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Abstract—The (25,4R)- and (2S,45)-4-hydroxyglutamates activate cloned mGlu;,, mGlu,, and mGlug, receptors with different
potencies. Best results were obtained with the (25,4S) isomer being almost as potent as glutamate on mGlu;,R and mGlug,R. Data
are interpreted on the basis of the binding site model and X-ray structure. © 2001 Elsevier Science Ltd. All rights reserved.

Glutamic acid (Glu) plays a major role in the mamma-
lian central nervous system, as the neurotransmitter of
most excitatory synapses. It is involved in many brain
functions such as motor control and vision, as well as in
learning, memory, and brain development. However
glutamate is also the main endogenous neurotoxin and
plays an important part in several neuropathologies and
brain disorders.! Accordingly glutamate receptors are
considered as potential therapeutic targets. Two main
types of receptors have been characterized: the iono-
tropic (iIGluR) and metabotropic receptors (mGluRs).!-?
So far, the development of compounds acting on
iGluRs has been hampered by the essential role of these
receptors. Nevertheless, since metabotropic receptors
have modulatory functions, they are perceived as pro-
mising new therapeutic targets.>® Indeed the first
mGluR agonist with nanomolar affinity, which was dis-
covered recently by the Eli Lilly group, is now in clinical
trial for anxiety.o—®

The ecight cloned subtypes of mGluRs that have been
identified so far are classified into three groups accord-
ing to sequence similarity, transduction mechanism, and
pharmacological profile.* Group-I receptors (mGlu; sR)
stimulate PLC hydrolysis, while group-II (mGlu,;R)
and -IIT (mGluy ¢ 7 sR) receptors inhibit adenylyl cyclase
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in heterologous expression systems. As previously
detailed, potential therapeutic applications are mostly
expected from group-I antagonists and group-II, -III
agonists.* Most ligands are moderately potent with
micromolar affinities in the same range as glutamate
itself. Moreover, although group-selective agonists are
known, potent subtype-selective ones are still lacking.’
In the present letter, we wish to report on the effect of
(2S,4R)-4-hydroxyglutamate 1 and (2S5,4S)-isomer 2
assayed at cloned mGlu;,R, mGlu,R, and mGlug,R,
representing the three groups mentioned above. These
analogues serve as topological hydrophilic probes for
the glutamate binding site around the distal acidic
function. A similar investigation has been previously
carried out on cloned excitatory amino acid transpor-
ters 1 and 2 (EAAT1 and EAAT?2).'° The new data will
allow a refinement of the agonist pharmacophore mod-
els''~13 and of receptor binding site models.!* They
might also be interpreted with the recently published
crystal structure of the mGlu;R lingand-binding region
(LBR) when the coordinates are available.!> The final
objective is to better define the elements that govern
selectivity, these in turn might be useful for the dis-
covery of new selective ligands.
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Several syntheses of diastereomeric 4-hydroxyglutamic
acids, which are naturally occurring, have been
described.!®2? In the present study, a diastereoisomeric
mixture of 4-hydroxy-L-glutamic acids was obtained by
enzymatic transamination of racemic 4-hydroxy-2-oxo-
glutaric acid catalysed by glutamic oxaloacetic trans-
aminase as previously reported.!® Separation of the iso-
mers 1 and 2 was achieved by anion exchange
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Figure 1. Agonist effect of glutamate, 4-hydroxyglutamate 1 and 2 on
cells expressing mGlu,, (A), mGlu, (B) and mGlug, (C) receptors. The
total IP production was measured and expressed as the percentage of
the maximal IP production induced by glutamate.?*?> Curves were
fitted as described in Table 1.

Table 1.
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chromatography,'®'® diastereomeric (>99.6%) and
enantiomeric (ee>99.3%) purity were checked by GC
on derivatized samples.?’

The effect of (2S,4R)-4-hydroxyglutamate 1 and
(2S5,45)-2 were examined on representative members of
the three mGIluR groups, rat mGlu;,R, mGlu,R and
mGlug,R, respectively, transiently expressed in HEK
293 cells as previously described.?*?> Both compounds
activated all three receptors in a dose-dependent manner
but with different potencies (Fig. 1). On mGlu,R, 2
showed an ECsq value close to that of Glu and appears
to be a full agonist, but 1 was much less potent with an
ECsg around 400 uM (Fig. 1A, Table 1). Although the
maximal effect of this drug could not be determined
precisely due to its low affinity, curve fitting suggests 1 is
a full agonist at this mGlu receptor type. On mGlu,R,
the two isomers behave similarly as partial agonist (60%
of the maximal response measured with 1 mM Glu) with
analogous potencies (Fig. 1B, Table 1). On mGlug,R,
the maximal response obtained with 1 was about 60%
of that obtained with Glu, indicating this compound is a
partial agonist. In contrast, 2 behaved as a full agonist
in our assay. Both compounds display a similar ECs
value on this receptor subtype (Fig. 1C, Table 1).

We have shown with pharmacophore models, that glu-
tamic acid adopts an extended conformation on
mGlu;,, mGlu,, mGluy,, and mGlug, receptors and
have deduced that ligand selectivity with respect to
receptor groups and subtypes would result from a dif-
ferent environment at the protein binding site.*!1~!3
Indeed, our model of the mGluy,R binding site as well
as the crystal structure of the mGlu;R binding domain!>
together with a sequence alignment of all mGluR sub-
types,!* allow to identify several residues that are likely
involved in ligand recognition selectivity (Fig. 2). Fur-
ther information on the impact of these residues can be
obtained from the functional analysis of the effect of
glutamate analogues bearing hydrophobic'"'> or
hydrophilic?>?¢ substituents. Models'“?” and X-ray
structure!” reveal that the ligand binding domain folds
in two lobes which delineate an interdomain cleft where
glutamate binds. The closed bilobate structure trapping
the agonist (Fig. 2) would be a critical step in the acti-
vation mechanism. Accordingly, residues from both
lobes surrounding the ligand (glutamate analogue) were
proposed to either bind to the functional groups of the
glutamate moiety embedded in the ligand or to interact
with its selective substituents. This is supported by
mutagenesis experiments>’2° and the recent structure of

Activities and potencies of glutamate, 4-hydroxyglutamates 1 and 2 on rat mGlu;,, mGlu,, mGlug, receptors expressed in HEK293 cells

as described in refs 24 and 25. R.x indicates the maximal effect obtained with 1 mM of the drug expressed as percent of the maximal effect of
glutamate. ECs, values (uM) and Hill coefficients (nH) were determined by fitting the dose—response curves to the equation y = [(Ymax—Ymin)/1 + (X/
ECs0)"H] + ymin. Data are means+SEM of at least 3 independent experiments performed in triplicate

Glutamate (2S,4R)-4-OHGlu 1 (25,45)-4-OHGlu 2
Receptor ECso ECso nH Ruax ECsg nH Riax
mGlu;,R 3+1 373+118 1.06+0.13 70+6 11+2 0.884+0.19 95+6
mGlu,R 16+2 161421 1.004+0.02 5248 137+£10 1.48+£0.23 60+9
mGlug,R 8+2 69+21 1.11+0.11 54+6 53+14 0.90+0.08 9445
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a glutamate bound to the binding domain of mGlu;R.!>
It is now of interest to compare the effect of different
glutamate analogues with the proposed binding sites of
the three mGluRs representing each group.

mGlu,R. As (2S5,35,45)-3,4-dihydroxyglutamic acid
(DHGA),?° (28,45)-4-hydroxyglutamic acid (2 X=OH,
Y =H, Fig. 2A, Table 1) is an mGlu;,R agonist with
potency comparable to glutamate (Glu X=Y =H Fig.
2A, Table 1). Yet it is about 10-fold less potent than the
(25,45)-4-methylglutamic acid (4-MeGlu X=CHj,
Y=H, Fig. 2A, ECs5x=0.9uM).!! In both cases the
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Figure 2. Schematic binding site of mGlu;,R, mGlu,R and mGlug,R
derived from our previous model of mGlus,R LBR!# and the structure
of the mGlu;R LBR."> Asp (208 for A, 188 for B, 199 for C) located in
the hinge, is shown although it is quite distant (5.3 A,'* 5.0 A'®) from
the amino group of glutamate. Interaction with Lys (409 for A, 377 for
B, 401 for C) has been added according to the mGlu,R crystal struc-
ture.!> Glutamate (X =Y =H) and its analogues (X, Y=H, OH, CH;
or CO, ™) have been positioned according to the mGluy,R model'* and
to the mGlu;R crystal structure.'> Conserved residues in red bind the
amino and acidic functions of glutamate, group specific or subtype
specific residues are shown in blue.

(2S,4R) isomer is a much weaker agonist (Table 1 and
ref 11). These data tend to show that the glutamate 4-
proR substitution is sterically restricted and that a
methyl or a hydroxyl substituent are accepted in the 4-
proS position. Since (2S5.,4S5)-4-MeGlu is more active
than its hydroxy analogue, we suggest that the methyl
substituent interacts favorably with the aromatic moiety
of Tyr74 while the hydroxyl of 2 is not optimally orien-
ted to allow any stabilizing interaction (Fig. 2A). A lar-
ger group such as a carboxylate in y-carboxyglutamate
(Gla X=CO,~, Y=H, Fig. 2A) prevents from any
binding?® and apparently no attractive coulombic inter-
action takes place between this group and Arg323. We
previously noted that the mGlu;R binding site is quite
restricted;!' we now suggest that it is due to the bulk of
Tyr74 in the vicinity of the distal acidic function of glu-
tamate (Fig. 2A).

mGlu,R. Both 1 and 2 are partial agonists with moder-
ate potency at mGlu,R, their affinity is about 10-fold
lower than that of glutamate in the same assay (Table 1).
We have shown that (2S5,35,45)-3,4-DHGA does not
bind to mGlu,R, in contrast with (2S5,4S5)-4-MeGlu
which is a more potent agonist than glutamate itself
(ECso=3.5uM).!! Indeed the pharmacophore model
showed the glutamate 4-proS region (X region in
Fig. 2B) to be hydrophobic.!'! We, thus, suggest that
Tyr144 strongly contributes to hydrophobic interactions
in this region all the more since Leu300 side chain
appears to be too short to interact with the ligands
(Fig. 2B).

mGlug,R. While 1 is a partial agonist at mGlugR with
an ECs, value of 69 uM, 2 is a full agonist with similar
affinity (ECsq 53 uM). According to the pharmacophore
model,' the hydroxyl function of 2 would lie in a
hydrophilic region that could be defined by Lys71,
Lys314 and Ser310 (Fig. 2C). Although this substituent
is well accepted it does not allow additional binding of 2
to the receptor that would increase the activity of the
agonist. On the other hand, such a favorable effect has
been detected when the agonist bears an additional
acidic function which has been shown to make polar
interactions with the basic cluster of lysines.'* However,
if this acidic group adopts a different orientation, it can
cause a repulsive interaction that prevents activation so
that the ligand behaves as an antagonist, as it is the case
with y-carboxyglutamic acid.'>?* Although a hydro-
phobic cluster of alanines is present on the first lobe of
mGlug,R (Fig. 2C), it seems that the basic cluster sur-
rounding the distal carboxylate of glutamate is more
critical for group selectivity. This result is in contrast
with the preferred hydrophobic environment of
mGlu,R binding site.

In conclusion, we have shown that (2S5,45)-4-hydroxy-
glutamate 2 is almost as potent as glutamate at
mGlu;,R and mGlug,R. Moreover 2 and its (2S5,4R)-
isomer 1 can be used as hydrophilic probes of the
mGluR binding sites. The pharmacological data are
tentatively interpreted on the basis of a previous
mGluy, R model, the crystal structure of mGlu;R (coor-
dinates not yet available) and the sequence alignment.
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