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Abstract

Positive allosteric modulation of metabotropic glutamate receptor subtype 5 (mGlus) is a
promising novel approach for the treatment of schizophrenia and cognitive disorders. Allosteric
binding sites are topographically distinct from the endogenous ligand-(orthosteric) binding site,
allowing for co-occupation of a single receptor with the endogenous ligand and an allosteric
modulator. Negative allosteric modulators (NAMs) inhibit, while positive allosteric modulators
(PAMs) enhance, the affinity and/or efficacy of the orthosteric agonist. The molecular
determinants that govern mGlus modulator affinity versus cooperativity are not well understood.
Focusing on the modulators based on the acetylene scaffold, we sought to determine the
molecular interactions that contribute to PAM versus NAM pharmacology. Generation of a
comparative model of the transmembrane-spanning region of mGlus served as a tool to predict
and interpret the impact of mutations in this region. Application of an operational model of
allosterism allowed for determination of PAM and NAM affinity estimates at receptor constructs
that possessed no detectable radioligand binding as well as delineation of effects on affinity
versus cooperativity. Novel mutations within the transmembrane domain regions were identified
that had differential effects on acetylene PAMs versus 2-methyl-6-(phenylethynyl)-pyridine
(MPEP), a prototypical NAM. Three conserved amino acids (Y658, T780, S808) and two non-
conserved residues (P654, A809) were identified as key determinants of PAM activity.
Interestingly, we identified two point mutations in TM6 and 7 that, when mutated, engender a

mode switch in the pharmacology of certain PAMs.
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Introduction
Metabotropic glutamate receptors (mGlus) are seven-transmembrane spanning (G protein-
coupled) receptors (7TMRs) that include eight subtypes, mGlu;- mGlug, for the major excitatory
neurotransmitter, glutamate (Niswender and Conn, 2010). Historically, it has been difficult to
develop highly mGlu subtype selective ligands due to the high sequence conservation of the
endogenous ligand (i.e., glutamate) orthosteric binding site. This led to the search for compounds
that interact at “allosteric” sites, topographically distinct from the orthosteric site. Referred to as
allosteric modulators, the presence of such compounds can affect the affinity and/or efficacy of an
orthosteric ligand, a property referred to as cooperativity. Modulators that inhibit orthosteric
ligand binding and/or activity are negative allosteric modulators (NAMs) while those that
enhance are positive allosteric modulators (PAMs); a third category, silent (or neutral) allosteric
modulators (SAMs), includes compounds that bind but do not modulate receptor activity.

Efforts to develop mGlu allosteric modulators have been especially successful for mGlus;
a broad range of allosteric modulators as well as allosteric radioligands has been developed
including pure PAMs, PAMs with agonist activity, weak and full NAMs and SAMs (Ametamey
et al., 2007; Chen et al., 2007; 2008; Cosford et al., 2003; Gasparini et al., 1999; Honer et al.,
2007; Kinney et al., 2005; Liu et al., 2008; Noetzel et al., 2012; O'Brien et al., 2004; Rodriguez et
al., 2005; 2009; 2010; Treyer et al., 2007; Varney et al., 1999). mGlus PAMs have potential
utility for treatment of cognitive disorders and schizophrenia, whereas NAMs are being pursued
for treatment of Fragile X Syndrome, depression, anxiety and L-DOPA-induced dyskinesia
(Gregory et al., 2011).

In addition to improvements in receptor selectivity, allosteric modulators offer a number

of theoretical advantages over their competitive counterparts (Melancon et al., 2012). Modulators
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that possess no intrinsic efficacy have potential for spatial and temporal modulation of receptor
activity. This is an especially important consideration for potential CNS therapeutics, where ‘fine-
tuning’ neurotransmission is likely to yield a better therapeutic outcome than the sustained
blockade or activation by an orthosteric ligand. Furthermore, the cooperativity between the two
sites is saturable; thus, allosteric modulators have a built-in “ceiling level” to their effect, and may
therefore have a larger therapeutic index in the case of overdose.

Structure-activity relationships (SAR) for mGlu modulators, particularly with respect to
targeting mGlus, are also notoriously difficult; SAR is often ‘steep’ or ‘flat’ with minimal
changes to the structure resulting in a complete loss of activity (Zhao et al., 2007). Furthermore,
numerous mGlu modulator chemotypes display ‘molecular switches’ whereby a PAM or SAM
arises from a NAM scaffold or vice versa (Wood et al.,, 2011); originally observed during
discovery of the first mGlus PAM, difluorobenzaldazine (DFB) (O'Brien et al., 2004). This
phenomenon continues to be a challenge for medicinal chemists, with PAMs being derived from
NAM scaffolds (Rodriguez et al., 2010; Sharma et al., 2009; Zhou et al., 2010), SAMs from
either NAM or PAM chemotypes (Hammond et al., 2010; Rodriguez et al., 2005), and NAMs
from PAMs (Lamb et al., 2011). Furthermore, molecular switches have also been described with
respect to unanticipated alterations in receptor selectivity (Sheftler et al., 2012). Steep or flat SAR
and “molecular switches” may be attributed to changes in the affinity and/or cooperativity of an
allosteric modulator. Therefore, we were interested in probing the determinants of allosteric
modulator affinity and cooperativity, focusing on the common allosteric site of group I mGlu’s as
previously identified for mGlus selective modulators such as 2-methyl-6-(phenylethynyl)-
pyridine (MPEP) (Malherbe et al., 2003; 2006; Muhlemann et al., 2006; Pagano et al., 2000).

Two classes of acetylene PAMs, picolinamides and nicotinamides, that originally evolved from a
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NAM high-throughput screen (HTS) lead (Rodriguez et al., 2010) were selected for in-depth
characterization in comparison with MPEP. We identified seven novel residues that, when
mutated, significantly decrease MPEP affinity. Moreover, a single point mutation (W784A)
reduced the cooperativity of MPEP, such that it no longer fully blocked the response to glutamate.
PAMs were found to interact with the common allosteric site utilized by MPEP, although these
compounds showed differential sensitivities to certain mutations. Two different point mutations
were identified that conferred a “molecular switch” in the pharmacology of PAMs: T780A
converted N-tert-butyl-6-[2-(3-fluorophenyl)ethynyl]pyridine-3-carboxamide (VU0415051) to a
weak NAM  while S808A  converted  ((5-((3-fluorophenyl)ethynyl)pyridin-2-yl)(3-
hydroxyazetidin-1-yl)methanone (VU0405398) from a weak PAM to a full NAM and N-(tert-
butyl)-5-((3-fluorophenyl)ethynyl)picolinamide (VU0405386) from a PAM to a neutral
modulator. Our findings build on the existing understanding of the location of the common
allosteric site. Quantification of the effect of mutations on modulator pharmacology has allowed

delineation of determinants for cooperativity versus affinity.
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Materials and Methods
Materials

Dulbecco’s Modified Eagle’s Medium (DMEM), fetal bovine serum (FBS) and antibiotics
were purchased from Invitrogen (Carlsbad, CA). [’H]-3-methoxy-5-(pyridin-2-ylethynyl)pyridine
(’H]methoxyPEPy; 76.3 Ci/mmol) was custom synthesized by PerkinElmer Life and Analytical
Sciences (Waltham, MA). VU0360172 (N-cyclobutyl-6-((3-fluorophenyl)ethynyl)nicotinamide
hydrochloride), VU0405398  ((5-((3-fluorophenyl)ethynyl)pyridin-2-yl)(3-hydroxyazetidin-1-
yl)methanone), VU0405386  (N-(tert-butyl)-5-((3-fluorophenyl)ethynyl)picolinamide) and
VU0415051  (N-tert-butyl-6-[2-(3-fluorophenyl)ethynyl]pyridine-3-carboxamide) were all
synthesized in-house using previously reported methodologies (Gregory et al., 2012; Rodriguez et
al.,  2010). VU0360173  ((6-((3-fluorophenyl)ethynyl)pyridin-3-yl)(3-hydroxyazetidin-1-
yl)methanone) and VU0403602 (N-cyclobutyl-5-((3-fluorophenyl)ethynyl)ethynyl)picolinamide
hydrochloride) were synthesized in-house (Supplementary Materials S1). Unless otherwise stated,
all other reagents were purchased from Sigma-Aldrich (St. Louis, MO) and were of an analytical

grade.

Cell culture and mutagenesis

Mutations were introduced into the wild type rat mGlus in pCI:Neo using site-directed
mutagenesis (Quikchange II, Agilent, Santa Clara, CA) and verified by sequencing. Wild type
and mutant rat mGlus receptor constructs were transfected into HEK293A cells, using Fugene6' ™
(Promega, Madison, WI) as the transfection reagent. Polyclonal stable cell lines were derived for

rat mGlus mutant constructs by maintaining the cells at sub-confluence for a minimum of four

passages in the presence of 1 mg/ml G418 (Mediatech, Manassas, VA). Stably transfected cell
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lines were subsequently maintained in complete DMEM supplemented with 10% fetal bovine
serum (FBS), 2 mM L-glutamine, 20 mM HEPES, 0.1 mM Non-Essential Amino Acids, 1 mM
sodium pyruvate, antibiotic-antimycotic and 500 pug/ml G418 at 37°C in a humidified incubator

containing 5% CO,, 95% O,.

Intracellular Ca** mobilization

The day prior to assay, HEK293A-rat mGlus cells were seeded at 50,000 cells/well in
poly-D-lysine coated black-walled, clear bottom 96 well plates in assay medium (DMEM
supplemented with 10% dialyzed fetal bovine serum, 20 mM HEPES and 1 mM sodium
pyruvate). On the day of assay, the cell permeant Ca>" indicator dye Fluo-4 (Invitrogen, Carlsbad,
CA) was used to assay receptor-mediated Ca>" mobilization as described previously (Hammond
et al., 2010) using a Flexstation II (Molecular Devices, Sunnyvale, CA). A 5-point smoothing
function was applied to the raw fluorescent Ca”" traces and basal fluorescence of individual wells
determined during the first 20 sec. The peak increase in fluorescence over basal was determined

prior to normalization to the maximal peak response elicited by glutamate.

Radioligand binding

Radioligand binding assays were performed on HEK293A cell membranes as described
previously (Gregory et al., 2012). Briefly, for saturation binding experiments, membranes (20-50
ng/well) were incubated with a range of [’H]methoxyPEPy concentrations (0.5 nM-60 nM) for 1
hr at room temperature with shaking in Binding Buffer (50 mM Tris-HCI, 0.9% NaCl, pH7.4). 10
uM MPEP was used to determine non-specific binding. For inhibition binding experiments,

membranes were incubated with ~2 nM [*’H]methoxyPEPy and a range of concentrations of test
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ligand (100 pM-100 uM) for 1 hr at room temperature with shaking in Ca>" assay buffer with 1%
DMSO final. Assays were terminated by rapid filtration through GF/B Unifilter plates
(PerkinElmer Life and Analytical Sciences, Boston, MA) using a Brandel 96-well plate Harvester
(Brandel Inc., Gaithersburg, MD), and three washes with ice-cold Binding Buffer, separating
bound from free radioligand. Plates were allowed to dry overnight and radioactivity counted

using a TopCount Scintillation Counter (PerkinElmer Life and Analytical Sciences, Boston, MA).

Generation of an mGlus comparative model

A comparative model of mGlus was constructed using the protein structure prediction
software package, Rosetta version 3.4 (Leaver-Fay et al., 2011). Based on its high similarity (e-
value of 3e-15 with a sequence coverage of 90%) to mGlus according to a search using NCBI
BLASTP on sequences from the Protein Data Bank (PDB), the X-ray crystal structure human f3,-
adrenergic receptor (PDB ID: 2RH1) (Cherezov et al., 2007) was chosen as a template. Both f3-
adrenergic receptor and mGlus also share a conserved disulfide bond between a cysteine at the top
of transmembrane helix three and a cysteine in extracellular loop two. Members of the Family C
7TMRs, namely the human mGlus and Calcium-sensing receptor (CaSR) sequences, were first
aligned with CLUSTALW. Alignment of TM regions between Family C 7TMRs and Family A
crystal structure templates were directly adopted from (Malherbe et al., 2006), with the exception
of TM’s 2, 4 and 7, which were based on the alignment of CaSR with Family A 7TMRs from
(Miedlich et al., 2004)(Supplementary Fig. S1). In the construction of the comparative models,
the backbone coordinates of the f,-adrenergic receptor were retained in the comparative model of
mGlus while the loop coordinates were built in Rosetta using Monte Carlo Metropolis (MCM)

fragment replacement combined with cyclic coordinate descent loop closure. Rosetta ensures that

10
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¢-y angles of backbone segments from homologous sequence fragments from the PDB are
introduced into the loop regions. After the fragment substitution, small movements in the ¢-y
angles are performed to close breaks in the protein chain. The resulting full sequence models
were subjected to eight iterative cycles of side chain repacking and gradient minimization of ¢, y

and y angles in Rosetta Membrane (Yarov-Yarovoy et al., 2000).

Docking of allosteric modulators

The negative allosteric modulator MPEP and six acetylene PAMs (VU0360173, VU0405398,
VU0360172, VU0403602, VU0415051 and VU0405386) were computationally docked into the
comparative model of mGlus using Rosetta Ligand (Davis and Baker, 2009; Lemmon and Meiler,
2012; Meiler and Baker, 2006). Each modulator was allowed to sample docking poses in a 5 A
radius centered at the putative binding site for MPEP, determined by the residues known to affect
modulator affinity and/or function. For MPEP, separate docking experiments were carried out,
centered on two residues shown to greatly influence modulator affinity when mutated: P654 and
S808. For the six acetylene PAMs, docking experiments were all centered on P654. Once a
binding mode had been determined by the docking procedure, 10 low energy conformations of
the ligand created by MOE (Molecular Operating Environment, Chemical Computing Group,
Ontario, Canada) were tested within the site. Side-chain rotamers around the ligand were
optimized simultaneously in a Monte-Carlo minimization algorithm. The energy function used
during the docking procedure contains terms for van der Waals attractive and repulsive forces,
hydrogen bonding, electrostatic interactions between pairs of amino acids, solvation, and a
statistical term derived from the probability of observing a side-chain conformation from the

PDB. For each modulator, over 2,000 docked complexes were generated and clustered for

11
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structural similarity using bcl::Cluster (Alexander et al., 2011). The lowest energy binding mode
from the five largest clusters for each modulator were used for further analysis. A detailed
protocol capture for protein modeling and ligand docking, including links to input and output

files, is provided (Supplementary Materials S2; Supplementary Materials S3).

Data Analysis

All computerized nonlinear regression was performed using Prism 5.01 (GraphPad
Software, San Diego, CA). Inhibition [*’H]methoxyPEPy binding data sets were fitted to a one-
site inhibition binding model and estimates of inhibitor dissociation constants (K;) were derived
using the Cheng-Prusoff equation for competitive ligands (Cheng and Prusoff, 1973) and the
following version of the allosteric ternary complex model for ligands that did not fully displace

radioligand (Lazareno and Birdsall, 1995):

where Y/Yq 1s the fractional specific binding, D is the radioligand concentration, B is the molar
concentration of the allosteric modulator, Kp is the radioligand equilibrium dissociation constant,
and Kg is the allosteric modulator equilibrium dissociation constant. o denotes the cooperativity
factor, where values of a > 1 describe positive cooperativity, values of a < 1 (but greater the 0)
denote negative cooperativity and a = 1 denotes neutral cooperativity.

Shifts of glutamate concentration-response curves by allosteric modulators were globally fitted to
an operational model of allosterism (Leach et al., 2007):

Em(TAA(KB + aﬁB) + TBBKA)n

Effect =
Ject = AR, T KKy + K,B + aAB)" + (t,4(K, + afB) + 1,BK,)"

12
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where A is the molar concentration of orthosteric agonist glutamate and B is the molar
concentration of the allosteric modulator. KA is the equilibrium dissociation constant of the
orthosteric agonist, glutamate, and Kp is the allosteric modulator equilibrium dissociation
constant.

Affinity modulation is governed by the cooperativity factor a, and efficacy modulation is
governed by PB. The parameters ta and tg relate to the ability of the orthosteric and allosteric
ligands, respectively, to engender receptor activation. E; and n denote the maximal possible
system response and the transducer function that links occupancy to response, respectively.
Allosteric modulator and agonist concentration-response curves were fitted to a four parameter
logistic equation in order to determine potency estimates:

_ bottom + (top — bottom)
y = (1+ 10(logECso—A)HillSlope

where bottom and fop are the lower and upper plateaus, respectively, of the concentration-
response curve, HillSlope is the Hill coefficient that describes the steepness of the curve, and
ECsp is the molar concentration of modulator required to generate a response halfway between the
top and bottom.

All affinity, cooperativity and potency parameters were estimated as logarithms and are expressed
as the mean = S.E.M. (Christopoulos, 1998). Statistical analyses were performed where
appropriate as indicated using one-way ANOVA with Dunnett’s post test when comparing to

control, or Tukey’s post-test when making multiple comparisons.

13
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Results
Refining the alignment of mGlus to Family A 7TMRs and prediction of amino acids within the
common allosteric “MPEP” site

In contrast to previous models of mGlus (Malherbe et al., 2006; Malherbe et al., 2003;
Pagano et al., 2000), the alignment of mGlus presented here is based on a previously reported
CaSR alignment (Miedlich et al., 2004) where the PKxY motif in transmembrane domain 7
(TM7) of the human mGlus is aligned with the NPxxY motif in the Family A 7TMRs
(Supplementary Fig. 1). This adjustment in the alignment shifts TM7 by seven residues,
predicting that S806, S808 and T810 face the MPEP binding pocket. Indicated on the alignment
of the human mGlus with bovine rhodopsin and human f,-adrenergic receptor (Supplementary
Fig. 1) are point mutations included in the current study, which includes mutations previously
reported to perturb NAM or PAM activity of mGlus modulators (Chen et al., 2008; Malherbe et
al., 2006; Malherbe et al., 2003; Molck et al., 2012; Muhlemann et al., 2006; Pagano et al., 2000)
and mutations novel to this study (highlighted in grey). Based on the localization of these
previously known residues, we elected to mutate additional residues predicted to be on the same
inward-facing helical face of TMs 3, 5, 6 (I650A, G651F, V739M, P742S, N746A, G747V,
T779A, 1783A, V788A, YT91F, F792A). Conserved residues were substituted for Ala, whilst
non-conserved residues were mutated to the corresponding amino acid in either group II or group
III mGlus. In order to validate the alignment of TM7, seven residues were mutated that were
predicted to line the inward-facing helical face of TM7: S806A, S808A, S808T, T810A, T810S,
A812S, L813A, C815A, M816A. As a negative control, a point mutation previously shown to
affect PAM activity (by CPPHA) at the second allosteric site on mGlus, F585I, was also included

(Chen et al., 2008).

14
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Identification of eight novel point mutations that perturb MPEP inhibition of glu

To assess the contribution of both novel and previously identified residues to the MPEP
binding pocket, MPEP (Fig. 1) was screened for its effect on the maximal response to glutamate
in the Ca"" mobilization assay at a single concentration. For screening purposes 10 nM MPEP
was selected as this concentration caused a significant decrease in glutamate En.x to ~45% at
mGlus-wt, such that increases or decreases in the % inhibition caused by MPEP could be detected
(Fig. 1A). All mutations were functional and expressed at levels ranging from 0.4-3.8 pmol/mg
(Table 1, Supplementary Table 1). Mutations that showed a lack of [’H]methoxyPEPy binding
showed a similar range of expression levels (between that of the low-expressing mGlus-wt cell
line and the higher-expressing, polyclonal mGlus-wt line) as confirmed by immunoblotting
(Supplementary Fig. 2). Twelve point mutations, corresponding to nine different amino acids,
significantly reduced inhibition of glu En.x by 10 nM MPEP (Fig. 1B). From the original 33 point
mutations screened, 24 were selected for further characterization, including the negative control

F5851.

Delineation of impact of mutations on MPEP affinity versus cooperativity

Progressive fold-shift analysis by MPEP of the glutamate concentration-response curve
for Ca™" mobilization was performed using the operational model of allosterism (Leach et al.,
2007). This model has previously been validated for estimating affinity and cooperativity of
mGlus allosteric modulators (Gregory et al., 2012). As expected, given that mutations were
introduced into the TMs, little or no change was observed in the potency and efficacy (logta) of

glutamate across all point mutations compared to wild type (Supplementary Table 1).

15
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Furthermore, the assumption that glutamate affinity was unaffected by point mutations in the
TMs had no effect on the estimates of modulator pKg (Supplementary Fig. 1A). The affinity
(pKg) of MPEP was found to be significantly reduced compared to wild type at 16 point
mutations (Table 1, Fig. 1C). MPEP affinity estimates were reduced 3-10 fold at: P742S, L743V,
G747V, TT79A, V788A and T810A; 10-30 fold at G651F, P654S, T780A and A809G; 30-100
fold at Y658V, S808A, S808T and A809V. Greater than 1000-fold lower MPEP affinity was
observed at P654F and W784A compared with wild type. Binding and functional affinity
estimates showed good agreement. No appreciable [’H]methoxyPEPy binding was observed at
G651F, P654S, P654F, Y658V, T780A, W784A, S808A, S808T, A809V and A809G (Table 1),
corresponding to mutations where MPEP affinity was estimated to be decreased 10 fold or greater
compared to wild type. MPEP completely blocked the maximal response to glutamate at all
constructs (data not shown) with the exception of P654F and W784A (Fig. 2A & B). At W784A
(Fig. 2B), inhibition of glutamate by MPEP approached a limit, where logB = -0.27+0.03,

indicating that MPEP negative cooperativity is weaker at W784A compared to wild type.

Modeling MPEP binding to mGlus comparative model

MPEP was docked into the comparative model of mGlus to aid interpretation of these
mutational data. Docking experiments were centered on two sites, represented by two residues
that were demonstrated to reduce MPEP affinity when mutated, P654 and S808. Representative
binding modes from each experiment demonstrate possible binding modes for MPEP interacting
with mGlus (Fig. 3A). The lowest energy MPEP binding poses from the largest clusters for
docking to both sites are shown in Fig. 3B and 3C. Docking to P654 identified a common binding

site. within the top three clusters, representing 37% of all models; five out of seven point

16
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mutations that reduce MPEP affinity are predicted to line the pocket depicted by these poses.
However, given the linearity of MPEP, the orientation of the ligand proved more difficult for
Rosetta to differentiate; in two of the top three clusters the pyridine ring of MPEP points towards
the extracellular space. Interestingly, despite mutations causing 30-100 fold reduction in affinity,
S808 and A809 were not predicted to interact with MPEP in the P654-based docking runs. The
lowest energy MPEP binding modes of the largest five clusters (accounting for 28% of models)
with docking centered on S808 demonstrated greater diversity (Fig. 3B). In four out of these five
binding modes, the nitrogen from the pyridine ring forms a hydrogen bond with S808. A similar
pose for MPEP has recently been reported (Molck et al., 2012). This interaction may also account
for the impact of substitutions to A809, potentially influencing the conformation of its
neighboring residue S808. Given the location of S808 at the top of TM7 closer to extracellular
loop regions, the greater diversity in binding poses is not unreasonable. We hypothesize that S808
and A809 are important for the initial recognition of the receptor by MPEP, ultimately facilitating
binding deeper within the pocket created by TMs 3, 5, 6 and 7. Residues that when mutated
significantly reduced MPEP affinity are highlighted in Fig. 3 and color-coded based on their
relative impact on MPEP affinity. Notably, residues that have the greatest effect on MPEP
affinity are found in close proximity to MPEP, whereas as those with less of an effect (3-10 fold
reduction) are more remote. Hydrophobic interactions with MPEP are likely occurring with W784
and Y658. Given its placement in relation to MPEP, the P654F mutation may introduce steric
clash into the MPEP binding site preventing MPEP binding and consequently reducing affinity.
Ser substitution of this same amino acid did not reduce affinity to the extent of the Phe mutation,
with MPEP negative cooperativity retained. Thus it is also possible that replacing Pro with Phe

both influences the helix conformation (by removing Pro induced kink) and introduces a larger

17
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hydrophobic amino acid, thereby dramatically changing the geography of the MPEP binding
pocket, perturbing MPEP affinity and potentially cooperativity. The effect of mutations to S806,
S808 and T810 provide evidence in favor of the alignment of the PKxY motif in the mGlus with
NPxxY motif in the Family A 7TMRs. As predicted by the model, the S808A mutation affects
MPEP affinity, likely because its position facing the binding pocket provides an interaction with
MPEP. S806 and T810 face away from the binding pocket and are not predicted to affect affinity,
which is in agreement with the functional data (Fig. 1C). This verification of the MPEP binding
mode through point mutations encouraged the further analysis with positive allosteric modulators

of mGlus.

Identification of point mutations that affect positive allosteric modulation of glu activity

Three pairs of picolinamide and nicotinamide acetylene mGlus-selective positive allosteric
modulators were selected for investigation of the binding mode of these two chemical scaffolds in
the common allosteric site of mGlus (Fig. 4). These six PAMs span varying degrees of affinity at
the wild type receptor from low (VU0360173, 8 uM) to high (VU0403602, 6 nM; VU0405386,
10 nM) (Tables 2 & 3). Picolinamide PAMs show higher affinity ~10 fold for the wild type
receptor than their nicotinamide counterparts (Tables 2 & 3). Furthermore, these PAMs show
varying degrees of cooperativity, i.e. their ability to induce leftward shifts (fold-shifts) of the
glutamate concentration-response curve (Fig. 4; Table 4). Similar to the approach utilized for
MPEP above, activity of mutant receptors was assessed at a single concentration of PAM. Based
on the ability of these compounds to potentiate glutamate Ca’ mobilization at the wild type
receptor (Fig. 4), PAM concentrations were selected that caused sub-maximal, but reproducible,

fold-shifts in the concentration-response curve to glutamate. The fold-shift at a single
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concentration of PAM was compared with the fold-shift at wild type (Fig. 5). Point mutations that
significantly increased or decreased potentiation were selected for further characterization using
analysis of progressive fold-shift of the glutamate concentration-response curve to delineate their

effects on PAM affinity versus cooperativity.

Impact of mutations on PAM affinity: interactions within the common allosteric pocket

To ensure that potential determinants were not missed in the initial screen, mutations that
perturbed potentiation by at least one member of class (either picolinamide or nicotinamide) were
assessed across all three members. In addition, mutations that affected one member of a
picolinamide/nicotinamide PAM pair were further assessed at both. Affinity estimates (pKg) for
PAMs, derived from modulation of glutamate- mediated Ca"" mobilization, are shown in Table 3;
for the most part, mutations influenced modulator affinity (Fig. 6). Where practical, PAM affinity
was also assessed using inhibition of [’H]methoxyPEPy binding (Table 2). Functional (pKg)and
binding (pKi) estimates of affinity showed strong correlation (Supplementary Fig. 3B). All
mutations in TM3 that showed significant effects could not be assessed using radioligand
binding-based approaches, relying instead on affinity estimates derived using the operational
model of allosterism.

No potentiation was evident for VU0360173 (up to 30 uM) at G651F, P654S, P654F,
Y658V, T780A, S808A, and A809V. The corresponding picolinamide, VU0405398, also showed
no detectable potentiation at A809V and 10-30 fold decreased affinity at G651F, P654S, T780A
and A809G; 30-100 fold reductions were noted at P654F and Y658V. Collectively, these results
suggest that the lack of potentiation observed for VU0360173 at these mutants is a result of

decreased affinity.
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VUO0360172 affinity was reduced approximately 10 fold at G651F and A809V. No positive
allosteric modulation was observed at Y658V or T780A. Interestingly, P654S had no significant
effect on VU0360172 affinity, while at the Phe substitution VU0360172 affinity was also reduced
(6 fold; this did not reach significance). The picolinamide counterpart of VU0360172,
VU0403602, also showed no appreciable PAM activity at Y658V, alongside marked reductions
in affinity (greater than 100 fold) at P654F and T780A. VU0403602 affinity was also decreased
30-100 fold at G651F, S808A, A809V and A809G; and 10-30 fold at S808T. At P654S and
C815A, VU0403602 pKp values were reduced 3-10 fold compared to wildtype; although this did
not reach significance at P654S.

Similar to that reported for the previous four PAMs, VU0415051 did not potentiate
glutamate at Y658V (up to 30 uM). Decreased VU0415051 affinity was noted at: S808T, A809G
(10-30 fold); P654S, T780A, A809V (30-100); and greater than 100 fold at P654F. VU0405386
also showed no discernible PAM activity at Y658V nor S808A. The affinity of VU0405386 was
decreased compared to wildtype at F792A, A809G (10-30 fold); P654F, A809V (30-100 fold);
and greater than 300 fold at T780A. Interestingly, neither of the VU0415051/VU0405386 pair
were unaffected by G651F.

Three point mutations in TMS5, P742S, L743V and N746A, showed no significant effects
in functional assays; however, in inhibition binding assays, significant reductions in affinity were
observed for some PAMs (Table 2). P742S significantly decreased pK; values 3-10 fold for
VU0361072, VU0403602, VU0415051 and VU0405386. Significantly decreased pKjvalues were
also noted for VU0403602 (19 fold), VU0405398 (2 fold), VU0415051 (4 fold) at L743V, and
for VU0403602 (6 fold), VU0415051 (3 fold) at N746A. In contrast, V788A, in TM6, showed a

trend for increased pKg and pK;j values (2-10 fold).
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Docking of PAMs to mGlus comparative model

Docking of the positive allosteric modulators in the mGlus comparative model provides
insight into the significant residues identified to reduce affinity in the binding pocket. Each of the
six positive allosteric modulators were allowed to explore a 5 angstrom radius around P654, and
the lowest energy binding modes of the largest 5 clusters were shown to bind in the same pocket
as MPEP (Fig. 7A-C). As seen with MPEP, mutation of P654 in TM3 to a bulky residue (Phe)
likely introduces a steric clash, reducing the ability of PAMs to engage the common mGlus
binding pocket, accounting for the reduced affinity for all six PAMs. As noted previously, the
amino acid in this position in not conserved across the mGlu family, such that it is likely P654
also contributes to the subtype selectivity of these PAMs. Introduction of steric bulk is also likely
to underscore the impact of the GO651F mutation on all modulators except for the
VU0415051/VU0405386 pair. The impact of substitution of Y658 with Val can likely be
attributed to disruption of key polar interactions between modulators and Y658, T780 and W784
(Highlighted by dashed lines in Fig. 7A-C). Similarly, T780 likely participates in a polar
interaction with the carbonyl of the PAMs, with the exception of VU0403602 where the tertiary
amide is predicted to interact with this residue, such that Ala substitution of this amino acid
causes the drastic loss of affinity seen for all modulators. W784 likely contributes to hydrophobic
interactions within the pocket, which may account for the trend for picolinamide PAM affinity to
be perturbed by W784A; it is also noteworthy that the W784 may be involved in a hydrogen
bonding network linking the modulators, TM3 and TM7. V788A shows a trend for increased
affinity, which may be due to secondary effects on protein conformation and the previously

implicated F787, where Ala substitution reduced NAM and PAM interactions (Malherbe et al.,
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2006; Malherbe et al., 2003; Muhlemann et al., 2006). S808 in TM7 may participate in hydrogen
bonding with the fluorine of the modulators when in close proximity, although this was not
evident in the lowest energy binding poses. Substitution of A809 with Gly or Val reduced
modulator activity across the board, pointing to the importance of the alanine in maintaining the
correct helix conformation for binding. With respect to C815 and VU0403602, it is likely that
there is an interaction with the cyclobutane of the modulator; however, it is not immediately

apparent whether this is a direct or indirect effect.

Quantifying effects on cooperativity: identification of mutations that engender “molecular
switches”

When applying the operational model of allosterism, the interaction between glutamate
and PAMs was assumed to be exclusively via efficacy modulation, an assumption previously
validated for mGlus PAMs from this scaffold (Gregory et al., 2012). Cooperativity estimates
(logP) are summarized in Table 4 and comparisons with wild type are shown in Fig. 8. Alongside
marked reductions in PAM affinity, P654F also significantly increased cooperativity of
VU0415051 (~2 fold). P742S in TMS had no effect on PAM affinity, yet increased cooperativity
(~3 fold). In TM7, A809G significantly increased the cooperativity of the higher affinity PAMs:
VU0403602, VU0415051 and VU0405386 (2-5 fold), with a similar trend observed for
VU0360172, VU0360173 and VU0405398. Also in TM7, C815A significantly increased the
cooperativity of all PAMs (2-7 fold) with the exception of VU0405398. P742S, A809G, C815A
all represent mutations where the glutamate potency and/or efficacy was lower than the wild type
(Supplementary table 1), such that these increases in PAM cooperativity may be attributable to

PAMs stabilizing an unstable mutant receptor. Significantly increased cooperativity (3 fold) was
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also observed at W784A for VU0360172, VU0403602 and VU0415051, with VU0360173
showing higher, although not significant, cooperativity. Interestingly, this was not a global PAM
phenomenon as the cooperativity of VU0405386 and VU0405398 unchanged. Given the putative
involvement of W784 in a key hydrogen bonding network for the PAMs (dotted lines in Fig. 7A-
C), perhaps this differential effect is driven by the relative importance of this interaction over that
of the PAM functional head group. Also in TM6, V788A increased the cooperativity of
VUO0360173 (3 fold) alone; no direct interaction is predicted from the docking between
VUO0360173 and V788, suggesting this is an indirect effect on the geography of the binding
pocket. The selective effect of V788A on VU0360173 cooperativity may be attributable to the
fact that this PAM has the weakest cooperativity and lowest affinity.

Three point mutations altered cooperativity drastically, such that PAMs behaved as
NAMs. At Y658V, VU0405398 was a weak NAM, reducing the maximal response to glutamate
by ~25% at 30 uM (Fig. 9A). This same mutation resulted in a loss of potentiation by all other
PAMs. At T780A, VUO0415051 became a weak NAM or “partial antagonist”, where logf = -0.28,
corresponding to ~40% depression in the glutamate maximal response (Fig. 9B). This inhibition
approached saturation, the hallmark feature of an allosteric interaction.

The most profound molecular switch engendered by a single point mutation was that of
S808A, where VU0405398 behaved as a full NAM, abolishing the maximal response to
glutamate (Fig. 9C). As mentioned earlier, at this same mutation VU0405386 showed no
discernible PAM activity. Given that this mutation has little or no impact on the affinity of the
other PAMs tested, we hypothesized that the lack of potentiation by VU0405386 was caused by a
molecular switch from PAM to neutral. To test this hypothesis, concentration response curves for

VUO0405398 inhibition of an ECgy glutamate concentration were performed at S808A in the
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presence of varied concentrations of VU0405386. As shown in Fig. 9D, VU0405386 has no effect
on the response to glutamate, but causes parallel rightward shifts in the VU0405398 curve, in a
manner consistent with a competitive interaction (Fig. 9E; where the Schild slope was not

significantly different from unity (0.92 + 0.09) and pKgz: 7.48 +0.20).

Modeling PAM molecular switches

To investigate the molecular cause of the PAM to NAM or neutral switches, modulators
were docked into mGlus models containing the mutation engendering the switch. VU0405398
docked in wildtype mGlus was compared to VU0405398 docked into the S808A mutant (Fig.
10A). Interestingly, introducing this single point mutation resulted in movement of TM7, such
that in the mutant receptor VU0405398 is further away from this helix. It is unclear as to why this
substitution results in such a conformational change of the receptor. Although not evident in the
docked results, it is possible that rotation of the side chain of S808 in the wildtype receptor would
allow hydrogen bonding to occur between the fluorine of the modulator and S808, with direct
interactions with TM7 being important for stabilizing active receptor conformations. At the
mutant receptor, such an interaction is no longer available and VU0405398 instead stabilizes an
inactive receptor conformation at the mutated receptor. From the docked poses it is also evident
that the picolinamide functional group of VU0405398 adopts a strikingly different orientation
within the pocket. Similarly, VU0415051 was docked into the T780A mutant receptor and
binding modes compared with those in wildtype mGlus (Fig. 10B). At the T780A mutant, a polar
interaction is no longer formed between the carbonyl of the modulator and the mutant A780;
hydrogen bonding is no longer evident with the side chain hydroxyl of Y658 and the modulator

carbonyl, nor between the tertiary nitrogen and S657. In the mutant receptor construct, the
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nicotinamide tertbutyl moiety of VUO0415051 adopts a different orientation with decreased
affinity. Docking of VU0405386 in the S808A receptor shows subtle differences in the binding
mode of the ligand when compared with wildtype (Fig. 10C). The movement of TM7 observed
with docking VU0405398 to this same receptor mutation is not evident, which may account for
the switch from PAM to neutral rather than to a robust NAM as seen for VU0405386. Although
not evident in the static docked pose, we hypothesize that the side chain of S808 may rotate to
form a polar interaction with the fluorine of the modulator when interacting with the wildtype
receptor that is not possible in the mutant. It is also clear that this point mutation at the top of
TM?7 results in the ligand adopting a different pose with respect to the picolinamide tertbutyl

group, which may contribute to the observed switch to neutral cooperativity.
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Discussion

By utilizing an operational model of allosterism (Gregory et al., 2012; Leach et al., 2007),
we have quantitatively assessed the interactions of positive allosteric modulators within the
common allosteric site of mGlus, successfully delineating the impact of point mutations on
cooperativity versus affinity. Seven novel point mutations were discovered that negatively impact
the MPEP affinity, building on our understanding of the common allosteric binding pocket.
Furthermore, Ala substitution of W784 reduced MPEP negative cooperativity. For the six PAMs
studied, three conserved (Y658, T780, S808) and two non-conserved residues (P654, A809) were
identified as critical determinants of PAM affinity. Interestingly, two point mutations engendered
molecular switches in certain PAMs, changing their pharmacology to either NAMs or neutral
modulators.

Close examination of the MPEP mutational data reveals a number of interesting
observations. First, [’H]methoxyPEPy non-binding mutants corresponded to mutations where
MPEP affinity estimates, as derived from functional assays, were decreased 10 fold or greater
compared to wildtype. Indeed, four previously reported mutations: Y658V, W784A, A809V, and
A809G, that cause a loss of NAM binding to mGlu; and mGlus and/or decreased MPEP potency
for glutamate inhibition (Malherbe et al., 2003; 2006; Molck et al., 2012; Muhlemann et al., 2006;
Pagano et al., 2000) were confirmed herein and attributed to >30 fold reductions in MPEP
affinity. Also in agreement with previous data (Malherbe et al., 2003; 2006; Pagano et al., 2000),
P6548S, L743V and T780A all reduced MPEP affinity, although the effect of T780A was more
pronounced in the current study than previously reported (17 versus 5 fold; (Malherbe et al.,
2003)). Second, in mutating residues predicted to line the helical face towards the binding site as

shown in the comparative model, we have further validated utilization of Family A 7TMR crystal
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structures as templates for mGlu transmembrane spanning domain comparative modeling. Our
TM?7 alignment, aligns PKxY of mGlus to the conserved NPxxY motif, differs by seven residues
compared to earlier reports (Malherbe et al., 2006; Pagano et al., 2000), agreeing with the recent
report by Molck and colleagues (Molck et al., 2012). In support of this new alignment for TM7,
S808 was hypothesized to contribute to the common allosteric site of mGlus as opposed to S806
and T810. Mutation of S808 to Ala perturbed MPEP affinity significantly more than S806A and
T810A. S808T had a similar impact on MPEP affinity, suggesting a polar interaction may occur
between S808 and MPEP that is not achieved by Thr. Alternatively, S808 may be important for
maintaining the allosteric binding pocket geography, perhaps via a hydrogen bonding network.
Molecular models of receptor-ligand complexes provide important tools for hypothesis
generation, predicting binding modes where experimental structures are unavailable. In the
current study, the model provides an orientation of transmembrane helices, known to be aligned
well across GPCR templates, as well as the TM7 helix/loop transition, that reasonably explains
experimental results demonstrated by S806, S808 and T810 mutations. The comparative model
has less confidence predicting receptor loop regions, as these have less than 20% sequence
homology to the template GPCR structures used. The predicted modulator binding site captures
residues identified in experimental studies, lending confidence to the binding site location depth
within the receptor. The long axes of the ligands were consistently aligned parallel with the
helices; however, computationally it was difficult predicting the orientation of these linear ligands
and distinguishing whether the functional group points towards the intracellular or extracellular
space. Despite these challenges, the mGlus computational model with allosteric modulators has

provided valuable hypotheses, validated experimentally herein.
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Comparison of the PAM data with that of MPEP shows a number of marked differences
in mutation susceptibility. Interestingly, more mutations perturbed MPEP affinity than the PAMs;
however, with one exception (VU0403602 at C815A), there were no mutations that influenced
PAM affinity without affecting MPEP. It is clear that these acetylene PAMs interact with the
common allosteric site on mGlus. These differences likely underscore the determinants that
contribute to a NAM versus PAM interacting with the receptor. Interestingly, W784A caused a
~1000 fold reduction in MPEP affinity; however, nicotinamide PAMs were insensitive to this
mutation, whilst the picolinamides showed 3-10 fold decreased affinity. W784A increased
cooperativity of some PAMs; in agreement with the previous report that W784A enhanced DFB
potentiation (Muhlemann et al., 2006). Ala substitution of the equivalent Trp in mGlu; (W798)
has differential effects on mGlu; NAMs (Fukuda et al., 2009; Suzuki et al., 2007). W784 is
analogous to the W of the CWxP motif in Family A 7TMRs that is involved in the well-known
rotamer-toggle activation switch (Holst et al., 2010; Shi et al., 2002; Visiers et al., 2002). The
modeling herein predicts a network of polar interactions involving W784 and T780 in TM6, Y658
in TM3 and the PAMs. We hypothesize that the differential effect of W784A on mGlus PAMs
versus MPEP is likely underscored by PAMs interacting with an active versus inactive receptor
conformation.

In each case, picolinamide modulators have higher affinity than their corresponding
nicotinamide modulators. From the studies herein, it is not entirely clear which interactions within
the binding pocket drive this higher affinity for picolinamides. However, a trend was observed
where a greater reliance upon residues in TM7 was observed for compounds, both nicotinamides
and picolinamides, with higher affinity (sub 100 nM). Picolinamides also tended to be susceptible

to W784A; however, this only reached significance for VU0403602.
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For all PAMs, Y658V abolished potentiation, except for VU0405398 where a weak NAM
switch was observed. Trp substitution of the equivalent residue in mGlug suppresses the activity
of a constitutively active mutant receptor (Yanagawa et al., 2009), raising the possibility that this
mGlus mutation may have a global receptor activation effect. However, previously DFB
potentiation was reportedly unaffected by Y658V (Muhlemann et al., 2006); supporting the
hypothetical modulator binding modes shown, where an interaction is predicted with this residue,
rather than Y658V impacting active receptor states.

A number of previous studies have identified PAMs as competitive with the common
mGlus allosteric (or “MPEP”) site on the basis of a single point mutation in TM7, A809V (Chen
et al., 2008; Hammond et al., 2010). Previously, A809V was reported to cause a ~30 fold
decrease in the affinity of 4-nitro-N-(1,3-diphenyl-1H-pyrazol-5-yl)benzamide (VU29), an mGlus
PAM from the 3-cyano-N-(1,3-diphenyl-1H-pyrazol-5-yl)benzamide (CDPPB) series (Gregory et
al., 2012). Validating the utilization of this single point mutation as a read-out of interaction with
this common allosteric site, all six PAMs exhibited decreased affinity for this mutant construct.
While this interaction appears to be crucial for all PAMs that are competitive with MPEP tested
to date, it should be noted that this does not necessarily have to be the case. Notably, L743V and
the equivalent mutation in mGlu; were previously shown to enhance potentiation by PAMs
(Knoflach et al., 2001; Muhlemann et al., 2006); however, for acetylene PAMs, L743V had no
effect on cooperativity or affinity. Further studies are underway to probe interactions within the
common allosteric site by modulators from distinct chemotypes to better inform our
understanding of the molecular determinants of modulator affinity and cooperativity (Manka et

al., 2012).
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A key finding arising from this study was the identification of residues that, when
mutated, engendered a mode switch in allosteric modulator pharmacology, specifically T780A in
TM6 and S808A in TM7. Considering that these PAMs originated from a NAM HTS lead
(Rodriguez et al., 2010), such drastic changes in modulator cooperativity are not altogether
surprising. Indeed, the acetylene series of mGlu allosteric modulators is prone to “molecular
switches” (Wood et al., 2011); the SAR plagued by unanticipated changes in the mode of
pharmacology and selectivity (Sheffler et al., 2012; Wood et al., 2011). Muhlemann and
colleagues previously reported a similar result for the early mGlus PAM, DFB, where at the
F787A mutant, DFB behaved as a weak NAM (Muhlemann et al., 2006). Pharmacological mode
switches were also noted during the discovery of DFB and related compounds (O'Brien et al.,
2003). As noted above, movements in TM6 have been implicated in the transition of Family A
7TMRs from inactive to active states. TM7 contains the NPxxY motif, also well-known for its
role in receptor activation (Barak et al., 1995; Fritze et al., 2003; Prioleau et al., 2002).
Furthermore, a water-hydrogen bond network involving polar residues in TMs 1, 2, 6 and 7 is
postulated to play an integral role in receptor activation (Nygaard et al., 2010). Given the
importance of TMs 6 and 7 for the transitioning of receptors into active conformations, these
mode switches may be attributed to either a loss of an important direct contact that facilitates
receptor activation upon modulator binding or a global (secondary) effect on protein
conformations that prevents some modulators, but not others, from engendering active
conformations.

Collectively, these findings highlight the subtleties of interactions within the common
mGlu allosteric binding pocket that determine allosteric modulator affinity and cooperativity. The

identification of point mutations that engender a molecular switch in PAM pharmacology
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provides the first clues from the protein side of the equation as to the underlying determinants for
this phenomenon. The prevalence of “molecular switches” raises concerns regarding metabolite
pharmacology. A deeper understanding of the molecular basis of allosteric modulation has the
potential to aid rational drug design efforts to predict and avoid undesirable pharmacology,

including mode switches.
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Figure legends

Figure 1. Probing the common allosteric binding site on mGlus with negative allosteric
modulator, MPEP.

A) At the wildtype rat mGlus receptor, MPEP inhibits glutamate-mediated mobilization of
intracellular Ca®’, depressing the maximal response. B) Single point mutations of mGlus were
screened for their ability to impact inhibition of the maximal response to glutamate in the
presence of 10nM MPEP. C) Comparison of MPEP affinity estimates at mutants with wildtype.
Data represent the mean + S.E.M of 3-6 experiments performed in duplicate. Error bars not
shown lie within the dimensions of the symbol.

Figure 2. At two point mutations, MPEP did not fully depress the maximal response to
glutamate.

MPEP inhibition of glutamate-mediated mobilization of intracellular Ca’" at mGlus-P654F (A)
and W784A (B). In the presence of MPEP at concentrations up to 100 uM, glutamate retained
some activity in both cell lines. Data represent the mean + S.E.M of 3-5 experiments performed in
duplicate. Error bars not shown lie within the dimensions of the symbol.

Figure 3. The negative allosteric modulator MPEP docked into mGlus comparative model.
MPEP was docked into the mGlus comparative model in two separate experiments, centered at
P654 and S808. (A) The lowest energy conformation for MPEP from the largest cluster docked at
P654 is shown in green and at S808 is shown in cyan. Highlighted are the residues that caused
decreases in MPEP affinity when mutated, colored by graded effect compared to wildtype. (B)
The lowest energy models from the largest three clusters for MPEP docked at P654. (C) The

lowest energy models from the largest five clusters for MPEP docked at S808. Predicted
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hydrogen bonds between the nitrogen on the pyridine ring and S808 are depicted by dotted blue
lines.

Figure 4. Potentiation of glutamate-mediated Ca’" mobilization by nicotinamide and
picolinamide acetylene PAMs at wildtype mGlus.

The six PAMs included in this study potentiate the response to glutamate at mGlus-wildtype in a
Ca"™ mobilization assay with varying degrees of cooperativity, as evidenced by increased
glutamate potencies in the presence of PAMs. Nicotinamide acetylene PAMs are shown on the
left (A, B, C), with the corresponding picolinamide acetylene PAM on the right (D, E, F). Data
represent the mean + S.E.M of 3-7 experiments performed in duplicate. Error bars not shown lie
within the dimensions of the symbol.

Figure 5. Effect of mutations on the fold-shift caused by a single concentration of PAM
Nicotinamide acetylene PAMs are shown on the left, with the corresponding picolinamide
acetylene PAM on the left as indicated. The increase in glutamate potency in the presence of
PAM, or fold-shift, at each mutant is expressed relative to that observed for the same
concentration at the wildtype receptor. Specifically, PAM concentrations used were: 10 uM
VU0360173; 1 uM VU0360172; 100 nM VU0415051; 100 nM VU0405398; 10 nM VU0403602;
and 10 nM VUO0405386. # denotes no detectable PAM activity. * denotes significantly different
to wildtype, p<0.05, one-way ANOVA, Dunnett’s post-test. Data represent the mean + S.E.M of
3-7 experiments performed in duplicate. Error bars not shown lie within the dimensions of the
symbol.

Figure 6. Effect of mutations on positive allosteric modulator affinity estimates.
Nicotinamide acetylene PAMs are shown in the top three panels (A, B, C), with the

corresponding picolinamide acetylene PAM in the bottom three panels (D, E, F). Affinity

46



MOL #83949

estimates (pKg) were derived using an operational model of allosterism (Gregory et al., 2012;
Leach et al., 2007) from progressive fold-shifts of the glutamate concentration-response curve for
Ca”" mobilization. The difference between the pKg for the mutant versus wildtype is plotted. #
denotes no detectable PAM activity. * denotes significantly different to wildtype, p<0.05, one-
way ANOVA, Dunnett’s post-test. Data represent the mean = S.E.M of 3-7 experiments
performed in duplicate. Error bars not shown lie within the dimensions of the symbol.

Figure 7. Computational docking of three pairs of nicotinamide and picolinamide acetylene
positive allosteric modulators into mGlus. A) VU0360173 in blue and VU0405398 in green,
B) VU0360172 in blue and VU0403602 in green and C) VU0415051 in blue and VU0405386 in
green. Residues that when mutated caused a significant decrease in modulator affinity in mGlus
are highlighted in the respective color of the modulator. Residues that affect both the
nicotinamide and picolinamde in the pair are highlighted in purple. A predicted hydrogen bond
network involving the modulators, Y658, T780A and W784 is represented by the dashed black
lines. Highlighted in grey are residues that influence the cooperativity of certain modulators.
Figure 8. Effect of mutations on positive allosteric modulator cooperativity factors.
Nicotinamide acetylene PAMs are shown in the top three panels (A, B, C), with the
corresponding picolinamide acetylene PAM in the bottom three panels (D, E, F). Cooperativity
estimates (logP) were derived using an operational model of allosterism (Gregory et al., 2012;
Leach et al., 2007) from progressive fold-shifts of the glutamate concentration-response curve for
Ca”" mobilization. The difference between the logf for the mutant versus wildtype is plotted. #
denotes no detectable PAM activity. * denotes significantly different to wildtype, p<0.05, one-
way ANOVA, Dunnett’s post-test. Data represent the mean += S.E.M of 3-7 experiments

performed in duplicate. Error bars not shown lie within the dimensions of the symbol.

47



MOL #83949

Figure 9. Characterization of mutations that engender a molecular switch in PAM
pharmacology

A) At mGlus-Y658V, 10 uM and 30 pM VU0405398 inhibited the response to maximal
glutamate. B) The interaction between glutamate and VUO0415051 at the T780A mutant is
negative, with inhibition approaching a limit as defined by the cooperativity. C) At S808A,
VU0405398 causes a reduction in glutamate potency and depresses the maximal response to
glutamate. D) Concentration-response curves for VU0405398 inhibition of an ~ECg of glutamate
in the absence and presence of the indicated concentrations of VU0405386. E) Schild regression
of the interaction between VU0405386 and VU0405398 at S808A. Data represent the mean +
S.E.M of 3-6 experiments performed in duplicate. Error bars not shown lie within the dimensions
of the symbol.

Figure 10. Mutations engendering a molecular switch for mGlus allosteric modulators. A)
VU0405398 docked into wildtype mGlus (green) and the S808A mutant (magenta). B)
VU0415051 docked into wildtype mGlus (blue) and the T780A mutant (magenta). C)
VU0405386 docked into wildtype mGlus (blue) and the S808A mutant (magenta). Mutated
residues are colored by element. Key affinity determinants are highlighted to show

conformational changes in the binding pocket.
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Table 1: Equilibrium binding parameters for [’H|methoxyPEPy and MPEP at mGlus

mutations. Data represent the mean + s.e.m of a minimum of three independent determinations.

[’H]methoxyPEPy Binax MPEP pK°
pKp* (pmol/mg)

R5-wt (low) 8.24 +0.09 0.6 + 0.0*" 7.87 +0.04"
R5-wt (poly) 8.23£0.10 3.8+£0.8 7.77 £0.03
F585I 7.91+0.19 1.8+£0.6 7.93 +0.09
R647A 8.22 +0.08 1.6+1.3 n.d.
1650A 8.43+0.11 1.0£0.1* 8.34+0.11*
G651F No appreciable binding
P654S No appreciable binding
P654F No appreciable binding
S657C 8.35+£0.28 0.8 £0.3* 8.12 +0.09
Y658V No appreciable binding
V739M 8.19 +0.02 1.6+0.3 7.91 +0.07
P742S 7.71 £0.29 0.4+0.2% 7.67+0.14
L743V 7.92+0.09 1.1 £0.2% 7.23 +£0.10%*
N746A 7.72 £0.05 1.2 £0.4% 7.60 + 0.08
G747V 8.37+0.07 1.9+0.6 7.88 +£0.06
T779A 8.17+0.13 0.8+0.2%
T780A No appreciable binding
W784A No appreciable binding
V788A 8.13 +0.08 1.0+0.3* 7.71+0.13
F792A 8.11+£0.21 1.7+£0.6 7.90+0.13
S806A 7.71 £ 0.07 1.2+£0.1* 7.21 +0.07*
S808A No appreciable binding
S808T No appreciable binding
A809V No appreciable binding
A809G No appreciable binding
T810A 7.86 £0.15 20+04 7.28 £ 0.09*
C815A 8.00£0.19 0.8+0.1%* 7.57 +0.02

* denotes significantly different to wild type (polyclonal) value, p<0.05, one-way ANOVA, Dunnett’s post test.
n.d. denotes not determined.

# data previously reported (Gregory et al., 2012).

* negative logarithm of the equilibrium dissociation constant of [’H]methoxyPEPy.

® maximal number of binding sites.

¢ negative logarithm of the equilibrium dissociation constant of MPEP.
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Table 2: Affinity estimates (pKj) for positive allosteric modulators at mGlus-wt and mutants from inhibition binding assays.

Data represent the mean + s.e.m of a minimum of three independent determinations.

VUu0360172 VU0403602 VU0360173 VU0405398 VU0415051 VU0405386
(nicotinamide) (picolinamide) (nicotinamide) (picolinamide) (nicotinamide) (picolinamide)

R5-wt (low) 6.57+0.02°  826+0.15 5124007  6.05+0.12"  6.88+0.04°  7.98+0.05"
1650A n.d. 7.89+0.10 530+ 0.26 6.41 +0.14 6.62+0.11 7.69 +0.15
P742S 5.90+0.12*%  7.24+0.23*%  5.12+0.27 578+0.14  635+0.13*  7.19+0.12*%
L743V 6.32+0.06  698+0.10%  486+0.08  571+0.01* 625+0.17%  7.58+0.04
N746A 6.22+0.07  749+0.07*  4.63+0.10 575+0.03  635+026%  7.45+0.30
G747V 6.76 + 0.05 n.d. n.d. n.d. 7.06 +0.27 8.17+0.35
V788A 7.08 +0.23 8.70+0.02  6.10+£0.09*  7.87+£0.05%*  8.15+0.07*  9.20+0.10%
F792A 7.06 £0.15 7.85 + 0.04 568+0.06  6.74+0.08*  7.09+0.06 7.71+0.19
C815A 6.74 + 0.24 8.01 +0.03 5.01+0.07 6.26 + 0.04 6.92+0.11 7.96+0.16

* denotes significantly different to value at wild type receptor, p<0.05, one-way ANOVA, with Dunnett’s post test.
n.d. indicates not determined
*data previously reported (Gregory et al., 2012)
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Table 3: Affinity estimates (pKg) for allosteric modulators at mGlus-wt and mutants derived from operational model analysis

of interactions with glutamate. Data represent mean + s.e.m from 4-8 independent experiments performed in duplicate.

MPEP VUu0360172 VUu0403602 VU0360173 VU0405398 VU0415051 VU0405386
(nicotinamide) (picolinamide) (nicotinamide) (picolinamide) (nicotinamide) (picolinamide)

R5-wt (poly) 8.58+0.17" 6.68 £0.15 8.13+0.26 545+0.27 6.94+0.17 7.34+0.18 8.04 £0.26
R647A 8.89£0.19 6.29 +0.12 7.99 +0.09 491+0.14 6.94+0.10 7.28 +£0.25 7.74 £0.12
1650A 8.62 +0.03 7.12+0.19 7.97+0.13 n.d. 7.29+£0.15 n.d. 8.10+0.15
G651F 7.53 £0.18* 5.86+0.18%  6.50+0.18* No PAM 5.99 +£0.28* 6.94+0.19 7.14 £ 0.08
P654S 7.10 + 0.06* 6.39+0.24 7.33+0.16 <5 5.80+0.27* 5.69 + 0.46* 7.81£0.27
P654F 4.11+0.21%* 591+0.17 5.99 +£0.26* No PAM 533 £0.27* 5.25+0.19* 6.23 +£0.22*
S657C 8.32+£0.08 n.d. 7.41+0.17 n.d. 6.99 +0.31 6.78 £ 0.12 7.68 £ 0.06
Y658V 6.57 +0.13"* No PAM No PAM No PAM 4.97 £ 0.35* No PAM No PAM
P742S 8.07+0.17* 6.57+0.10 7.50+0.12 4.65+0.17 6.83 £0.20 7.09 = 0.04 7.96 £0.16
L743V 8.04+0.10"* 6.97+£0.15 7.93+0.14 546 +0.12 6.77+0.11 7.75+0.20 8.36+0.10
N746A 8.30 +0.06 6.66 +0.10 7.99 +0.11 n.d. 6.50 £ 0.23 n.d. 8.06+0.17
T780A 7.36 +£0.02* No PAM 6.03 £0.13* No PAM 5.59 +£0.05* 5.82 + 0.40* 5.32+0.24*
W784A 5.50 £0.29* 6.76 = 0.14 7.09 £ 0.34* 5.03+£0.44 6.23+£0.20 7.14+0.15 7.53+0.14
V788A 7.89 £0.13* 7.28 £0.17 8.43+0.20 6.28+0.18 7.84+0.14 8.07+0.19 8.79 +0.08
F792A 8.93+£0.04 7.25+0.33 8.03 £0.02 4.80 +0.20 7.34+0.20 8.06 £0.24 7.02 +£0.47*
S806A 8.36 +0.06 n.d. n.d. n.d. n.d. n.d. 7.29 +£0.45
S808A 6.98 £0.18* 6.15+0.30 6.47 +£0.10* No PAM 6.28 +£0.09 7.20 £ 0.44 7.48 £0.20
S808T 6.90 + 0.06* 6.59+0.20 7.15+0.33* 5.04 £0.33 6.40+0.23 6.36 £ 0.26* 8.05+0.27
A809V 6.52+0.12"*  564+0.19%*  6.52+021* No PAM No PAM 5.56 £0.12%* 6.22 +£0.14*
A809G 7.18 £0.04* 593+0.18 6.59 £ 0.05* 5.13+0.13 5.88 £0.05%* 628 £0.11* 6.60 = 0.24*
C815A 8.35+0.05 6.58 £ 0.22 7.29 +0.26* 4.81+0.13 6.73 £0.35 7.26+0.11 7.63 £0.15

n.d. denotes not determined
“No PAM” indicates no observed positive allosteric modulation.

* denotes significantly different from wild type value, p<0.05, one-way ANOVA, Dunnett’s post-test.

* data previously reported (Gregory et al., 2012Gregory et al., 2012).

51



MOL #83949

Table 4: Functional cooperativity factors (logp) for allosteric modulators at mGlus-wt and mutants derived from operational

model analysis of interactions with glutamate. Data represent mean + s.e.m from 4-8 independent experiments performed in

duplicate.

VUu0360172 VU0403602 VU0360173 VU0405398 VU0415051 VU0405386

(nicotinamide) (picolinamide) (nicotinamide) (picolinamide) (nicotinamide) (picolinamide)

R5-wt (poly) 0.37 £0.05 0.61 +0.08 0.17 £0.04 0.37+0.04 0.40 £ 0.02 0.55+0.07
R647A 0.44+0.13 0.60 = 0.09 0.26 +£0.03 0.38 £0.05 0.41 +0.11 0.58 £0.06
1650A 0.58 £0.05 0.55+0.08 n.d. 0.51+0.08 n.d. 0.56 +£0.08
G651F 0.54 +0.07 0.79 £0.05 No PAM 0.43 £0.04 0.32+0.05 0.70 £ 0.07
P654S 0.26 £ 0.01 0.56 £0.05 <5 0.34+0.08 0.22+0.10 0.32+0.05
P654F 0.25+0.04 0.58+0.14 No PAM 0.17 £0.04 0.66 + 0.09* 0.53+0.09
S657C n.d. 0.82+0.15 n.d. 0.43+0.15 0.55+0.01 0.56 £0.12
Y658V No PAM No PAM No PAM NAM No PAM No PAM
P742S 0.87 £0.10* 1.23£0.06*  0.69+0.07* 0.70+0.15 0.92 + 0.08* 1.12+0.17*
L743V 0.36 +0.14 0.60 = 0.06 0.43+0.03 0.54 +£0.08 0.36 = 0.04 0.80 +£0.03
N746A 0.62 +0.04 0.67 = 0.04 n.d. 0.57 £0.05 n.d. 0.63 £0.02
T780A No PAM 0.77 £ 0.08 No PAM 0.19+£0.01 -0.28 £ 0.02* 0.39 +0.04
W784A 0.90 + 0.14* 1.05+0.11%* 0.41+£0.10 0.48 +£0.09 0.88 £ 0.10* 0.66 +£0.15
V788A 0.57+0.10 0.68 +0.09 0.66 = 0.12* 0.47 £0.05 0.53 +£0.06 0.56 £0.11
F792A 0.66 +0.12 0.97+0.10 0.29+0.11 0.73 £0.32 0.29 +0.02 0.85+0.16
S806A n.d. n.d. n.d. n.d. n.d. 0.79+£0.13
S808A 0.50 £ 0.06 0.57+£0.10%* No PAM NAM 0.22 £0.02 neutral
S808T 0.46 £ 0.06 0.76 £ 0.12 0.28 +£0.07 0.34 +0.04 0.41+£0.04 0.45+0.06
A809V 0.60 + 0.07 0.58 £0.09 No PAM No PAM 0.37 £0.07 0.58 £0.11
A809G 0.55+£0.04 1.29+0.07* 0.41+0.07 0.70 £0.03 0.78 £0.12* 1.12+0.17*
C815A 1.17+0.12%* 1.29+£0.10*  0.66 +0.06* 0.75+0.24 0.86 + 0.05* 1.38 +£0.14*

n.d. denotes not determined
“No PAM” indicates no observed positive allosteric modulation.

* denotes significantly different from wild type value, p<0.05, one-way ANOVA, Dunnett’s post-test.
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