a-ergocryptine also
stimulated COUP-dependent CAT gene
expression at concentrations as low as 300
nM. Concentrations of a-ergocryptine
greater than 8.5 uM inhibited the response.
More than 150 other candidate compounds
did not activate gene expression in this assay
system (10, 11). Of the other catecholamines
tested, only L-dopa elicited a weak transcrip-
tional response (10, 12). Activation of
COUP-TF therefore appears to be relatively
specific for dopamine.

Another chimeric COUP-TF (COUPA,
Fig. 1B), which contained a deletion within
the COOH-terminal domain, was tested in
this assay system. Translation in vitro of
RNA derived from this mutant COUP
cDNA produced a stable protein of the
correct size, which did not bind to a PRE
oligonucleotide in gel retardation assays
(10). This mutant protein is not capable of
transcriptional activation. The inability of
dopamine and a-ergocryptine to stimulate
CAT gene expression in cells transfected
with this mutant COUP-TF (Fig. 2B) dem-
onstrates that an intact COUP-TF capable
of transactivation is essential for the dopa-
mine response to be observed. This result
argues against the hypothesis that the effect
on transcription is brought about by dopa-
mine-mediated stimulation of transcription
factors unrelated to COUP-TF.

We performed immunoblot analysis to

A -
NHp N8R &,
A IDNA] [ul Jul ] FCOUP
~——COUP——PR——COUP——
B 243 345
[ ONAL T3 % ] COUPA
¢ — COUP——PR——COUP—
AUG,
[ TONAT Til Wi ] ACOUP
PRy COUP——

Fig. 1. Structure of chimeric COUP-TF proteins
(22). (A) The chimeric COUP-TF (FCOUP)
with the NH,- and COOH-terminal domains of
human COUP-TF fused to the DNA binding
domain of cPR. The boundaries of domains II
and III, which are conserved among the steroid
receptor family (1), are indicated by amino acid
number. (B) The COOH-terminal deletion mu-
tant of (A) (COUPA). (C) The PR,-COUP
chimera (ACOUP) with the NH,-terminal and
DNA binding domains of cPR, fused to the
COOH-terminal domain of COUP-TF.
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evaluate the effect of dopamine and a-ergo-
cryptine on the production and stability of
the COUP-TF protein. Because the concen-
tration of COUP-TF produced in trans-
fected cells is below the limit of detection by
immunoblot analysis with COUP-specific
antibodies, we produced a chimeric COUP-
TF protein that contained the NH,,-terminal
and DNA binding domains of the cPR,
(PR, A form) receptor (13) fused to the
COOH-terminal domain of COUP-TF.
This chimeric COUP-TF protein (Fig. 1C)
can be readily detected in transfected cells
with PR-specific antibodies (14) and was
activated by the same concentrations of do-
pamine and a-ergocryptine needed to acti-
vate the COUP-PR-COUP chimera (Fig.
1A). Likewise, a deleton within the
COOH-terminal domain of this PR,-
COUP chimera renders it unresponsive to
dopamine and a-ergocryptine (10). Immu-
noblot analysis (Fig. 3) showed that intact,
chimeric COUP-TF was produced in ap-
proximately equal amounts in both untreat-
ed transfected cells and in cells treated with
dopamine and a-ergocryptine. Thus tran-
scriptional stimulation by dopamine is not
due to increased cellular concentrations of
COUP-TF or changes in COUP-TF integ-
rity.

We have been unable to demonstrate high
affinity binding of either [*H]dopamine or
[®*H]ergocryptine to human COUP-TF ex-
tracted from transfected cells or to COUP-

Fig. 2. Induction of CAT gene expression A
by dopamine (D), a-ergocryptine (E), 1
8-Br—cAMP, and okadaic acid (OA). (A)
pADFCOUP (5 pg) and PRETKCAT (5
pg) were cotransfected into CV1 cellg as
described (17). Cells were cultured for 2
days in serum-free media supplemented
with Nutridoma (Boehringer Mannheim;
Indianapolis, Indiana) in the absence (lane
1) or presence of varying concentrations of
dopamine (lanes 2 to 7) and a-ergocryp-
tine (lanes 8 to 11). The media was re-
placed after 24 hours and fresh compounds

_ 300 100 50 20 5

TF produced by in vitro translation in rabbit
reticulocyte lysates (10). We conclude that
dopamine does not bind directly to COUP-
TF. In support of this, there are no notable
sequence similarities between COUP-TF
and dopamine receptor sequences (15, 16).
It is likely that the activation of COUP-TF
by dopamine is a phosphorylation-mediated
event brought about by dopamine stimula-
tion of cell surface receptors. To support this
hypothesis we found that 8-bromo—cyclic
adenosine monophosphate (8-Br—cAMP), a
stimulator of cAMP-dependent protein ki-
nase A, and okadaic acid, an inhibitor of
protein phosphatases 1 and 2A, also stimu-
late COUP-TF-dependent transcription in
our assay system (Fig. 2C). It has been
demonstrated that these compounds can
regulate PR-mediated transcription by
phosphorylation (17). Neither compound
stimulated transcription in cells transfected
with 91023 (B), which lacks COUP-TF
sequences, and PRETKCAT (10).

A variety of kidney cell types contain
dopamine receptors linked to adenylyl cy-
clase (18, 19). We have found that the CV1
monkey kidney cells used in this study pos-
sess a dopamine-sensitive adenylyl cyclase
that is maximally activated by dopamine
(100 pM) three to four times over basal
levels (10). The dopamine concentration
needed to maximally activate retinal adenylyl
cyclase in a number of species varies from 20
to 200 pM (20), which is similar to the
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were added. As a control, cells were trans-

fected with P91023 (B), which lacked

COUP-TF coding sequences, and PRET- 5
KCAT and cultured in the presence of 100

pM dopamine (lane 12). CV1 cells were
prepared for CAT assays as described (23)
and the assays were performed for 12
hours with 50 pg of protein extract. The
results shown are representative of at least
six separate experiments where duplicate
points were performed. The variation in
signals between duplicate points in any
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(B) pADCOUPA (5 pg) and PRETK-
CAT (5 pg) were cotransfected into CV1
cells cultured as above in the absence (lane

pADCOUPA/PRETKCAT

e
=
=
e
@

i Sy
pADFCOUP/PRETKCAT

1) or presence of varying concentrations of dopamine (lanes 2 to 4) and a-ergocryptine (lanes 5 to 7).
(C) Cells transfected with pADFCOUP (5 pg) and PRETKCAT (5 pg) were untreated (Basal) or
treated with 8-Br—cAMP (10~3 M) or okadaic acid (OA) (5 x 1078 M) as described (17). In all
experiments the positions of [**C]chloramphenicol (C) and the 1- and 3-acetylated forms of [!C]chlor-
amphenicol are indicated (1AC and 3AC, respectively).
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Fig. 3. Immunoblot analysis of chimeric COUP-
TF protein in dopamine-treated and a-ergocryp-
tine—treated cells. COSM6 monkey kidney cells
cultured in nutridoma-supplemented media were
transfected with the chimeric COUP-TF expres-
sion construct pADACOUP (5 pg) as described
for Fig. 2. After 48 hours of treatment with either
dopamine (D) of a-ergocryptine (E), high-salt
extracts were prepared and analyzed by immuno-
blotting as described (24) with PR22 (14), an
antibody to PR. Lane 1, protein (200 pg) from
mock-transfected cells; lane 2, protein (200 pg)
from transfected cells cultured in the absence of
agonists; lanes 3 to 5, protein (200 pg) from
transfected cells treated with various concentra-
tions of dopamine or a-ergocryptine. Molecular
size markers in kilodaltons are indicated at the left.
The arrow indicates the position of chimeric
COUP-TF protein.

concentrations needed to activate COUP-
TF in our assay system. Furthermore, in
carp retinal homogenates, ergocryptine
stimulates adenylyl cyclase activity at con-
centrations between 0.1 and 10 pM (21). At
higher concentrations ergocryptine pro-
duces an inhibitory response, which also
agrees with our findings (Fig. 2A).

The ability of a catecholamine neurotrans-
mitter to activate an orphan member of the
steroid receptor superfamily provides direct
evidence of “cross-talk” between two signal
transduction pathways that are not usually
thought to be linked. Activation of an intra-
cellular receptor by a membrane receptor
agonist prompts a closer look at whether
classical steroid hormone receptors can be
activated by compounds other than their
cognate ligands.
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Recognition by Class II Alloreactive T Cells of Processed
Determinants from Human Serum Proteins

PAoOLA PANINA-BORDIGNON, GIAMPIETRO CORRADIN,
EpDY ROOSNEK, ALESSANDRO SETTE, ANTONIO LLANZAVECCHIA

Alloreactive T cells recognize a complex composed of an allogeneic major histocom-
patibility complex (MHC) molecule and a peptide derived from the processing of
nonpolymorphic proteins. A sizable fraction of MHC class II alloreactive T cells is
shown to recognize peptides derived from constitutive processing of human serum
proteins. One such epitope is a fragment of human serum albumin. This epitope bound
selectively to the human class IT molecule DRw11 and was constitutively present on
antigen-presenting cells in vivo. These data indicate that, in the case of MHC class II,
peptides involved in allorecognition may originate from exogenous proteins.

N ORDER TO TRIGGER HELPER T
I cells, exogenous protein antigens must
be taken up by antigen-presenting cells
(APC) and processed into peptides that bind
to MHC class II molecules. Since APC
cannot distinguish between self and foreign
proteins, it is likely that self peptides are
continuously generated and presented in
association with class IT molecules. Peptides
have been found to constitutively occupy
the antigen-binding groove of class II mol-
ecules (1), but the origin and nature of these
peptides and their functions in alloreactivity
(2) have not been established.
Human serum (HS) is the most abundant
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source of soluble proteins in vivo. If HS
proteins are constitutively processed and
presented by APC, a fraction of alloreactive
T cells should be specific for peptides de-
rived from HS presented by allogeneic class
II molecules. These T cells should recognize
allogeneic Epstein Barr virus—transformed B
cells (EBV-B) grown in HS, but may not
recognize the same cells grown in serum
from a different source such as fetal calf
serum (FCS), that provides a different set of
peptides. Nineteen primary mixed lympho-
cyte reactions (MLRs) were set up with
allogeneic peripheral blood mononuclear
cells (PBMC) as stimulators, and 1489
CD4™ alloreactive T cell clones were isolat-
ed. The clones were tested for their capacity
to proliferate in response to allogeneic
EBV-B cells that had been exposed to either
HS or to FCS. Of these clones, 93.4% did
not discriminate between HS-treated and
FCS-treated B cells. However, 6.6% of the
clones (from 2.2 to 10.1% in different

MLRs) proliferated only in response to
EBV-B cells that had been exposed to HS
(Table 1). None of the alloreactive clones
proliferated only in response to FCS-treated
B cells.

The antigen-specificity and restriction of
the HS-specific alloreactive clones were
characterized. (i) All clones proliferated only
in the presence of allogeneic EBV-B cells

_from the original allogeneic stimulator used

in the primary MLR and 1 to 5% HS. (ii)
The allodeterminants recognized were pres-
ent on APC in vivo, since all T cell clones
proliferated in response to allogeneic PBMC
from the original stimulator. (iii) The stim-
ulatory activity of HS was stable to heating
for 30 min at 60°C and represented a pro-
tein because it was destroyed by treatment
of HS with Pronase. (iv) The HS proteins
recognized were not polymorphic, since se-
rum autologous to the T cell clones was as
effective as serum taken from other donors.
(v) The clones displayed expected allospeci-
ficities toward MHC class II DR or DQ
allelic products, as shown by inhibition of
alloreactivity with monoclonal antibodies
to DR or DQ molecules and by the use of
homozygous EBV-B cells as APC. (vi)
Different proteins were recognized by dif-
ferent alloreactive T cells. The proteins
were separated by size and identified as
distinct peaks by gel filtration chromatog-
raphy of HS (3). These results indicate that
approximately 7% of class II alloreactive T
cells recognize determinants of proteins
from HS presented by allogeneic class II
molecules.

We tested the alloreactive clones for rec-
ognition of human serum albumin (HSA), a
protein of known sequence that is available
in sufficient amounts to allow epitope map-
ping. Two clones of the 98 tested recog-
nized HSA (Table 2). These clones were
isolated from two independent MLR’s and
were shown to be specific for HSA and
restricted to DRw11. They proliferated in
response to both purified and recombinant
HSA (4), only in the presence of allogeneic
DRwll EBV-B cells or DRwll L cell
transfectants, but not in the presence of
autologous EBV-B cells. In addition, these
clones proliferated in response’ to DRwll
PBMC from the original stimulator that had
been isolated and cultured in FCS, indicat-
ing that the HSA-derived allodeterminant
was present on APC in vivo. HSA, like
conventional antigens, had to be processed
for at least 60 min at 37°C, and processing
was inhibited by leupeptin or chloroquine
(Table 2).

The HSA epitope recognized by clone
AK42 was identified by proteolytic diges-
tion of HSA that had been cleaved with
cyanogen bromide (5). The epitope corre-
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