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ABSTRACT: Recent progress in the discovery of mGlu1 allosteric modulators has suggested the
modulation of mGlu1 could offer possible treatment for a number of central nervous system
disorders; however, the available chemotypes are inadequate to fully investigate the therapeutic
potential of mGlu1 modulation. To address this issue, we used a fluorescence-based high-
throughput screening assay to screen an allosteric modulator-biased library of compounds to
generate structurally diverse mGlu1 negative allosteric modulator hits for chemical optimization.
Herein, we describe the discovery and characterization of a novel mGlu1 chemotype. This series of
succinimide negative allosteric modulators, exemplified by VU0410425, exhibited potent
inhibitory activity at rat mGlu1 but was, surprisingly, inactive at human mGlu1. VU0410425
and a set of chemically diverse mGlu1 negative allosteric modulators previously reported in the literature were utilized to examine
this species disconnect between rat and human mGlu1 activity. Mutation of the key transmembrane domain residue 757 and
functional screening of VU0410425 and the literature compounds suggests that amino acid 757 plays a role in the activity of
these compounds, but the contribution of the residue is scaffold specific, ranging from critical to minor. The operational model of
allosterism was used to estimate the binding affinities of each compound to compare to functional data. This novel series of
mGlu1 negative allosteric modulators provides valuable insight into the pharmacology underlying the disconnect between rat and
human mGlu1 activity, an issue that must be understood to progress the therapeutic potential of allosteric modulators of mGlu1.
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Glutamate is the major excitatory neurotransmitter in the
central nervous system, exerting its effects through the

activation of two classes of glutamate receptors, the ionotropic
and the metabotropic glutamate (mGlu) receptors. The mGlu
receptors belong to the family C G protein coupled receptors
(GPCRs) and distinguish themselves from other GPCRs by the
presence of a large extracellular N-terminal agonist binding
domain. There are eight known subtypes of the mGlu receptor
family, divided into three groups based on sequence homology,
pharmacology, and coupling to downstream signaling path-
ways.1 Group I mGlu receptors include mGlu1 and mGlu5, are
primarily localized postsynaptically, and couple to Gαq and
subsequent increases in intracellular calcium. Group II (mGlu2
and mGlu3) and group III (mGlu4, mGlu6, mGlu7, and mGlu8)
mGlu receptors are largely presynaptic and couple to Gαi/o and
associated effectors such as inhibition of adenylyl cyclase.
Previous studies suggest that modulation of mGlu1 could

offer possible treatment for a number of central nervous system
(CNS) disorders including addiction,2−4 anxiety,5−7 epilepsy,8,9

pain,5,10−12 and psychotic disorders.13−16 BAY36-7620 (1)
(Figure 1) was one of the first mGlu1 negative allosteric
modulators (NAMs) shown to be centrally active;17−19

however, its potency is too low to be of use therapeutically.

JNJ1625968520 (2) is also systemically active and was shown to
be efficacious in a rat model of anxiety7 and various models of
addiction.3 Antipsychotic activity has also been observed for
mGlu1 negative allosteric modulators, including 5-(1-(2,4-
difluorophenyl)-5-methyl-1H-1,2,3-triazol-4-yl)-2-isopropyli-
soindolin-1-one (DFMTI) (3), which was efficacious in
disrupting prepulse inhibition when dosed orally in rats.15,16

In addition, recent studies have highlighted the possibility that
mGlu1 plays a role in the development of melanoma21−23 and
certain types of breast cancer,24 and it has been proposed that
mGlu1 NAMs could offer a novel therapeutic avenue for
treatment of these cancers.
Recent progress in the discovery of mGlu1-selective NAMs

has been exciting; however, the number and diversity of
chemotypes available to investigate the role of mGlu1 for
potential therapeutics greatly lags behind other mGlu receptors
such as mGlu5.

25,26 Recent advancements targeting discovery of
novel chemotypes include the novel piperazine, VU0469650
(4), which demonstrated excellent potency and selectivity as
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well as good CNS exposure following intraperitoneal dosing in
rats.27 Chemical optimization also produced a related novel
scaffold exemplified by VU0470300 (5), a promising lead for
future development.28 To further address this issue, we used a
fluorescence-based high-throughput screening assay to screen
an allosteric modulator-biased library of compounds to
generate novel, structurally diverse mGlu1 NAM hits for
chemical optimization. Herein, we describe the discovery of a
novel mGlu1 chemotype, exemplified by compound 6
(VU0410425) (Figure 2). This succinimide-based series of

NAMs exhibited potent inhibitory activity at rat mGlu1.
Interestingly, the series did not display significant antagonist
activity when tested at human mGlu1. This dichotomy
prompted us to further characterize the activity of
VU0410425 and other diverse mGlu1 NAMs at mutant rat
and human mGlu1 receptors. We aimed to provide a better
understanding of the molecular components of mGlu1 species
selectivity, a critical aspect of the development of therapeutics
based on mGlu1 receptor modulation.

■ RESULTS AND DISCUSSION
Novel mGlu1 Scaffold Discovered through Screening

of Allosteric Modulator-Biased Library. In recent years,
mGlu1 NAMs have been developed for potential treatment of
CNS disorders as well as for cancers including melanoma and
certain types of breast cancer. Figure 1 highlights some of the
mGlu1 NAM chemotypes investigated to date. In pursuit of
structurally diverse mGlu1 NAMs, we utilized a functional cell-
based assay that measures rat mGlu1 receptor-induced
mobilization of intracellular calcium to screen an in-house
library of allosteric modulator-biased compounds. Succinimide
hit 6 (VU0410425) (Figure 2) was identified, exhibiting an

initial mGlu1 potency of 229 nM. This compound was
originally described as a positive allosteric modulator (PAM)
of mGlu4 during the development of VU0400195, an mGlu4
PAM with oral efficacy in an antiparkinsonian animal model.29

In the mGlu4 setting, compounds within this scaffold
demonstrated excellent pharmacokinetic profiles and brain
penetration in rodents, indicating promise as a lead for mGlu1.
Resynthesis of the compound confirmed activity, leading to an
optimization program based on succinimide 6.

Chemical Optimization of Succinimide Hit 6
(VU0410425). The mGlu1 NAM optimization effort of this
succinimide scaffold was initiated with a functional cell-based
assay using cells expressing rat mGlu1,

27,28 and structure−
activity relationship (SAR) trends are presented using results
from that assay herein, as well as functional data that was
subsequently collected in an analogous assay run with cells
expressing human mGlu1. Recognizing that the picolinamide
was a preferred moiety for engendering mGlu4 PAM activity,
we began development of SAR around mGlu1 NAM activity in
that region (R3) of the chemotype, seeking potent
modifications (Table 1). Concomitant to that work, a limited
evaluation of the impact of substitution on the phenyl core
adjacent to the succinimide group (R1 and R2) was made. We
quickly discovered that the des-chloro analogue (7) of hit
compound 6 was only marginally less potent. While acetamide
8 was only moderately potent, the isobutyramide in analogue 9
proved to be a competent replacement for the picolinamide
moiety. The mGlu1 potency of analogue 9 was further
enhanced through addition of chloro groups adjacent to the
succinimide moiety (10 and 11). Several analogues with
substituted benzamides were prepared in the context of the
unsubstituted phenyl core (R1 = R2 = H), and the 3-substituted
derivatives (12−14) demonstrated excellent potency. Interest-
ingly, 4-fluorobenzamide 15 was a clear partial antagonist with a
CRC that plateaued well above baseline. Surprisingly, while
several analogues in this series demonstrated excellent potency
at rat mGlu1, most analogues were inactive up to the top
concentration tested (30 μM) at human mGlu1. The only
exceptions were compounds 9 and 10, which were weak
antagonists, and analogue 11, which was a partial antagonist
with modest potency. Even these three compounds were
substantially less potent (>20-fold) at human mGlu1 than rat
mGlu1.

Figure 1. mGlu1 NAM compounds in the literature.

Figure 2. mGlu1 NAM succinimide hit.
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Having established isobutyramide 9 as a potent mGlu1 NAM
at the rat receptor, that moiety was held constant to evaluate
alternative succinimide groups (Table 2). Unfortunately, none
of these modifications were tolerated (18−22), illustrating a
high sensitivity to modification in that portion of the
chemotype. These new succinimide analogues were also
inactive up to the top concentration tested at human mGlu1.
Finally, returning to the amide region of the chemotype, the
effects of reversing the amide bond were examined (Table 3).
Such a modification was thought advantageous as it would lead
to a less electron-rich phenyl core that lacked the potential to
form reactive quinone metabolites. The simple N-phenyl
derivative 23 offered an encouraging early result with moderate
potency; however, the N-methyl analogue 24 was inactive up to
the top concentration tested. Substitution of the N-phenyl ring
of 23 was subsequently evaluated (25−31) with some positive
results. Both 2-fluorophenyl analogue 25 and 3-chlorophenyl
analogue 29 demonstrated enhanced potency relative to
unsubstituted comparator 23. Turning our attention to aliphatic
amine analogues (32−38) was less effective at improving upon

23. Unfortunately, the only aliphatic amine analogue with
submicromolar mGlu1 NAM activity was N-3,3-dimethylbutyl
analogue 38. Not surprisingly, none of these reverse amides
demonstrated appreciable potency at human mGlu1. In fact,
only analogues 30 and 38 demonstrated any measurable human
mGlu1 antagonist activity; however, these compounds were
very weak. We examined the selectivity profiles of all active
analogues relative to mGlu4 and mGlu5, the receptor subtypes
most likely to show overlap with mGlu1 activity, by testing a
range of concentration of compound in a calcium mobilization
assay. Compound 7, des-chloro analogue of 6, exhibited weak
mGlu4 PAM activity (IC50 > 10 μM) but all other analogues of
6 were inactive at mGlu4 and mGlu5 up to 30 μM, the highest
concentration tested. Analog 9 was selected as a representative
of the series for testing for selectivity against the other members
of the mGlu family. Gratifyingly, 9 was devoid of any activity as
evidenced by the inability of a 10 μM concentration of the
compound to induce a shift in the agonist concentration−
response curve (CRC) in cells expressing mGlus2−8.

Table 1. Initial Amide and Phenyl Core SAR

entry R1 R2 R3
rat mGlu1 pIC50

(±SEM)a
rat mGlu1 IC50

(nM)
rat % Glu Max
(±SEM)ab

human mGlu1 pIC50
(±SEM)a

human mGlu1 IC50
(nM)

human % Glu Max
(±SEM)ab

6 Cl H 2-pyridyl 6.85 ± 0.02 140 2.4 ± 0.1 <4.5 >30 000
7 H H 2-pyridyl 6.66 ± 0.02 220 2.0 ± 0.3 <4.5 >30 000
8 H H methyl 5.46 ± 0.17 3480 2.9 ± 1.3 <4.5 >30 000
9 H H isopropyl 6.60 ± 0.03 249 1.4 ± 0.2 <5.0c >10 000 55.1 ± 7.1
10 Cl H isopropyl 6.69 ± 0.02 204 2.9 ± 0.5 <5.0c >10 000 44.5 ± 8.1
11 Cl Cl isopropyl 6.87 ± 0.05 136 3.0 ± 0.6 5.54 ± 0.02 2910 62.9 ± 2.2
12 H H 3-fluorophenyl 7.03 ± 0.08 94 3.0 ± 0.7 <4.5 >30 000
13 H H 3-chlorophenyl 6.92 ± 0.05 122 8.1 ± 5.2 <4.5 >30 000
14 H H 3-methylphenyl 7.13 ± 0.02 75 3.3 ± 0.7 <4.5 >30 000
15 H H 4-fluorophenyl 6.72 ± 0.08 189 45.0 ± 10.4 <4.5 >30 000
16 H H 4-chlorophenyl <4.5 >30 000 <4.5 >30 000
17 H H 4-methylphenyl <4.5 >30 000 <4.5 >30 000

aValues are average of n ≥ 3. bAmplitude of response in the presence of 30 μM test compound as a percentage of maximal response (100 μM
glutamate); average of n ≥ 3. cCRC does not plateau.

Table 2. Succinimide SAR

entry R
rat mGlu1 pIC50

(±SEM)a
rat mGlu1 IC50

(nM)
rat % Glu Max
(±SEM)ab

human mGlu1 pIC50
(±SEM)a

human mGlu1 IC50
(nM)

human % Glu Max
(±SEM)ab

9 A 6.60 ± 0.03 249 1.4 ± 0.2 <5.0c >10 000 55.1 ± 7.1
18 B <4.5 >30 000 <4.5 >30 000
19 C <4.5 >30 000 <4.5 >30 000
20 D <4.5 >30 000 <4.5 >30 000
21 E <4.5 >30 000 <4.5 >30 000
22 F <4.5 >30 000 <4.5 >30 000

aValues are average of n ≥ 3. bAmplitude of response in the presence of 30 μM test compound as a percentage of maximal response (100 μM
glutamate); average of n ≥ 3. cCRC does not plateau.
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Compounds That Potently Inhibit Glutamate-Induced
Calcium Mobilization at Rat mGlu1 Exhibit Distinct
Functional Effects at Human mGlu1. While SAR is often
developed using rat or mouse receptors since many behavioral
models are performed in rodents, it is important that
compounds are also active in the human receptor as the
ultimate goal is development of human therapeutics. As
described above, the succinimide series exhibited quite distinct
human activity compared to rat, with the majority of
compounds having no appreciable activity at the human
receptor. A small number of compounds did exhibit inhibitory
activity and Figure 3 illustrates examples of three subtle, but
distinct, types of human mGlu1 activity when compared to the
corresponding rat mGlu1 activity.
Original hit 6 (Figure 3a) exemplifies the majority of the

compounds, which acted as potent, full antagonists at the rat
receptor but showed no activity at human mGlu1 at
concentrations up to 30 μM, the highest concentration tested.

In Figure 3b, 10 highlights a second category of compounds,
those that showed significantly weaker human mGlu1 potency
compared to rat. The potency difference between rat and
human mGlu1 was greater than 50-fold in this case. 11 (Figure
3c) acted as a full antagonist at the rat receptor, but displayed
weak, partial antagonist activity when tested in cells expressing
human mGlu1 receptor. While not previously noted for an
mGlu1 NAM, the partial antagonist profile has been
documented for a number of mGlu5 NAMs from a variety of
different scaffolds and it has proven difficult to predict this
pharmacological profile using SAR, even within a scaffold.30−35

The partial antagonist activity exhibited by this compound (and
15, Table 1) was distinct from the weak antagonist activity seen
with 10 in that 11 displayed a clear plateau in the CRC,
reaching a maximal inhibition of approximately 60% maximal
glutamate response. The difference between a partial and full
antagonist in vivo is unknown at this time; however, it is
hypothesized that advantages such as an improved side effect

Table 3. Reverse Amide SAR

entry R
rat mGlu1 pIC50

(±SEM)a
rat mGlu1 IC50

(nM)
rat % Glu Max
(±SEM)ab

human mGlu1 pIC50
(±SEM)a

human mGlu1 IC50
(nM)

human % Glu Max
(±SEM)ab

23 N-phenyl 5.92 ± 0.10 1190 4.8 ± 1.7 <4.5 >30 000
24 N-methyl-N-phenyl <4.5 >30 000 <4.5 >30 000
25 N-2-fluorophenyl 6.64 ± 0.10 230 2.5 ± 0.7 <4.5 >30 000
26 N-2-chlorophenyl 5.93 ± 0.18 1180 2.2 ± 0.6 <4.5 >30 000
27 N-2-methylphenyl <5.0c >10 000 21.1 ± 7.7 <4.5 >30 000
28 N-3-fluorophenyl 6.11 ± 0.17 768 9.5 ± 3.3 <4.5 >30 000
29 N-3-chlorophenyl 6.35 ± 0.03 443 58.9 ± 12.3 <4.5 >30 000
30 N-3-methylphenyl 5.74 ± 0.25 1830 1.1 ± 0.8 <5.0c >10 000 69.9 ± 2.7
31 N-4-fluorophenyl 5.96 ± 0.01 1100 31.8 ± 3.1 <4.5 >30 000
32 N-isopropyl <5.0c >10 000 19.3 ± 8.2 <4.5 >30 000
33 N-cyclohexyl 5.80 ± 0.02 1570 5.4 ± 0.4 <4.5 >30 000
34 N-(trans)-4-methylcyclohexyl <4.5 >30 000 <4.5 >30 000
35 N-cycloheptyl <5.0c >10 000 20.7 ± 5.6 <4.5 >30 000
36 (R)-N-1-cyclohexylethyl <5.0c >10 000 62.0 ± 5.2 <4.5 >30 000
37 (S)-N-1-cyclohexylethyl <5.0c >10 000 16.9 ± 7.8 <4.5 >30 000
38 N-3,3-dimethylbutyl 6.13 ± 0.05 735 3.1 ± 0.4 <5.0c >10 000 70.0 ± 3.1

aValues are average of n ≥ 3. bAmplitude of response in the presence of 30 μM test compound as a percentage of maximal response (100 μM
glutamate); average of n ≥ 3. cCRC does not plateau.

Figure 3. Succinimide analogues exhibit a large disconnect between rat and human mGlu1 activity in a calcium mobilization assay using cells
expressing rat (closed triangles) and human (closed circles) mGlu1.
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profile could be possible by tailoring the desired level of
inhibition of a partial antagonist.33 While potency differences
between species are common, we were surprised by the
dramatic lack of activity by the majority of compounds in the
succinimide series. There are reports of mGlu1 NAMs and
PAMs showing specificity for rat versus human mGlu1,

36,37 but
a comprehensive comparison of multiple chemical scaffolds

across both species has not been discussed in the literature.
This prompted an investigation into the species differences of
both the novel succinimide series of mGlu1 NAMs as well as a
set of chemically diverse, previously published mGlu1 NAMs.
VU0410425 and analogue 11 were selected as succinimide
NAMs to represent the series in a more detailed pharmaco-
logical characterization.

Table 4. Literature mGlu1 NAM Activitya

aValues are average of n ≥ 3. bCRC does not plateau.
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Previously Identified mGlu1 NAMs Exhibit Multiple
Profiles Across Species. We set out to test VU0410425 and
the other mGlu1 chemotype NAMs in the calcium mobilization
assay at both rat and human mGlu1 receptors to determine if
the disparity in the potency of compounds between rat and
human was specific to the succinimide scaffold or more
widespread. A set of chemically diverse mGlu1 NAMs were
either purchased from commercial vendors or synthesized in-
house according to literature procedures. These NAMs were
reported to exhibit rat mGlu1 potencies ranging from 2.1 to 160
nM, specifically, 7,9-diamino-3-(p-tolyl)thieno[2,3-d:4,5-d′]-
dipyrimidin-4(3H)-one (DATTP)38 and BAY36-7620 (1),
respectively. In the case of BAY36-7620, a significant decrease
in potency has previously been reported at human mGlu1 when
compared to rodent receptor activity.39 Results are summarized
in Table 4. Figure 4 depicts four CRCs that exemplify the
variety of profiles displayed by this set of mGlu1 NAMs.
DATTP (Figure 4a) stood alone as the only compound that
exhibited enhanced human potency (27 nM) compared to rat
(56 nM), a small 2-fold increase. The rat and human potencies
of 4-fluoro-N-[4-[6-(isopropylamino)pyrimidin-4-yl]-1,3-thia-
zol-2-yl]-N-methylbenzamide (FITM)15,40 were equivalent
(23 versus 28 nM) as seen in Figure 4b. LY456236,8,41

DFMTI, and JNJ16259685 all exhibited a moderate decrease in
human potency of approximately 3-fold when compared to rat,
exemplified by DFMTI in Figure 4c. The remaining
compounds (R214127,42 5-(4-(hydroxymethyl)piperidin-1-yl)-
N-((1r ,4r)-4-methylcyclohexyl)pyrazine-2-carboxamide
(HPMCP),43 N-cycloheptylthieno[2,3-d]pyrimidin-4-amine
(CHTPA),44 BAY36-7620, and VU0412425) all displayed a
significant disconnect between rat and human potency,

approaching or above a 10-fold difference, with BAY36-7620
and VU0410425 showing the most significant difference of
>30-fold (Figure 4d). The range of profiles seen within this
small set of diverse mGlu1 NAMs emphasizes the importance of
testing compounds at multiple species of receptor. While the
objective is activity in humans, activity at rodent receptors is
often critical for preclinical evaluation. For our purposes, we
altered our strategy to incorporate screening at human mGlu1
as our tier one assay followed by periodic testing at rat mGlu1
for compounds being considered for testing in rodent models.
These findings prompted additional investigation of the
molecular differences between the rat and human mGlu1
receptors.

mGlu1 NAM Activity Depends upon the Amino Acid
Present at Position 757. As previously described, only one
amino acid in the transmembrane domain (TMD) differs
between rat and human mGlu1, position 757 (rmGlu1 V757 and
hmGlu1 L757).

36,37,45 In fact, this leucine is conserved across all
other human mGlu receptors including the other group I
receptor, mGlu5. We hypothesized that this residue may play a
critical role in the activity of these mGlu1 NAMs and could
shed light into the structural determinants that differentiate
their species profile. We constructed stable cell lines containing
a valine to leucine mutation in the case of rat mGlu1 (rmGlu1
V757L) or leucine to valine mutation in the case of human
mGlu1 (hmGlu1 L757V). For compounds that maintained
similar potencies between species, we expected no change in
potency value when tested on the mutant receptors. For
compounds with moderate to large differences between rat and
human potencies, we anticipated loss of activity at rmGlu1
V757L to levels similar to humanlike activity, and at hmGlu1

Figure 4. Literature mGlu1 NAMs exhibit multiple profiles across species in a calcium mobilization assay using cells expressing rat (closed triangles)
and human (closed circles) mGlu1. (a) DATTP exhibits enhanced human potency (27 nM) compared to rat (56 nM). (b) FITM has equivalent
potency at human and rat mGlu1 (28 vs 23 nM). (c) DFMTI exhibits a moderate decrease in human potency (31 nM) compared to rat (8 nM). (d)
BAY36-7620 displays a significant decrease in activity at human mGlu1 compared to rat (>30-fold).
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L757V, gain of activity to levels comparable to ratlike activity.
Table 4 presents a comparison of calcium assay results using
HEK cells expressing either rat mGlu1 (WT or V757L) or
human mGlu1 (WT or L757V). In rmGlu1 V757L, the potency
of DATTP was enhanced 2−3-fold (56 vs 22 nM), a value
consistent with the hmGlu1 WT potency (27 nM). In hmGlu1
L757V, the potency was decreased to a value of 80 nM, a
number in line with the rat WT potency. Consistent with WT
activity, the rat and human potencies of FITM were equivalent
in the mutants, suggesting that residue 757 does not play a role
in the activity of this compound. The mutations had a small,
but opposite, effect on the potencies of mGlu1 NAMs
LY456236, DFMTI, and JNJ16259685. For each compound,

we saw a 2−3-fold decrease in potency when tested at rmGlu1
V757L, with IC50 values nearing those obtained when tested at
hmGlu1 WT. When tested in cells expressing hmGlu1 L757V,
an increase in potency was observed, in each case returning to a
value consistent with that obtained at rmGlu1 WT. The
mutations had a more robust effect on the potencies of
R214127, HPMCP, CHTPA, BAY36-7620, VU0410425, and
compound 11. When tested at rmGlu1 V757L, large decreases
in potency were observed when compared to WT: R214127 (6-
fold), HPMCP (6-fold), CHTPA (14-fold), and nearly
abolished activity in the case of BAY36-7620 (>30-fold). A
complete loss of activity was observed for VU0410425 when
rmGlu1 WT was compared to V757L. The hmGlu1 L757V

Figure 5. mGlu1 NAM activity of certain NAMs is dependent on residue 757 in a calcium mobilization assay using cells expressing rat (closed
triangles) and human (closed circles) WT mGlu1 and rat V757L (open triangles) and human L757V (open circles) mGlu1. (a) A large decrease in
potency is observed at rmGlu1 V757L compared to WT for BAY36-7620 which is rescued by hmGlu1 L757V. (b) A complete loss of activity is
observed at rmGlu1 V757L compared to WT for VU0410425. The hmGlu1 L757V mutant restores activity to levels similar to those seen for rmGlu1
WT. (c) A small decrease in potency is observed for DFMTI at rmGlu1 V757L (21 nM) compared to WT (8 nM). The hmGlu1 L757V mutant
restores activity to levels similar to those seen for rmGlu1 WT.

Figure 6. rmGlu1 V757L mutation results in significant loss of activity for BAY36-7620 while hmGlu1 L757V mutation shows gain of activity similar
to rat WT. The effects of multiple fixed concentrations of BAY36-7620 on the glutamate CRCs of (a) rmGlu1 WT, (b) rmGlu1 V757L, (c) hmGlu1
WT, and (d) hmGlu1 L757V in a calcium mobilization assay using cells expressing mGlu1 are shown.
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mutant was able to rescue activity in each case to levels
comparable to those of rmGlu1 WT. In the case of compound
11, a large decrease in potency (10-fold) as well as efficacy
(53% maximal glutamate) was observed when tested at rmGlu1
V757L, reflecting a retention of the partial antagonist activity
observed in hmGlu1 WT. The hmGlu1 L757V mutant was able
to return both potency and efficacy levels to values comparable
to those of rmGlu1 WT. With the exception of FITM, the
mutants had a clear effect on the activities of the mGlu1 NAMs.
At the rmGlu1 V757L mutant, a dramatic reduction in potency
was evident for CHTPA, BAY36-7620, and VU0410425,
whereas at the hmGlu1 L757V an enhancement in potency
was observed for these compounds. These results suggested
that residue 757 is critical for the NAM activity of CHTPA,
BAY36-7620, and VU0410425. Figure 5a and b depicts the
CRCs for BAY36-7620 and VU0410425, exemplifying this
mode of activity. For the majority of other compounds, the
mutants had a subtle, but consistent, effect as described above,
suggesting that residue 757 is likely to play a role in the NAM

activity of these compounds; however, other residues also must
contribute in some manner. DFMTI is representative of this
category of activity (see Figure 5c).

The Presence of Valine or Leucine in Position 757 Is
Important for the Species Selectivity of Some mGlu1
NAMs. If an antagonist acts as a noncompetitive inhibitor of
mGlu1, increasing concentrations of compound should shift the
glutamate concentration response curve to the right and
decrease the maximal signal of glutamate. We further evaluated
the contribution of residue 757 by examining NAM effects in
this manner. If NAM activity is dependent on residue 757, then
mutation of this residue should disrupt or decrease the
rightward shift of the glutamate CRC in the presence of
NAM. Three compounds were selected for progressive fold
shift analyses that represent different chemical scaffolds and
modes of activity. BAY36-7620 and DFMTI were selected to
exemplify literature compounds with high and low dependence
on residue 757, respectively. VU0410425 was selected for
characterization to represent a compound typical of our novel

Table 5. Comparison of mGlu1 NAM Activitya with Affinity Estimate from Operational Model of Allosterism

rmGlu1 WT hmGlu1 WT rmGlu1 V757L hmGlu1 L757V

entry pIC50 (IC50) est pKB (KB) pIC50 (IC50) est pKB (KB) pIC50 (IC50) est pKB (KB) pIC50 (IC50) est pKB (KB)

1 BAY36-7620 6.49 ± 0.03 6.62 ± 0.08 <5 <5 <5 <5 6.34 ± 0.03 6.18 ± 0.09
(326 nM) (242 nM) (>10 μM) (>10 μM) (>10 μM) (>10 μM) (455 nM) (667 nM)

3 DFMTI 8.08 ± 0.02 8.06 ± 0.06 7.51 ± 0.09 7.75 ± 0.07 7.67 ± 0.07 7.65 ± 0.09 7.86 ± 0.03 8.19 ± 0.05
(8 nM) (9 nM) (31 nM) (18 nM) (21 nM) (22 nM) (14 nM) (7 nM)

6 VU0410425 6.85 ± 0.02 6.43 ± 0.04 <4.5 5.17 ± 0.06 <4.5 5.31 ± 0.08 6.44 ± 0.08 6.45 ± 0.04
(140 nM) (371 nM) (>30 μM) (6.8 μM) (>30 μM) (4.8 μM) (360 nM) (358 nM)

aCalcium mobilization assay; values are average of n ≥ 3.

Figure 7. rmGlu1 V757L mutation results in slight decrease in DFMTI NAM activity while hmGlu1 L757V mutation gains activity similar to rat WT.
The effects of multiple fixed concentrations of DFMTI on the glutamate CRCs of (a) rmGlu1 WT, (b) rmGlu1 V757L, (c) hmGlu1 WT, and (d)
hmGlu1 L757V in a calcium mobilization assay using cells expressing mGlu1 are shown.
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succinimide series. Recently, the use of the operational model
of allosterism was validated as a method for estimation of
modulator binding affinities.31,46 This model offers an effective
way to estimate affinity values directly from functional assays. It
is especially useful for derivation of predicted affinities of
modulators that act via binding sites for which radioligands
have not been developed. Our results described above suggest
the possibility of multiple binding sites, therefore use of the
model could provide valuable insight into interactions at
mGlu1. Progressive fold shift assays were utilized to derive
affinity values from shifts in the glutamate CRC in the presence
of fixed concentrations of NAM using the operational model as
previously described by Gregory et al.31

In Figure 6, the effect of multiple fixed concentrations of
BAY36-7620 on the glutamate CRCs of WT and mutant mGlu1
receptors is shown. Expectedly, increasing concentrations of
BAY36-7620 in rmGlu1 WT cells (Figure 6a) induced a
rightward shift and reduced the maximal effect of glutamate,
behavior consistent with a noncompetitive allosteric antagonist.
Introduction of the V757L mutation into rmGlu1 nearly
abolished the NAM activity of BAY36-7620 (Figure 6b). A
small right shift of the CRC was observed at high
concentrations, a result very similar to that seen in the case
of hmGlu1 WT (Figure 6c). Introduction of L757V into
hmGlu1 rescued the NAM activity of BAY36-7620 in dramatic
fashion (Figure 6d), returning activity to levels similar to those
seen for rmGlu1 WT. Affinity estimates were then derived by
globally fitting the data set to the operational model of
allosterism. Table 5 summarizes the results derived from the
operational model and compares the estimated affinity values to
the functional potencies determined in the calcium assays. The

V757L mutation in rmGlu1 induced a large reduction of
BAY36-7620 predicted affinity (242 nM versus >10 μM). The
estimated affinity value of BAY36-7620 for hmGlu1 WT was
also very weak (>10 μM), demonstrating the human receptor-
like behavior of the rat V757L mutant. Introduction of L757V
into hmGlu1 greatly enhanced the affinity of BAY36-7620 (667
nM), a value approaching the affinity of BAY36-7620 for
rmGlu1 WT. In the case of each WT and mutant receptor, the
IC50 determined experimentally for BAY36-7620 was com-
parable (<2-fold) to the affinity value derived from the model,
suggesting binding affinity and functional activity are highly
correlated. These results were in agreement with the antagonist
CRC results that suggest the activity of BAY36-7620 was highly
dependent on amino acid 757.
In Figure 7, the effect of multiple concentrations of DFMTI

on the glutamate CRCs of the four mGlu1 receptors is shown.
Increasing concentrations of DFMTI in cells expressing rmGlu1
WT (Figure 7a) induced a rightward shift in the CRC and
reduced the maximal effect of glutamate, as seen with BAY36-
7620, although much lower concentrations of DFMTI
effectively decreased the glutamate response. In contrast to
BAY36-7620, DFMTI was still able to completely block the
rmGlu1 L757V glutamate response, although significantly
higher concentrations were required to induce blockade (Figure
7b). A similar pattern of activity was observed in both the
hmGlu1 WT and L757V receptor cell lines (Figure 7c and d).
The 757 mutational effects in progressive fold shift experiments
were more subtle for DFMTI than BAY36-7620, as we
observed in NAM CRC assays; however, the affinity estimates
from the operational model were able to quantify the small
changes introduced by the mutations. Again, the IC50 values

Figure 8. rmGlu1 V757L mutation results in significant loss of VU0410425 activity while hmGlu1 L757V mutation gains activity similar to that seen
in rat WT. The effects of multiple fixed concentrations of VU0410425 on the glutamate CRCs of (a) rmGlu1 WT, (b) rmGlu1 V757L, (c) hmGlu1
WT, and (d) hmGlu1 L757V in a calcium mobilization assay using cells expressing mGlu1 are shown.
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determined experimentally for DFMTI were comparable (≤2-
fold) to the affinity values derived from the model, suggesting
binding affinity and functional activity are correlated as was
observed for BAY36-7620 (see Table 5). In contrast to BAY36-
7620 where a significant loss of affinity was noted, the V757L
mutation in rmGlu1 induced a much smaller reduction of
DFMTI affinity (9 nM vs 22 nM). The estimated affinity values
of DFMTI for rmGlu1 V757L and hmGlu1 WT were very
similar (22 nM vs 18 nM), again emphasizing the human
receptorlike behavior of the rat V757L mutant. Introduction of
L757V into hmGlu1 slightly enhanced the affinity of DFMTI (7
nM) to a value nearly identical to the affinity of DFMTI for
rmGlu1 WT. As observed in the case of the antagonist CRC
assay, the activity of DFMTI was not highly regulated by
residue 757. A subtle correlation does exist, but the interaction
does not appear to be critical for functional activity or binding.
In Figure 8, the effect of multiple concentrations of

succinimide VU0410425 on the glutamate CRCs of the various
mGlu1 receptors is shown. In a manner similar to the case of
BAY36-7620, increasing concentrations of VU0410425 in
rmGlu1 WT (Figure 8a) induced a rightward shift and reduced
the maximal effect of glutamate nearly to baseline. Introduction
of the V757L mutation into rmGlu1 blocked the inhibitory
activity of VU0410425 (Figure 8b), mirroring the results seen
for the hmGlu1 WT receptor (Figure 8c). Introduction of
L757V into hmGlu1 significantly rescued the NAM activity of
VU0410425 (Figure 8d), although maximal inhibitory activity
plateaued at approximately 50%, a lower degree of inhibition
than in the case of rmGlu1 WT (16%). Affinity estimates for
each system were again derived by globally fitting the data set
to the operational model of allosterism (see Table 5). The IC50
values determined experimentally for VU0410425 at rmGlu1 wt
and hmGlu1 L757V were comparable to the affinity values
derived from the model. The IC50 values determined
experimentally for VU0410425 in rmGlu1 V757L and hmGlu1
WT were lower than the affinities derived from the model (>30
μM vs ∼5 μM), the first deviation we had observed. Comparing
affinity values, the V757L mutation in rmGlu1 induced a large
decrease in VU0410425 affinity (371 nM vs 4.8 μM). The
estimated affinity values of VU0410425 for rmGlu1 V757L and
hmGlu1 WT were both weak (4.8 and 6.8 μM, respectively) but
were not devoid of activity as seen in the antagonist CRC assay.
Introduction of L757V into hmGlu1 significantly increased the
affinity of VU0410425 (358 nM) to a value nearly identical to
the affinity of VU0410425 for rmGlu1 WT. The progressive
fold shift results for VU0410425 resembled those seen for
BAY36-7620, but a noteworthy difference exists for the two
compounds. In the case of rmGlu1 WT and, more significantly,
for hmGlu1 L757V, VU0410425 was unable to completely
block the mGlu1 response to glutamate, suggesting a limited
degree of negative cooperativity of the antagonist with
glutamate. These results suggest that, while the activity of
VU0410425 is highly dependent on residue 757 as in the case
of BAY36-7620, a substantial difference exists mechanistically in
how the two scaffolds mediate antagonism of the receptor.
In summary, we utilized screening of an allosteric modulator-

biased library to identify a novel succinimide mGlu1 NAM
chemotype. Chemical optimization was performed to develop
SAR trends within the series. The series exhibits potent
inhibitory activity in cells expressing rat mGlu1 but is generally
inactive in cells expressing human mGlu1. Prototypical
succinimide VU0410425, along with a set of chemically diverse
mGlu1 NAMs previously described in the literature, were

selected to further characterize the disconnect between rat and
human mGlu1 activity. Screening of these compounds in cells
expressing WT or mutant mGlu1 receptors suggests that
residue 757, the only residue in the TMD that differs between
rat and human receptor, plays a role in their activity. The
contribution of the residue, however, appears to be scaffold
specific as we saw 757 mutations cause robust effects on activity
of certain NAMs, such as VU0410425 and BAY36-7620, but
have minimal effect on the activity of other compounds such as
DFMTI. These data suggest the presence of multiple, possibly
overlapping, allosteric binding sites for mGlu1 NAMs and
emphasize the need to guide SAR and estimate affinity values
from functional assays. Recent findings describing the crystal
structure of human mGlu1 bound to FITM predicted the
involvement of L757 in ligand−receptor interactions for a
selection of analogs. Future docking studies utilizing the newly
elucidated structure to understand the role of residue 757
would be extremely helpful in guiding future drug design.47 In
conclusion, discovery of a novel mGlu1 NAM series based on
the succinimide scaffold has provided valuable insight into the
pharmacology underlying species differences in mGlu1 activity.
An understanding of this issue will be critical to progress the
therapeutic potential of allosteric modulation of mGlu1.

■ METHODS
Materials. All reagents used in the cell culture medium were

purchased from Invitrogen (Carlsbad, CA) except the tetracycline-
tested fetal bovine serum from Atlantic Biologicals (Atlanta, GA).
Tetracycline hydrochloride was purchased from Sigma. The synthesis
of VU0410425 (6) is described in the literature.29 Synthetic
procedures and characterization data for analogues 7−38 are described
in the Supporting Information. BAY36-7620 and JNJ16259685 were
purchased from Tocris Bioscience (Bristol, U.K.). 5-(1-(2,4-Difluor-
ophenyl)-5-methyl-1H-1,2,3-triazol-4-yl)-2-isopropylisoindolin-1-one
(DFMTI),16,48 4-fluoro-N-[4-[6-(isopropylamino)pyrimidin-4-yl]-1,3-
thiazol-2-yl]-N-methylbenzamide (FITM),15 LY456236,49 7,9-diami-
no-3-(p-tolyl)thieno[2,3-d:4,5-d′]dipyrimidin-4(3H)-one (DATTP),38
R214127,42 5-(4-(hydroxymethyl)piperidin-1-yl)-N-((1r,4r)-4-
methylcyclohexyl)pyrazine-2-carboxamide (HPMCP),43 and N-
cycloheptylthieno[2,3-d]pyrimidin-4-amine (CHTPA)44 were all
synthesized in-house using previously reported methods. Unless stated
otherwise, all other reagents were purchased from Sigma-Aldrich (St.
Louis, MO) and were of analytical grade.

Cell Culture and Mutagenesis. To generate the tetracycline-
inducible mGlu1 cell lines, TREx293 cells (Invitrogen) were
transfected with human and rat mGlu1 expression plasmids in
pcDNA5/TO using Fugene6 (Promega, Madison,WI) according to
the manufacturer’s manual. Two days after transfection, the cells were
exposed to 200 μg/mL hygromycin selection in the presence of 10 μg/
mL blasticidin for maintaining the Tet repressor. After 14 days of
selections, the resulting polyclones were used for the calcium
mobilization assay described below. Reciprocal change in valine and
leucine at 757 position of wild-type rat and human mGlu1,
respectively, was made using site-directed mutagenesis (Quikchange
II XL; Agilent Technologies, Santa Clara, CA), and this point-
mutation was confirmed by sequencing. These mutant cell lines were
generated in the same manner as those of WT. Wild-type and mutant
cell lines were maintained at 37 °C in DMEM supplemented with 10%
Tet-tested fetal bovine serum, 2 mM L-glutamine, 20 mM HEPES, 0.1
mM nonessential amino acids, 1 mM sodium pyruvate, antibiotic/
antimycotic solution, 100 μg/mL hygromycine, and 5 μg/mL
blasticidin in the presence of 5% CO2.

Calcium Mobilization Assay. Rat and human mGlu1 (WT or
mutant)-TREx293 cells were plated in black-walled, clear-bottomed,
poly-D-lysine coated 384-well plates (BD Biosciences, San Jose, CA) at
a density of 20 000 cells/well in 20 μL of assay medium (DMEM
supplemented with 10% dialyzed FBS, 20 mM HEPES, and 1 mM
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sodium pyruvate) containing tetracycline (TET) to induce the mGlu1
expression; 50 ng/mL TET was used except for rat mGlu1 WT which
was induced with 10 ng/mL TET to achieve comparable levels of the
receptor expression. The cells were grown overnight at 37 °C in the
presence of 5% CO2. The next day, cells were washed with assay buffer
(Hank’s balanced salt solution, 20 mM HEPES, and 2.5 mM
probenecid (Sigma-Aldrich, St. Louis, MO)) using an ELX405
microplate washer (BioTek) leaving 20 μL/well. Immediately, cells
were incubated with 20 μL/well of Fluo-4 AM (Invitrogen) calcium
indicator dye solution (1.15 μM final concentration) for 45 m at 37
°C. The Fluo-4 dye, prepared as a DMSO stock, was mixed in a 1:1
ratio with 10% pluronic acid F-127 and then diluted in assay buffer.
The dye was then removed and washed with assay buffer using an
ELX405, leaving 20 μL/well. Ca2+ flux was measured using the
Functional Drug Screening System (FDSS7000, Hamamatsu, Japan).
NAM CRC Format. Compounds were serially diluted 1:3 in DMSO

into 10 point concentration response curves and transferred to
daughter plates using the Echo acoustic plate reformatter (Labcyte,
Sunnyvale, CA) followed by further dilution into assay buffer to a 2×
stock using a Thermo Fisher Combi (Thermo Fisher, Waltham, MA).
In FDSS7000, compounds were added to cells at t = 3 s and the cells
were incubated with these compounds for 2.3 min. Immediately, cells
were stimulated with an EC20 concentration of glutamate, and 1.9 min
later, an EC80/ECmax concentration of glutamate was added and
readings taken for an additional 1.7 min.
Fold Shift Format. Compounds were diluted by half-log in DMSO

and further diluted into assay buffer to a 2× stock which was applied to
cells at t = 3 s. Cells were incubated with the test compounds for 2.3
min and then stimulated with varying concentrations of glutamate, and
readings taken for an additional 1.7 min. Data were collected at 1 Hz.
Concentration response curves were generated using a four point
logistical equation with XLfit curve fitting software for Excel (IDBS,
Guildford, U.K.) or GraphPad Prism (GraphPad Software, Inc., La
Jolla, CA).
Selectivity. Rat mGlu5. HEK 293 cells stably expressing rat mGlu5

were plated in black-walled, clear-bottomed, poly-D-lysine coated 384-
well plates in 20 μL of assay medium (DMEM containing 10%
dialyzed FBS, 20 mM HEPES, and 1 mM sodium pyruvate) at a
density of 20K cells/well. The cells were grown overnight at 37 °C in
the presence of 5% CO2. The next day, medium was removed and the
cells incubated with 20 μL of 2 μM Fluo-4 AM, prepared as a 2.3 mM
stock in DMSO and mixed in a 1:1 ratio with 10% (w/v) pluronic acid
F-127 and diluted in assay buffer (Hank’s balanced salt solution, 20
mM HEPES, and 2.5 mM probenecid, pH 7.4) for 45 min at 37 °C.
Dye was removed, 20 μL of assay buffer was added, and the plate was
incubated for 10 min at room temperature. Ca2+ flux was measured
using the Functional Drug Screening System (FDSS7000, Hamamatsu,
Japan) as described above for mGlu1 assays.
Human mGlu4. Human mGlu4/Gqi5/CHO cells (30 000 cells/20

μL/well) were plated in black-walled, clear-bottomed, TC-treated,
384-well plates (Greiner Bio-One, Monroe, NC) in DMEM containing
10% dialyzed FBS, 20 mM HEPES, 100 U/mL penicillin/
streptomycin, and 1 mM sodium pyruvate (plating medium). The
cells were grown overnight at 37 °C in the presence of 5% CO2. The
next day, the medium was removed, and replaced using a Thermo
Fisher Combi (Thermo Fisher Scientific, Waltham, MA), with 20 μL
of 1 μM Fluo-4/acetoxymethyl ester (Invitrogen, Carlsbad, CA)
prepared as a 2.3 mM stock in DMSO and mixed in a 1:1 ratio with
10% (w/v) Pluronic acid F-127 and diluted in assay buffer (Hanks’
balanced salt solution, 20 mM HEPES, and 2.5 mM probenecid;
Sigma-Aldrich, St. Louis, MO) for 45 min at 37 °C. Dye was removed
and 20 μL of assay buffer was added. Ca2+ flux was measured using the
Functional Drug Screening System (FDSS7000, Hamamatsu, Japan) as
described above for mGlu1 assays.
Rat mGlu2−4,7,8 and Human mGlu6. Compound 9 activity at the

group II and group III mGlu receptors was assessed using thallium flux
through G-protein-coupled inwardly rectifying potassium (GIRK)
channels, a method that has been described in detail (Niswender et
al.).50 These cell lines were grown in growth media containing 45%
DMEM, 45% F-12, 10% FBS, 20 mM HEPES, 2 mM L-glutamine,

antibiotic/antimycotic, nonessential amino acids, 700 μg/mL G418,
and 0.6 μg/mL puromycin at 37 °C in the presence of 5% CO2.
Briefly, HEK/GIRK cells expressing the mGlu subtypes 2, 3, 4, 6, 7, or
8 were plated into 384-well, black-walled, clear-bottom poly-D-lysine
coated plates at a density of 15 000 cells/20 μL/well in assay medium
and incubated overnight at 37 °C in the presence of 5% CO2. The
following day, the medium from the cells and 20 μL/well of 1.7 μM
concentration of the indicator dye BTC-AM (Invitrogen, Carlsbad,
CA) in assay buffer was added. Cells were incubated for 1 h at room
temperature, and the dye was replaced with 20 μL/well of assay buffer.
After establishment of a fluorescence baseline for about 3 s, test
compound was added to the cells at 2× final concentration, and the
response in cells was measured. 2.3 min later the appropriate
concentration of agonist (L-AP4 for mGlu7, glutamate for all other
mGlu receptors) was added and readings taken for an additional 2.6
min. Agonists were diluted in thallium buffer (125 mM sodium
bicarbonate, 1 mM magnesium sulfate, 1.8 mM calcium sulfate, 5 mM
glucose, 12 mM thallium sulfate, 10 mM HEPES) at 5× the final
concentration to be assayed. Data were analyzed as described in
Niswender et al.

Data Analysis for Operational Model of Allosterism. Shifts of
the glutamate concentration−response curves with allosteric modu-
lator were globally fitted to an operational model of allosterism.31,46
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where [A] is the molar concentration of orthosteric agonist glutamate,
KA is the equilibrium dissociation constant of the orthosteric agonist
glutamate, [B] is the molar concentration of the allosteric modulator,
and KB is the allosteric modulator equilibrium dissociation constant.
Affinity modulation is governed by the cooperativity factor α, and
efficacy modulation is governed by cooperativity factor β. The
parameters τA and τB are related to the ability of the orthosteric and
allosteric ligands, respectively, to yield receptor activation. Em and n
denote the maximal possible system response and the transducer
function that links occupancy to response, respectively. For these
simulations, the affinity of glutamate was held constant to a literature
value (pKA = 6.47), modulator coupling efficiency (τB) was held
constant to zero as defined for modulators devoid of agonist activity,
efficacy modulation (β) was held constant to zero for systems where
the NAM fully abolishes response to agonist, and all other constraints
were derived from global fitting of glutamate concentration response
curves in the absence and presence of allosteric modulators.
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