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Positive allosteric modulation of the human metabotropic
glutamate receptor 4 (hmGluR4) by SIB-1893 and MPEP
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We have identified 2-methyl-6-(2-phenylethenyl)pyridine (SIB-1893) and 2-methyl-6-phenylethynyl
pyridine hydrochloride (MPEP) as positive allosteric modulators for the hmGluR4. SIB-1893 and
MPEP enhanced the potency and efficacy of L-2-amino-4-phophonobutyrate (L-AP4) in guanosine 5'-
O-(3-[**S]thiotriphosphate ([**S]GTPYyS) binding and efficacy in cAMP studies. These effects were fully
blocked by the mGluR4 competitive antagonist (RS)-o-cyclopropyl-4-phosphonophenylglycine
(CPPQG), indicating a dependency on receptor activation. Although SIB-1893 and MPEP had no
effects alone in GTPyS binding, effects were observed in the cell-based cAMP assay due to media-
derived activation as indicated by CPPG inhibition. Positive modulation of the mGluR4 was a
receptor-specific effect since SIB-1893 and MPEP had neither effects on mGluR2-expressing cells nor
on the parent BHK cell line. In [°’H]L-AP4 binding, a two-fold decrease in K, but not in B, was
observed with 100 um SIB-1893, whereas MPEP affected neither parameter. Finally, SIB-1893 and
MPEP failed to displace [PH]L-AP4 binding. Taken together, these data identify positive allosteric

modulators for the hmGluR4.
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Introduction Metabotropic glutamate receptors (mGluRs)
belong to Family C G-protein-coupled receptors, which also
include the Ca®"-sensing, GABAg, pheromone, and taste
receptors. Eight subtypes (1—-8) and multiple splice variants of
the mGluR have been identified and grouped based on their
sequence homology and pharmacological properties. In
heterologous expression systems, Group I mGluRs (subtypes
1 and 5) activate the phosphatidyl inositol pathway, while
Group II (2 and 3) and Group III (4, 6, 7 and 8) inhibit
adenylyl cyclase (Conn & Pin, 1997). Due to their highly
conserved glutamate-binding site (Kunishima et al., 2000),
development of subtype-specific ligands has been difficult,
obscuring the physiological importance of the individual
mGluR subtypes.

Recently, a number of allosteric modulators, which all lack
the z-amino-acidic moiety characteristic of competitive ligands
and which fail to displace orthosteric ligands, have been
identified for mGluRs. 7-(Hydroxyimino)cyclopropa[b]chro-
men-la-carboxylate ethyl ester (CPCCOEt) and 2-methyl-6-
(phenylethenyl)pyridine hydrochloride (MPEP), negative al-
losteric modulators for mGluR1 and mGluR5, respectively,
have been shown to bind to sites distinct from glutamate
within the seven-transmembrane region (Gasparini et al.,
2002). Since these allosteric sites are less conserved than the
glutamate-binding site, there is general consensus that
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ligands, which target these regions, will be key to subtype-
specificity.

We show here that 2-methyl-6-(2-phenylethenyl)pyridine
(SIB-1893) and MPEP are positive allosteric modulators for
the hmGluR4 in addition to being mGluR5 noncompetitive
antagonists as previously reported (Gasparini et al., 1999;
Varney et al., 1999).

Methods Reagents 1L-2-amino-4-phosphonobutyrate (L-AP4),
FHJL-AP4 (52Cimmol™'), (RS)-a-cyclopropyl-4-phosphono-
phenylglycine (CPPG), L-serine-O-phosphate (L-SOP), SIB-
1893, and MPEP were from Tocris Cookson (Bristol, U.K.).
Phenylmethanesulphonyl fluoride (PMSF), L-glutamate, sapo-
nin, forskolin, 3-isobutyl-1-methylxanthine (IBMX), and gua-
nosine 5'-diphosphate (GDP) were from Sigma-Aldrich
(Germany). Guanosine 5'-O-(3-[**S]thiotriphosphate ([**S|GTPYS)
(1250 Cimmol™") and ['*I]-cAMP (2200 Cimmol~') were from
Perkin-Elmer Life Sciences, U.S.A.

Cloning and generation of cell line The full-length human
mGluR4 cDNA, cloned from cerebellum poly(A)" mRNA
(BD Biosciences, U.S.A.), was subcloned into pCl-neo
(Promega, U.S.A.) and transfected into baby hamster kidney
(BHK) cells using Lipofectamine 2000 (Gibco, U.K.). Cells
were grown for 7 days in Smgml~' G418 (Gibco, U.K.) after
which, clones were selected and tested in a cAMP assay.
HmGIluR4-expressing cells were maintained in Dulbecco’s
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modified Eagle’s medium (DMEM) containing glutamax I,
10% dialysed fetal calf serum, 1 mM sodium pyruvate, and
0.5mgml ™" G418 in 5% CO, at 37°C, while cells expressing the rat
mGIuR2 were grown in 1mgml~' G418 (Thomsen et al., 1994).

Membrane  preparation BHK  cells expressing either
hmGluR4 or rmGluR2 were grown to 90% of confluence
and harvested as previously described (Kowal et al., 1998). On
the test day, membranes were thawed, centrifuged, and
resuspended in ice-cold distilled water for 1h. Membranes
were then centrifuged and resuspended in the desired assay
buffer (Urwyler et al, 2001). Protein concentrations were
determined using the Pierce BCA Protein Assay (Pierce
Biotechnology, U.S.A.).

[P’S]GTPyS binding assay The assay was performed as
described (Urwyler et al., 2001) except that 3 um GDP, 15 ug
per well membranes supplemented with 50 ugml~' saponin,
1mg per well wheat germ agglutinin-coated scintillation proxi-
mity assay (SPA) beads (RPNQO0001, Amersham), and 0.5nm
[**S]IGTPYS (1250 Cimmol~!) were used.

Inhibition of forskolin-stimulated cAM P production ~Cells were
seeded at 15,000 per well in 96-well plates 24 h before assaying.
Prior to compound addition, the medium was replaced with
200 ul/well ground buffer (DMEM, 20 mm HEPES and 0.1 mm
IBMX) for Smin. The buffer was then replaced with test
compounds diluted in ground buffer with 10 um forskolin.
The reaction was terminated after 15min by aspirating
and adding ice-cold 0.1 HCI. After freezing for 30 min at
—80°C, each well was neutralised with 0.15M NaOH. cAMP
levels were quantified using the Adenylyl Cyclase Flash-Plate(R)
assay (NEN, Belgium) and interpolated from a standard
cAMP curve.

[PH]L-AP4 SPA binding assay Homologous displacement
binding curves were generated on hmGluR4-expressing BHK
membranes. Experiments were performed as described (Mon-
astyrskaia et al., 1999) except that 75 ug membranes, 1 mg SPA
beads, and 30 nm [*H]L-AP4 (52 Cimmol ") per well were used
and that the buffer consisted of 30mm HEPES pH=8.0,
300 mM choline chloride, and 0.1 mm PMSF.

Data analysis Concentration — response and homologous
displacement binding curves were analysed by nonlinear
regression using GraphPad Prism version 3.0 for Windows
(GraphPad Software, San Diego, U.S.A.). Kp and B
values were estimated using the following equations (Motulsky
& Neubig, 1997), where L is the concentration of the
radioactive ligand and the ICsy, Biop-platcau aNd Brottom-plateau
were estimated by nonlinear regression: Kp=I1Csy—L;
Bmax = (Blop-plateaufBbonom-plateau)/(L/ICSO)'

Results GTPyS binding has been useful in identifying
positive allosteric modulators because of its level of sensitivity
and lack of receptor activation from media-derived stimuli
(Urwyler et al, 2001). A similar approach was taken to
identify modulators for the hmGluR4. Concentration—
response experiments for L-AP4 using hmGluR4-expressing
BHK membranes resulted in a saturable increase in
[**SIGTPyS binding with an ECs, of 0.48 um and a maximal

response of 1.9-fold over basal activity (Figure 1; Table 1).
Concentration — response curves for L-AP4 were generated in the
presence of fixed concentrations of the mGluR5 noncompeti-
tive antagonists SIB-1893 and MPEP, which were expected to
have no effects. Surprisingly, however, they significantly
potentiated L-AP4’s response. In the presence of L-AP4,
100 um SIB-1893 and MPEP increased GTPyS binding by
3.2- and 2.8-folds, respectively, over basal activity (Table 1),
which corresponds to 1.7- and 1.5-fold over the maximal L-
AP4 response. Dimethyl sulphoxide at concentrations corre-
sponding to those in 100 um SIB-1893 or MPEP had no effects
on GTPyS binding (data not shown). Furthermore, left-shift
displacements of the L-AP4 concentration-response curves
were observed for SIB-1893 (3.2-fold) and MPEP (1.8-fold)
(Table 1). These data show that SIB-1893 and MPEP posi-
tively modulate both the efficacy and potency of the mGluR4
orthosteric agonist L-AP4. Moreover, L-glutamate produced a
maximal response comparable to that of L-AP4 and in the
presence of 100 um SIB-1893 and MPEP, similar effects were
observed as seen for L-AP4 (Table 1).

To determine whether the positive effects of SIB-1893 and
MPEP were dependent on activation by L-AP4, the mGluR4
competitive antagonist CPPG was used in a series of GTPyS
binding studies (Figure 2). A challenge of 0.8 um L-AP4 on
hmGluR4-expressing membranes produced a submaximal
response (~ ECy). This response was completely blocked with
100 um CPPG, which alone displayed no effects. Increasing the
concentrations of SIB-1893 in the presence of 0.8 um L-AP4
potentiated the response to 2.5-fold above basal activity
compared to that achievable by L-AP4 alone (1.6-fold in
this set of experiments). In the presence of 1000 um CPPG,
SIB-1893-enhanced GTPyS binding was completely blocked
(Figure 2). Similar findings were made for MPEP except that it
was less potent (data not shown).

In order to examine the downstream effects of SIB-1893 and
MPEP, cAMP formation in intact hmGluR4-expressing cells
was measured. At 100 um, SIB-1893 and MPEP inhibited
forskolin-stimulated cAMP formation on their own by 47 and
22%, respectively, compared to 45% by 100 um L-AP4 (only
SIB-1893 data are shown in Figure 3). These findings were in
contrast to GTPyS binding, where no effects were seen with
either SIB-1893 or MPEP alone.

To investigate if this was due to receptor preactivation by
media-derived stimuli, BHK cells expressing the hmGluR4
were treated with 100 um CPPG. This alone produced an

30000~
1 o © L-AP4 + 100 uM SIB1893
9 © L-AP4+50 M SIB1893
v L-AP4 + 10 uM SIB1893
20000 v & L-AP4+1uMSIB1893
= 1 m L-AP4
) o SIB1893
10000+
0_

RS MR B AALL BMELALLS BIMRALLL B AL B B
9 -8 -7 6 5 4 3
Log [ligand] (M)
Figure 1 Effect of SIB-1893 on L-AP4-induced [**SJGTPyS binding
in hmGluR4 membranes. Data are given as CPM +s.e.m. from a

representative experiment performed in triplicate. Nonspecific
binding (~ 3600 CPM) has been subtracted.
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Table 1 ECs, and maximal responses of L-AP4 and L-glutamate in the absence and presence of SIB-1893 and MPEP

ECs,
(M) (M)
Basal

L-AP4 0.48
SIB-1893 1 0.47
SIB-1893 10 0.32
SIB-1893 50 0.24
SIB-1893 100 0.15
MPEP 1 0.55
MPEP 10 0.44
MPEP 50 0.39
MPEP 100 0.26
L-glutamate 6.41
SIB-1893 100 1.08
MPEP 100 2.15

pD, Max. response n
(fold over basal)

1.0040.01 6
[6.3240.01] 1.90+0.09 6
[6.3440.04] 2.0740.13 3
[6.5040.04] 2.5340.10% 4
[6.6940.13]* 3.0140.13* 4
[6.9340.13]* 3.1840.12* 5
[6.2740.06] 1.97+0.14 3
[6.3740.04] 2.13+40.09 4
[6.4240.07] 2.5340.11* 4
[6.63+0.09]* 2.83+0.09% 5
[5.2040.04] 2.1340.09 3
[5.98+0.08]* 3.0340.12% 3
[5.68 40.05]* 2.9240.17* 3

[**SJGTPyS binding on hmGluR4 membranes. The maximal responses represent the ratio of nonlinear regression-fitted basal and maximal
plateaus and are reported as folds over basal. Data are given as mean+s.e.m. from n independent experiments. Significant differences
from L-AP4 and L-glutamate: *P<0.05 (ANOVA followed by Dunnett’s test).
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Figure 2 Potentiating effect of SIB-1893 in [**S]GTPYyS binding on
hmGluR4 membranes. The L-AP4 response enhanced by SIB-1893
at 10—100 um was completely blocked by 1000 um CPPG. SIB-1893
alone failed to increase binding above basal level. The data are
mean+s.e.m from three to six independent experiments each
performed in quadruplicate. Significant differences from basal:
*P<0.05 and from SIB-1893 enhanced L-AP4 response; *P<0.05
(ANOVA followed by Dunnett’s test).

increase in cAMP of ~25% above that induced by 10 um
forskolin, indicating activation of the hmGluR4 in the absence
of L-AP4. The effects of SIB-1893 and MPEP alone were
sensitive to 100 um CPPG, which significantly reduced their
effects. Furthermore, SIB-1893 and MPEP potentiated a
submaximal effect seen with 0.1 um L-AP4, albeit not to the
same extent as in GTPyS binding. CPPG similarly blocked the
potentiation of SIB-1893 and MPEP as well as the effect of L-
AP4 alone. These data indicate that the modulatory effects of
SIB-1893 and MPEP are dependent on receptor activation in a
whole-cell system. Since no effects of SIB-1893 or MPEP were
observed in either the rmGluR2 or parental BHK cells at con-
centrations up to 100 um (Figure 3), their effects appear to be
receptor specific and not due to a nonspecific downstream effect.

In order to determine if SIB-1893 and MPEP increased
affinity of L-AP4 for hmGluR4, homologous displacement
experiments with [*'H]L-AP4 were performed in the presence of
fixed concentrations of the compounds. SIB-1893 shifted the
[PH]L-AP4 curve to the left significantly albeit modestly in a
dose-dependent manner (Table 2). The K}, values of [*'H]L-AP4
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Figure 3 Inhibition of forskolin-stimulated cAMP formation. In
hmGluR4-expressing BHK cells, CPPG blocked the concentration-
dependent effects observed with SIB-1893 alone and together with
0.1 um L-AP4. In rmGluR2-expressing BHK cells, the L-glutamate
response was not augmented by SIB-1893 and no effects of SIB-1893
alone were observed. In the parent BHK cell line, L-AP4 and SIB-
1893 produced no effects. The data are mean+s.e.m. of three
independent experiments performed in triplicate and are expressed
as % inhibition of 10 um forskolin-stimulated cAMP production.
Significant differences: *P<0.05 (ANOVA followed by Dunnett’s
test).

were decreased in the presence of 50 and 100 um SIB-1893 by a
factor of 1.7 and 2.0, respectively, whereas the B, values were
unchanged. Interestingly, 100 um MPEP altered neither the Kp,
nor the B, of L-AP4 (data not shown). Furthermore, 100 um
SIB-1893 and MPEP failed to displace [PH]L-AP4 from
hmGluR4 membranes. No specific [*’HJL-AP4 binding was
detected in native BHK cell membranes.

Discussion We demonstrate that SIB-1893 and MPEP
positively modulate the hmGIuR4 in a recombinant expression
system, which to our knowledge, is the first report identifying

British Journal of Pharmacology vol 138 (6)
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Table 2 Effects of SIB-1893 on homologous displacement
of PHJL-AP4 from hmGluR4 membranes

L-AP4+ Kp Binax n
(um) (nm (fmollmg)

None 0 196425 11574151 4

SIB-1893 10 190+ 19 1118+112 4

SIB-1893 50 118 +8%* 926+114 4

SIB-1893 100 98 +3* 880+85 4

Kp and B, values were estimated from homologous
displacement and given as mean+s.e.m. from three to four
independent experiments. Significant differences from L-AP4
alone: *P<0.05 (ANOVA followed by Dunnett’s test).

them as positive allosteric modulators for mGluR4. In GTPyS
binding, it was clearly shown that the effects of SIB-1893 and
MPEP were fully dependent on the activation of the
orthosteric agonist L-AP4. Moreover, the L-AP4 response
and its potentiation by either SIB-1893 or MPEP were
completely blocked by the competitive mGluR4 antagonist
CPPG.

Similar findings were seen in whole cell-based cCAMP assays.
In contrast to GTPyS binding, however, the compounds
activated the hmGluR4 on their own. This can be explained by
the differences between the assays. In the [**S]GTPyS assay,
cell membranes were water treated for 1hr resulting in the
removal of glutamate whereas the presence of glutamate could
not be completely eliminated from the cAMP assays, leading
to some degree of receptor activation. This was supported by
the fact that CPPG produced a cAMP response above that of
10 uMm forskolin. The presence of glutamate in whole cell assays
and its effects on mGluR pharmacology have been previously
reported (Thomsen et al., 1994), posing problems in differ-
entiating between allosteric modulators and allosteric agonists
(Christopoulos & Kenakin, 2002).

It was previously reported that SIB-1893 in GTPyS binding
and MPEP in cAMP assays displayed no agonistic effects on
mGluR4 when tested alone (Gasparini et al., 1999; Varney
et al., 1999). In cAMP experiments, modest mGluR4 agonism
(50% of the L-AP4 response, ECs,=26.4 um) of SIB-1893 was
detected and a trend towards enhancing the L-glutamate/
L-AP4 response in both GTPyS and cAMP assays was observed,
albeit not significantly. The conclusions drawn that SIB-1893
and MPEP were not positive allosteric modulators for the
mGIluR4 are in contrast to our data, which show robust
potentiating effects especially in GTPyS binding studies. An
explanation for this discrepancy may lie in the different
screening systems used with respect to the chosen cell lines, the
expression levels of the hmGluR4, and the efficiencies of G-
protein coupling. We observed that BHK cells were superior in
terms of hmGluR4 membrane expression based on fluores-
cence microscopy and signalling compared to either HEK293
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