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Opioidlike G Protein—-Coupled Receptor
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A heptadecapeptide was identified and purified from porcine brain tissue as a ligand for
an orphan heterotrimeric GTP- binding protein (G protein)- coupled receptor (LC132) that
is similar in sequence to opioid receptors. This peptide, orphanin FQ, has a primary
structure reminiscent of that of opioid peptides. Nanomolar concentrations of orphanin
FQ inhibited forskolin-stimulated adenylyl cyclase activity in cells transfected with LC132.
This inhibitory activity was not affected by the addition of opioid ligands, nor did the
peptide activate opioid receptors. Orphanin FQ bound to its receptor in a saturable
manner and with high affinity. When injected intracerebroventricularly into mice, orphanin
FQ caused a decrease in locomotor activity but did not induce analgesia in the hot-plate
test. However, the peptide produced hyperalgesia in the tail-flick assay. Thus, orphanin
FQ may act as a transmitter in the brain by modulating nociceptive and locomotor

behavior.

The existence of supergene families (1) and
the introduction of screening approaches for
sequence similarity have yielded numerous
complementary DNA (cDNA) sequences
with similarity to other members of a given
supergene family but with no known biolog-
ical activity, the so-called orphan proteins
(2). We searched for a natural ligand for the
orphan G protein—coupled receptor LC132,
whose salient feature is its sequence similar-
ity to opioid receptors. This receptor does
not bind any of the previously identified
opioid peptides or ligands (3). Because it is
similar in sequence to the -, 8-, and
k-opioid receptors (~65% in the transmem-
brane regions), we assumed that LC132
might also bind a peptidergic ligand and be
coupled to the same second messenger sys-
tems as the opioid receptors (4). We there-
fore decided to monitor the activation of this
receptor through the inhibition of forskolin-
stimulated adenosine 3’,5’-monophosphate
(cAMP) accumulation in transfected cells
expressing LC132. Because the LCI132
mRNA is expressed in large amounts in the
hypothalamus (3), we set out to purify its
ligand(s) from homogenates of porcine hy-
pothalamus.

Acetic acid extracts of porcine hypo-
thalamic tissue were prepared and pro-
cessed (5). An initial screening of pools of
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fractions derived from cation-exchange
chromatography revealed two consecutive
pools that contained adenylyl cyclase in-
hibitory activity in LCI132-transfected
cells but not in untransfected cells (Fig.
1A). The corresponding individual frac-
tions were further fractionated through
five steps of reversed-phase high-perfor-

Fig. 1. Purification of orphanin FQ from porcine
hypothalamic extracts. (A) Cation-exchange HPLC
elution profile of the extract, showing the effect of
pools of fractions on the amount of forskolin-stimu-
lated cAMP. The extract was prepared as described
(), and aliquots of concentrated material were ap-
plied to a cation-exchange HPLC column (Protein-
Pak SP 8HR, 10 by 100 mm; Waters) equilibrated
with 10 mM NH,COO in 10% (v/v) methanol. The
column was eluted with a linear gradient of
NH,COO in 10% methanol at a flow rate of 1 ml/
min, and 80 fractions of 1 ml were collected. The 80
fractions were divided into 16 groups of five con-
secutive fractions, and in each group 10% of each
fraction was pooled and lyophilized, yielding 16
pools; 5% of this material was tested in duplicate for
its ability to inhibit forskolin-stimulated production of
cAMP (76). Data were normalized to the amount of
cAMP in forskolin-stimulated cells (0%). Pools 13
and 14 showed greater inhibition of forskolin-stim-
ulated adenylyl cyclase activity in transfected cells
than in untransfected cells (shaded bars, LC132-
transfected CHO cells; open bars, CHO dhfr~ wild-
type cells). The large increase in cAMP concentra-
tion in pool 2 was caused by endogenous CAMP
extracted from the tissue. Fractions 60 to 67 con-
tained most of the bioactivity and were pooled for
further purification. (B) Final rpHPLC. The bioactive
material was loaded onto an octyl silica column (Su-
perspher RP select B, 2 by 125 mm; Merck) and
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mance liquid chromatography (rpHPLC),
and from these fractions an active com-
pound was finally purified to homogeneity
(Fig. 1B). This material was analyzed by
mass spectrometry and sequenced by Ed-
man degradation and proved to be a pep-
tide with the primary structure FGGFT-
GARKSARKL- ANQ (6). Final yields of
this peptide were ~200 pmol from 4.5 kg
of brain tissue (wet weight). Computer
data bank searches revealed that this pep-
tide had not been reported, either alone or
as part of a larger protein.

We synthesized a peptide of the same
sequence and showed it to be identical to the
natural peptide in retention behavior (by
rpHPLC) and in molecular size (by mass
spectrometry) (7). The synthetic peptide
also potently inhibited forskolin-stimulated
cAMP accumulation, with a median effec-
tive concentration (EC,,) of 1.05 ® 0.21
nM and a maximal effect of ~80% inhibi-
tion at 100 nM (Fig. 2A). This ECs, is
comparable to that of other neuropeptides at
their receptors and indicates that this pep-
tide can be a natural ligand for the LC132
receptor. We have named it orphanin FQ to
denote its relation to an orphan receptor and
to specify it by the termini of its amino acid
sequence. Opioid agonists or antagonists did
not affect the inhibition of forskolin-stimu-
lated cAMP accumulation induced by or-
phanin FQ (8).
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eluted with a linear gradient of acetonitrile in 0.1% trifluoroacetic acid at a flow rate of 0.12 ml/min.
Inhibition of forskolin-stimulated adenylyl cyclase activity (16) was detected only in the major peak
(shaded bars, L. C132-transfected CHO cells). During the last two steps of purification, bioassays were
only done on cells transfected with LC132 to save material.
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To further analyze the interaction of
orphanin FQ with LC132, we developed an
125] labeled ligand by synthesizing a series
of peptide analogs in which tyrosine was
substituted at various positions. The Tyr'4-
substituted peptide and the monoiodo-
Tyr!* analog were agonists of almost equiv-
alent potency in cAMP assays, with ECs,
values of 1.02 = 0.11 nM and 1.78 *+ 0.49
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Fig. 2. Pharmacological characterization of or-
phanin FQ at the LC132 receptor. (A) Inhibition of
forskolin-stimulated cAMP accumulation in CHO
cells transfected with LC132 and treated with or-
phanin FQ (@), Tyr'#- orphanin FQ (M), or mono-
iodo-Tyr'*- orphanin FQ (OJ). Leu-enkephalin (O)
showed no effect. Untransfected CHO cells were
treated with orphanin FQ as a control (A). Data
were normalized to the amount of cCAMP in for-
skolin-stimulated cells (100%). Concentrations of
CAMP were determined as described (76); all in-
cubations were done at least two times in tripli-
cate. Results of a representative experiment are
shown. EC,, values were determined from fitted
curves with Kaleidagraph software. (B) Saturation
binding of 128-labeled Tyr'“- orphanin FQ. Mem-
branes of LC132-transfected CHO cells were
bound to wheat germ agglutinin- coated fluomi-
crospheres and incubated for 60 min at room
temperature with the indicated concentrations of
128|-labeled Tyr'4- orphanin FQ (77). Nonspecific
binding was determined in the presence of 10 nM
orphanin FQ. Bound radioligand (B) was mea-
sured by scintillation proximity. Concentrations of
free ligand (F) were calculated by subtracting the
amount of specific bound ligand from the total
amount of radioligand added. The data represent
the average of triplicate determinations from two
independent experiments. The insert shows a
Scatchard transformation of the specific binding;
Ky and B, values were calculated with the LI-
GAND program (78).
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nM, respectively (Fig. 2A) (9). The »I-
labeled Tyr!#-substituted peptide displayed
saturable and displaceable binding to mem-
branes of cells transfected with LC132, with
a dissociation constant (Ky) of 0.1 * 0.02
nM and a maximal binding capacity (B, )
of 843 * 29.7 fmol per milligram of mem-
brane protein (Fig. 2B). These data con-
firmed that orphanin FQ binds LC132 in a
saturable manner and with high affinity.
When the primary structure of orphanin
FQ was compared to those of the naturally
occurring opioid peptides, three common
sequence motifs were found: (i) The NH,-
terminal tetrapeptide FGGF of orphanin
FQ is similar to the canonical sequence
YGGEF of the opioid peptides (Fig. 3). (ii)
Two clusters of basic amino acids present in
the COOH-terminal portion of orphanin
FQ are reminiscent of the arrangement of
multiple positively charged residues in
dynorphin A (Fig. 3) and B-endorphin. (iii)
The COOH-terminal portion of orphanin

FGGFTGARKSARKLANGQ Orphanin FQ

YGGFLRRIRPKLEKGWDNGQ DynorphinA

YGGFMTSEKSQTPLVT a-Endorphin

YGGFLRRQFKVVT Dynorphin B

YGGFL Leu-enkephalin

Fig. 3. Alignment of orphanin FQ with the primary
structures of opioid peptides (6). Amino acid res-
idues identical to orphanin FQ are shown in bold
type.

Fig. 4. In vivo activity of orphanin A
FQ in mice. (A) Effect of orphanin

FQ on horizontal and vertical loco- z =00
motor activity as measured in .E 2000}
Digiscan Animal Activity Monitors S 1500
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during the first 10 min after ad-
ministration. Groups of six to eight
mice were used. (B) Effect of or- B
phanin FQ on nociception as
measured in the hot-plate test.
Groups of six to eight mice were
administered phosphate-buffered
saline (O) or 0.01 nmol (&), 0.1
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(®) of peptide per 2 pl per mouse,
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FQ contains a repetitive sequence (ARKX-
ARKXA) that resembles the repeat found
at the COOH-terminus of most mammalian
B-endorphins (KNAXXKNA) (10). How-
ever, orphanin FQ activity was not detected
at the opioid receptors (11), nor did classi-
cal opioid peptides bind to the LC132 re-
ceptor (3). These results therefore suggest a
possible evolutionary relation yet a pharma-
cological divergence between orphanin FQ
and the opioid peptides.

We next evaluated the in vivo activity
of orphanin FQ in mice after intracerebro-
ventricular (ICV) and intrathecal (IT) ad-
ministration. The peptide was administered
ICV at various doses (0.1 to 10 nmol per 2
pl per mouse; six to eight mice per dose)
and the behavior of the mice was observed
on a “blind” basis. Locomotor activity was
quantified in an automated activity monitor
system. At the highest dose, the peptide
induced a decrease in horizontal and verti-
cal activity (Fig. 4A) and a decrease in
muscular tone in all mice, and it induced
ataxia and loss of the righting reflex in 66%
of the mice (12). At all doses, mice exhib-
ited toe-pinch and tail-pinch reflexes. To
examine possible analgesic effects, we con-
ducted a hot-plate test, but no significant
inhibition of nociception was detected (Fig.
4B). Only at the highest dose (10 nmol per
mouse, ICV) did the animals appear to
show an antinociceptive behavior, which
was most likely related to the decrease of
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of orphanin FQ in the tail-flick test (79). Responses were recorded in a Socrel DS 20 apparatus equipped
with a 20-V lamp as the heat source. Reaction time represents elapsed time until the mice removed their
tails from the heat source. The cutoff time was set to 20 s. Groups of 10 mice were tested 10 min after
the administration. Mouse strains used were male MORO, 22 g (A and B) and NMRI, 24 g (C). All data are
means = SEM. Statistical significance was determined by an analysis of variance followed by Dunett’s
multiple comparison test (A and B) or by Student’s t test (C); asterisks denote significant differences
between the results for mice treated with orphanin FQ and with vehicle (one asterisk, P < 0.05; two

asterisks, P < 0.01).

SCIENCE e+ VOL.270 -«

3 NOVEMBER 1995

793



locomotor activity and muscular tone. Or-
phanin FQ was also administered IT (2.5 to
10 nmol per 4 pl per mouse), but again no
analgesic effect was observed (13). We
therefore conclude that, in the hot-plate
test, orphanin FQQ does not induce analgesia.
However, when tested in the tail-flick assay,
orphanin FQ induced hyperalgesia (0.3 to
10 nmol per 5 wl per mouse, ICV). At a dose
of 1 nmol, the reaction time was reduced by
~75% relative to that of vehicle-injected
mice (Fig. 4C). The hyperalgesic effect of
orphanin FQQ was not observed in the hot-
plate test, possibly because this test is more
dependent on muscular tone and locomo-
tion than is the tail-flick assay (14).

Our results demonstrate that despite its
structural similarity to the opioid peptides,
orphanin FQ appears to be pharmacologi-
cally and physiologically distinct from
them. Like other neuropeptides, orphanin
FQ is presumably synthesized as part of a
larger precursor protein (15). In view of the
increasing number of orphan receptors be-
ing identified, it is likely that strategies
similar to that used for the identification of
“orphanin FQ will lead to the description of
numerous neurotransmitters or neuropep-
tides that are unknown today.
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Defects in B Lymphocyte Maturationand T
Lymphocyte Activation in Mice Lacking Jak3

Daniel C. Thomis, Christine B. Gurniak, Elizabeth Tivol,
Arlene H. Sharpe, Leslie J. Berg”

Biochemical studies of signaling mediated by many cytokine and growth factor receptofs
have implicated members of the Jak family of tyrosine kinases in these pathways. Spe-
cifically, Jak3 has been shown to be associated with the interleukin-2 (IL-2) receptor vy
chain, a component of the receptors for IL-2, IL-4, IL-7, IL-9, and IL-15. Mice lacking Jak3
showed a severe block in B cell development at the pre-B stage in the bone marrow. In
contrast, although the thymuses of these mice were small, T cell maturation progressed
relatively normally. In response to mitogenic signals, peripheral T cells in Jak3-deficient
mice did not proliferate and secreted small amounts of IL-2. These data demonstrate that
Jaka is critical for the progression of B cell development in the bone marrow and for the

functional competence of mature T cells.

B lymphocyte development in the bone
marrow and T lymphocyte development in
the thymus are dependent on signaling
pathways mediated by a complex array of

D. C. Thomis, C. B. Gurniak, L. J. Berg, Departme?]t of
Molecular and Cellular Biology, Harvard University, 16
Divinity Avenue, Cambridge, MA 02138, USA.

E. Tivol and A. H. Sharpe, Departments of Pathology,
Brigham and Women’s Hospital and Harvard Medical
School, 221 Longwood Avenue, Boston, MA 02115,
USA!

*To whom correspondence should be addressed.

SCIENCE e« VOL.270 e« 3 NOVEMBER 1995

cell surface receptors. These signals include
responses to lymphocyte—stromal cell inter-
actions, as well as responses to soluble
growth and differentiation factors. The
Janus kinase (Jak) family tyrosine kinases,
Jakl and Jak3, have been implicated in
signaling through receptors for IL-2, IL-4,
IL-7, IL-9, and IL-15, all of which use the
IL-2 receptor common v (vy,) chain (1, 2).
Unlike Jak1, expression of Jak3 is restricted
to lymphoid and myeloid cell lines and to
hematopoietic tissues such as thymus, bone





