J. Med. Chem2007,50, 3585-3595 3585

Synthesis and Biological Evaluation of 1-Amino-2-Phosphonomethylcyclopropanecarboxylic
Acids, New Group Il Metabotropic Glutamate Receptor Agonists

Pauline Sibille,T Sebastien LopeZ,Isabelle Brabet,Ornella Valenti?# Nadia Oueslatfi,Florence Gavet Cyril Goudet!
Hugues-Olivier Bertranf, Jacques Neyto®, Michael J. Maring;'$ Marianne Amalric; Jean-Philippe Pithand
Francine C. Acher*

Laboratoire de Chimie et de Biochimie Pharmacologiques et Toxicologiques, CNRS UMR-86@drsltyiParis Descartes, 45 rue des Saints
Peres, 75270 Paris Cedex 06, France, Laboratoire de Neurobiologie de la Cognition, CNRS UMR 6155, Aix-MarsedlsiténMarseille,
France, Institut de Geomique Fonctionnelle, Unérsitede Montpellier, CNRS, UMR5203, 141 Rue de la Cardonille, and INSERM, U661,
F-34094 Montpellier cedex 5, France, Department of Molecular Neurology, Merck Research Laboratories, West Pointy&@angydcelrys,
Parc-Club Orsay Uniersite 20 rue J. Rostand, 91898 Orsay cedex, France, and Laboratoire de Neurobiologie, UMR 8544-CNRS,
Ecole Normale Supiure, 46 rue d’Ulm, 75005 Paris, France

Receied March 8, 2007

Stereoisomers of 1l-amino-2-phosphonomethylcyclopropanecarboxylic acid (APCPr), conformationally
restricted analogues afAP4 (2-amino-4-phosphonobutyric acid), have been prepared and evaluated at
recombinant group Il metabotropic glutamate receptors. They activate these receptors over a broad range
of potencies. The most potent isomeS@R)-APCPr displays a similar pharmacological profile as that of
L-AP4 (EG 0.72, 1.95>500, 0.34uM at mGlu4, 6, 7, 8 receptors, respectively, and no effect at group I/ll
MGIuRSs). It was characterized on native receptors located in the basal ganglia (BG) where it induced a
robust and reversible inhibition of synaptic transmission. It was téstedo in haloperidol-induced catalepsy,

a model of Parkinsonian akinesia, by direct infusion in the globus pallidus of the BG. At a dose of 0.5
nmolluL, catalepsy was significantly antagonized. This study reveals ti&2REAPCPr is a potent group

Il mGIuR agonist and confirms that these receptors may be considered as a therapeutic target in the
Parkinson’s disease.

Introduction [ll. Yet recent evidence point out an important role for group
[l mGlu receptors for the treatment of psychiatric disorders
such as anxiety and depressfgpair®1°and neurodegenerative
disorders, such as Parkinson’s disease?y{Pi12The role of
group Il mGlu receptors14 and especially mGlui&16in the
normalization of the abnormal neurotransmission in the basal
ganglia in animal models of PD has recently been emphasized
suggesting that selective agonists of this receptor class could

The acidic amino acid-glutamic acid is the major excitatory
neurotransmitter in the mammalian central nervous system
(CNS). This excitatory amino acid activates both ionotropic and
metabotropic receptofsThe ionotropic receptors are directly
responsible for the fast depolarization of postsynaptic cells
whereas the metabotropic receptors regulate the activity of ion
channels or enzymes producing second messengers via GTP . . ; . : .
binding proteins. So far, eight mGlu receptor subtypes have beenprOVIde symptomatic benefits for Parklnsomlan patients.
cloned and classified into three groups, according to sequence Most of the authors have usedhP4 {-2-amino-4-phospho-
similarity, transduction mechanism, and agonist pharmacdlogy. nobutyric acid) in their expe?sments to validate mGlu4 receptor
Group | includes mGlul and mGIlu5 receptors, which are as a valuable target for PB.18L-AP4 is thelprototype agonist
positively coupled to phosphatidyl inositol hydrolysis whereas of group Il mGlu receptors but nlo'nselecnvle for the different
group I (mGIu2, mGlu3) and group Il receptors (MGlu4, group Il mGIuR subtypes_. In add|t|on;AP4_|s also substrate
mGIu6, mGlu7, and mGIug) are both negatively coupled to of the CI- dependent/Na independent cystine-glutamate ex-

adenylyl cyclase but are endowed with different pharmacology changer that was prgwggsly |den§|f|ed as the mducer of
and neuronal localization quisqualate sensitizatid#2° A classical approach to gain

. . L potency and selectivity is to structurally constrain the nonselec-
With the discovery of potent and selegnve ligands, mGlu tive ligands. Indeed, several conformationally constrained
receptors have become valuab_le th(_erapeutlc tafgetsowever, analogues of -AP4 have been synthesized, but all displayed
while several subtype_-selectlve liganas for group | and Il weaker activity than-AP4 at mGlu4 receptor (Chart 1). They
receptors have been discovered, only few are known for group; . clude cyclopentyl derivatives (Cyclopentyl-AB4nd APCP#),
cyclobutyl derivatives (APCBA), and cyclopropy! derivatives

* Author to whom correspondence should be addressed. Tel. 33 (0)1 42 it _
86 33 21; Fax 33 (0)1 42 86 83 87; e-mail francine.acher@univ-paris5.fr. (APCPr initially named Cyclopropyl AP and PCG3). Both

T UniversiteParis Descartes. (2)-APCPr and E)-APCPr have been synthesiZédnd tested
* Aix-Marseille Universite on mGlu4 receptor as racemic mixtufésyet the activity of
I'Universitede Montpellier; INSERM.
JMerck Research Laboratories. a Abbreviations: APCPr, 1l-amino-2-phosphonomethylcyclopropane-
® Parc-Club Orsay Universite carboxylic acid; AP4, 2-amino-4-phosphonobutyric acid; AP5, 2-amino-5-
@ Ecole Normale Supeure. phosphonopentanoic acid; NMDAN\-methyl p-aspartic acid; GABA,
T Current address: Laboratoire de Toxicologie de [defetare de Police, 4-aminobutyric acid; PHCCQ\-phenyl-7-(hydroxylimino)cyclopropa]-
2 place Mazas, 75012 Paris, France. chromen-1la-carboxamide; mGIuR, metabotropic glutamate receptor; GPCR,
#Current address: Department of Neuroscience, A210 Langly Hall, G-protein coupled receptor; PD, Parkinson’s disease; BG, basal ganglia;
University of Pittsburgh, Pittsburgh, PA 15260. GP, globus pallidus; STN, subthalamic nucleus; SNc, substantia nigra pars
§ Current address: Cephalon, Inc., 145 Brandywine Parkway, West compacta; LPP, lateral perforant path; DG, dentate gyrus; ACSF, artificial
Chester, PA 19380. cerebrospinal fluid.

10.1021/jm070262c CCC: $37.00 © 2007 American Chemical Society
Published on Web 06/28/2007



3586 Journal of Medicinal Chemistry, 2007, Vol. 50, No. 15

Chart 1. Cyclic Analogues of -AP42 Structures and Ef

Values at the mGlu4 Receptor
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Ki=7.4 uM® K =53 uM®

to be compared to L-AP4 K;=0.16 pM®

a Abbreviations: AP4, 2-amino-4-phosphonobutyric acid; SOP, serine-
O-phosphate; cyclopentyl-AP4, 1-amino-3-phosphonocyclopentanecarboxy-
lic acid; APCPe, 1-amino-2-phosphonomethylcyclopentanecarboxylic acid;
APCBu, 1-amino-2-phosphonomethylcyclobutanecarboxylic acid; APCPr,
1-amino-2-phosphonomethylcyclopropanecarboxylic aéighis study.
¢ Reference 219 Reference 22¢ Reference 23.

Chart 2. The Four Stereoisomers of APCPt:and?2 are theZ
and E Diastereoisomers, Respectiv@ly
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the pure enantiomers may differ from that of the racemates. In
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Scheme 1.Synthesis of Bromide§ and6. Arbuzov and Side
Reaction3
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a8 Reagents and conditions: (a) polymer-bound$EBrs, NEt;, CH.Cly;
(b) P(OMe}, reflux.

propane-1-carboxylat were prepared fromR)-(+)-benzylg-
lycerol according to literature referenc®s?® Those alcohols
were then submitted to bromination using GBnd polymer-
bound PPkin CH,ClI, in the presence of triethylamine (Scheme
1A). The next step in the synthesis of APCPr, the introduction
of the phosphonate functionality, was difficult to achieve.
Bromide5 was reacted with different phosphorus reactants under
Arbuzov?® or Michaelis-Becker conditions (P(OMg)P(QiPr},
HP(O)(OEt)y/NaH/toluene, HP(O)(OPKHPDBU/acetonitrile) but
gave mostly the cyclopropane-cleavage prodcilong with

the phosphonat8 and bicyclic produc® in minor quantities
(Scheme 1B). Replacing the bromide by a chloride or an iodide
did not solve the problem, but decreasing the electrodonor
capacity of the nitrogen of substraeby changing the amine
protective group (Boc) to a more electron-withdrawing group
(trifluoroacetyl) afforded the phosphonédit2 with a significant
decrease of cyclopropane cleavage and no other secondary
product besides the alkene derivative. Indeed the intermediate
carbocation resulting from the cyclopropane ring opening is less
prone to be formed because, as the nitrogen free doublet is
attracted by the trifluoroacetyl group, it is prevented from
forming the iminium ion and stabilizing the carbocation (Scheme
1C). The protected APCHR and the alkené3 were separated

by flash chromatography (Scheme 2). Acid hydrolysis allowed
complete deprotection af2 to give (—)-(1S2R)-1-amino-2-
phosphonomethylcyclopropanecarboxylic aci®,2R)-APCPr
(—)-1 which was purified by ionic chromatography—)-

(1R 2R)-1-Amino-2-phosphonomethylcyclopropanecarboxylic acid
(—)-2 and enantiomer¢+)-1 and (+)-2 were obtained in an

this study, we report on the synthesis of the four stereocisomersidentical manner (Scheme 2).

of 1-amino-2-phosphonomethylcyclopropanecarboxylic acid
APCPr (L and?2, Chart 2) and their functional activity on each
group Il mGlu receptor expressed in HEK 293 cells. The most
potent stereoisomer was further characterieditro in brain
slices andn vivo in a rat haloperidol-induced catalepsy model
of Parkinsonian akinesia.

Results

Chemistry. tert-Butyl (1S 2R)-1-(tert-butoxycarbonylamino)-
2-(hydroxymethyl)cyclopropane-1-carboxylate and ethyl
(1R,2R)-1-(tert-butoxycarbonylamino)-2-(hydroxymethyl)cyclo-

Pharmacological Activities of APCPrs at mGlu Receptors.
The effects of the four stereocisomers of APCPr (Chart 2) were
examined on all group Ill mGlu receptors (mGlu4, mGIu6,
mGlu7, and mGIlu8). These receptors were transiently expressed
in HEK 293 cells as previously describ&hnd the total inositol
phosphate production resulting from the receptor activation was
determined. Since group Il mGlu receptors are not normally
coupled to PLC but rather inhibit adenylyl cyclase, this coupling
was made possible by coexpressing this receptor with the
chimeric G-protein alpha subunit o@i.3%31 We previously
reported that this assay gave more accurate results than the
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Scheme 2 Synthesis of ($2R)-APCPr (~)-1 and
(1R,2R)-APCPr (-)-22
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aReagents and conditions: (a) HCI/AcOEt; (b) TFAA, &£Hp; (c)
P(OMe}, reflux; (d) 6 N HCI, reflux; (e) Dowex-H.

classical measurement of the inhibition of the forskolin-activated
adenylyl cyclase activity and that the pharmacology of these
receptors was not alteré®l.

Journal of Medicinal Chemistry, 2007, Vol. 50, N85&3

A

120
100+

1S,2R APCPr
18,28 APCPr
1R,2R APCPr
1R,2S APCPr

o ¢ « 1

IP normalized

'20 T T T T
-7 -6 -5
Log [isomer] (M)

-4 -3

mGlu4
100
80
60
40
20

0 -

-20 T
-10 -9

¢ « > 1

IP normalized

v

8 7 6 -5 -4 -3 =2

Log [1S,2R APCPr] (M)
Figure 1. Activity of APCPr isomers on group Ill mGlu receptors
transiently expressed in HEK 293 cells. (A) Desesponse curves of
the four stereoisomers of APCPr on the mGlu4 receptor. (B) Bose
response curves of §2R)-APCPr(—)-1 on the different group Ill mGlu
receptors. Receptor activation is determined by inositol phosphate
production. Results are expressed as the percentage of the maximal
activity induced by.-AP4. Present data correspond to a representative
experiment from at least three different experiments.

receptors, respectively. In contrastl(2R)-APCPr(—)-2 shows
weak activity at any of the tested mGlu receptors, except on
mGlu8. In all cases, ®) isomers are 26100 times less potent
than their enantiomers, as it is usually the case with mGlu
receptors agonists. The agonist desesponse curves of the
most active stereoisomer,32R)-APCPr(—)-1, on the different
group Il mGlu receptors are displayed in Figure 1B.
Moreover potential activity of (&2R)-APCPr (—)-1 was
assessed on group | and group Il mGlu receptors, as shown in

APCPr studies are summarized in Table 1 which shows the Figure 2. A concentration of 1QaM (1S2R)-APCPr(—)-1 does

EGCso values at all three group 11l mGlu receptor subtypes. The
agonist doseresponse curves for all four APCPr isomers on
mGlu4 receptor are shown in Figure 1A. Among the tested
compounds, ($2R)-APCPr(—)-1is the most potent in activat-
ing all group Il mGlu receptors, with potencies comparable to
that of the best group Il mGlu receptors agonisAP4. The
(1S29-APCPr(+)-2 isomer is somewhat less potent than the
(1S2R) isomer but mainly differs in that it is a partial agonist
on all group lll mGlu subtypes. As compared to the control
activity induced byL-AP4 at 100uM, the percentages of
maximal activity of (152S)-APCPr(+)-2 are 75.3+ 6.6%, 87

+ 6.4%, and 45.5+ 13.4% on mGlu4, mGlu6, and mGIlu8

not induce any activation of mGlul, mGlu2, or mGlu5 receptors,
their IP production remaining similar to their basal activity. No
inhibition of the activity of mGlul, mGlu2, or mGlu5 receptors
induced by a submaximal dose of their specific agonist
(quisqualic acid or DCG-IV) is observed in presence of 100
uM (1S2R)-APCPr(—)-1. Altogether these data indicate that
(1S2R)-APCPr(—)-1 is devoid of any nonspecific agonist or
antagonist activity on group | and group Il mGlu receptors.
Pharmacological Activity of (1S,2R)-APCPr (—)-1 at
NMDA Receptors. Amino acids bearing a phosphonate in their
side chain are well-known competitive antagonists of NMDA
receptors?-33their prototype beingR)-AP5 also named-AP5.

Table 1. Activities of the Different Stereoisomers of APCPr at All Group Ill mGlu Receptors and Comparison\@thtamate and-AP4. Data are

Means+ SEM of Three Different Experiments at Least

agonists mGlu4 E§; (uM) mGlu6 EGsy (uM) mGlu7 EGy (uM) mGIu8 EG (uM)
Glu 16.4+ 2 38.6+ 6.6 2300+ 100 8.2+ 0.4
L-AP4 0.69+ 0.27 nd 800+ 9CP 0.56+ 0.07
(1S2R)-APCPr (-)-1 0.72+0.21 1.95+ 0.1 602+ 312 0.34+ 0.01
(1R,29-APCPr (+)-1 40.8+ 13.6 111+ 41 >3000 6.51+ 0.74
(1S29-APCPr (+)-2¢ 1.85+0.76 3.41+0.45 625+ 82 2.15+0.22
(1R,2R)-APCPr (-)-2 >1000 >1000 >1000 >300

and: not determined? Data taken from reference 59Partial agonist: percentages 6fAP4 maximal response are 75.3.%, 87%, 45.5% at mGlu4,

mGlu6, mGlu8 receptors, respectively.
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0.00- Figure 3. APCPr docked at the mGlu4 receptor binding site. Polar
(1S,2R)-APCPr 100pyM - + - -+ interactions between ligand and protein are represented by dotted lines.
Quis100nM - - -+ &
amem = p o & & consider that ($,2R)-APCPr(—)-1 displays a selective effect
at group Il mGlu receptors at low micromolar concentrations.
mGlu2 Molecular Modeling. To gain further insights into the
0.20- structural/conformational requirements for ligand potency, we
have docked all four APCPrs in mGlu4 and mGlu8 receptor
c 0167 homology model$® We used the 3D-models of the active
N conformation of the amino-terminal domain of the receptors
= M3 where the ligand binding site is located. This domain folds in
g 0.084 two lobes connected by a hinge region allowing an open and a
a closed conformation similarly to a clamshell. The active
T 0041 conformation is the closed one that may be stabilized upon
trapping an agonist in between the two lobes. Yet with poor
0.00- . . .

(SZRAPCPr100pM - + - -+ a_lgonlsts t.h'.s. conformation may not bg regched.. The conforma-
DCGIVENOM . . . o+ tlonal flexibility of egch molecule was flrs'_[ |nve_st|gat_ed through
DEGVIOpM - - - . . a simulated annealing protocol as des_crlbed in Jullian @tlal._

appears that the APCPrs adopt mainly three conformations
corresponding to the three positions of the phosphonate group.
mGlus However, those three conformers exhibit very close total relative
0.18- energy (energy windowE < 2 kcal). During the minimization
ki step of the docking procedure, all the conformers adopt

eventually the same bound conformation. Each stereocisomer was
docked into the active site of mGlu4 or mGlu8 receptor binding
site modeP® We have previously demonstrated that the rank
order of potencies for a series of agonists of OR5.24 another
0.061 class C GPCR is similar in functional and binding ass#ys.
0.03- Thus, assuming that affinity and efficacy are comparable, agonist
binding analysis may be qualitatively correlated with functional

(=]
==
L

IP production
(=
(=]
l?

0.00- 4 .

(1S.2R)-APCPF 100uM - + - -  + potencies, as outlined for mGlu4 receptor. Results for mGlug
Quis100nM . . .+ + receptor are similar. Each stereocisomer pt}-2 (see below)
QUIS 100 M N reveals an identical binding network: the proximal functions

are tied up to the conserved residues Serl59, Thr182, Asp202,

; Tyr230, and Asp312, the distal acidic functions are bound to
APCPr (—)-1 on group | and group Il mGlu receptors transient!
express(ed) in HEE 295 cells. Rgecegtor activations Frz\re determinedyby Lys74, Arg78, Ser157, Arg258, Asn286, Ser313, Lys317, and
inositol phosphate production. Group | mGlu receptors (mGlul and Lys405. These interactions are classically observed in group
mGlu5) are partially or fully activated by 100 nM or 1QtM of 11 mGlu receptors agonists (Figure ®)We then superimposed
quisqualic acid (Quis), respectively. The group Il mGlu2 receptor is our models based on theaCatoms of residues present at the
partially or fully activated by 500 nM or 106M DCG-IV, respectively. binding site. The traces were quite similar but differed in one
No agonist or antagonist activity of §R)-APCPr(-)-1 on these  qinn " the one made of Serl57 and Gly158 in the mGlud
receptors is observed at 1001. ’ LT

receptor. Indeed the cyclopropyl ring is directed toward lobe I

(Tyr182) for (19 enantiomers whereas it is pointing to lobe |
for (1R) enantiomers. In these latter enantiomers, it causes a
conformations that differ from those that bind to the glutamate zga.rﬁé:(laas(r::ivgv:}:\ethg.S(_arrri‘l.i?kﬂé/li? E?pptlt?:; bt?ggnthgétg;lpﬁﬁd
site of NMDA receptors which have been identified in the .\ qtaliographic structures of various ligands in AMPA recep-
pharmacophor& comparative modef¥, and the crystal struc- ;39 The energy needed to flip this bond may be linked to the
ture3® Yet some flexibility remains in their side chain. We thus  |gwer activities of (R) enantiomers. A similar hindrance is
evaluated the ability of @2R)-APCPr(—)-1 to block recom-  found between the carbonyl group of the Ala154-Ala155 peptide
binant NR1/NR2A NMDA receptors expressed in enopus  pond and the (®) ligands, in the mGIu8 receptor models. This
oocyte. As expected, §2R)-APCPr(—)-1 only weakly inhib- hindrance is indeed independent of the nature of the side chains
ited the responses evoked by the coagonists (glutamate andf the residues. Yet at mGlu8 receptor, the hydrophobic
glycine applied both at their Eg), with an 1G equal to 315 environment provided by Alal54, Alal55 and Alal77 around
4+ 30 uM (nH 1.2 £ 0.1; n = 5; not shown). We may thus the cyclopropyl ring of (R) ligands may partly compensate the

Figure 2. Lack of nonspecific agonist or antagonist activity 0c5@R)-

It was expected that the conformational restriction induced by
the cyclopropyl ring on the.— bond of APCPrs would favor
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Figure 4. Superimposition of the two mGlu4 binding site models
docked with (52R)-APCPr(—)-1 (sticks) and (R,2S)-APCPr(+)-1
(yellow lines). Residues of the RI2S)-APCPr(+)-1 model (blue) are Time (min)
shown only in the forbidden zone, where the Ser157-Gly158 peptidic
bond flipped. In the other regions, the traces and side chains are quite
similar to those of the @ 2R)-APCPr(—)-1 model. Residues of lobe *
| are colored in cyan, those of lobe Il in magenta, and those of the 80 -
hinge in orange; carbon atoms of§2R)-APCPr (—)-1 in green,
nitrogen in dark blue, oxygens in red, phosphorus in magenta, and

hydrogens in white. 60

% Inhibition
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Log [APCPr]

Figure 6. Effects of (1S2R)-APCPr (-)-1 on glutamatergic transmis-
sion at the STN-SNc synapse. (A) Representative traces of excitatory
postsynaptic currents recorded in whole cell mode. Application of 300
nM (1S2R)-APCPr(—)-1 produced a marked inhibition of transmission
which reversed when the compound was washed from the bath. (B
C) Concentratiorrresponse relationship of the§2R)-APCPr(—)-1-
induced inhibition of excitatory transmission at this synapse. Data
represent meas: SEM from 5 cells/point. p < 0.05, paired-test.

strated that the side chains of Alal54-Alal55 were responsible
for that property and suggested that hindrance with those side
Figure 5. Superimposition of the two mGlu4 binding site models chains induced either a partial closing of the bilobate domain

d°°|:<ed ‘I’_Vith (BZR)'_QPCPrgf%'l (sticks) and (SZS'APEPIV(E)'Z or a weaker stabilization of that domain resulting in partial
(yellow lines). Residues of the §2-APCPr (+)-2 model (blue) - qqnism In the present case, hindrance would occur both with
are shown only in the forbidden zone. Colors are as indicated for

Serl57 and/or Gly158 of the mGlu4 receptor and with Alal54
. S ) N and/or Alal55 of the mGlu8 receptor, resulting also in a
steric destabilization. It may thus explain a S|gn|f|car}Iy lower nonoptimal closed conformation of the two subtype binding
ECso at mGIuB receptor than at mGlud receptor with these domains. This effect being analogous with mGlu4 and mGlu8

ﬁqgoodnéfststga:);eigr){ Efafﬁ:g rC] Esll:ore?emor ighgtrgi(;(ﬂphorereceptors, mutagenesis experiments may not help to investigate
9 yclopropy 9 y the cause of partial agonism.

restricted!®*1this is in concordance with what we report here. )
It should also be noted that the active conformation of the  El€ctrophysiology.As (1S2R)-APCPr(—)-1 was shown to

binding domain of the receptor that is modeled in this study, Strongly activate recombinant group Ill mGlu receptors, we next
may not be relevant for weak agonists such a&2R)-APCPr chose to investigate the effect of this compound on native
(—)-2 or partial agonists as §29-APCPr(+)-2. Activities of receptors. Previous studies have shown that group Il mGlu
the (15 enantiomers are close to each other and indeed the trace$eceptors are presynaptically localized at glutamatergic and
are quite similar even in the Ser157-Gly158 region (Figure 5). GABAergic nerve terminals and that activation of these recep-
Nevertheless, the methylphosphonate protons of the less potentors produces a marked reduction of Glu or GABA transmission.
(1S,29)-APCPr(+)-2 are directed to the same “forbidden zone” Therefore, (§2R)-APCPr(—)-1 was testedh vitro for its ability
described above. This situation may be responsible for the partialto inhibit the excitatory transmission in the basal ganglia (BG)
agonism of this stereoisomer. A steric hindrance with the two at the synapse between the subthalamic nucleus and the
homologous residues of mGlu8 receptor has been reported tosubstantia nigra pars compacta (STN-SNc synapse) and at the
be the cause of the partial agonism of FP429 at mGlu8 subtype. hippocampal lateral perforant path-dentate gyrus synapse (LPP-
In that previous study, FP429 was a full agonist at mGlu4 DG). Group Il modulation of transmission at the subthalamo-
receptor and a partial agonist at mGIu8 receptor, we demon-nigral synapse has been previously demonstrated to be solely

Figure 4.
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sion at the LPP-DG synapse. (A) Representative traces of excitatory (nmol/uL)

postsynaptic field potentials. Application of 300 nMS2R)-APCPr
(—)-1 produced a marked inhibition of transmission which reversed
when the compound was washed from the bath-@ Concentratior
response relationship of the§2R)-APCPr(—)-1-induced inhibition

of excitatory transmission at this synapse, Data represent ta&tivi
from eight independent experimentg * 0.05, paired-test.

meditated by mGlu4 receptdfsvhile in the hippocampus, only
the mGlu8 receptors are involvéd.

Figure 8. Effects of (152R)-APCPr (—)-1 injection into the globus
pallidus on haloperidol-induced catalepsy. The animals were tested
every 10 min, 20 min after bilateral APCR¥)-1 infusion (0, 0.05,

0.5, 2.5 nmojiL) into the globus pallidus. (A) Time course effects of
APCPr on the median latency to step off the rod after APCPr injection
(n=7 by dose of APCPm = 11 andn = 7 for haloperidol and control
group, respectively). (B) Mean median latereySEM during the total
duration of the test (40 min)Significantly different from control (f

< 0.05; significant ManrWhitney U test). *Significantly different
from haloperidol groupf{ < 0.05; significant ManaWhitney U test).

Consistent with the observations in recombinant systems, we£Significantly different from APCPr 2.5 nmgil. group ( < 0.05;

found that bath application of §2R)-APCPr(—)-1 induced a

robust and reversible inhibition of synaptic transmission at both

significant Mann-Whitney U test).

the STN-SNc synapse (Figure 6) and the LPP-DG Synapseca'[aleptic state measured as an increase in the median latency
(Figure 7). The effects where dose dependent and at both!© Step off a rod compared with controls ¢ 0.01; Mann-

synapses reached significance at the 300 nM dose. These dat¥/hitney U test after KruskaiWallis test; H

suggest that & 2R)-APCPr(—)-1 activates native mGlu recep-

tors in a manner consistent with our recombinant findings.
In Vi o Effect of (1S,2R)-APCPr (—)-1: Antiparkinsonian

Effect When Injected into the CNS. A growing number of

97.17)
(Figure 8).

While the lowest dose of 82R)-APCPr(—)-1 (0.05 nmol/
uL) was ineffective, catalepsy induced by haloperidol was
significantly antagonized by intrapallidal injection of§2R)-

animal studies suggest that the globus pallidus (GP) plays aAPCPr(—)-1atthe two highest doses testgd< 0.01; Mann-

key role in the pathophysiology of PB.Increased GABA

Whitney U test for “Halo vs 0.5” and “Halo vs 2.5 nmal.”).

neurotransmission at the striato-pallidal synapse has been(1S2R)-APCPr(—)-1 2.5 nmoliL reversed the haloperidol-

thought to underlie the alteration of GP firing activity, which

induced catalepsy for 40 min, and then a progressive return to

is the hallmark of the pathophysiological dysfunction observed cataleptic state was observed (Figure 8A). In contra§23-

in PD. In particular, it was recently shown that activation of
the mGlud receptor with the positive allosteric modulator

APCPr(—)-1 0.5 nmoliL induced a marked decrease of the
step-down latencies for the total duration of testing. This effect

PHCCC orL-AP4 decreases GABAergic transmission at the Was significantly different from that produced byS2R)-APCPr
striato-pallidal synapse and reverses the akinesia produced byt —)-1 2.5 nmoliL (p < 0.01; Mann-Whitney U test for 0.5

dopamine depletion in the reserpine model of P This is
consistent with a presynaptic inhibition of GABA transmission
in the GP. We therefore tested the effects df2R)-APCPr

(—)-1 in haloperidol-induced catalepsy, a classical model of

vs 2.5") (Figure 8B).

Discussion
Synthesis of the four isomers of APCPr was achieved

Parkinsonian akinesia, by directly infusing the compound into following a procedure analogous to that of methanomethionine
the GP. Systemic injection of the dopamine D1/D2 receptor in the first steps with subsequent introduction of the phosphonate
antagonist, haloperidol (1 mg/kg i.p.), produced a profound moiety2>-28 They proved to be all group Ill mGlu receptor
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agonists, the (3 stereoisomers being more potent than ti® (1 Conclusion
stereoisomers Z)-APCPr, which was previously described as

Do The f t i f APCPrs h b thesized and
an mGIu4 receptor agonist, is composed GZR)- and (R 25- e four stereoisomers o rs have been synthesized an

. . evaluated on cloned mGlu receptors. They all activate group
APCPr whereasH)-APCPr from the same study is the racemic Ill receptors over a large range of potency. Th& 2R) isomer

mixture of (IR 2R)- and (15,29-APCPr2! The EGy values of . is the most active and shows similar potency &P4. It was
these racemates cannot be compared to those of the enantidggied on prain slices and in an animal model of akinesia, a
merically pure compounds because they were not tested in thedisabling symptom in Parkinson’s disease PR)-APCPr(—)-1 '
same system. Nevertheless, they are concordant as 8 EC 55 aple to reverse the cataleptic effect. This result confirms
of the most potent isomers of each racema®2®)-APCPr 5 oroup 11l MGIu receptors may be considered as a therapeutic
for (Z)-APCPr and (529-APCPr for €)-APCPr, and the E&s target for symptomatic treatment in the Parkinson’s disease.
of racemates are found in the same range, respectively.
The present syntheses were performed in order to characteriz&Experimental Section
the most potent enantiomer of the APCPr series and to improve Chemistry. General Procedures.All chemicals and solvents

the reported activity and select|V|ty. Unfortunately, selectivity \,ere of the best quality available from commercial suppliers and
was not found among the four isomers, although the best ysed without further purificatioH (250.13 MHz) :3C (62.9 MHz),
stereoisomer @2R)-APCPr(—)-1is as potent as-AP4. So, and3P (101.25 MHz) NMR spectra were recorded on an ARX
the additional cyclopropyl ring of conformationally restrained 250 Bruker spectrometer. Chemical shifds fpm) are given with
APCPr does not improve affinity, as the entropic gain is likely reference to residudH or **C of deuterated solvents (CD{A.24,
compensated by a loss of enthalpy; neither induces a better?7.00; CROD 3.30, 49.0; RO 4.80) or external reference {PO,
selectivity between group Il mGlu receptors. Howeves 2R)- 95%). TLC was performed on Merck 6@k precoated silica gel
APCPr (-)-1 may be more selective with respect to other plates. Products V\Slere visualized by 2% (w/v) ninhydrin in etha}nol
systems where-AP4 plays a rol# such as the cystine- and TDM reagent® Column chromatography was performed with

| h iously identified h . | a Biotage FLASH40i chromatography module (prepacked cartridge
9 utan;;’;\:?ewexc anger previously identified as the quisqualate gygiem). Optical rotations were measured at the sodium D line (589
effect:>4/4®The large range of E4gs covered by the four ) or at 546 nm at 20C, with a Perkin-Elmer 241 polarimeter

APCPr stereoisomers may be interpreted on the basis ofusing a 1 dmpath length cell. High-pressure liquid chromatography
homology models of the binding site in its active conformation (HPLC) was performed at 6C with an Altex Chromatem 380
(Figures 4 and 5). As we observed previously, contacts betweenpump, a Rheodyne 7125 valve (100 loop), a Pye-Unicam LC-
agonists and lobe | are tight, particularly with the S157-G158 UV detector set at 210 nm, and a Shimadzu CR-3A integrator, using
residues of the mGlu4 receptor (and homologous residues of@ Crownpak CRf) (150 nm * 4 mm i.d.) column equilibrated
other subtypes); consequently, steric hindrance in that regionWith PH 1.0 HCIG at a 0.1 mL/min flow rate.

causes a large affinity decrease as determined fReg-(+)-1 (+)-tert-Butyl (1S,2R)-1-(tert-Butoxycarbonylamino)-2-(bro-

. . . momethyl)cyclopropane-1-carboxylate 5To a solution of3 (2.2
and (IR,2R)-APCPr(—)-2 or partial agonism as with §29)- g, 7.6 m);n)o{ 1 2qu[?v) in ChCl, (136/30 mL) under argon at(ec

APCPr(+)-2. A similar interpretation may explain the inactivity \\are added CBr(5.3 g, 15.9 mmol, 2 equiv) and NE¢L.1 mL,

of APCPe and APCB# (Chart 1). 7.9 mmol, 1 equiv) followed by polymer-bound PRB.O g, 15.0
As expected, (32R)-APCPr(—)-1is inactive at group land ~ mmol, 2 equiv) in small portions. After being stirred at 25 for

group Il mGlu receptors and is only a weak inhibitor of NMDA 5 h, the reactio_n mixture was filtered through a short plug o_f_celite.

receptors. It may thus be considered as inactive at these receptorﬁ\fter: e\éaporattlon ththeé:”;?te: thtﬁ ‘g‘é‘?e F;FO%UCJS\’VSSSDU”ZG?? by

atuM concentrations and may be used in further biological as- '2Sh chromatograpny. Elution wi 2 afiordeds (1.5 g, 4.

says. Indeed it was shown to inhibit the excitatory transmission "M} 56-4%) as a white solid: TLC (silica gel, GE1,/EtOAC,

at the STN-SNc and the LPP-DG synapses. These results sugge .21,S;ngy./ggrzn\ﬁsijal;z%t}ﬂﬁ(fn? 'iii)Hlethzn(wC?S)ls)lé. 6591(;(b£|_|)

that (1S2R)-APCPr (—)-1 activates native mGlu4 and mGIu8 7 44 (s, 9H), 1.43 (s, 9H), 1.08 (m, 1HJC NMR (CDCk) 6 170.8,

receptors in a manner consistent with the recombinant data.156.3, 81.8, 80.2, 41.2, 32.5, 29.2, 28.2, 27.9, 24132% 2.4

Finally the effect of direct infusion of @2R)-APCPr(—)-1 (c 1, CHCE).

into the GP was tested in an animal model of PD. The GP is  (+)-Ethyl (1R,2R)-1-(tert-Butoxycarbonylamino)-2-(bromom-

known to be critically involved in motor control, and excessive ethyl)cyclopropane-1-carboxylate 6 The (IR,2R) bromide6 was

striatal inhibition of the GP is believed to play a key role in the synthesized frond in an identical manner to the §2R) bromide

motor deficits observed in Parkinson’s disease. Activation of 5 described above: TLC (silica gel, GEI/EtOAc, 9:1, ninhydrin
the mGlu4 receptor decreases striatal inhibition of the GP Visualization)R 0.64;'H NMR (CDCly) 6 5.20 (br s, 1H), 4.19

and has previously been shown to exhibit antiparkinsonian ef- (m, 2'_%’ 3.72 (ddJ :g_% 1(1'% '32’ %';) 3.54 (1 = %0.0 Hz,

fects12154951 Consistent with its potency at mGlu4 receptor 16, 1.95 (m, 1D, 1.70 (dd) =6.0, 12.8 Hz, 1H), 1.52 (m, 1H),
' A ' 1.45 (s, 9H), 1.30 (t) = 7.2 Hz, 3H);3C NMR (CDCL) 6 170.6,

(1S2R)-APCPr(—)-1 was able to reverse haloperidol-induced 155.7, 80.2, 61.8, 41.0, 32.9, 30.6, 28.3, 25.5, 14022% 53.1

akinesia. The finding of a somewhat biphasic effect in these (¢ 1, CHCy).

studies may be explained by the activation of the mGIu7 receptor  tert-Butyl 1-[N-(tert-Butoxycarbonyl)amino]-1-[(dimethoxy-
expected at higher doses. In fact, the inhibition of striato-pallidal phosphoryl)methyl]-but-3-enecarboxylate 7.To 5 (64 mg, 0.18
transmission by -AP4 exhibits an unusual biphasic concentra- mmol, 1 equiv) under Ar was added P(OM€5uL, 0.21 mmol,
tion—response relationship that was interpreted to suggest anl.2 equiv). The resulting mixture was heated under reflux for 4 h.
activation of mGlu7 receptor at concentrations abovex30-s The solution was cooled and evaporated. The crude mixture was
The fact that the mGlu7 receptor is abundantly expressed in €Xtracted with EtOAc (200 mL), and the organic phase was washed
the GP2 and does not yet play a significant role in the With H20 (100 mL), saturated NaHGGolution (2 x 100 mL),

. . : LT . and brine (3x 100 mL), dried over MgS@) and evaporated. The
modulation of striato-pallidal transmission suggests that this residue was purified by flash chromatography. Elution with

receptor may be involved in modulating collateral inhibition at  jncreasing amounts of EtOAc (3100%) in CHCI, afforded 7
pallido-pallidal synapses. Therefore, activation of mGlu7 recep- (21 mg, 0.06 mmol, 30.8%) as a colorless oil: TLC (silica gel,
tor in the GP may increase coherent activity across the nucleusetOAc, TDM visualization)R; 0.31;2H NMR (CDCly) 6 5.61 (m,
and produce a proparkinsonian effétt. 2H), 5.12 (m, 2H), 3.79 (tJ = 10.4 Hz, 6H), 3.37 (m, 1H), 2.92
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(m, 1H), 1.47 (s, 9H), 1.41 (s, 9H}*C NMR (CDCk) ¢ 167.4,
153.5, 131.6 (d)=11.3 Hz), 119.6, 83.6, 79.6, 63.9 (H= 147.7
Hz), 54.3 (d,J = 7.0 Hz), 53.8 (dJ = 7.0 Hz), 35.2, 28.2, 27.7,
3P NMR (CDCEk) 0 22.2.

tert-Butyl  (1S,2R)-1-[N-(tert-Butoxycarbonyl)amino]-2-
[(dimethoxyphosphoryl)methyl]cyclopropanecarboxylate 8. §4
mg, 0.01 mmol, 5.8%) was obtained as a colorless oil from the
previous reaction: TLC (silica gel, EtOAc, TDM visualizatidry)
0.28;'H NMR (CDCl) ¢ 5.86 (br s, 1H), 3.78 (d) = 6.4 Hz,
3H), 3.74 (d,J = 6.4 Hz, 3H), 2.24 (m, 1H), 1.85 (m, 1H), 1.73
(m, 1H), 1.43 (s, 9H), 1.41 (s, 9H), 1.29 (m, 1H), 0.88 (m, 1H);
13C NMR (CDChk) 6 171.9, 156.6, 81.2, 79.4, 51.9 (d,= 6.5
Hz), 51.5 (d,J = 6.5 Hz), 38.2, 29.7, 28.3, 27.9, 244 @~
151.2 Hz), 21.18P NMR (CDCE) o6 28.4.

tert-Butyl (1S,6R)-3-Ox0-4-oxa-2-azabicyclo[4.1.0]heptane-1-
carboxylate 9. 9(9 mg, 0.04 mmol, 23.5%) was obtained from
the previous reaction as colorless crystals: TLC (silica gel,-CH
Cl,/EtOAc 80:20, TDM visualization)x 0.32; 'H NMR (CDCls)
0 5.87 (s, 1H), 4.53 (m, 1H), 4.14 (m, 1H), 2.11 (m, 1H), 1.59 (m,
1H), 1.46 (s, 9H), 1.34 (m, 1H}C NMR (CDCk) 6 168.6, 152.9,
83.3, 66.5, 38.7, 28.0, 21.7, 18.9.

(+)-tert-Butyl (1S,2R)-1-[N-(Trifluoroacetyl)amino]-2-(bro-
momethyl)cyclopropane-1-carboxylate 10To 5 (1.5 g, 4.3 mmol,
1 equiv) was added a solutioi® M HCI/AcOEt (130 mL). After
the mixture was stirred at 28C for 2h, the HCI/AcOEt was

Sibille et al.

3.76 (d,J= 6.5 Hz, 3H), 3.72 (dJ = 6.5 Hz, 3H), 2.30 (ddd] =
4.4,15.6, 19.2 Hz, 1H), 1.88 (m, 1H), 1.77 (m, 1H), 1.51 (m, 1H),
1.31 (s, 9H), 1.01 (m, 1H)3C NMR (CDCk) 6 168.9, 158.6 (q,
J=36.3 Hz), 115.6 (qJ = 288.3 Hz), 81.9, 52.7 (dl = 6.5 Hz),
52.4 (d,J=6.5Hz), 37.0 (dJ = 8.9 Hz), 27.3, 24.2 (d] = 142.0
Hz), 20.0 (dJ = 12.1 Hz), 19.3 (dJ = 4.2 Hz);31P NMR (CDC})

0 33.0; [0]*» —51.6 € 1, CH;OH).

tert-Butyl 1-[N-(Trifluoroacetyl)amino]-1-(dimethoxyphos-
phoryl)-3-butenecarboxylate 13.This compound was isolated as
the major secondary product of the previous Arbuzov reaction
(13.1% yield). TLC (silica gel, EtOAc, TDM visualizatiof 0.39;

IH NMR (CDCl;) 6 7.31 (br s, 1H), 5.44 (m, 1H), 5.15 (d~= 5.6

Hz, 1H), 5.09 (s, 1H), 3.81 (&= 11.0 Hz, 3H), 3.74 (dJ = 11.0
Hz, 3H), 3.49 (m, 1H), 2.97 (m, 1H), 1.47 (s, 9HFC NMR

(CDCls) 6 166.3, 155.4 (gJ) = 37.0 Hz), 129.7 (dJ = 13.1 Hz),
121.9, 115.4 (q) = 288.7 Hz), 85.3, 64.6 (d} = 147.8 Hz), 54.8
(d,J=7.0Hz), 53.8 (dJ = 7.0 Hz), 34.0, 27.63'P NMR (CDCE)

0 19.4.

(+)-Ethyl (1R,2R)-1-[N-(Trifluoroacetyl)amino]-2-[(dimethox-
yphosphoryl))methyl]cyclopropane-1-carboxylate 14The (IR,2R)
phosphonat&4 was synthesized frorhl in an identical manner to
the (1IS2R) phosphonatel2 described above. The recovery was
lower with a 17.5% yield: TLC (silica gel, EtOAc, TDM visualiza-
tion) R 0.16;'H NMR (CDClg) 6 8.19 (br s, 1H), 4.17 (m, 2H),
3.72 (d,J= 4.8 Hz, 3H), 3.68 (dJ = 4.8 Hz, 3H), 2.05 (ddd] =

evaporated and the residue was dried under vacuum. The cruded.8, 7.2, 18.4 Hz, 2H), 1.82 (m, 1H), 1.66 (dii= 5.8, 8.0 Hz,

amine hydrochloride was used without further purification: TLC
(silica gel, CHCI,/CH;OH/NH,OH, 85:17:2.5, ninhydrin visualiza-
tion) R 0.65;'H NMR (CD3OD) 6 4.87 (br s, 1H), 3.78 (dd] =
7.8, 11.1 Hz, 1H), 3.61 (m, 1H), 2.32 (m, 1H), 1.81 (dds 6.5,
9.6 Hz, 1H), 1.52 (s, 9H), 1.39 (dd,= 6.9, 14.1 Hz, 1H)C
NMR (CDsOD) 6 170.3, 87.5, 43.8, 31.0, 30.9, 29.8, 22.8.

The amine hydrochloride was suspended in,Chl (130 mL)
under argon. Trifluoroacetic anhydride TFAA (2.3 mL, 16.3 mmol,
4 equiv) was added dropwise. The mixture was stirred for 1 h.
After evaporation,10 was obtained as a pale yellow oil (1.41 g,
4.1 mmol, 95.3%): TLC (silica gel, Ci&I,/EtOAC, 8:2, ninhydrin
visualization)Rs 0.75;H NMR (CDCl) 6 6.98 (br s, 1H), 3.58
(dd,J = 6.8, 10.8 Hz, 1H), 3.58 (1 = 9.6 Hz, 1H), 2.29 (m, 1H),
1.93 (dd,J = 5.9, 9.2 Hz, 1H), 1.42 (s, 9H), 1.23 G@,= 6.6 Hz,
1H); 3C NMR (CDCk) 0 168.3, 158.8 (q) = 37.4 Hz), 115.5 (q,

J = 288.5 Hz), 83.3, 39.9, 31.3, 28.7, 27.8, 23.9.

(+)-Ethyl (1R,2R)-1-[N-(Trifluoroacetyl)amino]-2-(bromom-
ethyl)cyclopropane-1-carboxylate 11.The (IR,2R) bromide 11
was synthesized fron® in an identical manner to the $PR)
bromide 10 described above.

Amine hydrochloride: TLC (silica gel, C¥l,/CH3;OH/NH,4-
OH, 85:17:2.5, ninhydrin visualizatior 0.75;'H NMR (CDs-
OD) 6 4.36 (q,d = 7.2 Hz, 2H), 3.88 (ddJ = 6.0, 10.8 Hz, 1H),
3.54 (t,J = 10.4 Hz, 1H), 2.31 (m, 1H), 1.80 (m, 2H), 1.37 {t,
= 7.2 Hz, 3H);13C NMR (CD;0OD) ¢ 170.0, 66.1, 42.8, 32.6, 31.5,
24.2, 16.4.

11: TLC (silica gel, CHCI,/EtOAc, 8:2, ninhydrin visualization)
R: 0.73;H NMR (CDCl3) 6 8.01 (br s, 1H), 4.24 (¢ = 7.2 Hz,
2H), 3.75 (dd,J = 6.8, 10.4 Hz, 1H), 3.54 () = 10.0 Hz, 1H),
2.08 (m, 1H), 1.89 (ddJ = 6.4, 7.6 Hz, 1H), 1.67 (dd] = 6.4,
9.2 Hz, 1H), 1.27 (tJ = 7.2 Hz, 3H);13C NMR 6 173.9, 158.6
(9,J =37.9 Hz), 115.2 (9) = 287.3 Hz), 62.8, 39.8, 32.4, 29.3,
24.8, 13.7.

(—)-tert-Butyl  (1S,2R)-1-[N-(Trifluoroacetyl)amino]-2-
[(dimethoxyphosphoryl))methyl]cyclopropane-1-carboxylate 12.
To10(1.41 g, 4.1 mmol, 1 equiv) under argon was added P(@Me)
(2.0 mL, 16.9 mmol, 4 equiv). The resulting mixture was heated

under reflux for 8 h. The solution was cooled and evaporated. The

crude mixture was extracted with EtOAc (200 mL), and the organic
phase was washed with,& (100 mL), saturated NaHGQ®olution
(2 x 100 mL), and brine (3x 100 mL), dried over MgS@ and

evaporated. The residue was purified by flash-chromatography.

Elution with increasing amounts of EtOAc (2000%) in CHCI,
afforded12 (782 mg, 2.1 mmol, 50.9%): TLC (silica gel, EtOAc,
TDM visualization)Rs 0.35;H NMR (CDCl) 6 8.83 (br s, 1H),

1H), 1.47 (ddJ = 5.8, 9.2 Hz, 1H), 1.22 (t) = 7.2 Hz, 3H);°C
NMR (CDCls) 0 169.2, 158.1 (qJ = 37.4 Hz), 115.7 (q) =
287.8 Hz), 61.8, 52.4 (d] = 6.3 Hz), 52.3 (dJ = 6.3 Hz), 37.2
(d,J =105 Hz), 23.2 (dJ = 3.2 Hz), 22.5, 21.8 (dJ = 104.9
Hz), 13.9;3P NMR (CDCB) 6 32.6; [0]®°p 8.9 (c 1, CHCB).

Ethyl 1-[N-(Trifluoroacetyl)amino]-1-(dimethoxyphosphoryl)-
3-butenecarboxylate 15.This compound is the major secondary
product of the previous Arbuzov reaction (27.1% yield). TLC (silica
gel, EtOAc, TDM visualizationR 0.17;*H NMR (CDCl) 6 7.30
(br s, 1H), 5.49 (m, 1H), 5.19 (d} = 4.4 Hz, 1H), 5.13 (s, 1H),
4.35 (q,J = 7.2 Hz, 2H), 3.86 (dJ = 10.8 Hz, 3H), 3.79 (dJ =
11.2 Hz, 3H), 3.55 (c) = 7.2 Hz, 1H), 3.04 (c) = 7.2 Hz, 1H),
1.33 (t,J = 7.2 Hz, 3H);3C NMR (CDCk) 6 167.5, 155.5 (g,
= 35.8 Hz), 129.7 (dJ = 12.6 Hz), 121.0, 115.3 (¢l = 288.3
Hz), 64.3 (d,J = 14.7 Hz), 63.2, 55.0 (d] = 6.8 Hz), 54.0 (dJ
= 7.4 Hz), 34.1, 13.9%'P NMR (CDCE) ¢ 19.0.

(—)-(1S,2R)-1-Amino-2-phosphonomethylcyclopropane-
carboxylic Acid 1. Compound12 (440 mg, 1.17 mmol) was
refluxed n 6 N HCI (10 mL) for 22 h. The solvent was evaporated,
and the remaining yellow oil was diluted in 700 mL®I (pH 3),
applied to an AG50-X4 cation-exchange column. The column was
eluted with HO. Evaporation of the combined ninhydrin positive
fractions containing the desired material gave a white solid (219
mg, 1.12 mmol, 96.0%): HPLG 15.9 min;H NMR (D,0) o
1.82-2.10 (br m, 3H), 1.551.69 (m, 2H);*3C NMR (D;0) 6
174.7, 41.3 (dJ = 11.0 Hz), 28.0 (dJ = 133.6 Hz), 24.7 (dJ =
3.7 Hz), 21.3 (dJ = 8.4 Hz);3'P NMR (D:0) ¢ 22.0; [0]*®> —51.5
(c1, H,O); Anal. (GH1o0NOsP2/3H,0O) C, N. H: calcd; 5.52; found,
5.25.

(—)-(1R,2R)-1-Amino-2-phosphonomethylcyclopropane-
carboxylic Acid 2. The (IR,2R) phosphonat® was synthesized
from 14 in an identical manner to the $LR) phosphonic acid
described above. HPL 18.1 min;!H NMR (D,0) 6 1.72-2.09
(br m, 4H), 1.34 (tJ = 7.0 Hz, 1H);3C NMR (D;0) ¢ 175.9,
40.6, 28.5 (dJ = 133.1 Hz), 23.3 () = 3.6 Hz), 22.3 (dJ=7.0
Hz); 3P NMR (D:0) 6 23.5; [0]%%46 —9.8 (€ 1, HO); Anal. (GHio
NOsP-2/3H,0) C, N. H: calcd, 5.52; found, 5.11.

The enantiomers were prepared in an identical fashion.

(—)-tert-Butyl (1R,2S)-1-(tert-butoxycarbonylamino)-2-(bro-
momethyl)cyclopropane-1-carboxylate (¢)-5): [a]?0 —2.8
(c 1, CHCE). (—)-Ethyl (1S,29)-1-(tert-butoxycarbonylamino)-
2-(bromomethyl)cyclopropane-1-carboxylate (¢)-6): [o]?> —46.5
(c 1, CHCB). (+)-tert-Butyl (1R,29)-1-[N-(trifluoroacetyl)amino]-
2-[(dimethoxyphosphoryl))methyl]cyclopropane-1-carboxylate
((+)-12): [a]?> 54.0° (c 1, CHOH). (—)-Ethyl (1S,2S)-1-[N-
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(trifluoroacetyl)amino]-2-[(dimethoxyphosphoryl))methyl]cy-
clopropane-1-carboxylate ((-)-14): [o]?®> —7.8 € 1, CHCE). (+)-
(1R,29)-1-Amino-2-phosphonomethylcyclopropanecarboxylic acid
((H)-1): []?®°D 52.3 € 1, H0). (+)-(1S,29)-1-amino-2-phospho-
nomethylcyclopropanecarboxylic acid (¢)-2): HPLCtg 19.9 min;
[(X. 20546 8.2 (C 1, H20).

Molecular Modeling. Conformational Analyses.All molecules
were protonated on the-amino group and deprotonated on the
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equationy = (Ymax —Ymin)/[1 + (WECs0)"] + Ymin and the kaleida-
graph program.

Pharmacological Assay on Recombinant NMDA Receptors.
Recombinant NR1/NR2A NMDA receptors were expressed in
Xenopus laeis oocytes after nuclear coinjection of the correspond-
ing pcDNA3-based expression plasmids containing either the rat
NR1-1a or the rat NR2A insert. Oocytes were prepared, injected,
voltage-clamped, and superfused as described previguslye

a-carboxylic and distal phosphonic groups. They were subjected external solution contained (in mM) 100 NaCl, 2.5 KCI, 0.3 BaCl

to a conformational search using Discover 3.00 (Insight Il Accelrys,
San Diego, CA). The flexibility of each molecule was investigated
through a simulated annealing protocol using the CVFF forcefield

5 HEPES, and 10 Tricine. The pH was adjusted to 7.3 with NaOH.
Tricine was used to remove traces of contaminant Zn, which acts
as a very potent allosteric inhibitor of NR1/NR2A NMDA receptors

(Accelrys) and setting the dielectric constant to 80, as already (see ref 55). NMDA currents were induced by simultaneous

described? 40 After initial minimization, the temperature of the

application ofL-glutamate and glycine and recorded-é60 mV

system was raised up to 900 K for 1 ps and cooled down to 300 K and at room temperature (2@4 °C). Their inhibition by (52R)-
during 5 ps. The resulting conformation was minimized again, using APCPr (—)-1 was measured by adding various amounts of the
a combination of steepest-descent (until derivative less than 5 kcal/compound during a response to glutamate and glycine, both applied
mol) and conjugated-gradient (derivative less than 0.05 kcal/mol) at their EGy (5 uM for glutamate and 2uM for glycine,
methods. This procedure was repeated 100 times for each moleculerespectively). Inhibition doseresponse curves were fitted with the

and each final minimized conformation was archived. In order to

following Hill equation: lapcp/lcontror = 1 — 1/(1 + (ICsd/

classify them into families, the 100 conformations were compared [APCPr]yH), where nH is the Hill coefficient and IG, is the

through a clustering analysis based on two distanddsthe
o-amine/phosphonate distance attithe o-carboxylate/phospho-
nate distance.

concentration of APCPr producing 50% current inhibition.
Electrophysiology.All patch clamp experiments were performed
on slices from 15 to 20-d-old Sprague Dawley rats (Taconic,

Docking. Each stereoisomer was docked into the active site of Germantown, NY). Animals were killed by decapitation, and brains

mGlu4 or mGlu8 receptor ATD (homology modeling modéf.

were rapidly removed and submerged in an ice-cold solution

The ligands were first manually positioned by superimposing the containing (in mM): choline chloride 126, KCI 2.5, NaiPO, 1.2,

o-carboxylate, the amine, and theacidic group on those of
glutamate. The obtained proteitigand complex was therefore

MgCl, 1.3, MgSQ 8, glucose 10, and NaHG®6, equilibrated
with 95% /5% CO.*3 The brain was glued to the chuck of a

subjected to energy minimization (steepest-descent convergenceyibrating blade microtome (Leica Microsystems, Nussloch GmbH),

1 kcal. motL. A-%; conjugate-gradient convergence, 0.1 kcal. Thol
A-1). This was performed using the Discover 3.00 calculation
engine with the CFF force field (Insight I, Accelrys). Nonbond
cutoff method and dielectric constant were set to cell-multipode
and distance dependert€ 1R), respectively. In order to obtain
optimal proximal bindings between ligand and prot&irthree
distances between tlhecarboxylic and amino groups of the ligand

and parasagittal slices (2%0n thick) were obtained. Slices were
immediately transferred to a 500 mL holding chamber containing
artificial cerebrospinal fluid (in mM): NaCl 124, KCI 2.5, MgQO
1.3, NaHPQO, 1.0, CaC} 2, glucose 20, and NaHGO26,
equilibrated with 95% @5% CQ, In all experiments 5uM
glutathione, 50Q«M pyruvate, and 25@M kynurenic acid were
included in the choline chloride buffer and in the holding chamber

and three residues of the proximal pocket (S159, A180, T182) were ACSF. Whole-cell patch-clamp recordings were obtained as

constrained using a quadratic potential. During the minimization

described previoush2 During recording, slices were maintained

procedure, the force constant was gradually decreased from 1000fully submerged on the stagé @ 1 mL brain slice chamber at 32

to 100 kcal mott.A-2. Additionally, in order to compensate for

°C and perfused continuously with equilibrated ACSF8&mL/

some forcefield discrepancies and to maintain the correct geometrymin). Neurons were visualized using a differential interference

of the cyclopropyl ring bearing charged substituents on the

contrast microscope and an infrared video system. Patch electrodes

o-carbon, distances and dihedral angles of this rigid part of the were pulled from borosilicate glass on a two-stage puller and had
ligand were tethered using a decreasing force contant from 1000resistances in the range of-3 MQ when filled with the following

to 500 kcal motl. A2

Pharmacology. Culture and Transfection of HEK 293 Cells.
HEK 293 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM, Gibco BRL) supplemented with 10% fetal calf
serum and transfected by electroporation as previously descéfibed.
Electroporation was carried out in a total volume of 300with
10 ug of carrier DNA, plasmid DNA containing mGlu4a, mGlu6,
mGlu7, or mGlu8a receptor (&g), and 10 million cells. To allow

internal solution: (in mM): 140 cesium methane sulfonate, 16
HEPES, 10 NaCl, 2 EGTA, 2 MgATP, 0.2 mM Na3-GTP.
Excitatory postsynaptic currents (EPSCs) were evoked by electri-
cally stimulation, in the presence of blockers of GABAA (2
bicuculline methobromide) and GABAB (100 nM CPG 55845)
receptors. Bipolar tungsten stimulation electrodes were placed
locally in the SNc~100 um rostral to the recording site. EPSCs
were evoked from a holding potential 6/70 mV by single pulses

those receptors to activate PLC, an effect easier to measure tharthat ranged from 5 to 25 V, 260400us, delivered once every 30

the inhibition of cAMP production, these receptors were coex-
pressed with the chimeric G-protein Gqi9 as previously descébed.

s. All field recording experiments were performed on hippocampal
slices from adult (106160 g) male Sprague Dawley rats (Taconic,

We previously reported that the pharmacological profiles of these Germantown, NY). Slices were obtained using previously described
receptors were identical to that characterized by measuring the methods'456:57For hippocampal field recordings a patch electrode

inhibition of cAMP formation.
Determination of Inositol Phosphates (IP) Accumulation.
Determination of IP accumulation in transfected cells was per-

filled with ACSF was placed in the dendritic region of the dentate
gyrus. Field excitatory postsynaptic potentials (fEPSPs) were
isolated and characterized as previously descriBe@tdCompounds

formed as previously described after labeling the cells overnight were applied to the bath using a three-way stopcock and were

with [3H]myoinositol (23.4 Ci/mmol, NEN, Francé}.The stimula-
tion was conducted for 30 min in a medium containing 10 mM

LiCl and the agonist at the indicated concentration. The basal IP

always applied for 1620 min in order to achieve a plateau
concentration.
Behavior Assays. Animals.Male Wistar rats (Charles River,

formation was determined after 30 min incubation in the presence L’Arbresle, France), were housed in groups of two per cage and

of 10 mM LiCl and the Glu-degrading enzyme glutamate pyruvate

maintained in temperature-controlled conditions with a 12 h light/

transaminase (1 unit/mL) and 2 mM pyruvate to avoid the possible dark cycle (7.00 A.M. to 7.00 P.M., lights off). Water and food
action of Glu released from the cells. Results are expressed as thavere providedad libitum All procedures were conducted in accor-

amount of IP produced over the radioactivity present in the
membranes. The doseesponse curves were fitted using the

dance with the requirements of the French “Ministde I'Agriculture
et de la Pehe” Decret no. 87848, October 19, 1987, and to the
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European Communities council directive of November 24, 1986
(86/609/EEC).
Catalepsy MeasurementMale Wistar ratsif = 39, 280-300

g, Charles River, France) were used for this experiment. At period

of 85 min after haloperidol injection (1 mg/kg intraperitoneal
injection i.p.), APCPr(—)-1 (0, 0.05, 0.5, and 2.5 nmglL; n =

11,7, 7, and 7, respectively) was infused bilaterally into the globus
pallidus, and the animals were tested in the horizontal bar test

immediately afterward. Each animal was gently placed with its

forepaws on a metal rod suspended 9 cm above the floor, and the

time elapsing before it climbed down from the bar was recorded
in seconds (with a cutoff time of 120 s) each 10 min for the 60-
min testing. In addition, a control groum & 7) receiving both
vehicle of haloperidol and APCRt-)-1 solutions was used in this
experiment.

Surgery. The animals were anesthetized by systemic injection
of xylazine (15 mg/kg) and ketamine (100 mg/kg) and placed in a
stereotaxic instrument (David Kopf, Tujunga, CA) with the incisor
bar positioned—3.0 mm under the interaural line for surgical
procedures based on the stereotaxic coordirfétal.the animals

were implanted with 10 mm bilateral stainless steel guide cannulae
(23 gauge) positioned 3 mm above the injection site in the globus (10)

pallidus at the following coordinates: (AP)0.92 mm, (L)+3.0
mm, and (DV)—4 mm from bregma. The guide cannulae were

Sibille et al.

(2) Pin, J.-P.; Acher, F. The metabotropic glutamate receptors: structure,
activation mechanism and pharmacolo@urr. Drug TargetsCNS
Neur. Dis.2002 1, 297-317.

(3) Spooren, W. P. M.; Gasparini, F.; Salt, T. E.; Kuhn, R. Novel
allosteric antagonists shed light on mGIlu5 receptors and CNS
disorders.Trends Pharmacol. ScR001, 22, 331-337.

(4) Niswender, C. M.; Jones, C. K.; Conn, P. J. New therapeutic frontiers
for metabotropic glutamate recepto®urr. Top. Med. Chen005
5, 847-857.

(5) Conn, P. J.; Battaglia, G.; Marino, M. J.; Nicoletti, F. Metabotropic
glutamate receptors in the basal ganglia motor cirdgiture Re.
Neurosci.2005 6, 787—798.

(6) Marino, M. J.; Hess, J. F.; Liverton, N. Targeting the metabotropic
glutamate receptor mGluR4 for the treatment of diseases of the central
nervous systemCurr. Top. Med. Chen2005 5, 885-895.

(7) Marino, M. J.; Conn, P. J. Glutamate-based therapeutic approaches:
allosteric modulators of metabotropic glutamate recep&us.. Opin.
Pharmacol.2006 6, 98—102.

(8) Swanson, C. J.; Bures, M.; Johnson, M. P.; Linden, A. M.; Monn, J.
A.; Schoepp, D. D. Metabotropic glutamate receptors as novel targets
for anxiety and stress disordefdat. Re.. Drug Discasery 2005 4,
131-144.

(9) Neugebauer, V. Metabotropic glutamate receptargportant modu-

lators of nociception and pain behaviéain 2002 98, 1-8.

Li, W.; Neugebauer, V. Differential changes of group Il and group

Il mGIuR function in central amygdala neurons in a model of arthritic

pain.J. Neurophysiol2006 96, 1803-1815.

then anchored to the skull with four stainless steel screws and dental (11) Kearney, J. A. F.; Albin, R. L. mGIuRs: a target for pharmacotherapy

ciment. Stainless steel wire inlet cannulae (10 mm) were placed

inside to prevent occlusion.
Injection Procedure. The bilateral intrapallidal injections were

performed with stainless steel injector needles (13 mm, 30 gauge)
inserted inside the implanted guide cannulae and fitted so that they

protruded 3 mm below, within the globus pallidus. The injectors

were connected via a polyethylene catheter (Tygon, i.d. 0.25 mm)

to Hamilton microsyringes (10L) fitted to a micropump (CMA/
100, Stockholm, Sweden). The flow delivered by the pump was
set at 0.166«L/min for a volume of 0.5uL/side. At the end of
injection, injector needles were left in place for an additional 3
min to allow the diffusion of the solution. Immediately afterward,
step-down latencies were recorded.

Drugs. The mixed D1/D2 dopaminergic receptor antagonist
haloperidol (Haldol injectable solution 5 mg/mL; Janssen, Boulogne,

France) was dissolved in physiological 0.9% saline solution and

injected systemically at a dose of 1 mg/kg. The selective group IlI
metabotropic glutamate receptors agonist APCBr1 was freshly
dissolved in distilled water. The APCPr)-1 solution was adjusted
to a pH of 6.5-7.5 with 0.1 N NaOH.

Data and Statistical Analysis.Catalepsy data were analyzed
by using a multiple Kruskal-Wallis “H” test. The median latency

was calculated for each dose and for each 10 min period. Individual

comparisons were performed using the nonparametric Mann
Whitney U test.
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