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Known regulators of nitric oxide synthase and arginase are
agonists at the human G-protein-coupled receptor GPRC6A

1-2Bolette Christiansen, "*Petrine Wellendorph & *'Hans Briuner-Osborne

"Department of Medicinal Chemistry, The Danish University of Pharmaceutical Sciences, 2 Universitetsparken,
Copenhagen DK-2100, Denmark

1 GPRCOA is a novel family C G-protein-coupled receptor (GPCR) with so far unknown
physiological function. It was the aim of our study to further characterize the ligand preferences of the
receptor and elucidate structural requirements for activity.

2 We have previously generated a functional chimeric receptor construct, h6A/5.24, containing the
ligand-binding amino-terminal domain of the human GPRC6A and the seven-transmembrane domain
and carboxy terminus of the homologous goldfish receptor 5.24. Based on knowledge that this
chimera prefers basic L-z-amino acids such as arginine, lysine and ornithine, we searched for
commercially available analogues of these and other L-z-amino acids, and tested them for activity in a
fluorescence-based calcium assay. The majority of the tested compounds are involved in the regulation
of nitric oxide synthase (NOS) and arginase enzymes. Altogether we profiled 30 different analogues.
3 We found that a structurally wide range of L-x-amino-acid analogues of both arginine, lysine, and
ornithine are agonists at h6A/5.24, whereas no antagonists were identified. From the profiling it is
concluded that L-x-amino acids containing a highly basic side chain confer the highest activity, although
the most potent compound was only twice as potent as L-arginine, which has a ECs, value of 23.5 uM.
4 The reported agonism of NOS- and arginase-active compounds at GPRC6A has obvious
implications in interpretation of experiments involving the NOS and arginase systems, and interfering
effects at GPRC6A should be regarded of relevance, especially as the physiological function of the
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receptor is not yet understood.
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Introduction

The G-protein-coupled receptor, family C, group 6, subtype
A (GPRCO6A) is a novel member of family C of G-protein-
coupled receptors (GPCRs) characterized by a large extra-
cellular amino-terminal domain containing the endogenous
ligand-binding region, a cysteine-rich region, and a seven-
transmembrane domain involved in the G-protein coupling
(Pin et al., 2003; 2004). GPRC6A shares the highest amino-
acid sequence identity (45%) with the goldfish odorant
receptor 5.24 (Speca et al., 1999), and displays 24-34%
sequence identity with the calcium-sensing receptor (Brown
et al., 1993), the T1R subtype 1 taste receptor (Nelson et al.,
2001; 2002), and the metabotropic glutamate (mGlu) subtype 1
receptor (Hermans & Challiss, 2001).

GPRC6A appears to be conserved through evolution.
Among mammals, both human and mouse orthologues have
been cloned and characterized (Wellendorph & Brduner-
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Osborne, 2004; Kuang et al., 2005; Wellendorph et al.,
2005). The GPRC6A gene is composed of six exons and
alternative splicing between these renders at least three
isoforms of different length and abundance. In both species,
the longest and most abundant isoform is widely distributed
and expressed in similar tissues. Furthermore, based on a
pronounced sequence and ligand preference similarity to the
goldfish 5.24 and the zebrafish ZO6, these receptors are most
likely orthologues of GPRC6A (Speca et al., 1999; Kuang
et al., 2003; Luu et al., 2004).

As reported earlier, the wild-type human GPRC6A is not
expressed on the surface of cell lines, indicating that
scaffolding and/or interacting proteins are needed for proces-
sing and trafficking of the receptor protein (Wellendorph &
Briauner-Osborne, 2004). To overcome this obstacle we used a
chimeric receptor consisting of the amino-terminal domain of
GPRCOA and the signalling domain of the goldfish receptor
5.24 (h6A/5.24), which is surface expressed and couples to Gog
to deorphanize the receptor (Wellendorph et al., 2005). The
deorphanization revealed that L-z-amino acids, and in
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particular the basic amino acids L-arginine, L-lysine, and
L-ornithine, act as endogenous agonists at the receptor
(Wellendorph et al., 2005). This has provided the first clues
as to the physiology of the receptor, and following, several
hypotheses about the function of GPRC6A have been put
forward, which also reflect the wide tissue distribution. The
finding that the most potent agonists are intermediates of the
urea cycle, could infer that the receptor is linked to this
regulatory pathway. Based on the homology to the calcium-
sensing receptor, and the known physiological role of this
receptor, GPRCOA has also been suggested to be a sensor of
the free amino-acid concentration in the blood. Alternatively
GPRCO6A could represent a novel receptor relevant to the
nervous system (Wellendorph et al., 2005). Other postulated
roles include monitoring of cell death (Civelli, 2005), partaking
in a novel cellular communication system (Kuang et al., 2005)
or extracellular sensing of divalent cations (Pi ez al., 2005).

In order to further clarify the pharmacology and physiolo-
gical role of GPRC6A, one major objective is to identify
selective and potent agonists and antagonists that can serve as
investigational tools or as lead structures for further ligand
development. Seeing that GPRCOA is a rather promiscuous
-amino-acid receptor we searched for commercially available
analogues of L-arginine, L-lysine, and L-ornithine of which
several are described as regulators of nitric oxide synthase
(NOS) (Southan & Szabo, 1996; Luzzi & Marletta, 2005;
Proskuryakov et al., 2005) or arginase (Robertson et al., 1993;
Christianson, 2005). L-Arginine is namely also a substrate for
NOS, leading to the generation of nitric oxide (NO), an
important signalling, immuno-, and vasoreactive molecule
(Boger & Bode-Boger, 2001), and for arginase in the urea
cycle, responsible for converting L-arginine to L-ornithine and
urea (Christianson, 2005). We hypothesized that these known
L-z-amino-acid analogues would act at GPRC6A, either as
agonists or antagonists. Investigation of this hypothesis is
relevant for gaining further insight into the structure—activity
relations of GPRC6A, but also for testing the specificity of
regulators applied in NOS and arginase research.

Methods

Cell culturing and transfection

tsA201 cells (a transformed HEK?293 cell line) (Chahine ez al.,
1994) were cultured in GlutaMAX-I Dulbecco’s-modified
Eagle’s medium supplemented with 10% dialysed foetal bovine
serum, penicillin (100 Uml™"), and streptomycin (100 mgml~")
at 37°C in a humidified atmosphere of 95% air and 5% CO..
The chimeric receptor construct, h6A/5.24, consisting of the
amino-terminal domain of human GPRC6A and the seven-
transmembrane domain and carboxy terminus of the goldfish
receptor 5.24 has previously been described (Wellendorph
et al., 2005). For transient expression, this construct was
transfected into tsA201 cells using PolyFect according to the
manufacturer’s protocol (Qiagen, West Sussex, U.K.).

Fluorescence-based measurement of intracellular calcium
levels

tsA cells transiently expressing h6A/5.24 were split into poly-D-
lysine-coated black 96-well plates with clear bottoms (BD

Biosciences, Palo Alto, CA, U.S.A.) as previously described
(Wellendorph et al., 2005). Determination of activity of diverse
analogues of basic L-ax-amino acids at the receptor was
performed by measurement of intracellular calcium levels as
described by Kuang ef al. (2003) and Wellendorph et al. (2005).
This method was chosen because h6A/5.24 can activate the
goldfish receptor 5.24-dependent signal transduction pathway,
that is, the coupling to Gog and thereby the stimulation of
phospholipase C, the production of inositol 1,4,5-trispho-
sphate, and the release of intracellular calcium (Speca et al.,
1999; Kuang et al., 2003). Furthermore, compared to, for
example assays measuring phosphoinositol turnover this assay
system is simple, robust, and nonradioactive.

In brief, cells were washed with assay buffer (Hanks’
balanced saline solution supplemented with 20 mM HEPES,
ImM CaCl,, I mM MgCl,, and 1 mgml~' BSA, pH 7.4) and
preincubated for 2 x 2h in 100 ul assay buffer. The cells were
then incubated for 1 h with 50 ul assay buffer containing 6 uM
Fluo-4AM and 2.5 mM probenecid. Finally, cells were washed
three times with 100 ul final assay buffer (Hanks’ balanced
saline solution supplemented with 20mM HEPES, 1mM
CaCl,, IlmM MgCl,, and 2.5mM probenecid, pH 7.4) and
incubated with 150 ul final assay buffer for 30min. All
incubations were at 37°C.

Stock solutions of all compounds were made in water
at 100 mM except L-arginine -naphthylamide (0.15N NaOH),
L-S-[2-(4-pyridyl)ethyl]-cysteine (0.1 N NaOH) and L-N©-
nitroarginine (L-NOARG) (0.1 N HCI). All compounds were
tested at eight different concentrations ranging from approxi-
mately 350 nM to I mM. In case of inactivity, compounds were
tested for antagonism of the response mediated by submaximal
concentration of L-arginine (90 uM).

Responses were measured in a NOVOstar microplate reader
using excitation/emission wavelengths of 485/520nm. All
experiments were performed in triplicate and repeated in at
least three independent experiments.

Materials

GlutaMAX-I Dulbecco’s-modified Eagle’s medium, dialysed
foetal bovine serum, penicillin, streptomycin, Hanks’ balanced
saline solution, and BSA were all from Invitrogen (Paisley,
U.K.). PolyFect was obtained from Qiagen (West Sussex,
U.K)).

L-NY-Hydroxyarginine (L-NOHA), L-canavanine, L-argi-
nine, L-homoarginine, L-NOARG, asymmetric L-N€,NC-di-
methylarginine (ADMA), L-NS-nitroarginine methyl ester
(L-NAME), L-ornithine, DL-5-hydroxylysine, L-N°-(1-imino-
ethyl)-lysine (L-NIL), L-lysine, L-S-(2-aminoethyl)-cysteine, L-
S-[2-(4-pyridyl)ethyl]-cysteine, L-citrulline, L-N-z-acetylargi-
nine, L-arginine f-naphthylamide, L-arginine hydroxamate,
L-carnosine, DL-a-difluoromethyl-ornithine (DFMO), L-f-
homolysine, L-3-(3-pyridyl)-alanine, agmatine, aminoguani-
dine, L-norleucine, L-norvaline, Ne,N¢,Ne-trimethyllysine,
probenecid, and all buffer reagents were purchased from Sigma-
Aldrich (St Louis, MO, U.S.A.). L-N°-Mono-methylarginine
(L-NMMA), L-NS-propylarginine, and L-N>-(1-iminoethyl)-
ornithine (L-NIO) were purchased from Tocris Bioscience
(Ellisville, MO, U.S.A.). L-N®-Aminoarginine, L-N°-hydroxy-
nor-arginine (L-nor-NOHA), L-NS-mono-methylhomoarginine
(L-NMMHA),  L-N°-(1-imino-3-butenyl)-ornithine  (vinyl-
L-NIO), and L-thiocitrulline were purchased from Alexis
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Biochemicals (Lausen, Switzerland). Fluo-4AM was obtained
from Molecular Probes (Eugene, OR, U.S.A.).

Data analysis

Responses were calculated as peak fluorescence after agonist
addition subtracted fluorescence before agonist addition.
Concentration—response curves were analysed by nonlinear
regression using Prism 4.0b (GraphPad Software, San Diego,
CA, U.S.A.). The maximum concentration used for generation
of concentration—response curves was the concentration at
which no significant activity was observed on mock-trans-
fected cells. Owing to low potency or significant effect on
mock-transfected cells at high concentrations, some com-
pounds were tested at submaximal concentrations. Under
the assumption that these compounds were full agonists at the
receptor, concentration—response curves were fitted to the
maximum response of L-arginine, which was always included
as a control.

Results

In the hope to identify novel potent ligands and generate a
broader structure—activity relationship of compounds inter-
acting with GPRC6A, we wished to elaborate on the series of
already tested naturally occurring amino acids. Given previous
ligand characterization and homology modelling studies
showing that the human GPRCO6A interacts stereoselectively
with L-z-amino acids, and preferentially those containing a
positively charged side chain (Wellendorph et al., 2005), we
decided to focus primarily on basic amino acids. Accordingly,
the majority of the tested analogues in this work are
derivatives of L-arginine, modified at the distal guanidinium
group or diverse amino acids carrying different distal
substituents. Many of the commercially available compounds
of this sort are primarily known for their inhibitory or
substrate-like activities on various NOS and arginase enzymes
(Table 1). However, to attain even more diversity, a few
additional compounds, with no reported activity at these
enzymes, were purchased and included in the study as well.

Compounds were tested for their ability to increase
intracellular calcium levels in cells transiently expressing the
chimera h6A/5.24 in response to activation of the receptor (as
described in Methods). Concentration—response curves were
generated to determine the potency of the compounds
(Figure 1). In general the results show that all tested basic
L-o-amino acids containing an intact glycine moiety are
agonists at h6A/5.24 (Tables 2 and 3), whereas compounds
modified at the glycine moiety are devoid of any agonist or
antagonist activity (Table 4).

Among the guanidinium group containing L-arginine
analogues (Table 2), four compounds, L-NOHA, L-canava-
nine, L-NS-aminoarginine, and L-nor-NOHA, displayed
potencies similar to or higher than L-arginine, although the
maximum gain in potency was only of a factor two. L-NS-
Aminoarginine and L-nor-NOHA were equipotent with
L-arginine. Analogues with an alkylated guanidinium group
were generally weaker agonists than L-arginine, as exemplified
by L-NMMA, L-NS-propylarginine, and ADMA. L-Homo-
arginine which contains one more carbon than L-arginine in
the backbone, was approximately equipotent with L-arginine,

Table 1 NOS and arginase substrates and inhibitors
tested for activity at h6A/5.24

NOS substrates®
L-Arginine (natural substrate), L-homoarginine, L-NOHA,
L-canavanine®

NOS inhibitors®

ADMA, aminoguanidine, L-N(i-aminoarginine, L-canavanine,
L-NAME, L-NMMA, L-NMMHA, L-NOARG, L-NS-
propylarginine, L-NIL, L-NIO, vinyl-L-NIO, L-thiocitrulline

Arginase substrates®
Agmatine, L-arginine (natural substrate), L-canavanine,
L-homoarginine

Arginase inhibitors®
L-NOARG?®, L-NOHA, L-nor-NOHA

“Taken from Luzzi & Marletta (2005) and Southan & Szabo
(1996).

PReported as a weak NOS substrate (Yokoi et al., 1994).
‘Taken from Proskuryakov et al. (2005) and Southan & Szabo
(1996).

dTaken from Christianson (2005).

‘Reported as rat liver arginase inhibitor Robertson et al.
(1993).
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Figure 1 Representative concentration—response curves of L-argi-
nine and the two L-arginine analogues L-NS-hydroxyarginine
(L-NOHA), and L-NS-mono-methylarginine (L-NMMA) at h6A/
5.24. Data were obtained by intracellular calcium measurements
using the calcium-sensitive dye Fluo-4 in living tsA cells transiently
expressing the chimeric receptor construct h6A/5.24. Responses are
shown as A fluorescence units (peak fluorescence after agonist
addition subtracted fluorescence before agonist addition). Data
shown are mean +s.d. of a single experiment performed in triplicate.
ECs, values for all analogues are shown in Tables 2 and 3.

while the corresponding methylated guanidinium analogue,
L-NMMHA, showed reduced activity at the receptor. Inter-
estingly, for L-NAME, a methyl ester of L-NOARG, an EC;,
of 344uM was obtained suggesting that this compound
displays some activity despite the modification at the
glycine moiety. However, it was subsequently discovered that
L-NAME hydrolyses quite rapidly to L-NOARG in the assay
buffer used (up to 20% degradation over the course of the
assay; data not shown). Thus, the measured activity probably
stems from L-NOARG (ECsy of 54.3 uM) and not L-NAME
(Table 2).

Of the tested diverse amino acids, L-NIO was approximately
four times more potent than L-ornithine and twice as potent as
L-arginine, while the closely related vinyl-L-NIO displayed a
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Table 2 Activities of guanidinium group containing L-arginine analogues at h6A/5.24

Compound ECsy (pECspts.e.m.) (UM) Structure
NH
ini HO{ )k
L-N®-Hydroxyarginine (L-NOHA) 9.67 (5.06+0.14) N N/\/YCOOH
H H
HoN
NH
L-Canavanine 12.8 (4.92+0.10) HZNJI\N/O\/YCOOH
H
NH,
NH
L-NS-Aminoarginine 16.1 (4.80+0.03) HaN z )k \ /\/YCOOH
H H
NH»
NH COOH
L-NS-Hydroxy-nor-arginine (L-nor-NOHA) 18.6 (4.73+0.04) HO._ )I\
N N NH»
H H
NH
L-Arginine 23.5 (4.67+0.10) HoN )I\ N /\/\(COOH
H
NH,
NH COOH
L-Homoarginine 37.1 (4.47+0.14) )I\
HoN N NH,

NH
L-NS-Nitroarginine (L-NOARG) 543 (4.3140.14) ON< )I\ N /\/\‘/COOH
H H
NH,

NH

L-N®-Mono-methylarginine (L-NMMA) 55.5(4.3340.17) ~ N N /\/YCOOH
H H

NH,

NH
L-NS-Propylarginine 66.3 (4.2240.14) \/\N)I\N/\/\‘/COOH
H H
NH,

NH COOH
L-N°-Mono-methylhomoarginine (L-NMMHA) 71.4 (4.15+0.03) ~ )I\
N N NH,
H H
NH
ic L-NS-NS-di . ~ /U\ COOH
Asymmetric L-N°-N®-dimethyl-arginine (ADMA) 108 (4.05+0.19) N N
H
| NH,
NH Q
L-NS-Nitroarginine methyl ester (L-NAME)" 344 (3.4740.04) N02~NJI\N O/
H H
NH,

“Compounds tested at concentrations eliciting submaximal effect. Assuming full agonism, concentration-response curves were fitted using
the maximum response of L-arginine.

The ester moiety in L-NAME is hydrolysed in the assay buffer and the activity probably stems from L-NOARG.

Compound in bold is a naturally occuring L-alpha-amino acid, which has previously been reported to activate h6A/5.24 (Wellendorph
et al., 2005).
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Table 3 Activities of diverse L-amino-acid analogues at h6A/5.24

Compound ECsy (pECs5pts.e.m.) (uM) Structure
NH
L-N*(1-Iminoethyl)-ornithine (1-NTO) 10.5 (4.9940.07) )I\ N /\/\‘/COOH
H

NH,

NH
5 ‘ e M COOH
L-N°-(1-Imino-3-butenyl)-ornithine (vinyl-L-NIO) 29.1 (4.5440.03) = N/\/\‘/
H
NH,
COOH
L-Ornithine 44.6 (4.36+0.06) HN /\/\(

NH,
OH
DL-5-Hydroxylysine 58.4 (4.30+0.17) HaN COOH
NH,
NH COOCH
L-N°-(1-Iminoethyl)-lysine (L-NIL) 89.9 (4.05+0.06)* )I\
N NH,
H
HoN COOH
L-Lysine 96.8 (4.04+0.09) \/\/Y
NH,
H>N COOH
L-S: i i \/\S
-S-(2-Aminoethyl)-cysteine 97.8 (4.01+0.04)
NH,
S
L-Thiocitrulline 120 (3.9440.09) HoN )k N /\/\‘/COOH
H
NH,
N |
L-S-[2-(4-Pyridyl)ethyl]-cysteine 282 (3.62+0.19)* N s /YCOOH
o NH,
L-Citrulline 335 (3.48+0.05)* HoN )I\ N /\/Y COOH
H
NH;
COOH
L-Norleucine 490 (3.33+0.07)*
H-N
COOH
L-Norvaline > 500
H-N
s
Ne,Ne,Ne-trimethyllysine > 500 b g\/\/\|/ COCH
NH»

*Compounds tested at concentrations eliciting sub-maximal effect. Assuming full agonism, concentration—response curves were fitted
using the maximum response of L-arginine.

Compounds in bold are naturally occuring L-alpha-amino acids, which have previously been reported to activate h6A/5.24 (Wellendorph
et al., 2005).
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Table 4 Structures of L-amino-acid analogues inactive at h6A/5.24

Compound

L-N-a-Acetylarginine

Agmatine

Aminoguanidine

L-Arginine f-naphthylamide

L-Arginine hydroxamate

L-Carnosine

DL-a-Difluoro-methylornithine (DFMO)

L-f-Homolysine

L-3-(3-Pyridyl)-alanine

potency comparable to L-arginine, and DL-5-hydroxylysine
was almost twice as potent as the parent L-lysine. The
iminoethyl analogue, L-NIL, with one more carbon than
L-NIO in the backbone, was equipotent with L-lysine and
approximately three times less potent than the corresponding
L-homoarginine. An N-methylated analogue of lysine, Ne,-
Ne,Ne-trimethyllysine, showed only weak activity at the
receptor. The non-basic L-thiocitrulline and L-citrulline, in
which the guanidinium group of L-arginine is exchanged for
a thioamide or amide function, respectively, displayed markedly
weaker activity at the receptor than L-arginine. Two commer-
cially available L-cysteine analogues, L-S-(2-aminoethyl)-
cysteine, and L-S-[2-(4-pyridyl)ethyl]cysteine) as well as
two compounds lacking the amino group in the side chain,

Structure

NH

(0]
NH
)J\ /\/\/NH2
HN N
H
NH
HeN )k
NT “NH
0 A

N O
H
NH,

NHOH

o]
NH,

JNE
HNT N
NH
HZN)I\H
Nj/\rCOOH
¢
N | HN\[(\/NHZ

0]
CF,H
COOH
HoN
NH,
HoN
\/\/Y\COOH
NH,
COOQOH
N7
| / NH2

L-norleucine, and L-norvaline, were also examined but yielded
no gain of potency (Table 3).

When the distal guanidinium group is intact as in L-arginine,
but the proximal glycine modified, compounds were generally
devoid of any agonist or antagonist activity. This is
exemplified by L-N-z-acetylarginine, agmatine, aminoguani-
dine, L-arginine f-naphtylamide, and L-arginine hydroxamate,
all of which were inactive both as agonists and antagonists.
Other amino acids at which the basic side chain is intact but
the glycine moiety modified, were similarly inactive at the
receptor (examples include L-carnosine and the L-lysine
analogues DFMO and f-homolysine). Finally, a weakly basic
analogue of L-phenylalanine, L-3-(3-pyridyl)-alanine, was
tested, but also displayed no activity (Table 4).
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Discussion

We recently uncovered GPRC6A as a promiscuous L-z-amino-
acid-sensitive receptor (Wellendorph ez al., 2005). With this
study, we extend the molecular pharmacology of the receptor
beyond the interaction with the naturally occurring amino
acids, and show that commercially available L-a-amino-acid
analogues of arginine, lysine, and ornithine are agonists at the
human GPRC6A. From prior homology modelling studies
of GPRC6A (Wellendorph et al., 2005) and homologous
receptors from gold- and zebrafish (Kuang et al., 2003; Luu
et al., 2004), it stands clear that certain signature residues
known from other family C GPCRs (Bertrand et al., 2002) to
interact with the glycine moiety of amino acids, are also
present in these receptors. Although the current pharmacology
was measured on a chimeric h6A/5.24 receptor, previous
mutational studies have confirmed that L-arginine binds to
the predicted binding pocket, situated within the amino-
terminal domain of GPRC6A (Wellendorph et al., 2005).
Binding studies on the homologous goldfish 5.24 receptor
have furthermore demonstrated that the arginine analogue
L-homoarginine can compete with L-arginine binding (Speca
et al., 1999). Hence, it is highly conceivable that the analogues
in this work bind to the human GPRC6A inherent amino-
terminal domain and not to other parts of the chimera.

We have previously characterized a number of naturally
occurring L-z-amino acids as agonists at GPRC6A (Well-
endorph et al., 2005), and we now demonstrate that derivatives
of basic amino acids are also agonists at GPRC6A. From the
current data, important information about the structure—
activity relationship of compounds interacting with GPRC6A
can be deduced. The current work indicates that the structural
requirements at the distal end of the binding pocket, which is
expected to coordinate to the distal end of the amino acid, are
rather loose. This is reflected in the general finding that L-o-
amino acids with a basic side chain are all agonists at the
human GPRC6A and the array of ECs, values is quite narrow.
A few findings and trends are, however, noteworthy. Five of
the tested L-amino-acid analogues displayed potencies similar
to or higher than L-arginine, which is the most potent of the
classical L-a-amino acids. Although the maximum gain in
potency was only two-fold, these compounds are the most
active GPRCOA agonists reported to date, and represent novel
lead structures. For the distal basic substituent, an iminoethyl
(as in L-NIO) confers higher activity than a guanidinium (as in
L-arginine) or a primary amino group (as in L-ornithine). This
reflects that both steric factors and basicity are important,
which is further substantiated by the low potency of the
positively charged quaternary amine, Ne,Ne,Ne-trimethyl-
lysine. The lack of direct correlation between basicity of the
distal moiety and potency is also seen by the rank order of
potency of L-NOHA (slightly less basic than L-arginine)> L-
arginine >L-NOARG (less basic than L-arginine) = L-NMMA
(more basic than L-arginine). Thus, other factors than size and
basicity, such as the possibility of making additional hydrogen
bonds, influence potency. The corresponding set of com-
pounds, L-lysine and L-NIL, were equipotent but much less
potent than L-ornithine and L-NIO, leading to the speculation
that the number of carbons in the backbone is approximating
the limit of acceptance in the receptor-binding pocket.
However, the potency of L-homoarginine when compared
to L-arginine is not affected nearly as much as would be

expected from the corresponding L-NIL/L-NIO set of com-
pounds, altogether suggesting that strong basic properties of
a compound is the dominating factor of importance. This
tendency is further substantiated by the low activities obtained
for both the two analogues lacking the distal amino group
and the two L-z-amino analogues containing weakly basic
pyridyl groups, indicating that a pyridyl function is not a
suitable bioisostere for the more basic distal guanidinium in
L-arginine or the primary amine in L-ornithine/L-lysine.
Therefore, a general trend for GPRC6A agonism is that
activity is higher when a polar, basic group rather than a
nonpolar, aromatic, or nonbasic group is substituted at the
distal end of the amino acid.

By contrast, the requirements to the proximal end of the
ligand, proposed to interact with the proximal part of the
GPRCO6A-binding pocket, are much more restricted, as both
stereochemistry and substitution are highly critical for activity.
So far, no compounds devoid of an L-z-amino-acid moiety
have been found capable of activating or inhibiting GPRC6A,
which correlates well with structure—activity studies conducted
on the homologous goldfish 5.24 receptor (Speca et al., 1999).
Actually, none of the currently tested compounds substituted
at the glycine moiety affords a GPRC6A ligand. This is
interesting compared to the mGlu receptor field, where
antagonists can be derived from agonists by relatively small
structural changes to glutamate, such as a-substitution of the
glycine moiety (Brduner-Osborne et al., 2000).

Crystal structures of the extracellular glutamate-binding
domain of the homodimeric mGlu, receptor have demon-
strated that receptor activation is dependent upon closure of
at least one of the two venus fly trap domains, which then
stabilizes the closed conformation, and drives the dimer into
the active state (Kunishima et al., 2000; Tsuchiya et al., 2002).
Agonists stimulate this domain closure. Accordingly, it has
been shown that competitive antagonists hinder closure and
thus prevent receptor activation (Bessis et al., 2002; Tsuchiya
et al., 2002). A fruitful strategy for generating antagonists at
both mGlu and GABAjg receptors has therefore been to
synthesize analogues with side chains, that hinder such closure
(Madsen et al., 2005). Seen in this light, it is surprising that
none of the tested compounds are antagonists at the human
GPRCO6A. Furthermore, it is evenly surprising that we identify
such a large number of structurally diverse agonists, and it
underlines that the ligand-binding pocket of GPRC6A can
accommodate much larger structures than the related family C
GPCRs in general, and still attain domain closure and receptor
activation. Undoubtedly, the design of antagonists for
GPRCOA represents a real challenge for medicinal chemists,
and obviously calls for identification of residues in the receptor
protein interacting with the distal basic side chain of these
ligands, hence allowing refinement of the homology model and
a more rational ligand design approach. These tasks are
currently being addressed in our laboratory.

As discussed above, the compounds tested in this study were
chosen for their similarities with basic L-amino acids known
to be agonists at GPRC6A, with the intent of advancing
pharmacological knowledge of the receptor. The majority of
the analogues are, however, primarily known and used for
their activity on NOS and arginase enzymes. However,
whether the compounds are inhibitors or substrates of these
(Table 1) does not seem to influence the generally observed
ability to activate the human GPRC6A. From the NOS or
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arginase investigator’s perspective, this report therefore points
to potential difficulties when interpreting data using these
compounds in vitro or in vivo. The lack of specificity and
unexpected activity of some inhibitors of especially NOS has
also been reported by others (Buxton et al., 1993; Scheller
et al., 1998; Henningsson et al., 2002). Our finding that these
compounds also act at GPRC6A has obvious implications for
interpretation of experiments involving both the NOS and
arginase systems, since GPRC6A is broadly expressed in
mammalian tissues (Wellendorph & Briduner-Osborne, 2004;
Kuang et al., 2005). The shared ability of GPRC6A, NOS and
arginase enzymes to bind L-arginine, prompted us to compare
primary protein sequences and tertiary protein structure of the
L-arginine-binding sites. No significant sequence similarity was
found, just as the previously generated three-dimensional
GPRC6A homology model (Wellendorph et al., 2005) showed
no homology with the L-arginine catalytic sites of the murine
cytokine-inducible NOS (Crane ef al., 1998) and rat arginase |
(Christianson, 2005) crystal structures. No information about
the ligand specificity of GPRC6A can thus be learned from the
NOS and arginase enzyme fields, or vice versa.

Concerning the physiological role of GPRC6A, it has been
argued that the receptor could be expected to be permanently
activated under physiological conditions (Civelli, 2005) since
the L-arginine concentration in plasma is in the 100 uM range
and the observed ECs, value of L-arginine is around 20 uM.
The reported ECs, values are in fact generated from a non-
physiological chimeric receptor of GPRC6A, and should be
verified on a native GPRC6A, but in general, one should
always take care when extrapolating potencies obtained in
recombinant systems to the in vivo situation. Nonetheless, a
discrepancy similar to the one discussed here exists between the
plasma concentration of L-arginine and the half-saturating
concentration (K,,) for NOS. Thus, the NOS enzyme should
always be saturated, thereby precluding any effect of varying
L-arginine concentrations, while in fact in vivo effects on
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