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ABSTRACT

A tenet of pharmacology states that a receptor must be selec-
tive for and bind its natural ligand with high affinity. Recently

discovered ligands of some deorphanized G protein-coupled
receptors challenge this concept.

Pharmacological research aims at investigating the natu-
ral specificity of intermolecular recognition processes. We
find a high degree of selectivity between transmitters (pri-
mary messengers) and their receptors. For example, dopa-
mine receptors are entities different from adrenergic recep-
tors, although their transmitters are chemically very similar.
On the other hand, the fact that a small molecule is a trans-
mitter does not imply that a structurally related one will
serve the same function; e.g., glutamate is a transmitter but
aspartate is not (thus far). Nature has gone a long way in
establishing selectivity in receptor recognition. Now, several
recent discoveries challenge that concept.

In this issue of Molecular Pharmacology, Wellendorph et
al. (2005) report that a G protein-coupled receptor (GPCR) is
not selective when it comes to natural ligand recognition. It
can be activated by a series of basic L-a-amino acids with only
a preference for basic amino acids.

To reach this conclusion, the authors investigated a family
C GPCR called GPRC6A. The hallmark of the GPCRs from
family C is their long extracytoplasmic N termini that bind
small transmitters. The family includes, in humans, eight
metabotropic glutamate, two GABA-B, three taste, one cal-
cium-sensing, and six orphan receptors (Bockaert and Pin,
1999). GPRC6A was one of the orphan GPCRs; its highest
degree of sequence similarity was not to a human receptor
but instead to one from goldfish called 5.24 (Speca et al.,
1999), which was known to sense basic amino acids, potent
odorants in fish. Expecting that the amino-terminal domain
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would be of primary importance in recognizing the GPRC6A
transmitter, the authors generated a three-dimensional
model of that domain using X-ray crystal data of the metabo-
tropic glutamate receptor-1 N terminus as template. They
predicted that the GPRC6A N-terminal domain would not
recognize glutamate but could accommodate binding of
a-amino acids with aliphatic side chains possessing strong
distal hydrogen bond donors instead of amino acids with
hydrophobic or acidic side chains.

To test their hypothesis, the authors set out to identify the
GPRCG6A transmitter by pharmacological means. They im-
mediately encountered an issue that is becoming frequent in
the orphan GPCR field: the lack of membrane expression for
some exogenously transfected GPCRs. The authors struggled
with this issue until they found that an engineered chimeric
receptor (h6A/5.24), comprising the N terminus of GPRC6A
and the transmembrane and C-terminal domain of the gold-
fish 5.24 receptor, was able to be expressed at the cell sur-
face. Knowing that 5.24 couples to Gq and that it would be
impractical to exclude essential amino acids from culture
medium if they were to employ mammalian cells, the authors
used the Xenopus laevis oocyte system as an assay for recep-
tor activity. They expressed h6A/5.24 and found that it could
be activated at 100 uM by not only basic but also several
neutral aliphatic L-a-amino acids. When they lowered the
concentration to 10 uM, only L-Arg, L-Lys, and L-Orn showed
activation. At 3 puM, none were active. The authors also
cloned the mouse GPRC6A (which, in contrast to its human
counterpart, reaches the cell membrane upon exogenous
transfection) and found that it exhibits a similar pharmaco-
logical profile. While they were getting a hint at the pharma-
cological profile of the GPRC6A receptor, however, the au-
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thors also faced the fact that oocytes are not an ideal assay
for carrying out quantitative pharmacology (Pin et al., 1992).

Testing amino acid receptors expressed in mammalian
cells was problematic because of the presence of amino acids
in the medium. As a way to circumvent this problem, the
authors used a procedure previously developed by Kuang et
al. (2003), which consists in preincubating mammalian cells
in a calcium buffer devoid of amino acids. This protocol pre-
sumably resensitizes the receptor and allows for quantitative
measurements of its response, in this case so the authors
could determine that the h6A/5.24 receptor is activated by
L-a-amino acids with a rank order of potency of L-Arg (44
uM) > L-Orn, L-Lys, r-Ala, 1-Gly, 1-Cit (100-300 uM) >
L-Gln, L-Ser, L-Met (500—-1000 uM). The remaining L-a-amino
acids were practically inactive, as were D-amino acids, some
other transmitters, such as GABA, serotonin, and vasopres-
sin, and some metabolic intermediates, such as creatine,
spermine, and urea. Thus, GPRC6A is undoubtedly a promis-
cuous receptor when it comes to ligand specificity.

These results lead to the question of the physiological role
of GPRC6A. Because its sequence is most closely similar to
the 5.24 fish receptor, it could act as an olfactory receptor.
But this is refuted on the basis of a Northern blot analysis
(Wellendorph et al., 2005) that shows GPRC6A to be ex-
pressed in the brain and in a variety of peripheral organs,
including skeletal muscle, testis, leukocytes, heart, and kid-
ney. The authors therefore favor another hypothesis:
GPRC6A may function as a regulatory component of the urea
cycle because its primary ligands belong to that pathway.
There is a precedent for such a claim: succinate and a-keto-
glutarate have been paired to particular GPCRs (He et al.,
2004). This hypothesis, however, faces a challenge because it
implies that urea or citric cycle intermediates have to act as
primary messengers. This raises two possibilities: either the
intermediates act intracellularly (but then one asks how the
GPCRs can induce second messengers) or they are secreted
(but then how is their release regulated?).

The first possibility seems improbable because the GPCRs
would have to embark on a thus-far undescribed secretory
pathway that inserts them into the mitochondrial inner or
outer membranes. Furthermore, this would have to leave the
G proteins and the rest of the signaling machinery in the
space between these membranes. The second possibility too
butts against one issue: a molecule that participates in in-
termediate metabolism has to also act as a “transmitter”; i.e.,
it has to be secreted in a regulatory manner. One hypothesis
that might resolve this issue is to accept that the GPRC6A
ligands are released directly from bursting cells and thus are
used as monitors of cell death (Civelli 2005). But even this
possibility is not without issues.

GPRC6A is activated by amino acids, in particular L-Arg,
at approximately 50 uM. The concentration of L-Arg in the
plasma is in the 100 uM range. So, if Arg acted in an endo-

crine fashion, the receptor would be constantly and strongly
activated. In addition, it would be surprising that any met-
abolic change would result in a sufficient increase in the
concentration of L-Arg to account for a significant difference
in signaling. This suggests that L-Arg and the other GPRC6A
ligands act in a paracrine fashion. The authors mention that
GPRCG6A, which belongs to the family that includes the cal-
cium-sensing receptor (Brown, 1999), may sense free amino
acid concentrations. This discussion would support this hy-
pothesis with the added possibility that it senses death of
adjacent cells. Such a notion would also help explain the
promiscuity of GPRC6A in ligand recognition. Thus,
GPRC6A would have evolved to bind amino acids from the
urea cycle (but not glutamate so as not to overlap with its
neurotransmitter function). Demonstration of this hypothe-
sis could prove difficult, because establishing GPRC6A
knock-out mice might interfere with their development, and
administering exogenously one of the L-amino acid might
require concentrations that would not reflect the paracrine
nature of the expected response. The authors suggest a
search for potent antagonists and that may indeed be the
best way to define the activity of this new receptor.

In summary, Wellendorph et al. (2005) report the deorpha-
nization of GPRC6A. It is a successful effort in “reverse
pharmacology”, where ligands are paired to orphan GPCRs
by random screening. In this case, structural analysis (and
homology) directed the choice of potential ligands. But the
discovery that GPRCG6A is activated by L-a amino acids ulti-
mately relied on screening. The results, however, leave open
the possibility that other more potent ligand(s) may exist,
which would oblige us to even further revise the concept of
specificity in pharmacology. Further studies of GPCRC6A
should thus prove to be of great interest.
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