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Pharmacological characterization of mouse
GPRC6A, an L-a-amino-acid receptor modulated
by divalent cations
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! Department of Medicinal Chemistry, Faculty of Pharmaceutical Sciences, University of Copenhagen, Universitetsparken 2,
Copenhagen, Denmark and *Department of Molecular Neurobiology, H Lundbeck A/S, Copenhagen, Denmark

Background and purpose: GPRC6A is a novel member of family C of G protein-coupled receptors with so far unknown
function. We have recently described both human and mouse GPRC6A as receptors for L-a-amino acids. To date, functional
characterization of wild-type GPRC6A has been impaired by the lack of activity in quantitative functional assays. The aim of this
study was thus to develop such an assay and extend the pharmacological characterization of GPRC6A.

Experimental approach: We have engineered a novel cell-based inositol phosphate turnover assay for wild-type mouse
GPRC6A based on transient co-expression with the promiscuous Gogcesp protein, known to increase receptor signalling
sensitivity. This assay allowed for measurements of L-a-amino acid potencies. Furthermore, in combination with an assay
measuring inward currents at Ca®* -activated chloride channels in Xenopus oocytes, the divalent cation-sensing ability of the
receptor was examined.

Key results: Using our novel assay, we demonstrate that the basic L-a-amino acids ornithine, lysine, and arginine are the most
potent agonists at wild-type mouse GPRC6A. Using two different assay systems, we show that divalent cations do not activate
the G, signalling pathway of mouse GPRC6A per se but positively modulate the amino-acid response.

Conclusions and Implications: This is the first reported assay for a wild-type GPRC6A successfully applied for quantitative
pharmacological characterization of amino acid and divalent cation responses at mouse GPRC6A. The assay enables further
search for GPRC6A ligands such as allosteric modulators, which may provide essential information about the physiological
function of GPRC6A.
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Introduction

The G protein-coupled receptor, family C, group 6, subtype A
(GPRC6A) belongs to a large family of G protein-coupled
receptors (GPCRs), which includes the calcium-sensing
receptor (CaR) (Brown et al, 1993), the metabotropic
glutamate (mGlu) receptors (Pin and Duvoisin, 1995), the
GABAg receptors (Kaupmann et al., 1997), and the T1R taste
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receptors (Hoon et al., 1999). All members share the same
structural characteristics: a large extracellular amino-term-
inal domain containing the endogenous ligand binding
region and a seven-transmembrane domain responsible for
the interaction with the G protein (Pin ef al., 2003).

We recently cloned human GPRC6A (hGPRC6A) and
showed it to be a promiscuous L-z-amino-acid receptor with
preference for basic amino acids (Wellendorph and Briduner-
Osborne, 2004; Wellendorph et al.,, 2005). Wild-type
hGPRC6A is not surface expressed in mammalian cell lines,
which complicated the characterization of the receptor.
However, a chimeric receptor comprised of the agonist-binding
domain of hGPRC6A fused to the seven-transmembrane



domain of the closely related goldfish receptor 5.24 (termed
h6A/5.24) was expressed on the cell surface and was
functional through the Gay pathway (Wellendorph et al.,
2005). In contrast to hGPRC6A, mouse GPRC6A (mGPRC6A)
is surface expressed in heterologous expression systems and
stimulates Ca®"-activated chloride channels in Xenopus
oocytes upon activation. Expression in Xenopus oocytes has
previously allowed qualitative pharmacological analysis
which showed that mGPRC6A, like hGPRC6A4, is a promis-
cuous L-z-amino acid receptor. However, agonist potencies
could not be established using the Xenopus oocyte expression
system, and attempts to establish a quantitative pharmaco-
logical assay for mGPRC6A have so far failed (Kuang et al.,
2005; Wellendorph et al., 2005).

The use of chimeric Ga proteins in basic research and in
characterization of GPCRs has been very successful (Kostenis
et al., 2005b). In this regard, the carboxy terminus of the
G protein o subunit (Conklin et al.,, 1993, 1996) and a
conserved glycine within the linker I region of the Gog
subunit (G66) (Heydorn et al., 2004; Kostenis et al., 2005a)
have been shown to be key determinants for the specificity
of the interaction between the receptor and the G protein. In
this study, we explore the ability of a mutated Gug protein to
enhance the signalling sensitivity of wild-type mGPRC6A.

Several members of family C GPCRs are capable of sensing
divalent cations. CaR is directly activated by Ca®> " and Mg**
(Brown et al., 1993), and both the GABAjg receptor (Wise
et al., 1999; Galvez et al., 2000) and the mGlu subtype 1
receptor (Saunders et al., 1998; Francesconi and Duvoisin,
2004) have been reported to be positively modulated by
Ca’*. Among human family C receptors, GPRC6A is
phylogenetically most closely related to CaR (34% overall
amino-acid identity) (Wellendorph and Brauner-Osborne,
2004) but, interestingly, phylogenetic analysis of the amino
acids lining the predicted orthosteric ligand binding pocket
shows that this segment of GPRC6A is most closely related
to the mGlu receptors (Silve et al., 2005). From the similarity
to both CaR and mGlu receptors, it is tempting to speculate
that GPRC6A may also be either activated or positively
modulated by divalent cations. Previous experiments in the
Xenopus oocyte expression system have shown that GPRC6A
is not activated by 4-5mM Ca®" (Kuang et al., 2005;
Wellendorph et al., 2005), which are concentrations suffi-
cient to fully activate CaR (Brown et al., 1993). However, it
has been demonstrated that the response to some L-amino
acids is potentiated by Ca®*" (Kuang et al., 2005). In contrast
to these findings, it was recently reported that Ca®* and
Mg?* directly activates mGPRC6A heterologously expressed
in mammalian cells when measuring extracellular signal-
regulated kinase phosphorylation, serum-response-element
promotor-luciferase reporter activity and increase in intra-
cellular calcium in Gog;s co-transfected cells (Pi et al., 2005),
although high concentrations of cation (>20mM) were
needed for obtaining robust responses in the majority of
the assays. The conflicting findings pertaining to the effects
of Ca®>" and Mg?" at GPRC6A encouraged us to expand the
studies of mGPRC6A sensitivity to divalent cations.

We report the development of a novel quantitative assay
system, which allowed us to determine the potencies of
various L-o-amino acids at wild-type mGPRC6A. Further-
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more, we used the Xenopus oocyte expression system and the
novel assay to demonstrate that mGPRC6A is not directly
activated, but was positively modulated by the divalent
cations Ca®>* and Mg?™.

Methods

Cell culture and transfections

tsA201 cells (a transformed HEK293 cell line) (Chahine et al.,
1994) were cultured in GlutaMAX-I Dulbecco’s Modified
Eagle’s Medium (DMEM), supplemented with 10% dialyzed
fetal bovine serum, penicillin (100 Uml ') and streptomycin
(100 ugml ™) at 37°C in a humidified atmosphere of 95% air
and 5% CO,. Constructs encoding mGPRC6A and the
indicated Go protein constructs were transiently co-trans-
fected into cells at a 1:1 ratio using PolyFect according to the
manufacturer’s protocol (Qiagen, West Sussex, UK). PolyFect
was similarly used for transfections of constructs encoding
the human glucagon-like peptide-1 (GLP-1) receptor, the rat
GABAg) and GABAg(, receptors, the rat CaR and the
human 5-HT,c receptor.

Inositol phosphate (IP) turnover assay

The day after transfection, tsA201 cells were split into poly-
D-lysine-coated 96-well tissue culture plates in inositol-free
DMEM, supplemented with 10% dialyzed fetal bovine
serum, penicillin (100Uml™"), streptomycin (100 ugml™")
and 0.15MBqml ™! myo-[2-*H]inositol (GE Healthcare, Buck-
inghamshire, UK). Two days after transfection, cells were
washed with assay buffer 1 (Hanks’ Balanced Salt Solution
(HBSS) containing 20 mM HEPES, 1 mM CaCl,, 1 mMm MgCl,
and 1mgml ! BSA, pH 7.4), and preincubated in 100 ul assay
buffer 1 for 2x 2h at 37°C, as previously described (Kuang
et al., 2003; Wellendorph et al., 2005). The cells were then
washed and subsequently incubated in 50 ul assay buffer 2
(HBSS containing 1 mM CaCl,, 1 mM MgCl, and 20 mM LiCl)
for 30 min at 37°C. Following this incubation, the cells were
stimulated with 50 pl of the indicated agonists in assay buffer
2 for 30 min at 37°C. When experiments were conducted in
the presence of varying concentrations of Mg>", the cells
were stimulated with 50 ul of the indicated agonist in HBSS
containing 1mM CaCl,, 20mM LiCl, and the indicated
concentrations of MgCls,.

The reactions were stopped by exchanging the buffer with
50 ul 10 mM ice-cold formic acid and incubating the cells at
4°C for at least 30 min. Yttrium silicate scintillation proxi-
mity assay beads (GE Healthcare, Buckinghamshire, UK)
were used for measuring radioactivity from generated [*H]IP,
essentially as previously described (Brandish et al., 2003). In
brief, 20 ul of the formic acid cell extracts were transferred to
white 96-well plates and 1mg yttrium silicate scintillation
proximity assay beads suspended in 80ul water added to
each well. The plates were sealed, shaken vigorously for 1h
and centrifuged at 1500r.p.m. for Smin. Radioactivity was
quantified in a Packard TopCount microplate scintillation
counter and responses read as counts per minute (CPM). All
experiments were performed in triplicate and repeated in
at least three independent experiments.
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cAMP assay

The day after transfection, tsA201 cells were split into poly-
D-lysine-coated 96-well tissue culture plates in GlutaMAX-I
DMEM, supplemented with 10% dialyzed fetal bovine
serum, penicillin  (100Uml™") and streptomycin
(100 ugml ™). Two days after transfection, cells were washed
with assay buffer 1 as described above and incubated in assay
buffer 1 for 2 x 2h. The cells were then washed with HBSS
and incubated in 50 ul assay buffer 3 (HBSS containing 1 mMm
CaCl,, 1 mM MgCl, and 1 mM 3-isobutyl-1-methylxanthine)
for 20min at 37°C. Following this incubation, the cells were
stimulated with 50 ul of the indicated ligand in assay buffer 3
for 10 min at 37°C in the absence or presence of 10uM
forskolin. The agonist responses were determined as the
increase or decrease in formation of cAMP, which was
measured by use of the cAMP-['?°]] Direct Biotrak Assay kit,
according to the manufacturer’s protocol (GE Healthcare,
Buckinghamshire, UK).

Electrophysiology

Preparation of oocytes from Xenopus laevis and injection with
in vitro-transcribed cRNA encoding mGPRC6A were carried
out as previously described (Wellendorph et al., 2005). Whole-
cell currents were recorded on oocytes 4-5 days after injection
using two-electrode voltage clamp at —80mV in divalent
cation-free Ringer’s solution. Unless otherwise noted, the
divalent cation-free Ringer’s solution contained 115 mmM NaCl,
2.5mM KCl and 10mM HEPES (pH 7.6). Recordings were
performed at ambient temperatures (20-22°C) using the OC-
725C Oocyte Clamp amplifier (Warner Instruments, Hamden,
CT, USA) with a Digidata 1322A interface (Molecular Devices,
Sunnyvale, CA, USA). The pClamp9 suite of programs
(Molecular Devices, Sunnyvale, CA, USA) was used to control
stimulation parameters and data acquisition. Currents were
digitized at 100 Hz. The microelectrodes were fabricated from
borosilicate glass capillaries (GC150TF-10, Harvard Apparatus,
Holliston, MA, USA) and pulled on a PC-10 puller (Narishige
Instruments, Tokyo, Japan). Microelectrodes were filled with
3M KCI and had 0.5-2.5MQ resistance. The ligands were
dissolved in Ringer’s solution and applied to the oocytes by
gravity-driven perfusion using a Valvebank 8 (Automate
Scientific, San Francisco, CA, USA). Absence of divalent
cations in the Ringer’s solution resulted in drift of the
recorded baseline current of voltage-clamped oocytes corre-
sponding to a 150-300 nA increase in the inward current per
minute. The drift was approximately linear and was amelio-
rated when 1.8 mM CaCl, or 1.8 mM MgCl, was included in
the Ringer’s solution. Representative traces of recordings in
divalent cation-free Ringer’s solution were corrected for the
drift of baseline current using the Clampfit program included
in the pClamp9 suite of programs (Molecular Devices,
Sunnyvale, CA, USA).

Data analysis

Concentration-response curves were analyzed using Prism
4.0b (GraphPad Software, San Diego, CA, USA). The curves
were fitted by non-linear regression using the Equation
Y="Ymin+ (Ymax_Ymin)/(l + 10A((10g ECSO_X)*nH))/ where X
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is the logarithm of the agonist concentration, Y is the
response, Ynax is the maximal response and Y, the
minimal response, ECsy is the agonist concentration that
produces half-maximum response and ny denotes the Hill
slope. The maximal concentration used for generation of
concentration-response curves was 10 mM. Owing to the low
potency of L-Ser, this compound was tested at concentrations
eliciting submaximal effects. Using the assumption that L-Ser
is a full agonist at the receptor, the concentration-response
curves were fitted to the maximal response to L-Arg obtained
at 10 mM, which was always included as a control. Inactive
amino acids were tested at 1mM for antagonism of the
mGPRC6A response mediated by 100 uM L-ornithine (L-Orn).

Statistical procedures

Statistical analysis of the results was performed where
appropriate. An unpaired, one-tailed t-test was performed
to determine whether each of the tested Go proteins upon
cotransfection with mGPRC6A gave rise to a significant
increase in the observed response to 1 mM L-Orn. Significant
differences between potencies of agonists were calculated
using one-way analysis of variance (ANOVA) followed by
Tukey’s test. One-way ANOVA followed by Dunnett’s test,
was used to compare all measurements in a given experiment
to the control. Specific details are indicated in the figure and
table legends. Statistical significance was determined at the
following levels: *P<0.05, **P<0.01, ***P<0.001.

Materials

GlutaMAX-I DMEM, dialyzed fetal bovine serum, penicillin,
streptomycin, HBSS and BSA were all from Invitrogen
(Paisley, UK). Inositol-free DMEM was homemade from
compounds purchased from Sigma-Aldrich (St Louis, MO,
USA). All buffer reagents and tested compounds were from
Sigma-Aldrich (St Louis, MO, USA).

Results

Development of a robust functional assay for mGPRC6A using
promiscuous Go. proteins

It has been demonstrated that mGPRC6A signals through
the G4 pathway (Kuang et al., 2005; Wellendorph et al.,
2005). In our efforts to develop a functional assay for wild-
type mGPRC6A, we therefore applied an IP turnover assay to
tsA cells transiently expressing mGPRC6A. However, we were
unable to observe an increase in the IP production in
response to 1 mM of the known agonist L-Orn (Figure 1).

In an attempt to increase the signalling sensitivity of
mGPRC6A, we co-transfected mGPRC6A with a number of
different chimeric and mutated Go proteins and measured
the increase in IP production upon stimulation with 1 mm
L-Orn. No ligand-dependent increase in IP production could
be detected in cells co-transfected with mGPRC6A and Goyg
chimeras containing the carboxy-terminus of Go;, Go, and
Go,. However, cotransfection of mGPRC6A and Gugss,
followed by ligand stimulation resulted in a measurable
increase in IP formation (~ 1.5-fold) relative to non-stimu-
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Figure 1 Ability of mGPRC6A to signal through various Gu

proteins. tsA cells co-transfected with either mGPRC6A or empty
vector, and the indicated G proteins were stimulated with 1 mm L-
Orn for 30min at 37°C. The formation of IP was determined as
described under Methods. Results are shown as fold increase in IP
production upon ligand stimulation, normalized to non-stimulated
cells. Data are means+s.d. of triplicate determinations of a single
representative experiment. Two additional experiments gave similar
results. An unpaired, one-tailed t-test was performed to determine
whether each observed response was significantly larger than the
corresponding control: ***P<0.001.

lated cells, and the ligand-stimulated increase in IP forma-
tion was even more pronounced in cells co-transfected with
mGPRC6A and the mutated Guggespss protein (~2.2-fold).
Ligand stimulation of cells co-transfected with mGPRC6A
and Gog or Gaggesp resulted in increased IP production of
the same magnitudes as those observed with cell co-
transfected with mGPRC6A and Gogss or Goggespss, respec-
tively. No increase in IP production could be detected in cells
co-transfected with mGPRC6A and Go;e (Figure 1). As the
observed increase in IP production could be related to the
coupling of the G proteins to an endogenous receptor, we co-
transfected the cells with empty vector and each of the
pertinent G proteins. Cotransfection with Gagss, Goggespss,
Gog, or Gaggesp did not give rise to increased IP formation
upon application of L-Orn (Figure 1).

Mammalian cell culture media contain high levels of L-a-
amino acids, which are agonists at mGPRC6A and therefore
likely to cause desensitization of the receptor. In the
developed IP turnover assay protocol, an additional incuba-
tion in assay buffer for 2x2h before measurement of
responses was therefore included and proven to enhance
the signal-to-noise ratio (data not shown). The usefulness of
such preincubation steps has also previously been demon-
strated in generating functional assays for GPRC6A and the
closely related goldfish receptor 5.24 (Kuang et al., 2003;
Wellendorph et al., 2005). All experiments in mammalian
cells were thus performed with this preincubation step.

The Gogcesp protein is applicable for functional characterization
of mGPRC6A

The Goges protein has been reported to allow Go,-coupled
receptors to couple to the G4 pathway (Conklin et al., 1993,
1996). Contrary to the previous reports of coupling of
mGPRC6A to Gog, the results from cotransfection of
mGPRC6A and Guges indicate that mGPRC6A may also
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Figure 2 Ability of mGPRC6A to (a) activate or (b) inhibit cCAMP
formation. tsA cells transfected with mGPRC6A, GLP-1, GABAg(,2)
or empty vector were stimulated with the indicated ligands for
10min at 37°C in either the absence (a) or presence (b) of 10 um
forskolin. The formation of cAMP was determined as described under
Methods. Results are shown (a) as fold increase in cCAMP production
upon ligand stimulation, normalized to non-stimulated cells and
(b) as percent cAMP concentration compared with non-stimulated
cells. Data are means+s.d. of triplicate determinations of a single
representative experiment. Two additional experiments gave similar
results. Asterisks indicate significant stimulation (a) or inhibition
(b) compared with the control: **P<0.01 (ANOVA followed by
Dunnett’s test).

signal through Gos. In order to clarify the significance of
coupling of mGPRC6A to the G, pathway, we measured the
ligand-dependent formation of cAMP in a functional assay.
Application of agonist did not evoke a response in cells
transiently expressing mGPRC6A, whereas the GLP-1 recep-
tor, used as positive control, gave rise to a 21+2-fold
(mean+s.e.m.) increase in cAMP formation in response to
application of 100nM GLP-1 (Figure 2a). These results
indicate that the indirectly observed Gos coupling of
mGPRC6A is not sufficient for direct coupling to the G
pathway. Although we did not see any activation of the Go;
pathway using the chimeric/mutated Go proteins (Figure 1),
we also tested whether activation of mGPRC6A led to a
decrease in cAMP in forskolin-stimulated cells. Application
of agonist did not evoke a response in cells transiently
expressing mGPRC6A, whereas the GABAgp2) receptor,
used as positive control, gave rise to a significant decrease
in cAMP formation in response to application of 1 mM GABA
(Figure 2b). As cotransfection of mGPRC6A with either
Goggesp OF Goggespss gave a similar increase in IP formation,
we therefore decided that the Guggesp protein, which
theoretically explores the previously reported Guq pathway,
was appropriate for further characterization of mGPRC6A.

Quantitative pharmacological characterization of amino acids at
mGPRC6A reveals a preference for basic L-o-amino acids

Next, we used the IP turnover assay to determine the activity
of L-Orn, L-citrulline (L-Cit), and the 20 proteinogenic amino
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acids, some of which have been shown to activate both
hGPRC6A and mGPRC6A in the Xenopus oocyte expression
system (Wellendorph et al., 2005). Basic amino acids were
found to be the most potent agonists at mGPRC6A with the
following rank-order of potency: L-Orn >L-Lys>L-Arg.
Also, L-Cys, L-Ala, Gly and L-Ser were found to be agonists
(Table 1). Other tested L-z-amino acids, as well as all
corresponding D-x-amino acids, were inactive when tested
in a concentration of 1mM. All active amino acids were
found to be full agonists at mGPRC6A except Gly, which
displayed partial agonism with a maximal response of
4949% (mean+s.e.m.) relative to the maximal activation
of mGPRC6A obtained with 10 mM L-Arg. In agreement with
the observation of partial agonism, 10mM Gly was able to
inhibit a response mediated by 500 uMm L-Orn by 33+2%
(mean +s.e.m.). Furthermore, L-Ser was tested at concentra-
tions eliciting submaximal effects and the potency estimated
using the assumption of full agonism as described under
data analysis.

None of the inactive L-z-amino acids or the D-z-amino
acids were antagonists when tested against 100 uM L-Orn
(Ki>1mM). None of the active amino acids showed any
effect on cells transfected with Goggesp alone or mock-
transfected cells when tested in 10 mM concentrations. An
exception was L-Cys, which in the IP turnover assay elicited a
small response in mock-transfected cells when applied in
high concentrations (>1 mM). The measured potency of this
compound may therefore be underestimated, as higher
concentrations of L-Cys are needed in order to reach
maximal responses (Table 1).

Table 1 Agonist potencies of L-x-amino acids at mMGPRC6A transiently
co-expressed with Goggeep in tsA cells

L-oi-amino ECso (uM) pECspts.e.m. N Concentration of
acid L-a-amino acid
(mean+s.d.)
in mouse plasma®
(um)
L-Orn 63.6  4.20+0.001 3 86+20
L-Lys 135 3.974+0.18 4 366+55
L-Arg 284 3.58+0.08° 6 137422
L-Cys 356° 3.46+0.09° 3 Not determined
L-Ala 486 3.41+0.18>¢ 4 431485
Gly 538° 3.30+0.09° 4 340454
L-Ser 11609 2.944+0.03>4f 3 181425

The IP turnover assay was used to determine the ECsq values of various amino
acids at mGPRC6A. The pECsq values of all the listed amino acids were
compared to determine statistically significant differences (P<0.05; ANOVA
followed by Tukey’s test).

“Taken from Komarov and Reddy (1998).

bSignificantly different from L-Orn.

“L-Cys displayed a small but significant effect on mock-transfected cells at high
concentrations (=1 mMm). The ECso value might thus be overestimated.
dSignificantly different from L-Lys.

€Gly displayed partial agonism with a maximal response of 49+9%
(mean +s.e.m.) relative to the maximal activation of mMGPRC6A obtained by
stimulation with 10 mm L-Arg.

fSignificantly different from L-Arg.

90wing to low potency, L-Ser was tested at concentrations eliciting sub-
maximal effect. Assuming full agonism, concentration-response curves for this
compound were fitted using the maximal response to L-Arg (10 mm), which
was always included as control.
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mGPRC6A is not activated but rather positively modulated by the
divalent cations Ca®* and Mg+

In order to study the cation-sensing ability of mGPRC6A, we
initially used the Xenopus oocyte expression system to examine
the response to Ca®>" and Mg>* in oocytes injected with cRNA
encoding mGPRC6A. No responses could be detected upon
application of 50mM Ca®* or Mg?* in mGPRC6A-expressing
Xenopus oocytes, whereas subsequent addition of 100 M L-Orn
and either 1.8 mmM Ca®* or Mg elicited robust responses. No
responses were observed for uninjected oocytes when 50 mM
Ca®*, 50mM Mg?*, or 100 uM L-Orn (including either 1.8 mm
Ca®" or Mg®™) were applied (Figure 3a and b). These results
indicate that the divalent cations Ca** and Mg®" do not
activate mGPRC6A directly.

Next, we examined activation of GPRC6A in the absence
of divalent cations. Under these conditions, 100 uM L-Orn
was unable to activate mGPRC6A. However, subsequent co-
application of 100 uM L-Orn and either 1.8 mM Ca®" or Mg>*
could restore the mGPRC6A-mediated response to L-Orn
(Figure 3¢). To demonstrate that the Ca®* -activated chloride
channels of the oocytes were not compromised by the
complete absence of divalent cations in the buffer, lysopho-
sphatidic acid (LPA), which activates endogenously
expressed GPCRs (Guo et al., 1996), was applied to the
oocytes. In both mGPRC6A-expressing and uninjected
oocytes, 10uM LPA evoked robust responses at Ca®*-
activated chloride channels in the absence of divalent
cations (Figure 3d).

These results could either indicate that the presence of
both an amino acid and either of the divalent cations Ca®*
and Mg>* are necessary to activate mGPRC6A or that the
response to amino acids is potentiated by the divalent
cations Ca?* and Mg?". To examine this in further detail,
we used ethylenediaminetetraacetic acid (EDTA) to remove
putative trace amounts of extracellular divalent cations and
examined the response to a higher concentration of L-Orn
(1mM). Even though half of the oocytes still showed no
response to L-Orn, the other half were activated by L-Orn and
showed a weak response. Subsequent addition of Ca** gave
rise to responses upon application of 1mMm L-Orn, which
demonstrates that the oocytes were not compromised by the
use of EDTA (Figure 3e).

Examination of mGPRC6A expressed in mammalian cells
confirms that Mg is not an agonist at the receptor

Next, we examined the effects of Ca®>* and Mg?* in tsA cells
co-transfected with mGPRC6A and Guggesp in the IP turn-
over assay. Ca>" showed significant effect on mock-trans-
fected cells (data not shown), which limited the studies to
Mg?*+. However, to ensure proper cell adhesion, 1 mm Ca®™,
which is close to the physiologically relevant concentration,
was present in all experiments.

Initially, we compared the effect of 40 mM Mg?* with the
effect of 10mM L-Orn at mGPRC6A. Rat CaR was used as
a reference. The results show that L-Orn, but not Mg*™",
activates mGPRC6A, whereas the reverse is shown for rat
CaR. No response was observed in mock-transfected cells or
cells co-transfected with empty vector and Guaggesp When
either Mg? " or L-Orn was applied (Figure 4).



Mg?* is a positive modulator of mGPRC6A and affects the
efficacy of the L-Orn-generated response

The results from the oocyte experiments indicate that Ca® "
and Mg®* potentiate the response to L-Orn at mGPRC6A.
We wished to study this in further detail using the IP
turnover assay with cells co-transfected with mGPRC6A and
Goggesp- The results show that in the presence of 30 uM
L-Orn (~EC,s), extracellular Mg2+ increased the magnitude
of L-Orn-induced IP formation in a concentration-dependent
manner. Again, no response was observed when Mg>* was
applied separately to the cells (Figure 5a). Furthermore, no
increase in IP production was observed when 30 uM L-Orn
and 40 mM Mg* " were co-applied to cells co-transfected with
empty vector and Guggesp (data not shown). As the effects of
Mg?*t could be either receptor-, assay- or cell-specific, we
performed a corresponding experiment in cells transiently

a mGPRC6A Uninjected
100 uM L-Om 100 uM L-Om
+ +
50 mM CaCl, 1.8 mM CaCl, 50 mM CaCl, 1.8mM CaCl,
500 nAl
30 sec
b mMGPRC6A Uninjected
100 pM L-Om 100 pM L-Om
+ +
50 mM MgCl, 1.8mM MgCl, 50 mM MgCl, 1.8mM MgCl,
250 nA|
30 sec
[+ mGPRC6A mGPRC6A
1.8mM CaCl, 1.8 mM MgCl,
100 uM L-Omn 100 uM L-Om 100 uM L-Om 100 uM L-Om
w.—-—-.o--\ *—’*——r"‘*—-’*——‘\
5 min 5 min
250 nAI_
30 sec
d mGPRC6A Uninjected
OpMIPA 10 uMLPA
. T
30 sec
e mMGPRC6A mGPRC6A
28 m cacl, _28mMCaCly
1 mM L-Om 1 mM L-Om 1mML-Om 1 mM L-Om
5 min e 5 min
750 "AI_ +1mMEDTA +1mMEDTA
30 sec
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expressing the 5-HT,¢ receptor (Saltzman et al., 1991). When
increasing concentrations of Mg®" was applied in the
absence or presence of 2nM 5-HT (~EC,s), no increase in
IP formation was observed (Figure S5b). These results
demonstrate that potentiation of responses to L-Orn by
Mg*™ is specific for mGPRC6A.

Next, we generated concentration-response curves of
L-Omn in the presence of varying concentrations of Mg®™*.
The results show that the maximal response to L-Orn is
markedly enhanced by increasing concentrations of Mg®™*
with a maximal response of 192+19% at 40mMm Mg?*
relative to the response measured in the presence of 1 mm
Mg2 *. Furthermore, the ECs( value is significantly decreased
upon addition of 40 mMm Mg2+, relative to the ECso value
obtained in the presence of 1mMm Mg?* (P<0.05). All
experiments were performed in the presence of 1 mM Ca®™
(Figure 6a and Table 2). No increase in IP production was
observed upon co-application of the maximal used concen-
tration of L-Orn and Mg? ™ at cells co-transfected with empty
vector and Goggesp (data not shown).

Corresponding experiments were performed at 5-HT,c to
ensure that the observed modulation of the response was not

<

Figure 3 Representative traces obtained from two-electrode
voltage clamp recordings on Xenopus oocytes that are either
uninjected or injected with cRNA encoding mGPRC6A. (a) No
responses could be detected at Ca?™-activated chloride channels
upon application of 50mm CaCl, alone in either mGPRC6A-
expressing (N=9) or uninjected Xenopus oocytes (N=6). The
divalent cation-free Ringer’s solution was supplemented with
1.8mM MgCl,. (b) No responses could be detected at Ca®*-
activated chloride channels upon application of 50 mm MgCl, alone
in either mGPRC6A-expressing (N=5) or uninjected Xenopus
oocytes (N=4). The divalent cation-free Ringer’s solution was
supplemented with 1.8mm CaCl,. (c) L-Orn (100 M) did not
activate mGPRC6A in the absence of divalent cations. Co-application
of 100 um L-Orn and either 1.8 mm CaCl, (N=7) or 1.8 mm MgCl,
(N=38) restored mMGPRC6A-mediated responses. Recordings were
first made in divalent cation-free Ringer’s solution, and then the
oocytes were allowed to equilibrate for 5 min in divalent cation-free
Ringer’s solution supplemented with either 1.8 mm CaCl, or 1.8 mm
MgCl,. The recordings shown were from two different oocytes. The
part of the traces recorded in divalent cation-free Ringer’s solution
without CaCl, or MgCl, was corrected for drift of baseline current,
as described in the Methods section. No mGPRC6A-mediated
responses were observed upon application of either 1.8 mm CaCl,
alone or 1.8mM MgCl, alone to mGPRC6A-expressing oocytes
voltage clamped in divalent cation-free Ringer’s solution. (d) In both
mGPRC6A-expressing (N=3) and uninjected (N =3) oocytes, 10 umM
LPA was able to evoke responses at Ca® * -activated chloride channels
mediated by endogenously expressed GPCRs in the absence of
divalent cations. The recordings shown were from two different
oocytes. The traces were recorded in divalent cation-free Ringer’s
solution and corrected for drift of baseline current as described in the
Methods section. (e) Recordings were made in a total of 12
mGPRC6A-expressing oocytes. Of these, six oocytes did not respond
to application of 1 mM L-Orn in divalent cation-free Ringer’s solution
supplemented with 1mm EDTA (N=6). However, six oocytes
showed small responses to 1 mm L-Orn under the same conditions
(N=6). Recordings were first made in divalent cation-free Ringer’s
solution supplemented with 1 mm EDTA, and the oocytes were then
allowed to equilibrate for 5min in divalent cation-free Ringer’s
solution supplemented with 1Tmm EDTA and 2.8 mm CaCl,. The
recordings shown were from two different oocytes. The part of the
traces recorded in divalent cation-free Ringer’s solution without
CaCl, was corrected for drift of baseline current, as described in the
Methods section.
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Figure 4 mGPRC6A is not activated by Mg?™ per se. tsA cells co-
transfected with mGPRC6A and Gaggesp Or rat CaR were incubated
with either 40 mM Mg?* or 10 mM L-Orn for 30 min at 37°C. Mock-
transfected cells and cells co-transfected with empty vector and
Gagcesp Were used as control. All experiments were performed in
the presence of 1 mm Ca’*. The formation of IP was determined as
described under Methods. Results are shown as fold increase in IP
production, normalized to the control. Data are means+s.d. of
triplicate determinations of a single representative experiment. Two
additional experiments gave similar results. Asterisks indicate
significant  differences compared with the control: **P<0.01
(ANOVA followed by Dunnett’s test).
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Figure 5 Measurement of IP production as a function of
extracellular Mg2+ concentration at mMGPRC6A and 5-HT,c. (a)
Response to Mg?* measured in cells transiently co-expressing
MGPRC6A and Goggsep in the absence or presence of 30 um L-Orn
(~EC3s). The response to maximal concentration (10 mm) of L-Orn
in the presence of T mM Mg? ™ was used as control. (b) Response to
Mg? " measured in cells transiently expressing the 5-HT,¢ receptor,
in the absence or presence of 2nm 5-HT (~EC;s). The response to
maximal concentration (1 uM) of 5-HT in the presence of 1mMm
Mg? " was used as control. All experiments were performed in the
presence of 1mM Ca®". The formation of IP was determined as
described under Methods. Results are expressed as CPM and are
means+s.d. of triplicate determinations of a single representative
experiment. Two additional experiments gave similar results.
Asterisks indicate significant differences from the measurements
where only Ca®* was present: **P<0.01 (ANOVA followed by
Dunnett’s test).
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Figure 6 Concentration-response curves of ligands at mMGPRC6A
and 5-HT,c, respectively, in the presence of varying concentrations
of extracellular Mg?™*. (a) Concentration-response curves of L-Orn
with 0, 1, 5, 20, and 40mM Mg?* present generated from
stimulation of IP formation in tsA cells transiently co-expressing
MGPRC6A and Gauqgceep- (b) Concentration—response curves of 5-HT
with 0, 1, and 40 mM Mg present generated from stimulation of
IP formation in tsA cells transiently expressing the 5-HT,c receptor.
All experiments were performed in the presence of 1 mm Ca?*. The
formation of IP was determined as described under Methods. Results
are expressed as CPM and are means+s.d. of triplicate determina-
tions of a single representative experiment. Two additional experi-
ments gave similar results.

Table 2 Effect of Mg?" on the potency and maximal activation of
L-Orn at mMGPRC6A

ECso (01M) pECspts.em. Maxts.em? (%) n
L-Orn/0 mm Mg?* 63.2 4.2140.07 10345 3
L-Orn/1 mm Mg+ 63.6 4.2040.001 100 3
L-Orn/5 mm Mg?*+ 61.2 4.23+0.10 122+6 3
L-Orn/20 mm Mg?* 39.5 4.41+40.05 184+18 3
L-Orn/40 mm Mg?* 34.5 4.46+0.03* 192+19 3

The IP turnover assay was used to determine the ECso value of L-Orn in the
presence of various concentrations of Mg?*t. Significant difference from
L-Orn/1T mm MgZ+ (PECsg value) was determined: *P<0.05 (ANOVA followed
by Dunnett’s test).

All experiments were performed in the presence of 1 mm Ca”*.

*The maximal responses are normalized to the maximal response to L-Orn
at 1mm Mg?™.

an assay artefact. In contrast to the effect of Mg>* on
mGPRC6A, the results showed a non-significant increase
in the ECsq value of 5-HT at 5-HT,c when the extracellular



Table 3 Effect of Mg?™ on the potency and maximal activation of 5-HT
at the 5-HT,c receptor

ECsp (nM) pECspts.em. Max+s.em.?® (%) n

5-HT/0mMm Mg?* 5.51 8.28+0.07 88+3 4
5-HT/T mm Mg?* 10.8 7.98+0.07 100 3
5-HT/40mM Mg?*  17.4 7.8140.11 90+4 4

The IP turnover assay was used to determine the ECsq value of 5-HT in the
presence of various concentration of Mg? ™. Significant difference from 5-HT/
Tmm MgZJr (PECso value) was examined: P>0.05 (ANOVA followed by
Dunnett’s test).

All experiments were performed in the presence of 1 mm Ca®™.

“The maximal responses are normalized to the maximal response to 5-HT at
1mm Mg?™+.

concentration of Mg?* was increased from 1 to 40mM.
Furthermore, 40mM Mg had no marked effect on the
maximal response of 5-HT at 5-HT,¢ (Figure 6b and Table 3).

Discussion

In this study, we examined the ability of various promiscu-
ous and chimeric Go proteins to enhance the signalling
sensitivity of mGPRC6A. The Go proteins were chosen for
their previously reported ability to couple receptors from
various coupling classes to the G, pathway. Co-expression of
Wlld-type mGPRC6A with G(qus, GaqGG6DSSr GO(q or G(qu66D
gave rise to measurable responses upon application of the
agonist L-Orn, indicating that mGPRC6A can couple to two
different signalling pathways, G4 and Gs. We and others have
previously shown in Xenopus oocytes that GPRC6A couples
to the G4 pathway (Kuang et al., 2005; Wellendorph et al.,
2005). In addition, it has been shown that a chimeric
receptor containing the large amino-terminal domain of
the goldfish receptor 5.24 and the seven-transmembrane
domain from mGPRC6A couples to the G4 pathway and
elevates intracellular Ca®>* concentrations when activated
(Kuang et al., 2005). The coupling to the G, pathway, as well
as a newly reported coupling to the G; pathway (Pi et al.,
2005) are indirectly demonstrated by the coupling of
mGPRC6A to Goges and Gog;s, respectively. We therefore
evaluated the coupling to Guos, and Go; by examining
activation of mGPRC6A in a cAMP assay. However, we were
unable to observe agonist-induced responses in the cAMP
assay by L-Orn, Ca®> ", or Mg?" and therefore cannot provide
any direct indication for the coupling of mGPRC6A to Go; or
Guo. It is known that the coupling of receptors to multiple G
proteins depends on the expression level of both receptor
and G proteins (Hermans, 2003; Kukkonen, 2004). The
coupling of mGPRC6A to Gos observed indirectly in the IP
turnover assay might therefore be explained by overexpres-
sion of the Guogss protein under the experimental conditions.
This coupling to Gos may or may not be physiologically
relevant and further examination of the non-Gq signalling
pathways in general is required to clarify the separate
significance of these.

We have previously shown that mGPRC6A responds to
L-Orn, L-Arg, L-Lys, L-Ser and L-Ala in the Xenopus oocyte
expression system (Wellendorph et al.,, 2005). A similar
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system has been used to show responses at mGPRC6A for the
same amino acids as well as Gly, L-His and L-Cys, albeit the
two latter compounds were only active when extracellular
Ca?™" was elevated from 1.8 to 5 mM (Kuang et al., 2005). The
use of the IP turnover assay for cells co-expressing mGPRC6A
and Guggesp allowed determination of the potencies of the
endogenous L-z-amino acids. Except for L-His, all the above-
mentioned amino acids were agonists at mGPRC6A. As also
shown for hGPRC6A (Wellendorph et al., 2005), the basic
amino acids are the most potent agonists at mGPRC6A, and
most of the amino acids which are agonists at hGPRC6A, are
also active at mGPRC6A.

Prominent members of the family C GPCRs are capable of
sensing both amino acids and cations. The GABAg receptor
is positively modulated by Ca®* (Wise et al., 1999; Galvez
et al., 2000) and the more generally accepted view is that the
same is true for the mGlu subtype 1 receptor (Saunders et al.,
1998; Francesconi and Duvoisin, 2004). However, some have
reported that Ca®" acts as an agonist at the mGlu subtype 1
receptor (Kubo et al., 1998) and others claim that Ca’* has
no direct effect (Nash et al., 2001). CaR is activated by Ca%+
and Mg?* (Brown et al., 1993) and the response is reported
to be allosterically modulated by a range of L-z-amino acids
(Conigrave et al., 2000; Mun et al.,, 2004). GPRC6A is
activated by L-z-amino acids (Kuang et al.,, 2005; Well-
endorph et al., 2005), and we examined the cation-sensing
ability of the receptor in the Xenopus oocyte expression
system. We were unable to demonstrate activation of
mGPRC6A in response to high concentration of either
Ca®" or Mg>*. However, robust responses were observed
in response to 100 uM L-Orn in the presence of these divalent
cations, and the fact that a response to L-Orn, although
weak, was also observed in the absence of divalent cations
demonstrates that divalent cations are not a prerequisite for
activation of mGPRC6A. Collectively, these data therefore
indicated that the response to L-Orn at mGPRC6A was
potentiated by both Ca®** and Mg?*.

Owing to a marked effect of Ca>" on mock-transfected
cells, we were unable to examine the effect of Ca®™" in the IP
turnover assay. However, we found that Mg®* did not
independently activate mGPRC6A and that Mg?* acted as a
positive modulator of L-Orn responses on mGPRC6A at
relatively high concentrations (=5 mM). The results pertain-
ing to the potentiating effect of Mg?* on L-Orn responses
obtained using the IP turnover assay were therefore in
accordance with the results obtained at mGPR6A expressed
in Xenopus oocytes.

The cation-sensing ability of mGPRC6A corresponds well
with the recently reported conservation of the Ca® " -binding
pocket of CaR in GPRC6A as well as other family C GPCRs
(Silve et al., 2005), and our results question the recently
reported direct activation of GPRC6A by Ca** and Mg*™ (Pi
et al., 2005). However, the observation by Pi et al. (2005)
might correlate with the notion that Mg?* acts as an
apparent agonist in the presence of L-amino acids. Accord-
ingly, small amounts of amino acids in the applied assay
buffers may explain the reported agonism of Ca>* and other
cations. An interesting alternative explanation is that most
of the responses measured by Pi et al. (2005) were mediated
through non-G, pathways. It is thus possible that L-z-amino
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acids and cations activate different signalling pathways, as
has recently been shown to be the case for CaR (Rey et al.,
2005) and mGlu subtype 1 receptor (Tateyama and Kubo,
2006). Furthermore, the reported discrepancies in the
sensitivity of mGPRC6A to divalent cations could also be
explained by differences in the cell lines used.

It remains to be shown whether the physiologically more
relevant ligands are L-z-amino acids or divalent cations.
A comparison of the ECso values of the amino acids at
mGPRC6A with the plasma concentrations of the amino
acids (Table 1) indicate that sensing of these compounds by
mGPRCO6A is possible at physiologically relevant concentra-
tions. However, the measured ECs( values cannot necessarily
be extrapolated to the in vivo situation, as they are generated
in a recombinant system notably with overexpression of an
artificial promiscuous Go protein. Regarding the action
of Mg®>* and Ca®* (plasma concentrations of ~0.45 and
~1.25mM, respectively; Fanestil et al., 1999), it seems
evident that the response to L-Orn is greatly enhanced by
relatively low concentrations of these cations. Furthermore,
1mM Ca?", which is close to the physiologically relevant
concentration, sufficed to cause a response to L-Orn when
measured in the IP turnover assay, a response that was
unaffected by the absence or presence of 1 mM Mg?*. Under
normal physiological conditions, the activity of GPRC6A
may therefore be governed by changes in the level of amino
acids rather than minor changes in the level of divalent
cations. However, as discussed above, the divalent cations
might have more pronounced effects on non-Gg4 signalling
pathways. Further studies are therefore needed to establish
the physiologically relevant signalling pathway(s). Given the
broad tissue expression of GPRC6A (Wellendorph and
Brauner-Osborne, 2004; Kuang et al., 2005; Pi et al., 2005),
it might very well turn out that different ligands and
signalling pathways are employed in different tissues.

In conclusion, we have shown that mGPRC6A, like the
human and goldfish orthologues (Speca et al., 1999; Well-
endorph et al., 2005), is a promiscuous L-z-amino-acid
receptor with preference for basic amino acids. In addition,
we have shown that mGPRC6A is positively modulated by
Ca®* and Mg? ™. Finally, we describe an assay for character-
ization of ligands at wild-type mGPRC6A, which enables
screening and future identification of potent and selective
allosteric modulators. Such compounds have proven essen-
tial for delineation of the physiological function of many
other family C receptors (Mombereau et al., 2004; Xu et al.,
2004; Niswender et al., 2005), and will hopefully reveal
more information about the physiological function of
GPRCO6A as well.
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