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Heather McLean,∥ Fred́eŕic R. Leroux,§ Franco̧ise Colobert,§ Herve ́ Daniel,∥ Anne Goupil-Lamy,#

Hugues-Olivier Bertrand,# Cyril Goudet,*,‡ Jean-Philippe Pin,‡ and Francine C. Acher*,†

†Laboratoire de Chimie et de Biochimie Pharmacologiques et Toxicologiques, CNRS UMR 8601, Universite ́ Paris Descartes,
Sorbonne Paris Cite,́ 45 rue des Saints-Per̀es, 75270 Paris Cedex 06, France
‡IGF, CNRS, INSERM, Universite ́ Montpellier, F-34094 Montpellier, France
§UMR 7509/CNRS/ECPM, Universite ́ de Strasbourg, 25 Rue Becquerel, 67087 Strasbourg 02, France
∥Pharmacologie et Biochimie de la Synapse, Universite ́ Paris-Sud/CNRS/NeuroPSI−UMR 9197, F-91405 Orsay, France
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ABSTRACT: A group III metabotropic glutamate (mGlu)
receptor agonist (PCEP) was identified by virtual HTS. This
orthosteric ligand is composed by an L-AP4-derived fragment
that mimics glutamate and a chain that binds into a
neighboring pocket, offering possibilities to improve affinity
and selectivity. Herein we describe a series of derivatives where
the distal chain is replaced by an aromatic or heteroaromatic
group. Potent agonists were identified, including some with a
mGlu4 subtype preference, e.g., 17m (LSP1-2111) and 16g
(LSP4-2022). Molecular modeling suggests that aromatic
functional groups may bind at either one of the two chloride regulatory sites. These agonists may thus be considered as
particular bitopic/dualsteric ligands. 17m was shown to reduce GABAergic synaptic transmission at striatopallidal synapses. We
now demonstrate its inhibitory effect at glutamatergic parallel fiber−Purkinje cell synapses in the cerebellar cortex. Although
these ligands have physicochemical properties that are markedly different from typical CNS drugs, they hold significant
therapeutic potential.

■ INTRODUCTION

The hallmark of metabotropic glutamate (mGlu) receptors is
their ability to modulate the activity of many synapses in the
central nervous system by acting either on the presynaptic or
the postsynaptic element. Accordingly, mGlu receptors appear
as potential therapeutic targets for a number of neurologic and
psychiatric diseases.1 They allow a fine-tuning that has not been
achieved with the ligand-gated ion channel receptors that play a
more essential role in glutamatergic synaptic transmission. The
mGlu receptors belong to class C of the large G-protein
coupled receptor (GPCR) family.2,3 Eight subtypes have been
identified that fall into three groups (I−III).4 Group I includes
subtypes 1 and 5 (mGlu1 and mGlu5) that activate PLC in
vitro, while group II (mGlu2 and mGlu3) and III (mGlu4,
mGlu6, mGlu7, and mGlu8) receptors are coupled to Gi/o
proteins and inhibit adenylyl cyclase or to Gq proteins that
activate PLC signaling pathway.5 Because group II/III receptors

are mostly presynaptic and appear to function as autoreceptors,
ligands that trigger (agonists) or enhance (positive allosteric
modulators (PAMs)) their activation are of interest to treat
pathologies where an excess of transmitter release is involved
(including Parkinson’s disease, anxiety, epilepsy, addiction, and
pain).
Class C GPCRs are characterized by a large amino terminal

domain (ATD) where the agonist binding site is located while
most allosteric modulators (NAMs and PAMs) identified so far
bind to the transmembrane domain.6,7 For many years, the
group III receptor pharmacology was the least investigated.
Recently, several allosteric modulators have been discovered,
mainly mGlu4 receptor PAMs. They were shown to be
neuroprotective and beneficial in animal models of Parkinson’s
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disease, pain, and anxiety.8 Several amino acid analogues with
agonist properties and similar behavior properties have been
identified such as 1 (L-AP4, Chart 1),9,10 2 (ACPT-I),11−15 3

((1S,2R)-APCPr),16,17 and 4 ((S)-3,4-DCPG).18,19 While they
display effects in vivo, it is assumed that the range of effective
concentrations is narrowed by their lack of subtype selectivity
among group III receptors.
We have disclosed a new agonist (S)-5 ((S)-PCEP, Chart

1)20 that is able to reach a new pocket close to the glutamate
binding site of group III mGlu receptors. Although this pocket
is lined with subtype selective residues, (S)-5 is not able to
discriminate among mGlu4, mGlu6, and mGlu8 receptors
because of a lack of interaction with the variable side chains
within the binding domain cleft. To discover agonists that allow
such interactions, we designed, synthesized, and studied a series
of aromatic derivatives of (S)-5. We identified 17m (LSP1-
2111) that preferentially activates mGlu4 receptor in compar-
ison to mGlu7 and mGlu8 receptors21 and 16g (LSP4-2022)
that is highly potent at mGlu4 and selective with respect to
other mGlu receptors.22 These two compounds have been
tested in vivo, and both demontrated efficacy in animal models
of Parkinson’s disease, anxiety, schizophrenia, and pain.21−32 In
this paper, we describe the synthesis of aromatic (S)-5
derivatives, the structure−activity relationship study that led
to the discovery of 17m and 16g, as well as their potential
mechanism of action. A binding mode for 16g was already
proposed in ref 22. We now report on a new binding mode for
17m, other nitrophenyl derivatives 17a−q, and 16g. The gain
of potency may be due to stabilizing interactions of the two
types of aromatic substituents at either of the two chloride
binding sites that were identified in a recent study.33

Compound 17m was also tested on acute cerebellar slices,
where group III inhibition of excitatory transmission at parallel
fiber (PF)−Purkinje cells (PC) synapses has been previously
demonstrated to be exclusively mediated by presynaptic mGlu4
receptors.17

■ RESULTS
Chemistry. The new ligands were prepared by two

successive alkylations of hypophorous acid (H3PO2). The first
step was a radical addition of H3PO2 onto (S)-N-Cbz-
vinylglycine methyl ester or (S)-N-Cbz-allylglycine methyl

ester, yielding the common intermediates H-phosphinates 6
and 7 as we have previously reported.20,34,35 Nucleophilic
addition of the silylated P(III) form of these intermediates onto
aromatic aldehydes, imines, and benzylic bromides20 gave the
protected phosphinates 8−13 (Table 1) according to the
general procedures A, B, and E (see Experimental Section).
These methods varied in the workup conditions depending on
the sensitivity of the products to basic and acidic conditions.
Acidic deprotection and purification (general procedures C or
D) afforded the desired compounds 15−20 (Scheme 1, Table
1). Thus, a series of carboxy (15a−c, 15e), 4-monosubstituted
(16a−g, 19a), 3-nitro (17a, 17c−h, 17j−m, 17o−q, 19b), and
differently substituted α-hydroxybenzyl phosphinates (18a−h)
was synthesized from aromatic aldehydes while the correspond-
ing benzylic derivatives (15d, 17b, 17i, 17n) were obtained
from bromides and α-aminobenzylic derivatives (20a−g) from
imines.
We checked that nucleophilic addition of the H-phosphinate

could also be performed with the methyl ester 6a in the
presence of lithium diisopropylamide (Scheme 2, 9f).36 When
protected phosphinates could not withstand the harsh acidic
conditions (6 M HCl, 100 °C, procedures C or D), esters were
first hydrolyzed with lithium hydroxide, then the benzylox-
ycarbonyl group was removed by stirring in 6 M HCl at room
temperature for several days (18g).
Derivative 10i was obtained by reaction of 6 with the 4-

hydroxy-3-nitrobenzyl bromide that was prepared by reduction
of the corresponding acid to the alcohol and subsequent
bromination with PBr3. 5-Ethoxy-4-hydroxy-3-nitrobenzalde-
hyde was obtained by nitration of 3-ethoxy-4-hydroxybenzalde-
hyde with copper nitrate37 and used to synthesize 17o. 4,5-
Dihydroxy-3-nitrobenzaldehyde was obtained by dealkylation
of 4-hydroxy-5-methoxy-3-nitrobenzaldehyde in HBr 33%
solution in AcOH and reacted with 6 to afford phosphinate
17p. 4-Nitro-3-trifluoromethylbenzaldehyde was prepared by
reduction of the acid to the alcohol with BH3 followed by a
limited oxidation under the Swern conditions and then used to
produce 18a. 3,5-Dinitrobenzaldehyde was prepared in a similar
manner for the synthesis of 18e. Protected primary α-
aminobenzylic phosphinates (13a,b and 14d) were synthesized
by a one-pot reaction and hydrolyzed to 20a,b and 21d
(Scheme 3).38,39 Substituted α-aminobenzylic derivatives
(20c−g) resulted from reaction of methyl H-phosphinate 6a
(see above) with a series of imines (22c−g) of m-nitro-
benzaldehyde in the presence of BF3·Et2O (13c−g) and
subsequent hydrolysis (Scheme 4). The protected phosphinates
13c−g were purified on silica gel before acidic hydrolysis (6 M
HCl, 100 °C). Finally, we synthesized a series of heterocyclic
analogues 21a−l (Scheme 1, Table 2) by employing the
suitable substituted furaldehyde, thiophenecarboxaldehyde,
pyridine carboxaldehyde, hydroxypyridine-carboxaldehyde, ami-
nothiazole-carboxaldehyde, or azaindol-carboxaldehyde.
The hydroxybenzylic phosphinates 15−19, 21 (X = OH,

Scheme 1, Table 1) are mixtures of two diastereomers that
result from the addition of (S)-H-phosphinates 6 and 7 onto
aldehydes. The mixtures could be separated by chiral HPLC on
a Crownpak CR(+) column. Pure diastereomers of selected 3-
nitrophenyl derivatives (17a, 17h, 17l, 17m, 17o, 17q) were
isolated on a semipreparative scale eluting with a pH 2 HCl
solution. In some cases, the separation was improved by cooling
the column. The first eluting diastereomer was named 17-1 and
the second 17-2, and absolute configurations were assigned
based on optical rotations and 1H NMR signals of the

Chart 1. Orthosteric Agonists of Group III mGlu Receptors
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methylene protons according to Commare et al.35 Optical
rotations ([α]D

20 in H2O) were compared for each pair of
diasteromers: 17h-1 (+1.5)/17h-2 (+21.9), 17l-1 (−4.5)/17l-2
(+19.4), 17o-1 (+6.4)/17o-2 (+18.3), and 17q-1 (−5.9)/17q-
2 (+18.6). The second diasteromer 17-2 consistently displayed
a larger positive [α]D

20 value compared to that of 17-1. The 1H
NMR chemical shifts of the two H-1 protons of the pairs of
diastereomers appear as a single multiplet for the first eluting
diastereomer 17-1 and as two distinct multiplets for the second
isomer 17-2. Accordingly, 17-1 were assigned (3S,1′S)
configuration and 17-2 (3S,1′R) based on 17a-1/17a-2 and
17m-1/17m-2 absolute configurations.35 The chiral stability of
the pure diastereomers was checked in a pH 7.3 buffered
solution after 4 days at RT and showed no epimerization.

Pharmacological Activity at mGlu Receptors. Agonist
activity of 5 and its aromatic derivatives was tested at the four
group III mGlu receptor subtypes (Table 3). To that aim, the
group III mGlu receptors (mGlu4, mGlu6, mGlu7, and mGlu8)
were transiently transfected in HEK293 cells together with a
chimeric Gq/i protein that allows their efficient coupling to the
phospholipase-C/inositol phosphate/Ca2+ pathway. Receptor
activation was determined by two different functional assays,
one measuring the production of total radiolabeled inositol
phosphates (IP) and the other measuring the intracellular Ca2+

release using Fluo-4 as a fluorescent probe. The results are
summarized in Table 3.

Structure−Activity Relationship. We have previously
shown that several (S)-5 derivatives bearing a carboxy-alkyl
chain are able to activate mGlu4 receptors.

20 We also showed
that the length between the α-carbon and the phosphinate
moiety could be neither reduced nor extended in this series. We
thus thought of replacing the alkyl chain of (S)-5 with a
benzylic group (Table 1). We first prepared the 15a−e
derivatives, among which 15c best activated the mGlu4 receptor
but remained weaker than (S)-5. Interestingly, this compound
displayed an 18-fold preference for mGlu4 over mGlu8 and
mGlu7 receptors (Table 3). We then varied the para-benzylic
substituent in the 16a−g series. All compounds activated the
receptor with diverse efficiency. Replacing the carboxylic group
of 15c with a bulky substituent such as trifluoromethyl (16c) or

Table 1. Structures of Compounds 8−13 and 15−20
Depicted in Schemes 1−4

aMethyl phosphinate.

Scheme 1. Synthesis of Derivatives 8−12, 14−19, and 21a

aReagents and conditions: (i) refs 20 and 35; (ii) BSA, Ar-aldehyde (X
= OH) or halide (X = H), RT, CH2Cl2; (iii) 1 M HCl; (iv) 6 M HCl,
100 °C; (v) Dowex AG50W-X4, water elution, or AG1X4, dilute HCl
elution. For R1−5, n, X, and Het, see Tables 1 and 2. For 9f and 16f,
see Scheme 2; for 14d and 21d, see Scheme 3.
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methylsulfonyl (16d) was unfavorable, whereas replacement
with an acetyl (16b), a hydroxyl (16e), or a methoxy (16f)
group had almost no effect on potency but reduced or
abolished the preference for mGlu4 over mGlu8 receptor. In
contrast, a nitro group (16a) significantly increased the mGlu4
and mGlu8 receptor potency but with no subtype discrim-
ination. Optimum mGlu4 receptor activity and selectivity was
obtained with a para-oxyacetic acid in 16g. This compound is
as potent as 1 at the mGlu4 receptor but is more than 250-fold
weaker at the mGlu8 receptor.

22

We next examined various nitrobenzylic and nitroheteroar-
omatic derivatives (17a−q, 18a−f, 19b, 20a−g, 21a−d). The
meta isomer 17a behaves quite similarly to the para isomer 16a
at group III mGlu receptors. Adding a substituent at position 4
(17c−h, 17l) did not increase the activity, and a large group
such as morpholino (17g) almost abolished the agonist effect.
However, the nitrophenol derivative 17h exhibited a surprising
preference for mGlu4 over mGlu8 receptor. This preference was
lost in 17l when the phenol was methylated but kept by
addition of a methoxy or fluorine substituent at position 5
(17m and 17q). Nevertheless, elongating this 5-methoxy group
to ethoxy (17o) or replacing it by a polar hydroxyl group (17p)
decreased the agonist potency and selectivity. The nitro and
hydroxyl substituents of 17h need to be respectively in the 3-
and 4-positions of the phenyl ring in order to keep the mGlu4
preference because for other regioisomers, 17j, 17k, and 18b,
this property is less pronounced. Additionally, the presence of
the hydroxyl group at the 2-position (17j) affected significantly
the activation in comparison to the 6-position (17k). Dinitro-
substitution (18c−f) provided no improvement. Finally, the 3-
nitro group of 17a could not be replaced by a cyano group
(18g), but the pentafluoro derivative was reasonably active
(18h). We also confirmed that the chain length between the α-
carbon and the phosphinate moiety could not be extended
regardless of the phosphinate substituent (19a,b).
We next examined whether the presence and the chirality of

the benzylic hydroxyl in 15−19 and 21 (X = OH, Scheme 1,
Tables 1 and 2) had any effect on their activity. Comparison of
the mGlu4 receptor EC50 values of these compounds with those
of the corresponding des-hydroxy analogues (15a vs 15d, 17a vs
17b, 17h vs 17i, 17m vs 17n) revealed that the deletion of the

Scheme 2. Synthesis of Derivative 16fa

aReagents and conditions: (i) EDC/MeOH; (ii) p-anisaldehyde, LDA, 0 °C THF; (iii) 1 M HCl, 0 °C; (iv) 6 M HCl, 100 °C; (v) Dowex AG50W-
X4, H2O elution.

Scheme 3. Synthesis of Derivatives 20a,b and 21da

aReagents and conditions: (i) CH3COCl/CH3CO2H, benzylcarbamate, Ar-CHO, 0 °C to RT; (ii) 6 M HCl, 100 °C; (iii) Dowex 50W-X4 (H+) 1 M
NH4OH elution.

Scheme 4. Synthesis of Derivatives 20c−ga

aReagents and conditions: (i) EDC/MeOH; (ii) BF3·Et2O, CH2Cl2;
(iii) 6 M HCl, 100 °C.
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benzylic OH in the 3-carboxy (R2 = CO2H, R
3 = H, R4 = H)

and substituted 3-nitrophenyl (R2 = NO2, R
3 ≠ H, R4 ≠ H)

derivatives partially reduced their potency. On the other hand,
it had no effect on the unsubstituted 17a (R2 = NO2, R

3 = H,
R4 = H). Interestingly, among the separated diastereomers of
17a, 17h, 17l, 17m, 17o, and 17q, only those from mixtures
that displayed preference for mGlu4 over mGlu8 receptor (17h,
17m, and 17q) showed a 4−9-fold difference in activity
between the (3S,1′S) and (3S,1′R) isomers. Moreover, that
difference was more pronounced for mGlu4 activation than for
mGlu8 receptor. Diastereomers (3S,1′S) of 17h-1 and 17m-1
displayed the highest potency and largest mGlu4 preference
(Table 3, Fluo-4 assay).
To expand the SAR of aromatic derivatives of (S)-5, we

prepared an amino benzylic series (20, X = NHR,6 Table 1). As
noted with the des-hydroxy compounds, changing from X =
OH in 17a to X = NH2 in 20a had no effect on
pharmacological activity while the same modification in 17m

that provided 20b caused a 13-fold decrease. Surprisingly
substitution of the benzylic amino group in 20a retained an
agonist activity in the 4−40 μM range, even with large groups
such as benzyl (20c), phenylethyl (20d), n-hexyl (20e), n-octyl
(20f), and 1-naphthylmethyl (20g).
Finally, a series of heteroaromatic derivatives was assayed

(21, Table 2). The nitrofuran (21a) and nitrothiophene (21b,
21c) derivatives turned out to be among the most potent
compounds of the (S)-5 series. However, no improved subtype
selectivity was observed. Furan derivatives bearing other
substituents than nitro, such as CF3 (21e) and CO2H (21f),
as well as pyridine (21g,h), hydroxypyridine (21i, 21j),
aminothiazole (21k), and azaindole (21l) derivatives retained
μM agonist activities, which demonstrates some promiscuity of
the distal binding site.
By continuing the hit optimization process, the first aim of

this work was to improve the potency of the derivatives. The hit
compound (R)-5 was initially found to be in the same range as
glutamate on the mGlu4 receptor.

20 Its most active enantiomer
(S)-5 (EC50 5.94 ± 0.22 μM) was improved by a factor 2.6, and
the most potent linear derivatives of (S)-5, such as (3S)-3-[((3-
amino-3-carboxy)propyl)(hydroxy)phosphinyl]propenoic acid
(LSP1-3154, EC50 1.0 ± 0.2 μM), were only better by a factor
6 as compared to (S)-5.20 The potency at the mGlu4 receptor
has now been markedly improved thanks to aromatic
derivatives of 5. Compound 17a (EC50 0.54 ± 0.05 μM)
displays a potency below the μM range and as such is more
potent than 2 (EC50 1.7 ± 0.2 μM), a well-known group III
mGluR agonist (Figure 1). The most potent compounds at
mGlu4 and mGlu8 are 21a and 21c (Table 3). Their EC50
values are 0.15 ± 0.03 μM (n = 9) and 0.16 ± 0.03 μM (n = 8)
at the mGlu4 receptor and 0.3 ± 0.1 μM (n = 3) and 0.51 ±
0.12 μM (n = 7) at the mGlu8 receptor in the IP production
assay, respectively. Their potency values are comparable to that
of 1 (EC50 value 0.10 ± 0.01 μM (n = 66) for mGlu4 receptor
and 0.29 ± 0.06 μM (n = 50) for mGlu8 receptor). Altogether,
the potency at mGlu4 receptor has been increased by more than
a 100-fold from the hit compound to the most potent cyclic
derivatives (Figure 2).
A second objective was to improve the selectivity of mGlu4

versus mGlu8 receptor. As with (S)-5 itself (ref 20 and Table
3), most of the hit derivatives do not display potency
differences between mGlu4 and mGlu8 receptors, like 1 and
2, the classical agonists used as controls in our experiments
(Figure 2). However, two compounds, 17h (LSP1−2109) and
17m, showed a preferential agonist activity for mGlu4
compared to mGlu8 receptor (selectivity defined by EC50
ratio >100 and preference with lower ratio values). The EC50
values of 17h and 17m at the mGlu4 receptor were 1.5 ± 0.4
μM (n = 8) and 0.9 ± 0.1 μM (n = 13) and at the mGlu8
receptor 73 ± 8 μM (n = 6) and 19 ± 7 μM (n = 12),
respectively, in the Fluo-4 assay. They are respectively 48-fold
and 21.5-fold more potent at mGlu4 than at mGlu8 receptor.
Potency and preference are even more pronounced with the
(S,S) isomers 17h-1 and 17m-1 (Table 3). Their respective
EC50 values are 0.5 ± 0.05 and 0.72 ± 0.08 μM at the mGlu4
receptor and 31.4 ± 6.1 and 18 ± 5 μM at the mGlu8 receptor
in the Fluo-4 assay with mGlu8/mGlu4 EC50 ratios of 61 and
25. Interestingly, the compound 16g is a selective mGlu4
agonist as compared to mGlu8 and mGlu7 receptors and
preferential as compared to the mGlu6 receptor.

22 The potency
of 16g at mGlu4 receptor (0.11 ± 0.02 μM, n = 30) is

Table 2. Structure of Compounds 14 and 21 Depicted in
Schemes 1 and 3
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Table 3. Group III mGlu Receptor Agonist Activities of Compounds 15−21 and Comparison with 1−5

compd mGlu4 EC50 μM (n) mGlu8 EC50 μM (n) mGlu8/4 EC50 ratio mGlu6 EC50 μM (n) mGlu7 EC50 μM (n)

1 0.10 ± 0.13 (66)a 0.29 ± 0.06 (50)a 2.5 2.4 ± 0.2 (12)a 337 ± 69 (10)a

0.13 ± 0.02 (34)b 0.29 ± 0.07 (44)b 2.2 1.0 ± 0.3 (7)b 249 ± 107 (3)b

2 1.7 ± 0.2 (10)a 5.1 ± 0.8 (5)a 3.0 11 ± 3 (6)a 280 ± 85 (2)a

3 0.72 ± 0.21a,c 0.34 ± 0.01a,c 0.5 1.95 ± 0.1a,c 602 ± 312a,c

4 1.96 ± 0.26 (16)a 0.023 ± 0.03 (12)a 0.012 6.2 ± 0.4 (3)b 30 ± 8 (2)b

3.2 ± 0.9 (13)b 0.044 ± 0.01 (12)b 0.014 3.2 ± 0.2 (3)b >100 (2)b

(S)-5 6.4 ± 1.4 (4)a 7.8 ± 0.5 (4)a 1.2 31 ± 6 (4)a

5.94 ± 0.22 (4)b 6.5 ± 1.7 (4)b 1.1 6.7 ± 3.3 (3)b 89 ± 15 (2)b

15a 22 ± 3 (8)a 125 ± 8 (3)a 5.8 >100 (1)a

15b NE at 100 μMa

15c 8.0 ± 0.4 (4)a 141 ± 10 (3)a 18 31 ± 3 (3)a 169 ± 31 (3)a

15d 212 ± 120 (2)a 511 (1)a 2.4
>100 (1)b

15e 15.8 ± 6.0 (3)b 40 ± 5 (2)b 2.5
16a 0.38 ± 0.10 (4)a 0.53 ± 0.12 (2)a 1.4

0.64 ± 0.22 (3)b 0.49 ± 0.10 (3)b 0.8 4.6 ± 0.8 (3)b >100 (2)b

16b 7.8 ± 1.2 (3)a 14 ± 3 (3)a 1.8
16c 15 ± 1 (4)a 34 ± 9 (2)a 2.3
16d >100 (2)a

59 ± 28 (4)b >100 (4)b >100 (4)b >100 (4)b

16e 7.7 ± 2.1 (3)b 25 ± 10 (3)b 3.2
16f 6.5 ± 0.8 (3)b 61 ± 15 (3)b 9.3 23.0 (1)b

16g 0.11 ± 0.02 (30)b 29.2 ± 4.2 (27)b 256 4.2 ± 0.6 (14)b 11.6 ± 1.9 (19)b

16h 8.8 ± 3.4 (3) 8.4 ± 1.0 (2) 0.9
17a 0.54 ± 0.05 (19)a 1.5 ± 0.5 (6)a 2.8 8.8 ± 0.7 (5)a >1000 (7)a

0.6 ± 0.3 (2)b 1.2 ± 0.9 (2)b 2
17a-1 1.0 ± 0.4 (5)b 1.25 ± 0.3 (5)b 1.2 2.4 ± 1.3 (2)b >100 (1)b

17a-2 0.32 ± 0.10 (8)b 1.3 ± 0.5 (5)b 1.5 3.2 ± 1.3 (4)b >100 (3)b

17b 0.8 ± 0.2 (5)a 4.4 ± 2 (6)a 5.4
0.42 ± 0.08 (7)b 1.0 ± 0.2 (6)b 2.5 3.2 ± 2.0 (3)b >100 (2)b

17c 0.38 ± 0.13 (6)a 5.7 ± 2.2 (3)a

0.44 ± 0.06 (3)b 1.54 ± 0.72 (3)b 3.5 11.9 ± 0.7 (3)b >100 (3)b

17d 0.6 ± 0.1 (6)a 1.3 ± 0.3 (2)a 2.1 25 ± 15 (2)a

0.44 ± 0.05 (4)b 0.66 ± 0.19 (3)b 1.5 4.0 ± 1.8 (4)b >100 (3)b

17e 2.8 ± 1.0 (9)a 5.6 ± 2.5 (4)a 1.6 >100 (3)a NE (3)a

3.3 ± 0.5 (3)b 1.6 ± 0.4 (3)b 0.5
17f 2.0 ± 0.3 (3)a 2.5 ± 1.5 (3)a 1.2

4.7 ± 1.9 (3)b 4.9 ± 1.3 (3)b 1.0 18 ± 6 (2)b >100 (3)b

17g 241 ± 35 (4)a >100 (1)a

>100 (2)b >100 (2)b

17h 2.3 ± 0.3 (20)a 42 ± 5 (14)a 18 6.0 ± 0.9 (3)a 69 ± 8 (3)a

1.5 ± 0.4 (8)b 73 ± 8 (6)b 48 6.3 ± 2.1 (4)b 125 ± 55 (4)b

17h-1 0.5 ± 0.05 (4)b 31.4 ± 6.1 (4)b 61 3.6 ± 1.4 (5)b 62 ± 27 (3)b

17h-2 4.5 ± 0.2 (3)b 39.8 ± 6.5 (4)b 8.5 68.4 ± 14.5 (3)b 295 ± 178 (3)b

17i 24 ± 4 (3)b 277 ± 82 (3)b 11 >100 (6)b >100 (4)b

17j 23.0 ± 6.6 (4)a 21.2 ± 8.8 (2)a 0.92
17k 0.90 ± 0.25 (6)a 4.2 ± 2.3 (2)a 4.6
17l 1.6 ± 0.7 (5)a 2.7 ± 1.0 (6)a 1.7

3.5 ± 1.3 (3)b 3.8 ± 1.0 (3)b 1
17l-1 2.0 ± 0.4 (3)b 2.5 ± 0.8 (3)b 1.2 4.5 (1)b >100 (1)b

17l-2 1.7 ± 0.6 (3)b 2.2 ± 0.6 (3)b 1.3 3.9 (1)b >100 (1)b

17m 2.2 ± 0.3 (26)a 66 ± 12 (16)a 30 1.7 ± 0.1 (3)a 53 ± 20 (3)a

0.9 ± 0.13 (13)b 19.4 ± 7 (12)b 21.5 3.2 ± 1.4 (4)b 101 ± 33 (3)b

17m-1 0.72 ± 0.08 (6)b 18 ± 5 (7)b 25 1.1 ± 0.4 (4)b 63 ± 35 (3)b

17m-2 4.4 ± 0.5 (6)b 26 ± 9 (9)b 6 2.4 ± 0.8 (4)b 100 ± 49 (3)b

17n 19 ± 6 (3)b 28 ± 12 (3)b 1.5
17o 8.5 ± 1.1 (3)b 20 ± 13 (3)b 2.4
17o-1 5.1 ± 1.2 (3)b 22 ± 21 (3)b 4.4
17o-2 6.4 ± 2.4 (3)b 6.5 ± 3.1 (3)b 1.0
17p 4.75 ± 1.25 (2)a 5.4 ± 2.9 (2)a 1.1

4.3 ± 1.0 (6)b 32.8 ± 6.5 (7)b 7.6 26 ± 2 (2)b >100 (2)b
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comparable to that of 1, while its potency at mGlu8 is ∼250-
fold lower (29.2 ± 4.2 μM, n = 27).22

Molecular Modeling. Metabotropic glutamate receptors,
as other members of class C GPCRs are characterized by a large
extracellular amino terminal domain, which is referred to as the

Venus fly trap (VFT) domain. The VFT domain consists of
two lobes, lobe 1 (LB1) and lobe 2 (LB2), connected by a
flexible hinge, which form a cleft where glutamate binds. The
VFT domain oscillates between an open and a closed
conformation, the latter triggering receptor activation.40,41

This closed state is stabilized by agonists through interactions
with both lobes. Homology models of the mGlu4 receptor
binding domain have been generated earlier based on mGlu1
and mGlu3 receptor X-ray structures.20,40,42

We have previously shown that (S)-5 is composed of two
parts, an L-AP4 part that binds to the glutamate site at group III
mGlu receptors and a distal carboxyethyl chain that binds to a
new pocket adjacent to the glutamate site.20 Moreover, the
potent mGlu4 agonist, 16g, was previously shown to bind
similarly to (S)-5 but with an increased selectivity toward
mGlu4 and thus by taking advantage of the nonconserved
residues lining the new pocket.22

Furthermore, our team has recently identified the presence of
two chloride (Cl−) binding sites in the cleft of the VFT domain
in mGlu4 receptor.

33 The Cl− ion in binding site 1 (site 1) is
embedded in LB1 and makes H-bond interactions with the side
chain hydroxyl group of Thr108 and the backbone NH of
Ser157 and Gly158 residues. On the other hand, the Cl− ion in
binding site 2 (site 2) is located in the active cleft between LB1

Table 3. continued

compd mGlu4 EC50 μM (n) mGlu8 EC50 μM (n) mGlu8/4 EC50 ratio mGlu6 EC50 μM (n) mGlu7 EC50 μM (n)

17q 1.95 ± 0.51 (6)b 23.4 ± 7.6 (6)b 12 1.07 ± 0.22 (6)b 51.2 ± 7.3 (7)b

17q-1 2.42 ± 0.62 (4)b 34.3 ± 19.3 (4)b 14 0.76 ± 3.5 (3)b 39 ± 5 (4)b

17q-2 9.77 ± 3.2 (3)b 17.1 ± 7.7 (4)b 1.8 10.2 ± 4.9 (3)b 53.8 ± 8.9 (3)b

18a 0.40 ± 0.09 (4)a 0.98 ± 0.12 (2)a 2.4 2.9 ± 0.4 (3)b >100 (3)b

18b 2.3 ± 0.3 (5)a 19.8 ± 3.1 (3)a 8.7
18c 1.5 ± 0.4 (5)a 4.6 ± 2.3 (3)a 3.1
18d 1.76 ± 0.45 (5)a 2.9 ± 2.1 (2)a 1. 7
18e 1.4 ± 0.3 (3)a 6.6 ± 1.8 (2)a 4.5
18f 2.4 ± 0.3 (5)a 4.5 ± 2.8 (2)a 1.9
18g 41 ± 7 (4)a 219 ± 47 (2)a 5.3
18h 4.9 ± 0.7 (8)a 18.5 ± 4.5 (3)a 3.7

5.6 ± 2.1 (3)b 7.6 ± 1.7 (3)b 1.4 30 ± 14 (3)b >100 (3)b

19a NE (2)b NE (2)b

19b NE (2)b NE (2)b

20a 0.54 ± 0.14 (3)a 2.2 ± 0.9 (4)a 4.1
20b 11.6 ± 2.6 (3)b 33 ± 12 (6)b 3 >100 (3)b NE (2)b

20c 25.3 ± 2.0 (2)b 29.7 ± 9.7 (4)b 1.2
20d 4.41 ± 1.76 (3)b 7.2 ± 1.4 (2)b 1.6
20e 25.0 ± 8.6 (3)b 22.8 ± 4.9 (3)b 0.9
20f 6.1 ± 2.5 (3)b 38 ± 21 (3)b 6.3
20g 7.9 ± 0.3 (3)b 35.4 ± 3.7 (3)b 4.3
21a 0.15 ± 0.03 (9)a 0.3 ± 0.1 (3)a 2.2 6.1 ± 0.6 (3)a 1970 ± 320 (3)a

21b 0.49 ± 0.06 (7)a 1.9 ± 0.3 (4)a 3.9 4.2 ± 1.2 (3)b >100 (2)b

21c 0.16 ± 0.03 (8)a 0.51 ± 0.12 (7)a 3.2 3.6 ± 1.2 (6)a 418 ± 136 (4)a

0.19 ± 0.03 (3)b 0.38 ± 0.21 (3)b 2
21d 0.8 ± 0.4 (3)a 1.8 ± 0.3 (3)a 2.2
21e 1.6 ± 0.4 (4)a 5.2 ± 4.1 (2)a 3.1
21f 2.0 ± 0.4 (6)a 9.2 ± 1.3 (3)a 4.6
21g 30 ± 9 (3)b 36 ± 20 (3)a 1.2
21h 28 ± 13 (2)b 26.2 ± 2.8 (2)b 1.0
21i 33 ± 10 (3)b 17 ± 5 (3)b 0.5
21j 42 ± 9 (2)b 81 ± 15 (2)b 1.9
21k 15 ± 4 (3)b 28 ± 9 (3)b 1.9 >100 (1)b NE (3)b

21l 3.4 ± 0.8 (3)b 6.9 ± 2.8 (3)b 2.0
aIP production assay. bCa2+ release and fluorescence assay. cFrom ref 16. NE: no effect at 300 μM.

Figure 1. Optimization of the potency of five derivatives on mGlu4
receptor. Rat cloned mGlu4 receptors were transiently transfected in
HEK293 cells together with a chimeric G-protein α subunit and the
high affinity glutamate transporter EAAT3. Receptor activity was
determined by the production of inositol phosphates (IP) resulting
from receptor activation by various concentrations of (S)-5 derivatives.
Each point corresponds to the mean ± SEM of triplicate. Data
presented are representative of at least three experiments.
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and LB2 and bridges these two lobes in the closed active
conformation by establishing H-bond interactions between LB1
residue Ser160 and LB2 residue Asn286. The chloride location
of site 1 in LB1 of the VFT is well conserved among mGlu
receptors and other VFT folded receptors (e.g. natriuretic
peptide, calcium sensing, and taste receptors),43−47 suggesting a
structural role for the chloride ion bound at this site. In
contrast, the chloride ion at site 2 binds to both lobes and is
assumed to modulate receptor activation by stabilizing the
closed VFT conformation.33 Site 1 overlaps with the new
pocket where the distal carboxylate of 16g was shown to mimic
a chloride ion and allows similar interactions with the receptor
(Supporting Information, Figure SI-1).33,43 We now show that
agonist binding at site 2 may also occur.
To rationalize the unique pharmacology of the newly

identified orthosteric agonists of group III mGlu receptors,
we carried out molecular docking studies. As there is still no
crystal structure available, a new homology model of the mGlu4
receptor was generated as a first step based on the recently
released X-ray structure of mGlu2 bound to the orthosteric
agonist 23 (LY354740) (PDB 4XAQ).48 This structure
includes a chloride ion at site 1 that was not present in the
templates of the first model. All compounds were then docked
into the glutamate binding pocket of the VFT domain of this
newly generated mGlu4 homology model (mGlu4-HM) by
using the CDOCKER49 program implemented in Discovery
Studio50 (see Computational Studies section).
As expected, the amino acid entity and the phosphinic acid of

3-nitrophenyl derivatives 17 bind to the glutamate binding site
in a fashion similar to 16g,22 whereas, except for 17b, the nitro
substituted benzylic part of the ligands 17 goes into the Cl−

binding site 2 (Figure 3). Among 3-nitrophenyl derivatives 17,
the potent mGlu4 agonist 17m was intensively characterized
and tested in several in vivo models and thus chosen as a
reference compound for docking. In site 2, the nitro group
makes direct H-bond and electrostatic interactions between

LB1 residues Ser160 side chain hydroxyl group, Arg60 side
chain guanidinium group, and LB2 residue Asn286 side chain

Figure 2. Optimization of mGlu4 versus mGlu8 receptor selectivity.
Ratios of mGlu8/mGlu4 EC50s for selected compounds are displayed
as bars to illustrate the selectivity improvement determined in the
Fluo-4 assay.

Figure 3. Docking pose derived for 17m-1. (A) Site view of the
mGlu4-HM (blue ribbon) in complex with 17m-1 (sticks). 17m-1
binds in the active cleft formed between the two lobes, LB1 and LB2,
in the VFT domain of mGlu4. The glutamate entity is circled with a
black line, and the chloride site 2 is displayed as a green filled circle.
(B) Site view of the interactions observed between the residues in the
active cleft of mGlu4 and the 3-nitrophenyl and hydroxybenzyl groups
of ligand 17m-1. Van der Waals spheres of G158 hydrogens and
nitrophenyl carbons are shown as blue and gray surfaces, respectively.
(C) Two-dimensional (2D) ligand interaction diagram of 17m-1 with
the residues in the active site of mGlu4. Hydrogen bond and ionic
interactions are shown as dashed green and orange colored lines,
respectively. Ligands are colored by atom type (C, gray; O, red; N,
blue; P, orange).
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amide group. In addition, the phenyl ring is oriented and
stabilized by Van der Waals contacts with Gly158 (Figure 3).
Both S,S (17m-1) and S,R (17m-2) diastereomers of 17m were
docked onto the mGlu4-HM. Comparison of the docking poses
retrieved for 17m-1 and 17m-2 revealed that the two
diastereomers exhibit a similar binding pattern with the
residues in the active cleft of mGlu4 except for the benzylic
hydroxyl group. While the α-hydroxyl group of 17m-1 is
involved in H-bond interactions with the LB2 residues Asn286
and Ser313 (Figure 3), in contrast, the α-hydroxyl group of
17m-2 accepts H-bonds from the LB1 residues Lys74 and is in
close contact with Glu287 side chain (Supporting Information,
Figure SI-2). We suppose that direct additional H-bond
interactions with the lower lobe LB2 might provide additional
stabilization of the closed active conformation inducing higher
potency in case of the (S,S) isomer (EC50 0.72 ± 0.08 μM) in
comparison to the (S,R) isomer (EC50 4.4 ± 0.5 μM) of 17m.
A similar observation is made with the 3-nitrophenol derivatives
17h and 17q.
To study the impact of the α-hydroxyl group on potency, we

generated compounds 17b, 17i, and 17n. Removal of the
benzylic hydroxyl group in ligands 17i (EC50 24 ± 4 μM) and
17n (EC50 19 ± 6 μM) led to a significant decrease in their
agonist activity against mGlu4 receptor. With the examples of
17h-1 and 17i (Supporting Information, Figure SI-3), we
demonstrate that the ability of the benzylic hydroxyl group to
form additional close contacts with the residues in LB1 and/or
LB2 enhances its agonist activity for mGlu4 receptor.
In contrast to 17i and 17n, ligand 17b (EC50 0.42 ± 0.08

μM) still shows robust agonist activity for mGlu4. Surprisingly,
docking experiments also suggested a distinct binding mode for
the ligand 17b (Figure 4). While the amino acid and the
phosphinic acid groups form a similar web of interactions with
the residues in the mGlu4 active site as derived for other 3-
nitrophenyl derivatives (Figure 4A), the nitro group extends
toward LB1 instead of the Cl− binding site 2 and forms H-bond
and ionic interactions with LB1 residue Ser110 and LB2 residue
Glu287, respectively (Figure 4B). We further checked the
probability of a Cl− ion being in site 2 in the presence of ligand
17b.
We aligned the mGlu4-HM/17b complex to our previous

mGlu4 homology model bound to the glutamate and the two
predicted Cl− ions33 (Figure 4C). It appears that the docking
solution of 17b does not block the Cl− ion from binding to site
2. To check this hypothesis, we compared the EC50 ratios at
high (154 mM) and low (2 mM) chloride concentrations as
described in Tora et al. 201533 of 17a and 17b to the same
ratios for 1 and 16g (Supporting Information, Table SI-2). We
observed that these ratios separate in two groups: one with a
ratio of 42 (17b and 1) and the other with lower ratios of 16−
19 (17a and 16g). The high ratio reveals a strong chloride
sensitivity which is line with two chlorides bound at the mGlu4
binding site, wheras a lower ratio is consistent with a weaker
chloride sensitivity and only one chloride bound.22 Therefore,
we suppose that the two Cl− ions may still bind in the presence
of 17b and stabilize the closed active conformation. Positive
allosteric behavior of the Cl− ion against mGlu receptors has
been already shown.33,51,52 We suggest that binding of the Cl−

ion at site 2 potentiates the agonist activity of 17b and might
explain the unique pharmacology of this ligand among other 3-
nitrophenyl derivatives.
Interestingly, replacement of the hydroxyl group at position 4

of the phenyl moiety (in 17h) with lipophilic substituents such

as trifluoromethyl (17c: EC50 0.44 ± 0.06 μM), fluorine (17d:
EC50 0.44 ± 0.05 μM), methyl (17e: EC50 3.3 ± 0.5 μM), or
chlorine (17f: EC50 4.7 ± 1.9 μM) is also well-tolerated.
Docking experiments suggested that substituents at position 4
of the phenyl moiety occupy a small pocket formed by side
chains of LB1 residues Val161 and Ser110 and the backbone of

Figure 4. Docking pose derived for 17b. (A) 2D ligand interaction
diagram of 17b with the residues in the active site of mGlu4. Hydrogen
bond and ionic interactions are shown as dashed green and orange
colored lines, respectively. (B) Site view of the interactions observed
between the residues in the active cleft of mGlu4 and the 3-nitrophenyl
group of 17b. (C) Comparison of the docking solution of 17b with the
location of Cl− ions in the previously reported mGlu4 homology
model.33 Chloride Van der Waals spheres are displayed as green
spheres. The residues that form Cl− binding site 1 (Thr108 and
Ser157) and site 2 (Ser160 and Asn286) are shown as blue colored
sticks for C atoms. No steric clashes were predicted between 17b and
the Cl− ion at site 2. Ligands are colored by atom type (C, gray; O,
red; N, blue; P, orange; Cl, green).
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Arg111 (e.g. 17d; Figure 5). Hydrophobic contacts between
lipophilic substituents and Val161 side chain rescue the loss of

H-bond interaction between the hydroxyl group of 17m and
the LB1 residue Ser110 (Figures 3 and 5). The limited size of
this pocket suggests that ligands with larger groups at position 4
would not effectively bind and stabilize the closed active
conformation of mGlu4, which may explain the loss of agonist
activity in the case of 17g (EC50 241 ± 35 μM).
We also studied the binding of 17m onto the mGlu8 receptor

by performing docking experiments. As the crystal structure of
mGlu8 has not been solved to date, we first generated a
homology model. The glutamate binding site of mGlu4 and
mGlu8 subtypes share a high sequence identity of 91%.
Comparison of the residues in the active cleft of mGlu4 and
mGlu8 shows that all the amino acid residues are the same
except that the LB1 residues Ser157 and Gly158 in mGlu4 are
changed to Ala154 and Ala155 in mGlu8. On the basis of the
template selection criteria (see details in Computational Studies
section) as well as assuming that the mGlu8 subtype would have
a similar closed active conformation upon binding of 17m as in

mGlu4, we generated the mGlu8 homology model (mGlu8-
HM) based on the mGlu2 crystal structure bound to the
orthosteric agonist 23 (PDB 4XAQ).48

Ligand 17m-1 also binds into the active cleft formed between
LB1 and LB2 in the amino terminal domain of mGlu8. Both the
amino acid entity and the phosphinic acid group establish a
similar web of interactions with the corresponding residues as
seen in the mGlu4-HM/17m-1 docked complex (Figure 6A).
Nevertheless, the α-hydroxyl group rotates toward LB1 and
does not form direct interactions with the residues in the active
site of mGlu8. Strikingly, the methyl side chain of Ala155
residue orients the phenyl group by π−alkyl hydrophobic
interactions such that the nitro group can no longer be able to
reach and make productive H-bond interactions with the
residues Ser157 and Asn283 in the Cl− binding site 2 (Figure
6B,C). This orientation of the phenyl group is further stabilized
by additional π−alkyl hydrophobic interactions with the
residues Pro53, Lys71, and Ala154 (Figure 6C).
In the case of mGlu8, the loss of interactions between the

nitro group of 17m-1 and the Cl− binding site 2 residues (S157
and N283) and the loss of interactions with the LB2 residues as
a result of unfavorable orientation of the α-hydroxyl group
supports a 25-fold loss of agonist activity against mGlu8 (17m-
1: EC50 18 ± 5 μM, Table 3) (Figure 6). Yet the substantial
difference in potency between mGlu4 and mGlu8 is only found
for 17h and 17m that hold a 4-hydroxy substitution compared
to other 3-nitrophenyl derivatives (17c−f, 17l). Binding of the
4-hydroxyl of 17h and 17m with Ser107 may explain this
difference. Whereas other agonists accommodate the bulk of
Ala155 in mGlu8 keeping chloride site 2 bindings, the strong
hydrogen bond between the charged nitrophenolate (pKa 6.6)
and Ser107 may not allow the bulk adjustment and optimal
interactions at this site (Figure 3).
Docking of 16g in the new mGlu4 homology model (mGlu4-

HM) using the CDOCKER49 program provided only poses
with an orientation to chloride site 2. Comparison between the
new and previous22 mGlu4 homology model revealed that
access to chloride site 1 was occluded in the new model,
preventing any docking at this site (Supporting Information,
Figure SI-4). Thus, we performed new dockings of 17m and
16g using the former mGlu4 model

22 with a larger access to site
1 and using the flexible Gold53 docking tool. Poses with both
orientions (site 1 and site 2) were generated for both
compounds (Supporting Information, Figure SI-5). Although
both orientations were quite stable in dynamics of 5 ns, 17m
was not able to reach T108 and secure the two H-bonds (NH
of G158 and OH of T108) of chloride site 1 as 16g did.22

Interestingly poses of 16g docked at site 2 revealed similar
interactions as observed for 17m (Figure 3) together with an
additional salt bridge between the distal carboxylate of 16g and
R258 from loop 7 (Figure 7). Mutagenesis experiments
described in Goudet et al. 2012 support both orientations
involving S157, G158, and loop 1 of the mGlu4 VFT domain.22

Binding at site 1 and site 2 keeps the phenyl ring of the ligands
close to S157 and G158 in mGlu4. As described above, the
homologous alanine in mGlu8 (A154 and A155) disrupt this
binding for 16g.
The molecular modeling study described herein supports the

possible binding of extended agonists at the two chloride sites
previously identified at the glutamate binding site of mGlu4
receptor (Figure 8).33 We hypothesize that the distal chain of
our agonists (17m, nitrophenyl derivatives 17 and 16g) may be
binding to (or orient toward) both site 1 and site 2. Binding to

Figure 5. Docking pose derived for (S,S)-17d. (A) Site view of the
mGlu4-HM (blue ribbon) in complex with (S,S)-17d (sticks). 17d
binds in the active cleft formed between LB1 and LB2 in the VFT of
mGlu4. Fluorine (light green) at position 4 of the phenyl moiety
protrudes into a small pocket formed with the side chains of LB1
residues Val161 and Ser110 and the backbone of Arg111. A closed Van
der Waals surface of moieties from Ser110, Arg111, and Val161 in
contact with 17d are represented in beige. (B) Site view of the
interactions observed between the residues in the active cleft of mGlu4
and the 3-nitrophenyl group and hydroxyl (from hydroxybenzyl) of
(S,S)-17d. Hydrogen bonds are shown as dashed green colored lines.
Ligands and residue side chains are colored by atom type (C, gray or
light blue; O, red; N, blue; P, orange; F, light green).

Journal of Medicinal Chemistry Article

DOI: 10.1021/acs.jmedchem.7b01438
J. Med. Chem. 2018, 61, 1969−1989

1978

http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.7b01438/suppl_file/jm7b01438_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.7b01438/suppl_file/jm7b01438_si_001.pdf
http://dx.doi.org/10.1021/acs.jmedchem.7b01438


site 1 would be favored in the open conformation of the VFT
because agonists are bound to lobe 1 away from lobe 2 in this
conformation40 and site 1 is embedded in this lobe (Figure 8B).
However, agonists 17 and 16g may adopt a different
conformation when binding to lobe 1 in the open conformation
of the VFT. In this case, the distal nitro group or the
carboxylate will not fit in the cavity of site 1 but point to the
center of the cleft and bind to residues S160 and R60 that are
involved in site 2. Upon closing of the VFT, the agonists will
build interactions with the remaining residues of site 2
belonging to lobe 2 (Figure 8C). Binding to site 2 will stabilize
the closed active conformation by establishing interactions with
residues of both lobes. In each orientation of the ligands, they
link a chloride ion mimic (nitro or carboxylate group) to a
glutamate surrogate and are thus dualsteric.

Selectivity of 17m toward Other Classes of Glutamate
Receptors. We next evaluated the activity of 17m on NMDA
receptors. Amino acids bearing a phosphonate on their side
chain are well-known NMDA receptor antagonists.54−56 Hence,
although our series do not meet the pharmacophoric54−56 and
binding site57 requirements for NMDA antagonists, we
evaluated the ability of 17m to block recombinant GluN1/
GluN2A and GluN1/GluN2B NMDA receptors expressed in
Xenopus oocytes. As expected, 17m only weakly inhibited the
responses evoked by the coagonists (glycine at saturating
concentration 100 μM and glutamate at its EC50 5 μM). The
IC50s of 17m were 1.1 ± 0.3 mM (nH = 0.74 ± 0.09; n = 4) for
GluN1/GluN2A receptors and 2.3 ± 0.3 mM (nH = 0.84 ±
0.05; n = 5) for GluN1/GluN2B receptors. We thus consider
that 17m displays a selective effect at group III mGlu receptors
at low micromolar concentrations.

Pharmacological Activity of 17m on Native mGlu4
Receptors. As 17m was shown to preferentially activate mGlu4
receptor in functional screens in vitro, we then moved to more
physiologically relevant systems, such as the rat cerebellar
cortex, where among group III mGlu receptors, only
presynaptic mGlu4 receptors are functional at the parallel
fiber (PF)−Purkinje cell (PC) synapses. These receptors
negatively regulate presynaptic Ca2+ influx and thus decrease

Figure 6. Docking posed derived for 17m-1 at the mGlu8 binding site.
(A) 2D ligand interaction diagram of 17m-1 with the residues in the
active site of mGlu8. Hydrogen bonds, electrostatic and π−alkyl
interactions are shown as dashed green, orange, and pink colored lines,
respectively. (B) Superimposition of the mGlu4-HM (blue ribbon)/
17m-1 (gray sticks for C atoms) and mGlu8-HM (pink ribbon)/17m-
1 (violet sticks for C atoms) complexes retrieved from docking studies.
Residues Ser157 and Gly158 in mGlu4 (blue) are changed to Ala154
and Ala155 (pink) in mGlu8. In the case of mGlu8, the larger methyl
side chain of Ala155 (protons displayed) tightens the active site and
pushes the 3-nitrophenyl ring away from the Cl− binding site 2. A
closed Van der Waals surface of the residue Ala155 methyl group is
represented in pink. (C) Site view of the interactions observed
between the residues in the active cleft of mGlu8 and the 3-nitrophenyl
group of 17m-1. Hydrogen bonds and electrostatic and π−alkyl
interactions are shown as dashed green, orange, and pink colored lines,
respectively. Ligands and residue side chains are colored by atom type
(C, gray or violet, blue or pink; O, red; N, blue; P, orange).

Figure 7. Docking pose derived for 16g at former mGlu4 homology
model22 with site 2 orientation. Site view of the interactions observed
between the residues in the active cleft of mGlu4 and the distal
carboxylate and hydroxybenzyl groups of ligand 16g. Van der Waals
spheres of G158 hydrogens and 16g phenyl carbons are shown as blue
and gray surfaces, respectively. Hydrogen bonds and salt bridges are
shown as dashed green and orange colored lines, respectively. Ligands
and residue side chains are colored by atom type (C, gray for 16g and
blue for mGlu4 residues; O, red; N, blue; P, orange).
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glutamatergic transmission.17 17m was tested in cerebellar
slices in conditions close to physiological brain function, with
conventional whole-cell patch-clamp recordings and presynap-
tic Ca2+ influx measurements. Excitatory postsynaptic currents
(EPSCs) were elicited in PCs by paired electrical stimulation of
PFs (PF-EPSCs). As shown in Figure 9, 5 min bath application
of 100 μM 17m reversibly depressed both the first and the
second PF-EPSC. At its peak, the mean decrease in PF-EPSC
amplitude was 39.2 ± 4.8% for the first response and 26.4 ±
2.3% for the second (n = 11, Figure 9A). A short-term form of

presynaptic plasticity called “paired-pulse facilitation” (PPF)
has been successfully used at PF−PC synapses as an index of a
presynaptic action of the group III mGlu receptor agonist
1.58−60 In our experiments, 17m-induced decreases in PF-
EPSC amplitude was accompanied by a highly significant (P <
0.01) increase in mean PPF from 2.29 ± 0.11% to 2.91 ± 0.22%
(Figure 9B, n = 11). Furthermore, 17m reduced the amplitudes
of PF-EPSCs in a concentration dependent manner, as
illustrated by the agonist dose−response curves shown in
Figure 10A. The effective concentration value (EC50) and the

Figure 8. mGlu4 VFT domain where the two chloride sites are shown
(A) and comparison of the dockings of 16g at site 1 (B) and site 2
(C). At site 1, the distal carboxylate of 16g is embedded in lobe 1,
whereas at site 2, this carboxylate is bound to both lobes and stabilizes
the closed conformation of the VFT domain.

Figure 9. Effect of 17m on PC EPSCs and on presynaptic Ca2+

transients evoked by parallel-fiber stimulation in cerebellar slices. (A)
17m (100 μM, horizontal filled bar) reversibly reduced the amplitude
of PC-EPSCs. Summary data are shown for 11 cells. The top inset
displays superimposed sweeps of representative PF-EPSCs elicited in
one Purkinje cell by two successive PF stimulations with an
interstimulus interval of 40 ms before (1, 1′), during (2, 2′) and
after (3, 3′) agonist application. Each trace is an average of 5−15
consecutive trials. (B) 17m-reversible depression of the first (black
circles) and the second (open circles) PF-evoked EPSCs is
accompanied by a transient increase in paired-pulse facilitation
(PPF) (black triangles). (C) Fluo-4FF fluorescence transients evoked
by five stimulations of PFs (black diamonds) are reversibly depressed
by 17m (100 μM) bath application. The plot represents the
normalized amplitude of these transients in 11 separate experiments.
The top inset displays superimposed averaged fluorescence changes in
one of these experiments recorded at the indicated times. Error bars
indicate ± SEM.
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Hill coefficient were estimated at 20 μM and 1, respectively
(Figure 10A).

Presynaptic events were then explored with fluorometric
methods using the low-affinity Ca2+ sensitive dye Fluo-4FF-
AM, which allows a linear measure of presynaptic Ca2+ influx. A
train of five stimulations applied to PFs induced reproducible
transient increases in presynaptic fluorescence, which returned
to resting levels within a few hundred milliseconds (Figure 9C,
insert). Bath application of 100 μM 17m reversibly decreased
the amplitude of presynaptic Ca2+ transients evoked by PF
stimulations by 12.5 ± 2.12% (n = 11, Figure 9C). In addition,
as illustrated by the agonist dose−response curves in Figure
10B, 17m reversibly reduced the amplitudes of presynaptic
Ca2+ transients in a concentration dependent manner, with the
EC50 and the Hill coefficient estimated to be 20 μM and 1,
respectively. This 17m-induced depression of presynaptic Ca2+

transients concurs with the 17m-induced depression of PF-
EPSCs.

Consistent with the observations in recombinant systems, we
show that bath application of 17m induced a dose-dependent
and reversible inhibition of synaptic transmission at PF−PC
synapses. Because the inhibitory control of group III mGlu
receptors on excitatory neurotransmission at PF−PC synapses
is exclusively provided by presynaptic mGlu4 receptor,17 our
results demonstrate that 17m is a valuable pharmacological tool
that activates these native receptors.

■ DISCUSSION AND CONCLUSIONS
In a former virtual high throughput screening of the mGlu4
receptor binding domain, we identified (S)-5, a new agonist of
group III mGlu receptors.20,61 We then undertook an
optimization of this hit and a structure−activity relationship
(SAR) study. (S)-5 is composed of an L-AP4 part that mimics
glutamate and a carboxyethyl chain.20 We thus varied both
parts and showed that the L-AP4 portion could not be extended
nor shortened. On the other hand, the distal acidic chain of (S)-
5 could stand many variations.20 Yet with any linear alkyl chain,
we remained unable to reach submicromolar potency at group
III mGlu receptors.20 In the present article, we extended the
SAR by introducing aromatic and heteroaromatic substituents
on the central phosphinate (Tables 1 and 2). Syntheses were
carried out by following similar procedures as for linear
derivatives.20 In some cases (e.g., when using imines), specific
developments were required (Schemes 3 and 4). It should be
noted that all compounds were able to activate mGlu4 and
other group III receptors. Among them, several displayed a
marked potency (EC50 < 1 μM: 16a, 16g, 17a−d, 17h-1, 17k,
17m, 17m-1, 18a, 20a, 21a−d), and some were preferential/
selective for subtype 4 (mGlu4/mGlu8 EC50 ratio ≥18: 15c,
16g, 17h, 17m).
At a molecular level, we had previously identified two

chloride ion binding sites close to the glutamate binding site of
mGlu4 (site 1 and site 2, Supporting Information, Figure SI-1
and Figure 8A).33 We had also proposed that 16g extends into
site 1 (Figure 8B).22 Chloride binding at site 1 was shown to
stabilize the VFT structure of all mGlu receptors33,43 and also
of other VFT domain containing proteins such as the
natriuretic peptide receptor (PDB 1JDN),45 the calcium
sensing receptor (PDB 5FBH),46 or the taste receptor (PDB
5X2P).47 In some cases, the chloride is replaced by a water
molecule, making the same bindings with a conserved Thr or
Ser (mGlu1, PDB 1EWK; GABAb, PDB 4MS3).62

Here, we show that 17m and other 3-nitrophenyl derivatives
(17c−f, 17h, 17l, 17m−q) are also likely to bind at the second
chloride site (site 2) of the mGlu4 receptor.

33 We also propose
that 16g may in fact bind either at chloride site 1 or site 2.
Similarly to the distal carboxylate of 16g that was shown to
replace the chloride ion at site 1,33 the nitro group of 17 and
the carboxylate of 16g can take the place of the chloride ion at
site 2 (Figures 3 and 8) and make similar interactions with the
receptor (H bond with Ser160 (LB1) and Asn286 (LB2)).
Protein bound chloride ion replacements by small ligands have
been computed in other proteins. In a first step, the chloride
ion would be replaced by a water molecule that is then further
displaced.63 At chloride site 1 as well as site 2, binding of an
extended agonist provides additional stabilization of the closed
VFT domain and thus increases receptor activation. Because
chloride at site 2 of mGlu receptors was characterized as a
positive modulator,33 17m and other nitrophenyl analogues and
16g, which hold together a glutamate entity and a chloride
mimic, match the definition of dualsteric/bitopic hybrid

Figure 10. Dose−response curves of 17m-induced depression of PF-
mediated EPSCs recorded in PCs and of presynaptic Ca2+ influx
elicited by PF stimulations in cerebellar slices. (A) Dose−response
curves of the maximal inhibitory effect of 17m (black circles) on the
amplitude of PF-EPSCs. Note that the EC50 and the Hill coefficient
were estimated at 20 μM and 1, respectively, for this agonist. Each
point represents a mean ± SEM of the inhibitory effect for [n]
separate experiments performed with a given concentration of agonist.
(B) Dose−response curves of the maximal inhibitory effect of 17m
(black diamonds) on the amplitude of Ca2+ rise. Note again that the
EC50 and the Hill coefficient were estimated to be 20 μM and 1,
respectively, for this agonist in optical experiments. Each point
represents a mean ± SEM of the inhibitory effect for [n] separate
experiments as in A.
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compounds which consist of at least two pharmacophores
combined in one single ligand.64 We have thus discovered the
first mGlu dualsteric agonists holding two different chemical
moieties. Such type of ligands should allow a better
pharmacological tuning. Extending the size of these compounds
also allows one to reach less conserved residues outside the
glutamate binding site and provides the selectivity that is
usually missing with orthosteric ligands.
Both chloride sites are in the vicinity of two residues that

differ between mGlu4 and mGlu8 receptors, Ser157/Gly158 and
Ala154/Ala155, respectively. Consequently, steric constraints in
the mGlu8 receptor result in preferential (17h, 17m) or
selective (16g) mGlu4 receptor activation (Figure 6). Indeed,
16g is one of the most potent mGlu4 receptor agonists and
displays an unprecedented selectivity toward mGlu8 (mGlu4/
mGlu8 EC50 ratio = 250). Interestingly, the selectivity induced
by the residues aligning with Ser157 and Gly158 of the mGlu4
receptor has been pointed out in OR5.24 (S150, S151)65 and
bacterial periplasmic binding protein (PBP) Atu2422 (N76,
F77),66 two proteins that adopt the same VFT fold as the mGlu
receptor binding domain and for which cognate ligands are
amino acids. Indeed, Ser151 in OR5.24 secures the binding of
unbranched side chain amino acids,65 and Phe77 in Atu2422
restricts the binding to GABA and to amino acids with a short
side chain.66 In addition, Ser157−Gly158, the two critical
residues of mGlu4 receptor, are conserved in subtype 7, hence
the size of the site 1 pocket is the same and similar side chains
can fit in, providing a marked increase in potency which may
also result from a unique interaction with an arginine in loop 7
at site 2. As a result, 16g is the most potent mGlu7 agonist
discovered to date.
While potencies of 16g and 17m are in the same range at the

mGlu8 receptor, the latter is about 1 order of magnitude weaker
at mGlu4. This reveals that 17m is not fitting the additional
cavity as well as 16g or that binding to site 1 or site 2 provides a
better stabilization. Nevertheless, both compounds display
advantageous pharmacological properties in vitro that justified
further investigations. Some of their properties are of major
interest for therapeutic applications. Because of their high
polarity, they are highly soluble in aqueous media and less
prone to P450 metabolism. Even more importantly, they
penetrate the brain and display a significant unbound fraction
(0.73−0.99) in plasma and a clean broad selectivity profile.67

The behavioral effects of 16g, 17m, and 21c (LSP1-3081)
have been previously reported.21−32,67−69 Here we depict the
effect of 17m on native receptors. We first checked that it was
devoid of NMDA activity at concentrations used in our other
assays. Then we demonstrated that 17m can decrease evoked
postsynaptic currents in cerebellar Purkinje cells with an EC50
of 20 μM and a 40% maximal inhibition. This value is to be
compared with that measured with the same compound tested
on basal ganglia neurons reported by Beurrier et al.21 In that
study, we showed that 17m inhibits striatopallidal GABAergic
transmission with similar 40% maximal inhibition but with an
EC50 around 0.2 μM. Such a difference in potencies between
corticostriatal glutamatergic and striatal GABAergic trans-
mission inhibition has been also reported when using 21c
(EC50 values of 9.32 and 0.32 μM, respectively).68 This may
reflect different coupling efficacies of the mGlu4 receptor in
these two types of axon terminals or the presence of mGlu4
heterodimers. It is interesting to note that the higher potency is
found at nonglutamatergic terminals, where glutamate concen-
trations are expected to be lower.

In conclusion, we have described a series of extended
orthosteric agonists of group III mGlu receptors, among which
some are potent and preferential or selective for subtype 4.
These ligands hold the unique particularity to be able to reach
structural and modulator chloride sites and are thus dualsteric/
bitopic ligands with improved potency and selectivity. The
present data and those previously published demonstrate that
these compounds effectively inhibit glutamate or GABA release
by activating presynaptic mGlu4 receptors. In addition, as
reported, intracerebral and/or systemic injection of 17m, 21c,
and 16g improved symptoms in animal models of Parkinson’s
disease, anxiety, schizophrenia, and pain. Taken together,
although these ligands are markedly different in terms of their
physicochemical properties from typical lipophilic CNS drugs,
they reveal a promising therapeutic potential.

■ EXPERIMENTAL SECTION
Chemistry. General. All chemicals and solvents were purchased

from commercial suppliers (Acros, Sigma-Aldrich) and used as
received. Z-L-Vinyl glycine methyl ester was purchased from Ascent
Scientific Ltd. (North Somerset, UK) and Z-L-allyl glycine from
Boaopharma Inc. (Woburn, MA). Solvents for reactions were dried on
4 Å molecular sieves (Carlo Erba−SDS). 1H (250.13 or 500.16 MHz),
13C (62.9 or 125.78 MHz), and 31P (101.25 or 202.47 MHz) NMR
spectra were recorded on an ARX 250 or an Avance II 500 Bruker
spectrometer. Chemical shifts (δ, ppm) are given with reference to
residual 1H or 13C of deuterated solvents with CDCl3 (δ 7.24, 77.00),
CD3OD (δ 3.31, 49.0), and D2O (δ 4.80) as internal standards or
external reference (H3PO4 95%). Product visualization was achieved
with 2% (w/v) ninhydrin in ethanol. Thin layer chromatography
(TLC) system for routine monitoring of the course of certain reactions
and confirming the purity of analytical samples employed aluminum-
backed silica gel plates (Merck DC Kieselgel 60 F254): CH2Cl2/
MeOH or cyclohexane/ethyl acetate were used as developing solvents,
and detection of spots was made by UV light and/or by iodine vapors.
Merck silica gel (230−400 mesh) was used for flash chromatography.
IR spectra were recorded on a PerkinElmer Spectrum One
spectrometer. Optical rotations were measured at the sodium D line
(589 nm) at 20 °C with a PerkinElmer 341 polarimeter using a 1 dm
path length cell. Mass spectra (MS) were recorded with a LCQ-
advantage (ThermoFinnigan) mass spectrometer with positive (ESI+)
or negative (ESI−) electrospray ionization (ionization tension 4.5 kV,
injection temperature 240 °C). HPLC analyses were carried out on a
Gilson analytical instrument with a 321 pump, column temperature of
Crownpak columns was controlled with an Igloo-CIL Peltier effect
thermostat, eluted peaks were detected by a UV−vis 156 detector, and
retention times are reported in minutes. Two columns were used on
analytic scale: a Daicel Crownpak CR(+) column (150 mm × 4 mm),
further designated as “Crownpak”, eluted with pH 2.0 perchloric acid
at a 0.4 mL·min−1 flow rate, and a Phenomenex RP Polar column (250
mm × 4.6 mm, 4 μm), further designated as “RP Polar”, eluted at a 0.5
mL·min−1 flow rate using solvent A, phosphate buffer 50 mM pH 1.8,
and solvent B, methanol, with the following methods: gradient G1
100% A for 5 min, linear gradient to 20% B from 5 to 25 min, 20% B
from 25 to 30 min or gradient G2 95% A for 5 min, linear gradient to
35% B from 5 to 25 min, and 35% B from 25 to 30 min. Preparative
scale HPLC was performed with a Daicel Crownpak CR(+) 150 mm
× 10 mm column, further designated as “Preparative Crownpak”,
eluted with a pH 2.0 HCl solution. HPLC-MS analyses were
performed on a Thermo Finnigan LCQ Advantage Instrument as
described above, equipped for HPLC with a Phenomenex RP Polar
column (250 mm × 4.6 mm, 4 μm). Products were eluted with the
following gradient using solvent A (H2O/CH3CN/HCO2H 950:50:1)
and solvent B (H2O/CH3CN/HCO2H 900:100:1) for method A,
H2O/CH3CN/HCO2H 500:500:1, for method B, 100% A for 10 min,
linear increase from 0 to 100% B between 10 and 20 min, and 100% B
from 20 to 30 min. Purity of the tested compounds was established by
analytical HPLC-MS or by HPLC and was at least 95%.
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[((3S)-3-(N-Benzyloxycarbonyl)amino-3-methoxycarbonyl)-
propyl]phosphinic Acid (6). Compound 6 was synthesized according
to a previously published procedure.20,34

[((4S)-4-(N-Benzyloxycarbonyl)amino-4-methoxycarbonyl)butyl]-
phosphinic Acid (7). Compound 7 was synthesized according to a
previously published procedure.20

General Procedure A. To a solution of H-phosphinic acid20 6 or 7
(1.0 mmol, 1 equiv) and aldehyde (X = OH) or halide (X = H) (2.2
equiv) in dry CH2Cl2 (2.0 mL) at 0 °C under an argon atmosphere
was added dropwise N,O-bis(trimethysilyl)acetamide (BSA) (4.4
mmol, 4.4 equiv). The mixture was allowed to warm to room
temperature and stirred overnight then cooled to 0 °C, and 1 M HCl
(25 mL) was added then extracted with EtOAc. The organic layers
were concentrated in vacuo. The residue was dissolved in H2O (10
mL), and the pH was adjusted to 7 using a saturated NaHCO3
solution then extracted with EtOAc (2 × 50 mL). The organic layers
were separated, and the aqueous phase was treated with aqueous HCl
to adjust the pH to 1. The aqueous phase was extracted with EtOAc (2
× 50 mL). The combined acidic organic extracts were dried over
anhydrous MgSO4, filtered, and concentrated in vacuo.
General Procedure B. To a solution of H-phosphinic acid 6 or 7

(1.0 mmol, 1 equiv) and aldehyde (X = OH) or bromide (X = H)
(1.6−2.2 equiv) in dry CH2Cl2 (2.0 mL) at 0 °C under argon was
added dropwise BSA (4.4 mmol, 4.4 equiv). The mixture was allowed
to warm to room temperature and stirred overnight under argon then
cooled to 0 °C. Then 1 M HCl (20 mL) was added and then extracted
with EtOAc (2 × 100 mL). The combined organic extracts were dried
over anhydrous MgSO4, filtered, and concentrated under vacuum. The
crude product, still containing aldehyde or bromide in excess, was
directly deprotected.
General Procedure C. The crude phosphinic acid obtained

according to general procedures A or B was dissolved in 6 M HCl
(10.0 mL). The mixture was stirred at 100 °C for 5 h, then cooled to
room temperature and evaporated under vacuum. The residue was
diluted in EtOAc (30 mL) and extracted with 1 M HCl (3 × 40 mL).
The combined aqueous layers were washed with EtOAc (2 × 20 mL)
and concentrated under vacuum, and then the residue was purified
using a Dowex AG 50W-X4 cation exchange resin column (H+, 50−
100 mesh, H2O, or 1 M NH4OH elution).
General Procedure D. The crude phosphinic acid obtained

according to general procedures A or B was dissolved in 6 M HCl
(5.0 mL). The mixture was stirred at 100 °C for 5 h, then cooled to
room temperature and evaporated. The residue was diluted in EtOAc
(30 mL) and extracted with 1 M HCl (3 × 40 mL). The combined
aqueous layers were washed with EtOAc (2 × 20 mL) and evaporated
under vacuum. The residue was purified using an anion exchange
chromatography (Dowex AG 1-X4, AcO−, 200−400 mesh). The
loading solution was prepared in 500 mL of freshly boiled and cooled
pure H2O (The pH was adjusted to 5). The resin was first eluted with
freshly boiled and cooled H2O then with dilute HCl.
General Procedure E. To a solution of H-phosphinic acid 6 (1

mmol, 1 equiv) and aldehyde in dry CH2Cl2 (2.0 mL) at 0 °C under
an argon atmosphere was added dropwise N,O-bis(trimethysilyl)-
acetamide (BSA) (4.4 mmol, 4.4 equiv). The mixture was allowed to
warm to room temperature, stirred overnight, and then added to 6 M
HCl (40 mL) cooled to 0 °C. After stirring and heating at 100 °C for 3
h, the mixture was concentrated in vacuo. The residue was purified
using a Dowex AG 50W-X4 cation exchange resin column (H+, 50−
100 mesh, from 0.1 to 0.8 M HCl elution).
General Procedure F for the Synthesis of the Imines 22c−g. The

mixture of 3-nitrobenzaldehyde (604 mg, 4 mmol, 1 equiv) in absolute
EtOH (20 mL), the suitable amine (1 equiv), and anhydrous MgSO4
(2.4 g) was heated to reflux for 20 h. After dilution with CH2Cl2,
magnesium sulfate was removed by filtration and the filtrate was
concentrated under reduced pressure. The crude imine was used
without any further purification.
General Procedure G for the Synthesis of Methyl [((3S)-3-(N-

Benzyloxycarbonyl)amino-3-methoxycarbonyl)propyl][(3-
nitrophenyl)(N-alkyl- or arylalkylamino)methyl]phosphinates 13c−
g. Boron trifluoride etherate (0.127 mL, 1.0 mmol, 1 equiv) was added

to a solution of methyl H-phosphinate 6a (329 mg, 1.0 mmol, 1 equiv)
and the suitable imine 22c−g (1.0 mmol, 1 equiv) in dry CH2Cl2 (6.0
mL) at room temperature under an argon atmosphere. The mixture
was stirred for 24 h and then diluted with CH2Cl2 (45 mL), washed
with H2O (20 mL), and dried over anhydrous MgSO4. The solvent
was evaporated under vacuum. The residue was purified by column
chromatography over silica gel.

General Procedure H for the Synthesis of [((3S)-3-Amino-3-
carboxy)propyl][(3-nitrophenyl)(N-alkyl- or arylalkylamino)-
methyl]phosphinic Acids 20c−g. The purified methyl [((3S)-3-(N-
benzyloxycarbonyl)amino-3-methoxycarbonyl)propyl][(3-
nitrophenyl)(N-alkyl- or arylalkylamino)methyl]phosphinate (0.1
mmol, 1 equiv) was dissolved in 6 M HCl (10 mL) and heated at
100 °C for 3 h. The aqueous mixture was washed with EtOAc then
concentrated in vacuo.

[((3S)-3-(N-Benzyloxycarbonyl)amino-3-methoxycarbonyl)-
propyl][(3-nitrophenyl)hydroxymethyl]phosphinic Acid (10a). Com-
pound 10a was prepared according to general procedure A from H-
phosphinic acid 6 (248 mg, 0.8 mmol) and 3-nitrobenzaldehyde (261
mg, 1.7 mmol), and 281 mg of a white solid were obtained (76%
yield). 1H NMR (250 MHz, CD3OD): δ 1.2−2.3 (m, 4H), 3.73 (s,
3H), 4.26 (bs, 1H), 5.03 (d, J = 10.1 Hz, 1H), 5.12 (s, 2H), 7.37 (s,
5H), 7.60 (tapp, J = 7.7 Hz, 1H), 7.89 (d, J = 7.0 Hz, 1H), 8.17 (d, J =
8.2 Hz, 1H), 8.41 (s, 1H). 31P NMR (101 MHz, CD3OD): δ 47.6.

13C
NMR (63 MHz, CD3OD): δ 25.5 (d, J = 113 Hz), 37.5, 45.7, 52.7,
68.0, 74.8 (d, J = 104 Hz), 122.9, 123.1, 129.2, 129.4, 129.9, 130.1,
134.7, 138.6, 144.6, 149.8, 159.0, 176.0.

See Supporting Information for 8a−e, 9a−g, 10b−q, 11a−h, and
12a,b.

[((3S)-3-(N-Benzyloxycarbonyl)amino-3-methoxycarbonyl)-
propyl][(3-nitrophenyl)(N-benzyloxycarbonylamino)methyl]-
phosphinic Acid (13a). To a solution of H-phosphinic acid 6 (264 mg,
0.9 mmol) in acetyl chloride/AcOH (5.0/1.0 mL) under argon was
added benzylcarbamate (136 mg, 0.9 mmol). The mixture was cooled
to 0 °C, and 3-nitrobenzaldehyde (136 mg, 0.9 mmol) was added. The
mixture was allowed to warm to room temperature and stirred for 5 h
under argon then concentrated to dryness. The residue was dissolved
in saturated NaHCO3, then washed with EtOAc (2 × 50 mL). The
aqueous phase was acidified to pH 1 with 1 M HCl then extracted with
EtOAc (2 × 50 mL). These extracts were combined, dried over
anhydrous MgSO4, filtered, and concentrated under vacuum. Then 89
mg of crude 13a were obtained. 31P NMR (101 MHz, CD3OD): δ
50.7, 53.4.

Same procedure for 13b and 14d (see Supporting Information)
Me th y l [ ( ( 3 S ) - 3 - ( N - B e n z y l o x y c a r b o n y l ) am i no - 3 -

methoxycarbonyl)propyl][(3-nitrophenyl)(N-benzylamino)methyl]-
phosphinate (13c). The compound was prepared according to the
general procedure G, starting from methyl H-phosphinate 6a (329 mg,
1.0 mmol) and 22c (240 mg, 1.0 mmol). The crude product was
purified by flash chromatography (eluent: 0−2.5% MeOH/CH2Cl2)
and 197 mg of pure 13c were obtained (35% yield). 1H NMR (500
MHz, CDCl3): δ 1.79−2.00 (m, 2H), 2.01−2.20 (m, 2H), 3.35−3.57
(m 2H), 3.65−3.87 (m, 6H), 3.96−4.03 and 4.07−4.14 (2m, 1H),
4.29−4.43 (m, 1H), 5.09 and 5.12 (2s, 2H), 7.18−7.45 (m, 10H),
7.51−7.63 (m, 1H), 7.69−7.82 (m, 1H), 8.14−8.31 (m, 2H). 31P
NMR (101 MHz, CDCl3): δ 51.7, 52.6. 13C NMR (126 MHz,
CDCl3): δ 22.8 and 23.4 (2d, J = 93 Hz), 26.3, 52.6, and 52.9 (2d, J =
15 Hz), 53.7, 54.0, 55.4 (d, J = 14 Hz), 61.6 and 62.1 (2d, J = 99 Hz),
68.5, 124.5, 125.0, 129.0, 129.6, 129.7, 129.8, 130.0, 130.1, 131.2,
135.8, 137.6, 139.3, 139.8, 150.0, 157.5, 173.3. MS (ESI): m/z 570.0
[M + H]+.

See Supporting Information for 13d−g.
[((3S)-3-(N-Benzyloxycarbonyl)amino-3-methoxycarbonyl)-

propyl][(5-nitrofuran-2-yl)hydroxymethyl]phosphinic Acid (14a).
Compound 14a was prepared according to general procedure A
from H-phosphinic acid 6 (0.8 mmol) and 5-nitro-2-furaldehyde (282
mg, 2.0 mmol), and 343 mg of crude 14a were obtained. 1H NMR
(250 MHz, CD3OD): δ 2.07 (m, 4H), 3.73 (s, 3H), 4.32 (m, 1H),
5.08 (d, J = 16.0 Hz, 1H), 5.11 (s, 2H), 6.80 (m, 1H), 7.38 (m, 6H).
31P NMR (101 MHz, CD3OD): δ 46.1.

See Supporting Information for 14b,c,e,g−l.
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[((3S)-3-(N-Benzyloxycarbonyl)amino-3-methoxycarbonyl)-
propyl][(5-carboxyfuran-3-yl)hydroxymethyl]phosphinic Acid (14f).
Compound 14f was prepared according to general procedure A from
H-phosphinic acid 6 (283 mg, 0.9 mmol) and 5-carboxy-2-furaldehyde
(280 mg, 2.0 mmol), and 234 mg of crude 14f were obtained. 1H
NMR (250 MHz, CD3OD): δ 1.82−2.08 (m, 4H), 3.73 (s, 3H), 4.24
(bs, 1H), 5.11 (s, 2H), 6.60 (s, 1H), 7.18 (s, 1H), 7.36 (s, 5H).
[ ( ( 3S ) - 3 -Amino -3 - ca rboxy )p ropy l ] [ ( 3 -n i t ropheny l ) -

hydroxymethyl]phosphinic Acid (17a). Compound 10a was depro-
tected according to general procedure C, and 72 mg of pure product
17a were obtained (42% yield). 1H NMR (500 MHz, D2O): δ 1.67−
1.87 (m, 2H), 2.09−2.20 (m, 2H), 4.03 (tt, J = 6.0, 8.5 Hz, 1H), 4.98
(d, J = 9.5 Hz, 1H), 7.60 (t, J = 8.0 Hz, 1H), 7.80 (d, J = 7.5 Hz, 1H),
8.17 (d, J = 8.0 Hz, 1H), 8.27 (s, 1H). 31P NMR (101 MHz, D2O): δ
49.7. 13C NMR (126 MHz, D2O): δ 23.8 and 23.9 (2d, J = 90 Hz),
24.7, 55.1, 73.6 (d, J = 107 Hz), 123.0, 124.2, 130.9, 134.9, 141.6,
149.3, 173.5. MS (ESI): m/z 317.1 [M − H]−. HPLC−MS (method
A): tR = 8.18 min. HPLC (Crownpak, T = 22 °C, detection λ = 210/
254 nm): tR = 16.9 and 21.5 min. HPLC (RP Polar, gradient G1,
detection λ = 210/254 nm): tR = 18.7 min.
See Supporting Information for 15a−e, 16a−g, 17b−q, 18a−h, and

19a,b.
[ ( ( 3S ) - 3 -Amino -3 - ca rboxy )p ropy l ] [ ( 3 -n i t ropheny l ) -

hydroxymethyl]phosphinic Acid Hydrochloride (17a-1 and 17a-2).
The diastereomers of 17a were separated by HPLC with the
preparative Crownpak column with a 2.0 mL·min−1 flow, a 2 mL
injection loop, and a dual UV detection at 210 and 254 nm, used at
room temperature (23 °C). Three injections were performed, each
injection prepared with 9.0 mg of 17a in 1.8 mL of a pH 2.0 HCl
solution. The diastereomer with the shortest retention time was
named -1 and the other one -2, and 12 mg of pure 17a-1 and 12 mg of
pure 17a-2 were obtained. 17a-1: 1H NMR (500 MHz, D2O): δ 1.83
(m, 2H), 2.11 (s, 2H), 4.07 (t, J = 6.0 Hz, 1H), 5.04 (d, J = 9.5 Hz,
1H), 7.56 (tapp, J = 7.9 Hz, 1H), 7.76 (d, J = 7.3 Hz, 1H), 8.14 (d, J =
7.9 Hz, 1H), 8.22 (s, 1H). MS (ESI): m/z 317.1 [M − H]−. HPLC−
MS (method A): tR = 8.14 min. HPLC (Crownpak, T = 21 °C,
detection λ = 210/254 nm): tR = 16.7 min. [α]D

20 −2.0 (c 0.6, H2O).
17a-2: 1H NMR (500 MHz, D2O): δ 1.78 (d, J = 12.0 Hz, 1H), 1.94
(d, J = 11.7 Hz, 1H), 2.12 (dd, J = 10.0/23.3 Hz, 2H), 4.06 (s, 1H),
5.06 (d, J = 8.5 Hz, 1H), 7.56 (tapp, J = 7.4 Hz, 1H), 7.75 (d, J = 6.3
Hz, 1H), 8.14 (d, J = 6.9 Hz, 1H), 8.22 (s,1H). MS (ESI): m/z 317.1
[M − H]−. HPLC−MS (method A): tR = 8.10 min. HPLC
(Crownpak, T = 21 °C, detection λ = 210/254 nm): tR = 21.4 min.
[α]D

20 +29.0 (H20, c 0.6). Absolute configuration of 17a-1 was
assigned (3S,1′S) and 17a-2 (3S,1′R) according to Commare et al.35

See Supporting Information for 17h-1/17h-2, 17l-1/17l-2, 17m-1/
17m-2, 17o-1/17o-2, and 17q-1/17q-2.
[ ( ( 3S ) - 3 -Amino -3 - ca rboxy )p ropy l ] [ ( 3 -n i t ropheny l ) -

(aminomethyl)]phosphinic Acid (20a). Compound 13a was depro-
tected according to general procedure C. The cation exchange column
was eluted with 1 M NH4OH, and 3.3 mg of pure 20a were obtained
(1% yield, 2 steps). 1H NMR (500 MHz, D2O): δ 1.56−1.73 (m, 2H),
1.97−2.09 (m, 2H), 3.69−3.77 (m, 1H), 4.47 (d, J = 10.5 Hz, 1H),
7.68 (t, J = 8.0 Hz, 1H), 7.80 (d, J = 8.0 Hz, 1H), 8.24 (d, J = 8.5 Hz,
1H), 8.30 (s, 1H). 31P NMR (101 MHz, D2O): δ 46.0.

13C NMR (126
MHz, D2O): δ 24.8, 25.5 (d, J = 40 Hz), 55.3, 56.2 (2d, J = 53 Hz),
124.0, 124.9, 131.6, 135.8, 137.8, 149.5, 175.2. MS (ESI): m/z 315.9
[M − H]−. HPLC−MS (method A): tR = 5.94 min. HPLC
(Crownpak, eluent perchloric acid pH 1.0, T = 5.0 °C, detection λ
= 210/254 nm): tR = 22.6 and 24.8 min.
Same procedure for 20b and 21d (see Supporting Information)
[ ( (3S)-3-Amino-3-carboxy)propy l ] [ (3-n i t rophenyl ) (N-

benzylamino)methyl]phosphinic Acid Hydrochloride (20c). Pure
20c (34 mg) were obtained from 43 mg (0.08 mmol) of 13c (94%
yield) according to general procedure H. 1H NMR (250 MHz, D2O):
δ 1.34−1.64 (m, 2H), 1.71−1.95 (m, 2H), 3.79−3.95 (m, 1H), 4.07−
4.27 (m, 2H), 4.39 (d, J = 9.8 Hz, 1H), 7.13−7.40 (m, 5H), 7.52−7.80
(m, 2H), 8.20 (bs, 2H). 31P NMR (101 MHz, D2O): δ 41.5.

13C NMR
(63 MHz, D2O): δ 23.1, 24.7, and 24.8 (2d, J = 98 Hz), 51.2, 53.2 (d, J
= 15 Hz), 60.2 and 60.4 (2d, J = 81 Hz), 124.3, 124.8, 129.6, 130.0,

130.2, 130.5, 131.2, 132.6, 135.8, 148.6, 171.4. MS (ESI): m/z 408.0
[M + H]+, 406.0 [M − H]−. HPLC−MS (method B): tR = 21.38 min.

See Supporting Information for 20d−g.
[((3S)-3-Amino-3-carboxy) propyl][(5-nitrofuran-2-yl)-

hydroxymethyl]phosphinic Acid (21a). The previous compound
14a was deprotected according to general procedure C, and 4.1 mg of
pure product 21a were isolated (2% yield, 2 steps). 1H NMR (500
MHz, D2O): δ 1.76−1.97 (m, 2H), 2.18−2.23 (m, 2H), 4.12 (t, J = 6.0
Hz, 1H), 4.93 (d, J = 12.5 Hz, 1H), 6.74 (2d, J = 3.5 Hz, 1H), 7.53 (d,
J = 3.5 Hz, 1H). 31P NMR (101 MHz, D2O): δ 48.2. 13C NMR (126
MHz, D2O): δ 24.3 and 24.4 (2d, J = 92 Hz), 24.6, 54.9 (d, J = 14 Hz),
68.8 (d, J = 106 Hz), 113.7, 116.1, 153.4, 157.9, 173.1. MS (ESI): m/z
309.1 [M + H]+. HPLC−MS (method A): tR = 6.20 min.

See Supporting Information for 21b,c,e,g−l.
[((3S)-3-(N-Benzyloxycarbonyl)amino-3-carboxy)propyl][(5-car-

boxyfuran-3-yl)hydroxymethyl]phosphinic Acid. Compound 14f was
dissolved in EtOH (10.0 mL). A solution of LiOH (72 mg, 3.0 mmol)
in H2O (5.0 mL) was then added. The mixture was stirred at room
temperature for 3 h. The EtOH was removed under vacuum, and the
aqueous phase was acidified to pH 1 with HCl then extracted with
EtOAc. The organic phase was dried over MgSO4, filtered, and
concentrated under vacuum, and 199 mg of crude compound were
obtained. 1H NMR (250 MHz, CD3OD): δ 1.75−2.36 (m, 4H), 4.29
(bs, 1H), 5.03 (d, J = 11.0 Hz, 1H), 5.11 (s, 2H), 6.66 (s, 1H), 7.20 (s,
1H), 7.35 (s, 5H). 31P NMR (101 MHz, CD3OD): δ 47.0.

[((3S)-3-Amino-3-carboxy)propyl][(5-carboxyfuran-3-yl)-
hydroxymethyl]phosphinic Acid (21f). The previous compound was
dissolved in a 33% solution of HBr in AcOH (2.0 mL). The mixture
was stirred at room temperature under argon for 2 h, and then the
volatile byproducts were evaporated under vacuum. To achieve the
complete cleavage of the protecting groups, the mixture was dissolved
in 6 M HCl and stirred for 3 days at room temperature. The crude
product was purified using a Dowex AG 50W-X4 cation exchange resin
column (H+, 50−100 mesh, H2O elution), and 4.7 mg of pure 21f
were isolated (2% yield, 3 steps). 1H NMR (500 MHz, D2O): δ 1.76−
1.85 (m, 2H), 2.12−2.20 (m, 2H), 4.06 (t, J = 6.0 Hz, 1H), 4.88 (d, J =
12.0 Hz, 1H), 6.60 (dd, J = 2.5/3.0 Hz, 1H), 7.28 (d, J = 3.0 Hz, 1H).
31P NMR (101 MHz, D2O): δ 48.3. 13C NMR (126 MHz, D2O): δ
24.3 and 24.4 (2d, J = 91 Hz), 24.6, 55.1 (d, J = 15 Hz), 68.7 (d, J =
108 Hz), 112.5, 121.6, 145.6, 157.8, 163.6, 173.4. MS (ESI): m/z
308.1 [M + H]+. HPLC−MS (method A): tR = 5.44 min.

N-Benzyl-1-(3-nitrophenyl)methanimine (22c). The imine was
prepared according to the general procedure F, using benzylamine
(0.44 mL, 4 mmol) (0.949 g, 99% yield). 1H NMR (500 MHz,
CDCl3): δ 4.91 (s, 2H), 7.30−7.42 (m, 5H), 7.61 (t, J = 8.0 Hz, 1H),
8.15 (d, J = 7.5 Hz, 1H), 8.29 (dd, J = 8.5 Hz, J = 1.5 Hz, 1H), 8.48 (s,
1H), 8.63 (s, 1H). 13C NMR (126 MHz, CDCl3): δ 66.4, 124.5, 126.6,
128.7, 129.5, 130.1, 131.1, 135.1, 139.3, 140.0, 150.1, 160.6. IR (neat)
cm−1: 1644, 1530, 1349. MS (ESI): m/z 241.0 [M + H]+.

See Supporting Information for 22d−g.
Computational Studies. Homology Modeling. To gain insight

into the interaction between mGlu receptors and the compounds
under study, homology models of mGlu4 and mGlu8 receptor subtypes
were generated. The sequences of human, rat, and mouse mGlu
receptors (mGlu1−8) were taken from the UniProt70 database
(UniProtKB codes, see Supporting Information, Table SI-1). Sequence
alignment was done using ClustalW as implemented in Discovery
Studio50 within the extracellular domains of mGlu recep-
tors.40,42,48,71,72 Sequence alignment was further refined using the
sequence alignment of X-ray structures. Crystal structures of mGlu
receptors (mGlu1, 1EWK.pdb,40 1ISR.pdb;71 mGlu2, 5CNI.pdb;72

mGlu3, 2E4U.pdb,
42 5CNK.pdb72) bound to the agonist glutamate

were used to define the glutamate binding pocket (5 Å radius, GLU
pocket). Only mGlu dimers in active state and closed−closed
conformation were considered for template selection. Both crystal
structures of mGlu5 bound with the agonist glutamate (PDB 3LMK)
and mGlu2 bound with the agonist 23 (PDB 4XAQ)48 meet the
resolution ≤2.5 Å and experimental pH = 6−8 criteria for template
selection. Comparison of mGlu2 and mGlu5 with mGlu4 revealed that
the sequence identity is 61% and 44%, respectively, in the glutamate
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binding pocket. Similarly, mGlu8 shares a higher sequence identity
with mGlu2 (57%) than mGlu5 (44%) in the glutamate binding pocket.
On the basis of the sequence identity values, mGlu2 X-ray structure,
4XAQ.pdb,48 was chosen as a template for the homology modeling.
Homology models of mGlu4 and mGlu8 were constructed using
MODELER73 implemented in Discovery Studio.50

Molecular Docking. Compounds were subsequently docked using
CDOCKER49 as implemented in Discovery Studio.50 A maximum of
400 random conformations was generated for each ligand structure.
Forty poses were kept on the basis of CDOCKER Energy for each
molecule. Ligand poses were filtered out based on the key interactions
between the amino acid moiety of the ligands and the protein.22

Flexible Docking. To gain a better understanding of the binding
mode of the compounds with their receptor, we performed flexible
dockings using the GOLD docking program.53 A set of binding
constraints was applied to the amino acid moiety of the ligands in
order to eliminate false positives as much as possible, this binding
mode being already well described.74 We selected 3-OH and NH of
Ser159 as H-bond donors, and 3-OH of Thr182 as H-bond acceptor.
Moreover, 10 binding site residues were selected to be flexible during
the docking. Residues from both site 1 and site 2 were chosen for their
probable role in determining the binding specificity of the ligands in
mGlu4: Arg60, Lys74, Thr108, Ser110, Ser157, Ser160, Arg258,
Asn286, Glu287, and Ser313. The maximum number of poses was set
to 10 with an early termination at five poses if the RMSD fell below 1.5
Å.
Molecular Dynamics. Discovery Studio75 and NAMD 2.1276 were

used to prepare the system, produce the trajectory, and analyze the
results. The protein ligand complexes were placed in an orthorhombic
box at a minimum distance of a 10 Å from the boundary and solvated
with a pre-equilibrated solvent containing TIP3 waters and Ca2+/Cl−

counterions. The system was then minimized for 5000 steps using
CHARMm force field and the Smart Minimizer algorithm. The
production was run with NAMD 2.12 in the NPT ensemble at 300 K
for 5 ns, using a Langevin thermostat and piston, for temperature and
pressure control, respectively.
Pharmacological Assays on Recombinant mGlu Receptors.

Metabotropic glutamate receptors were transiently transfected in
HEK293 cells by electroporation as described elsewhere77 and plated
in 96-well microplates. The high affinity glutamate transporter EAAT3
was co-transfected with the receptor to avoid any influence of
glutamate released by the cells in the assay medium. In our
experiments, group III mGlu receptors were co-transfected with a
chimeric G-protein which couples the activation of the receptor to the
phospholipase-C (PLC) pathway. Thus, receptor activation induces
production of inositol phosphate (IP), which in turn induces
intracellular Ca2+ release. Receptor activity was then determined by
measuring of the IP production or Ca2+ release as already described.78

We previously reported that these assays are more easily handled and
gave more accurate results than the classical measurement of the
inhibition of the forskolin-activated adenylyl-cyclase activity and that
the pharmacology of these receptors was not altered. Indeed, over the
recent years, we and others have obtained evidence showing that the
pharmacological profiles of these receptors are well conserved in these
assays.79,80

To determine inositol phosphate production, mGlu receptors
expressing cells were seeded in 96-well microplates and incubated
overnight with 3H-myoinositol (23.4 Ci/mol, Amersham Saclay,
France) in the culture medium. The following day, cells were
stimulated by agonists for 30 min, at the end of which the medium was
changed and cells incubated for 1 h with cold 0.1 M formic acid which
induced cell lysis. The 3H-IP produced following receptor stimulation
were recovered by ion exchange chromatography using a Dowex resin
(Biorad, Marnes-La-Coquette, France). Following elution, radio-
activity was counted using a Wallac 1450 Microbeta stintillation and
luminescence counter (PerkinElmer, Courtaboeuf, France). The
radioactivity remaining in the membranes was used to normalize the
IP produced. Results are expressed as the ratio between IP and the
total radioactivity corresponding to IP plus membrane. All data points
represent triplicates.

For intracellular calcium measurements, cells expressing mGlu
receptors were loaded with Ca2+-sensitive fluorescent dye Fluo-4 AM
(Invitrogen, Cergy Pontoise, France) dissolved in Hanks’ Balanced
Salt Solution (HBSS, Invitrogen, Cergy Pontoise, France) containing
2.5 mM Probenicid (Sigma-Aldrich, Saint-Quentin Fallavier, France)
for 1 h at 37 °C, then washed and incubated with HBSS containing
probenecid. A drug plate was prepared with the various concentrations
of agonist to be tested, and drug solution was added to each well after
20 s of recording. Fluorescence signals (excitation 485 nm, emission
525 nm) were measured by using the fluorescence microplate reader
Flexstation III (Molecular Devices, Saint Greǵoire, France) at
sampling intervals of 1.5 s for 60 s. All data points represent triplicates.

The dose−response curves were fitted using the GraphPad Prism
program and the following equation: y = [(ymax −ymin)/(1 + (x/EC50)
n)] + ymin where EC50 is the concentration of the compound necessary
to obtain the half-maximal effect and n is the Hill coefficient.

Pharmacological Assay on Recombinant NMDA Receptors.
Recombinant NMDA receptors were expressed in Xenopus laevis
oocytes after coinjection of 30 nL of a mixture of cDNAs (at 10−30
ng/μL; nuclear injection) coding for rat GluN1-a and rat GluN2A or
mouse GluN2B subunits (ratio 1:1). Oocytes were prepared, injected,
voltage-clamped, and superfused as described previously.81 Data were
collected and analyzed using pClamp 9.2 (Axon Instruments, Foster
City, CA). They were fitted using Sigmaplot 8.0 (SSPS, Chicago, IL).
The standard external solution used for recordings at pH 7.3 contained
(in mM): 100 NaCl, 0.3 BaCl2, 5 HEPES, 2.5 KOH. The pH was
adjusted to 7.3 with HCl. Then 10 μM DTPA was added to all the
solutions to chelate contaminating zinc, which acts as a very potent
allosteric inhibitor of GluN1/GluN2A NMDA receptors.81 NMDA
currents were induced by simultaneous application of L-glutamate and
glycine and recorded at a holding potential of −60 mV and at room
temperature. Their inhibition by 17m was measured by adding various
amounts of the compound during an application of a saturating
concentration of glycine (100 μM) and a concentration of glutamate
close to its EC50 (5 μM). The solutions of different concentrations of
17m were obtained from the dilution in the agonist solution of a 50
mM stock solution of the compound in water additionned with 1
equiv of NaOH. Inhibition dose−response curves were fitted with the
following Hill equation: I17m/I0 = 1−1/(1 + (IC50/[17m])nH), where
I17m/I0 is the relative current, and IC50 is the concentration of 17m
producing 50% of the maximal potentiation and nH is the Hill
coefficient.

Electrophysiology and Calcium Sensitive Fluorometric
Measurements. Cerebellar Slices Preparations. All electrophysio-
logical or optical experiments were performed on cerebellar slices, the
experimental procedures complied with guidelines of the French
Animal Care Committee. Rats were stunned and then decapited.
Coronal and sagittal cerebellar slices (250 μm thick) were prepared
with a vibrosclicer, Microm HM 650 (Microm Micritech, France) from
the vermis of 18−29-day-old rats. Slices were prepared in an ice-cold
(3 °C) sucrose-based solution saturated with 95% O2−5% CO2,
containing (mM): sucrose 230, KCl 2.5, KH2PO4 1.25, MgCl2 8,
glucose 25, NaHCO3 26, CaCl2 0.8 (osmolarity 330 mOsm l−1). The
slices were kept at room temperature for at least 1 h before recording
in saline solution gassed with 95% O2−5% CO2. This solution
contained (in mM): NaCl, 124; KCl, 3; NaHCO3, 24; KH2PO4, 1.15;
MgSO4, 1.15; CaCl2, 2; glucose, 10; osmolarity 330 mOsm l−1 and pH
7.35 at 25 °C. The recording chamber was perfused at a rate of 2 mL
per minute with this same oxygenated saline solution, supplemented
with the GABAA receptor antagonist bicuculline methiodide (10 μM,
Sigma-Aldrich, St Quentin Fallavier, France).

Electrophysiology. Whole-cell patch-clamp recordings of Purkinje
cells (PC) were performed in sagittal slices with an Axopatch-1D
amplifier (Axon instruments). PC somas were directly visualized with
Nomarski optics through the ×60 water-immersion objective of an
upright microscope (Zeiss). All recordings were made at 28−30 °C.
Patch pipettes (3.5−5 MΩ, borosilicate glass) were filled with an
internal solution of the following composition (mM): KGlu, 140; KCl,
6; HEPES, 10; EGTA, 0.75; MgCl2, 1, Na-GTP, 0.4; Na2-ATP, 4; pH
7.3 with KOH; 300 mOsmol l−1. PCs were clamped at −70 mV, and
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parallel fibers (PFs) were stimulated once every 6 s through a glass
saline filled monopolar electrode placed at the surface of the slice, in
the lower half of the molecular layer, to elicit PF-evoked excitatory
postsynaptic currents (EPSCs). PF-EPSCs were evoked with pairs of
stimuli of the same intensity applied to the cell with an interstimulus
interval of 40 ms. The paired-pulse facilitation (PPF)82 was calculated
online as the ratio of the amplitude of the second PF-EPSC over the
first one. Mean PPF values were obtained by averaging PPFs in
individual traces for each cell. In the cells conserved for analysis, access
resistance (usually 5−10 MΩ) was partially compensated (50−70%)
according to the procedure described by Llano et al.83 Throughout the
experiment, PF-EPSCs were elicited on a 10 mV hyperpolarizing
voltage step, which allowed monitoring of passive membrane
properties. PF-EPSC were analyzed online and offline with Acquis1
software (Biologic).
Calcium Sensitive Fluorometric Measurements. Using coronal

slices, PF tracts were loaded by focal application of a saline solution
containing the low affinity calcium sensitive dye Fluo-4FF-AM (100
μM, Molecular Probes), as previously described.84 At least 45 min after
loading, a confined region of labeled PFs was illuminated at a single
excitation wavelength (485 ± 22 nm). Excitation light obtained from a
100 W mercury lamp was gated with an electromechanical shutter
(Uniblitz, Rochester, NY, USA). PFs located in the recording window
were stimulated every minute, with a single 100 Hz train of five
electrical stimuli, through a saline-filled glass electrode placed in the
molecular layer between the loading site and the recording site.
Evoked fluorescent transients from labeled PFs were recorded in a 20
μm × 50 μm window placed above the molecular layer, approximately
500−800 μm away from the loading site and 100 μm above PC layer,
collected through a ×60 water-immersion objective of an upright
microscope (Zeiss, LePeck France), filtered by a barrier filter at 530 ±
30 nm, and converted into an electric signal by a photometer.
Fluorescence signals corrected for dye bleaching were expressed as
relative fluorescence changes ΔF/F, where F is the baseline
fluorescence intensity, and ΔF is the change induced by PF
stimulation. When background fluorescence of the tissue in unlabeled
regions of the slice was greater than 5% of the basal fluorescence
intensity of the indicator, the data were corrected for background
fluorescence. All the experiments were performed at 28−30 °C.
Fluorometric measurements were analyzed online and offline with
Acquis1 software (Biologic).
Drug. 17m (40 mM) was prepared in distilled water, kept at −20

°C until the day of the experiment and added to the saline solution at
the desired concentration just before application to cerebellar slices.
Data and Statistical Analysis. Dose−response relationships were

established in independent electrophysiological (n = 29) and optical (n
= 27) experiments. Agonist dose−response curves were fitted using
the following equation: D = Dmax(1/1 + (EC50/ [A])

n), where D is the
observed transient decrease in the amplitude of PF-mediated EPSCs
(or presynaptic Ca2+ influx), Dmax is the maximum decrease in the
amplitude of these EPSCs (or Ca2+ influx), [A] is the agonist
concentration, EC50 is the concentration of agonist that evoked a half-
maximal depressant effect, and n is the Hill coefficient. Statistical
significance was assessed by paired Student’s t test, with P < 0.05 (two-
tailed) considered as significant. All data are expressed as the mean ±
SEM.
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Fred́eŕic R. Leroux: 0000-0001-8900-5753
Franco̧ise Colobert: 0000-0003-4730-9868
Francine C. Acher: 0000-0002-5413-4181
Present Addresses
∇For S.C.: Department of Pharmaceutical Sciences, College of
Pharmacy and Health Sciences, Texas Southern University,
Houston, Texas 77004, United States.
○I.A.L.: Charles River Discovery Research Services, Chester-
ford Research Park, Saffron Walden CB10 1XL, UK.
◆For B.K.: Department of Pharmaceutical Chemistry, Faculty
of Pharmacy, Biruni University, Istanbul, Turkey.
¶For A.S.T.: Janssen Research and Development La Jolla,
Molecular and Cellular Pharmacology, 3210 Merryfield Row,
San Diego, California 92121−1126, United States.
+For T.C.: Institut de Recherches Servier, 78290 Croissy sur
Seine, France.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the by the Fondation de France
(comite ́ Parkinson), the Agence Nationale de la Recherche
(ANR-05-NEUR-0121-02, ANR-07-NEURO-047-04, and
ANR-08-NEUR-006-02 in the frame of ERA-NET NEURON
and ANR-13-BSV1-0006), the Fondation pour la Recherche
Me ́d i c a l e ( INE 2 0 0 5 0 3 0 3 4 3 1 a n d FRM t e am
DEQ20130326522 to J.P.P.), the CNRS (Direction de
l’Innovation et des Relations avec les Entreprises), the
Neuropôle de Recherche Francilien (NeRF), the Minister̀e de
l’Education Nationale de la Recherche et de la Technologie,
Retina, France. The Pharmacological assays on recombinant
mGlu receptors were performed at the ARPEGE (Pharmacol-
ogy ScreeningInteractome) platform facility at the Institute
of Functional Genomics (Montpellier, France), which we are
thankful.

■ ABBREVIATIONS USED
ACPT, 1-aminocyclopentane-1,3,4-tricarboxylic acid; AP4, 2-
amino-4-phosphonobutyric acid; ATD, amino terminal domain;
APCPr, 1-amino-2-phosphonomethylcyclopropane carboxylic
acid; BSA, N,O-bis(trimethylsilyl) acetamide; Cbz, carboxyben-
zyl; DCPG, 3,4-dicarboxyphenylglycine; DTPA, diethylene
triamine pentaacetic acid; EAAT3, Excitatory Amino Acid
Transporter 3; EGTA, ethylene glycol-bis(2-aminoethyl ether)-
N,N,N′,N′-tetraacetic acid; EPSC, excitatory postsynaptic
current; GPCR, G protein coupled receptor; HEPES, 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid; IP, inositol
phosphates; LY354740, (1S,2S,5R,6S)-2-aminobicyclo[3.1.0]-
hexane-2,6-dicarboxylic acid; mGlu receptor, metabotropic
glutamate receptor; Napht, naphthyl; NAM, negative allosteric
modulator; NMDA, N-methyl D-aspartate; PAM, positive
allosteric modulator; PC, Purkinje cells; PCEP, 3-amino-3-
carboxypropyl-2′-carboxyethylphosphinic acid;; PF, parallel
fibers; PPF, paired-pulse facilitation
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