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ABSTRACT

N-methyl-p-aspartate (NMDA) receptors are ligand-gated, cation-
selective channels that mediate a slow component of excitatory
synaptic transmission. Subunit-selective positive allosteric mod-
ulators of NMDA receptor function have therapeutically relevant
effects on multiple processes in the brain. A series of pyrrolidi-
nones, such as PYD-106, that selectively potentiate NMDA
receptors that contain the GIuN2C subunit have structural
determinants of activity that reside between the GIUN2C amino
terminal domain and the GIuN2C agonist binding domain,
suggesting a unique site of action. Here we use molecular
biology and homology modeling to identify residues that line a
candidate binding pocket for GluN2C-selective pyrrolidinones.

We also show that occupancy of only one site in diheteromeric
receptors is required for potentiation. Both GIuN2A and GluN2B
can dominate the sensitivity of triheteromeric receptors to
eliminate the actions of pyrrolidinones, thus rendering this series
uniquely sensitive to subunit stoichiometry. We experimentally
identified NMR-derived conformers in solution, which combined
with molecular modeling allows the prediction of the bioactive
binding pose for this series of GIUN2C-selective positive allo-
steric modulators of NMDA receptors. These data advance our
understanding of the site and nature of the ligand-protein
interaction for GIUN2C-selective positive allosteric modulators
for NMDA receptors.

Introduction

Postsynaptic and nonsynaptic N-methyl-D-aspartate re-
ceptors (NMDA-Rs) are heterotetrameric assemblies of two
GluN1 and any two of the four GluN2A-D subunits
(Traynelis et al., 2010) that endow NMDA-Rs with unique
properties that enable them to serve different roles in various
brain regions (Stern et al., 1992; Vicini et al., 1998; Wyllie
et al.,, 1998; Traynelis et al., 2010; Vance et al.,, 2012).
NMDA-Rs have been discussed in connection with a wide
range of neurologic complications that include schizophre-
nia, intellectual disability, depression, epilepsy, ischemic/
hypoxic brain injury, neurodegenerative conditions such as
Parkinson’s disease, and intractable seizures in pediatric
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populations (Choi, 1992; Menniti et al., 2000; Traynelis et al.,
2010; Coyle, 2012; Carvill et al., 2013; Lakhan et al., 2013;
Lemke et al., 2013; Lesca et al., 2013; Yuan et al., 2014; Hu
et al., 2016). Cell-specific differences in GluN2 expression
create an opportunity to alter neuronal function with subunit-
selective modulators that target only circuits expressing par-
ticular GluN2 subunits (Preskorn et al., 2008). This potential
utility has focused considerable attention of industry and
academia on the development of subunit-selective allosteric
NMDA-R modulators (Ogden and Traynelis, 2011; Collingridge
et al., 2013; Santangelo Freel et al., 2013). Moreover, unlike
orthosteric ligands or channel blockers, allosteric modulators
target weakly conserved portions of the protein, increasing the
possibility of identifying strong subunit-selectivity. Thus, the
development of potent, brain-penetrant, subunit-selective allo-
steric modulators of NMDA-R function should provide excep-
tionally useful probes with which to test therapeutically
relevant hypotheses about NMDA-R function in models of
disease.

Potent and selective (>200-fold) inhibitors for GluN2B have
been known for decades (Williams, 1993). However, subunit-
selective positive and negative modulators for other GluN2
subunits have been identified only recently (Bettini et al., 2010;

ABBREVIATIONS: ABD, agonist binding domain; ATD, amino terminal domain; ER, endoplasmic reticulum; MD, molecular dynamics; NAMFIS,
nuclear magnetic resonance analysis of molecular flexibility in solution; NMDA, N-methyl-p-aspartate; NMDA-R, N-methyl-p-aspartate receptor;
NOE, nuclear Overhauser effect; NOESY, nuclear Overhauser effect spectroscopy; PDB, Protein Data Bank; PYD-106, methyl 4-(3-acetyl-4-
hydroxy-1-(2-(2-methyl-1H-indol-3-yl)ethyl)-5-ox0-2,5-dihydro-1H-pyrrol-2-yl)benzoate; RMSD, root-mean-square deviation; ROC, receiver oper-
ating characteristic; SAR, structure-activity relationship; XP, extra precision.
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Costa et al., 2010; Mosley et al., 2010; Mullasseril et al., 2010;
Acker et al., 2011; Santangelo Freel et al., 2013; Hackos et al.,
2016; Strong et al., 2017) and include the GluN2C-selective
pyrrolidinones (Zimmerman et al., 2014). The identification of
new ligands acting on GluN2A, C, and D has led to the
elucidation of potentially new modulator binding sites, in-
cluding the pre-M1/M1 helix of GluN2C/D [CIQ (Ogden et al.,
2014; Swanger et al., 2017)], the membrane proximal face of the
agonist binding domain [QNZ-46 and DQP-1105 (Acker et al.,
2011; Hansen and Traynelis, 2011)] and the dimer interface of
the GluN1/GluN2A ligand binding domain [TCN-201 (Hansen
et al., 2012) and GNE compounds (Hackos and Hanson, 2017)].
Mutagenesis studies suggested the existence of a novel pocket
that lies between the GluN2C agonist binding domain and the
GluN2C amino terminal domain as a candidate site for
pyrrolidinones, which rapidly bind to GluN2C to increase
channel open time and open probability (Khatri et al., 2014).
In this study we combined molecular biology, pharmacology,
molecular modeling, and NMR-based methods to elucidate the
nature of this pocket, explore the mechanism of potentiation,
and determine the bioactive protein-ligand complex within
this candidate binding site. The results of these experiments
strengthen the idea that pyrrolidinones bind to a pocket at the
agonist binding domain (ABD)—-amino terminal domain (ATD)
interface in GluN2C and suggest that further exploration of
this pocket could be insightful.

Materials and Methods

Molecular Biology

The ¢cDNAs encoding rat GluN1-la (hereafter GluN1, U11418,
U08261), GluN2A (D13211), GluN2B (U11419), GluN2C (M91563),
and GluN2D (L31611) were provided by Dr. S. Heinemann (Salk
Institute, La Jolla, CA), Dr. S. Nakanishi (Osaka Bioscience Institute,
Osaka, Japan), and Dr. P. Seeburg (Max Planck Institute for Medical
Research, Heidelberg, Germany). The amino acids are numbered
according to the full-length protein, including the signal peptide (the
initiating methionine is 1). For GluN2C, the numbering described in
GenBank M91563 was used, which was the same as Khatri et al.
(2014) but differed from NCBI Reference Sequence NM_012575.3,
which is numbered to start at a second methionine 13 residues
upstream of the initiating methionine in M9156. Chimeric NMDA
receptors were created using the In-Fusion method (Takara Bio USA,
Mountain View, CA). A segment of GluN2C between the ATD and
ABD containing the proposed binding pocket was amplified via
polymerase chain reaction and subcloned into the other GluN2
subunits, replacing the analogous stretches of DNA in GluN2A, B, and
D. In addition, roughly 1-kb GeneStrand fragments of GluN2A, B, and
D containing the point mutations that changed the residues to those
found in GluN2C to reproduce the pocket of interest were obtained
from Eurofins (Huntsville, AL) and subcloned in the same manner via
In-Fusion as the chimeric proteins described above. Other mutant
subunits were created via site-directed mutagenesis using the Quik-
Change strategy (Agilent Technologies, Santa Clara, CA). For syn-
thesis of cRNA in vitro, cDNA constructs were linearized by restriction
enzymes, purified using QIAquick purification kit (Qiagen, German-
town, MD), and used for in vitro transcription according to the
manufacturer’s recommendations (mMessage mMachine; Ambion,
Austin, TX) (Chen et al., 2017). The ¢cDNA constructs that enable
control of subunit stoichiometry were generated using rat GluN2
subunits with modified C-terminal peptide tags encoding coiled-coil
domains and an endoplasmic reticulum (ER) retention signal, as
previously described (Hansen et al., 2014). Briefly, two peptides
comprising a synthetic helix, the leucine zipper motifs from GABAg;

(referred to as C1) or GABAg; (referred to as C2), and a di-lysine
KKTN ER retention signal were inserted in frame in place of the stop
codon of GluN2A (Jackson et al., 1992; Zerangue et al., 2001) to yield
GluN2A(; and GluN2Ag,. Only receptors with one copy of a C1 tag
and one copy of a C2 tag will mask the ER retention signal and reach
the cell surface, allowing control of GluN2 stoichiometry (Hansen
et al., 2014). The C-terminal domain of the GluN2C subunit
following position 837 was replaced by the modified C-terminal
domain of GluN2A¢; or GluN2A s following position 837 in GIuN2A.
We also modified GluN2B by replacing the GluN2B C-terminal
following position 838 by the GluN2A¢; C-terminal starting at
position 837. We introduced two binding site mutations (GluN2C-
R529K, T701I, referred to as RK/TI) into GIuN2C; and GluN2Cgs
subunits to allow a determination of the magnitude of the escape
current, which is a measure of the ability of the ER retention signal
to prevent trafficking to the plasma membrane of receptors that
contain either two Cl-tagged GluN2 subunits or two C2-tagged
GluN2 subunits. Only receptors that contain Cl-tagged GluN2
subunits or two C2-tagged GluN2 subunits can give rise to the
current responses when the other subunit harbors the RK/TI
mutation. We likewise introduced the RK/TI mutations into Glu-
N2A¢; (GluN2A-R518K, T690I) and GluN2B¢; (GluN2CB-R519K,
T691I). Wild-type and modified GluN2 ¢cDNAs were subcloned into
pCI-neo (Promega, Madison, WI) and used to synthesize cRNA
in vitro for injection into Xenopus oocytes. On average, GluN1/Glu-
N2Ac1/GluN2C¢y triheteromeric receptor experiments showed a
summed escape current of approximately 3-10.4%. We also
expressed GluN1/GluN2Bc/GluN2C¢, receptors in oocytes using
GluN2Cq; as described above in addition to GluN2B(; as described
in Hansen et al. (2010), as well as their corresponding RK/TI
mutants. On average, the summed escape currents for GluN1/
GluN2B¢1/GluN2Cc, receptors were between 3 and 4%. We also
introduced the S472T or K470G mutations into GluN2Cg, (either in
pCl-neo or SP6 plasmids) to test PYD-106 on GluN1/GluN2Ac,/
GluN2Cc, triheteromeric NMDARs with controlled stoichiometry.
All mutations and chimeric receptors were sequence verified.

Two-Electrode Voltage Clamp Recording

Defolliculated Xenopus laevis oocytes (stage V-VI) were obtained
from Ecocyte BioScience (Austin, TX) and injected with cRNAs
encoding GluN1 and GluN2 at a 1:2 ratio. The cRNA was diluted
with RNase-free water to give responses with amplitudes ranging
between 200 and 2000 nA (0.2-10 ng total cRNA). Following cRNA
injection, the oocytes were stored at 15-19°C in Barth’s solution that
contained (in mM) 88 NaCl, 2.4 NaHCOs3, 1 KC1, 0.33 Ca(NOs3),, 0.41
CaCls, 0.82 MgSO,, and 5 Tris-HCI (pH 7.4 with NaOH), supple-
mented with 100 IU/ml penicillin, 100 pg/ml streptomycin (Invi-
trogen/Thermo Fisher Scientific, Carlsbad, CA), and 100 ug/ml
gentamicin (Fisher Scientific, Pittsburg, PA). Recordings were
performed 2-5 days following cRNA microinjection at room temper-
ature (23°C) using a two-electrode voltage-clamp amplifier (OC725;
Warner Instrument, Hamilton, CT) to measure current responses to
100 uM glutamate and 30 uM glycine, unless otherwise stated. The
signal was low-pass filtered at 10-20 Hz (4-pole, —3 dB Bessel)
and digitized at the Nyquist rate using PCI-6025E or USB-6212
BNC data acquisition boards (National Instruments, Austin, TX).
Oocytes were placed in a custom-made chamber and continuously
perfused (2.5 ml/min) with oocyte recording solution containing (in
millimolar concentrations) 90 NaCl, 1 KCIl, 10 HEPES, 0.5 BaCl,,
and 0.01 EDTA (pH 7.4 with NaOH). Solutions were applied by
gravity, and solution exchange was controlled through a rotary
valve (Hamilton, Reno, NV). Recording electrodes were filled with
0.3-3.0 M KCl, and current responses were recorded at a holding
potential of —40 mV. Data acquisition, voltage, and solution
exchange were controlled by custom software. Concentration-effect
curves were expressed as a percentage of the response in the absence
of test ligand and fitted by



Response (% of control) = (100 — maximum)/
(1 + ([concentration] /ECso ) ) + maximum

o)

where N is the Hill slope and maximum is the maximal response
predicted for saturating concentration of potentiator.

NMR Experiments

Ten milligrams of PYD-106 was dissolved in 0.8 ml CDCl; and the
solution was degassed for 1 hour by bubbling Ar through the sample. A
one-dimensional proton NMR spectrum was acquired on a Varian
400-MHz NMR spectrometer (Supplemental Fig. S1). We also ac-
quired 200-, 300-, and 400-millisecond spectra from two-dimensional
nuclear Overhauser effect spectroscopy (NOESY) (Supplemental Fig.
S2). Using the integral of the NOESY cross-peak for the interaction of
proton C and proton D (Supplemental Fig. S3), it was found that the
relationship between mixing time and area of cross-peak was linear
(Supplemental Fig. S3). Therefore, we could use the internal standard
of adjacent methines on an aromatic ring of 2.48 A as the distance
between B and C and calculate the unknown interatomic distances
using the following relationship:

i = Trep (@ /) "° @)

where a;; is the nuclear Overhauser effect (NOE) cross-peak integral
and r;; is the interatomic distance between the two protons i and j.
Given an internal known distance between two protons (r,.p) and its
cross-peak integral observed in the NOESY (a,.y), a distance (r;;) can be
calculated from another NOE volume of the two protons of interest
(a;;). These observed integrals and the resulting internuclear dis-
tances are represented in Supplemental Fig. S3.

Conformational Searches and Deconvolution

Conformational searches were performed for both enantiomers of
the chiral analog PYD-106. The conformational search parameters
were as follow: 80,000-steps (10,000 steps per rotatable bond) of Monte
Carlo Macro Model and Mixed Torsional/Low-Mode sampling were
performed on PYD-106 using three different individual force fields
(AMBER*, MMFF's, and OPLS-2005) within the MacroModel module
of Maestro (Schrodinger Release 2016-3: MacroModel; Schriodinger,
LLC, New York, NY). The Generalized Born and Surface Area (GBSA)/
Hy0 and GBSA/CHCI; solvation models were used along with a
relaxed 30 kJ/mol energy cut-off. To ensure complete energy conver-
gence, the resulting structures were subjected to 50 steps of full-
matrix Newton-Raphson minimization with a gradient of 0.05.
Conformers resulting from the conformational searches were com-
bined and redundant conformations removed using a 0.1-A atom
deviation of the heavy atoms. The global minimum was found between
32 and 162 times for the different searches, assuring complete
coverage of conformational space. The resulting conformers represent
the conformer pool.

Sixteen possible structural permutations exist given the proton
assignment of PYD-106. The NOE distance and dihedral angles were
used to deconvolve and identify the in-solution conformers that best
represent the NMR data for all permutations. The permutation set
that resulted in the lowest sum of square differences were selected and
its conformers were retrieved from the conformation pool.

Homology Models

Full-Length Models. Amino acids are numbered with the initiat-
ing methionine set to 1. A protein family alignment was generated for
the NMDA (GluN1/GluN2A-D), AMPA (GluA1-4), and kainate (GluK1-
5) receptors using the program Muscle (Edgar, 2004). Homology models
were generated for a diheteromeric GluN2C receptor from two template
structures [Protein Data Bank (PDB) entries: 4MTL and 4PE5]
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using Modeler 9.14 (Sali and Overington, 1994). The models were
subjected to quality analysis using the PDBsum generator [http://
www.ebi.ac.uk/pdbsum; Laskowski (2009)]. The model was prepared
for analysis using the protein preparation wizard in which protonation
states were assigned followed by an energy minimization to relieve
unfavorable constraints (Schrodinger Release 2016-3; Protein Prepa-
ration Wizard; Epik version 3.7; Impact version 7.2; Prime version 4.5;
Schrédinger, LLC).

Ensemble Models. Eighty homology models consisting of the
ATD and ABD region of the GluN2C subunit were generated to
sample the phase space of the identified PYD-106 binding pocket. The
alignment used was taken from the Muscle alignment, as described
above. The structures were prepared for analysis using the protein
preparation wizard module in Knime (Nicola et al., 2015), in which
protonation states were assigned followed by an energy minimization
to relieve unfavorable constraints. The models were built void of
ligands to allow for maximum side-chain conformation sampling. The
models were structurally aligned to help analysis during the study.

Molecular Dynamics

A 10-nanosecond molecular dynamics simulation at 300K was
performed on the GluN2C diheterotetrameric structure bound with
compound 73 (Zimmerman et al., 2014). The complex was prepared for
molecular dynamics (MD) simulation using Desmond (Schrodinger
Release 2016-3: Desmond Molecular Dynamics System, D. E. Shaw
Research, New York, NY; Maestro-Desmond Interoperability Tools,
Schrodinger, LLC). Ligand and protein were treated using the
OPLS2005 force field, and then solvated with a box volume of
4,046,312 A? (buffer distance of 10 A) containing 365,745 atoms. The
system was solvated using the simple point charge water model. The
overall system was neutralized at pH 7.0 using an ion concentration of
0.15 NaCl. The system was first relaxed using the Desmond relaxation
model. The completed equilibration run was followed by a production
run performed under normal temperature and pressure conditions
using the Berendsen thermostat (300K and 1.103 bar) and particle
mesh Ewald (PME) electrostatics with a cutoff of 9 A. Time-step
calculations were performed every 2 femtoseconds. Average struc-
tures were prepared from the final 10 nanoseconds of simulation.
Frames were selected throughout the simulation and used in docking
studies.

Molecular Docking

All compounds for docking were prepared with ligprep (Schrodinger
Release 2016-3: LigPrep; Schriodinger, LLC). Protonation states were
predicted with epic with a target pH of 7.0 * 2.0, specific chiralities
were retained, and one low-energy conformation was generated per
ring (Shelley et al., 2007). Glide was used for docking in this study
(Friesner et al., 2004). Docking GRIDs were generated for all
80 homology models with the center of the binding pocket set to the
following coordinates X: —20.1887; Y:19.0665; Z: —15.0559. The inner
box was set to 10 A and the outer box to 30 A. Rigid docking to
80 models was performed using each of the nine solution conformers
obtained from nuclear magnetic resonance analysis of molecular
flexibility in solution (NAMFIS). Both the standard precision and
extra precision (XP) scoring functions were used in analysis (Friesner
et al., 2006). Only the best docking poses were kept, which were
subjected to postdocking minimization using either the OPLS2005 or
OPLSS3 force field with a rejection threshold of 0.5 kcal/mol (Harder
et al., 2016). For all other docking procedures that did not involve the
in-solution NAMFIS conformers, the structures were treated as
flexible, which allowed for the sampling of ring conformations and
nitrogen inversion.

Conformational Generation and Shape-Based Screening

Compound conformers were generated for the Drug-Now ZINC
database [(Irwin and Shoichet, 2005); 2013-11-11; 8,356,438 compounds]
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and selected compounds from a similarity screen using Omega2
resulting in ~1 billion conformers (Hawkins and Nicholls, 2012). The
maximum number of conformations to be generated per molecule was
set to 255 with an energy window of 7 kcal/mol to accept or reject
molecules with respect to the lowest energy conformation. The flipper
parameter was set to “true” to generate an ensemble of stereoisomers
for unspecified stereo centers.

Results

The PYD series of positive allosteric NMDA-R modulators
selectively potentiates the response of diheteromeric GluN1/
GluN2C NMDA-Rs (Khatri et al., 2014; Zimmerman et al.,
2014). The PYD series appears to act at a novel site that
resides between the GluN2C amino terminal domain and the
agonist binding domain (Khatri et al., 2014). This pocket is

A
L8 -‘ 7
=) PYD pocket
30 >
residues. . -
L —
>
o
o
Homologous -
e b oo | 2
3 GluN2C
pocket on 5 _
the GluN1 §°
subunit

only present in the GluN2 subunits, being notably absent in
the GluN1 subunit (Fig. 1). The absence of the PYD pocket on
the GluN1 subunit can be explained by the different orienta-
tion that the ATD domains adopt with respect to the ABD
when the GluN1 and GluN2 subunits are compared [Fig. 1;
Karakas and Furukawa (2014); Lee et al. (2014)]. The spatial
locations of the residues that form the PYD pocket in the
GluN2 subunit and that of the corresponding residues of the
GluN1 pocket are shown in Fig. 1. The comparison of
homologous residues was made on the basis of a sequence
alignment that showed a 23% sequence identity and 46%
sequence similarity between GluN1 and GluN2C (Supplemen-
tal Table S1). The characteristics of the PYD pocket are
predicted to be consistent with compounds that bind with
submicromolar activity (site score 1.079) and therefore could
be considered druggable [DScore 1.033; DScore > 0.98 is

GluN1 GluN2A GluN2B GluN2C GluN2D
Amino Terminal Domain

Argl56 GInl63 Glul62 Gluls8 Glul77
Tyr158 Tyrl65 Tyrl64 Tyrl60 Tyrl79
Serl59 Aspl66 Aspl65 Aspl6l Asp180
Trpl60 Trpl67 Trpl66 Trpl62 Trpl81
Asnl61 His168 Tyrl67 Ser163 Thr182
His162 Vall69 1le168 Alal64 Ser183
Ser189 Vall96 Vall95 Vall91 Val210
Gly197 Gly196 Ser192 Gly211

Lys190 Aspl99 Glul98 Argl94 Glu213
Arg217 Ser225 Pro226 Pro222 Asn239
Gly244 Asp252 Gly253 Gly249 Gly266
11e380 Val389 Val390 Val386 Leud12
Gly383 Arg392 Arg393 Arg389 Argdl5

Linker
Thr396 Asnd04 Asp404 Argd0l Asnd27
Arg397 His405 His405 His402 His428
Agonist Binding Domain

Thrd19 Thrd28 Thr428 Gly425 Thrd51
Cys420 Cys429 Cys429 Cys426 Cysd52
Lys421 Vald30 Vald30 Val427 Ile453
Glu422 Argd3l Argd3l Prod28 Argd54
Glu423 Asnd32 Asn432 Asnd429 Aspd55
Phe424 Thr433 Thrd433 Thr430 Serds6
Thrd25 Val434 Vald434 Val431 Vald457
Val426 Pro435 Pro435 Pro432 Pro458
Asn427 Cys436 Cys436 Cys433 Cys459
Gly428 Argd37 GInd37 Argd34 Argd60
Pro452 Lys453 Lys454 Lys451 Lys478
Lled464 Lys465 Lys466 Lys463 Lys490
Alad67 Serd68 Ser469 Alad66 Alad493
Arg468 Argd69 Lys470 Argd67 His494
Asnd71 Lys472 Lys473 Lys470 Gly497
Phe472 Phe473 Phe474 Phe471 Phe498
Thrd73 Thrd474 Thr475 Ser472 Ser499
Tyrd74 Tyr475 Tyr476 Tyr473 Tyr500
Glu475 Aspd76 Asp477 Asp4T4 Asp501
Vald76 Leud77 Leud78 Leud75 Leu502

Fig. 1. (A) The location of the PYD binding pocket (green) between the ATD and ABD of GluN2C. The homologous residues of the PYD binding pocket of
the GluN1 subunit (magenta). (B) A cartoon of the proposed binding of PYD-106. Residues colored in dark red are nonconserved (also shown in bold in C).
Residues in dark blue are conserved between GluN2 subunits. Residues showing various degrees of similarity are colored in a spectrum varying between
blue (conserved) and red (nonconserved). The similarity score was generated using a Blosum65 matrix. (C) The residues that constitute the PYD binding
pocket for all four subunits are shown (GluN2A-D). Residues highlighted in bold are the residues that are not conserved throughout the subunits.
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TABLE 1

Summary of the activity data of the PYD series of positive allosteric
modulators

Mean *+

SEM. Maximum

N Minimum Q1 Median Q3

ECso (uM) 23 =15 37 4.3 12 16 35 61
I 100 w1 contra 170 = 33 37 120 140 160 191 257

A summary of all active compounds previously described by Zimmerman et al.
(2014) are provided; values are given to two significant figures. EC5, is given as the
mean. I100,0/Icontror 1S the ratio of the current to saturating co-agonists (100 uM
glutamate, 30 uM glycine) in the presence of 100 uM test compound to response in
the absence of test compound. N is the number of active molecules, Q1 is value for the
most potent quartile and Q3 is the value for the 75th percentile.

considered druggable; pocket volume 814 A% Halgren (2009)].
However the existing structure-activity relationship (SAR) for
this series is relatively flat, spanning ~1.5 log units (4.3—
61 uM) with a potentiation ranging between 123% and 257%
at 100 uM [Table 1; Zimmerman et al. (2014)]. The prediction
that the binding pocket is druggable at submicromolar
concentrations and the observed single-digit micromolar
SAR of the PYD series prompted us to use novel methods
to characterize the binding of this series to the GluN2C
subunit and facilitate the design of potent compounds that
can overcome the flat SAR. We addressed this by exploring
the mechanism of potentiation and the structural determi-
nants of the pocket, including its shape, and using an array
of structural-based approaches to identify the bioactive
pose of the active ligands. Structure-based ligand-design
approaches use information about the binding pocket and
rely on the determination of the bioactive receptor-ligand
complex (Seeliger and de Groot, 2010). In the absence of an

Low resolution homologues apo
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experimentally determined structure, homologous receptor
structures can be used to generate homology models. Recep-
tors coresolved with ligands have shown improved success in
structure-based approaches (Seeliger and de Groot, 2010).
However, the only available NMDA-R structures show low
resolution (3.59-3.96 A) with no ligands resolved within the
pocket of interest in this study (Karakas and Furukawa, 2014;
Lee et al., 2014). To reduce the complexity of finding the
bioactive receptor complex, we first experimentally identified
the small molecule PYD-106 conformers present in solution by
utilizing NAMFIS (see below). Solution conformations have
previously been shown to capture the bioactive conformation
of ligands, that is, the conformation of a small molecule when
bound to a receptor (Snyder et al., 2000; Thepchatri et al.,
2005; McCloskey et al., 2009; Danelius et al., 2016). The
identified PYD-106 conformations were rigidly docked into an
ensemble of protein structures representative of a snapshot of
the dynamic movements or phase space of the binding pocket
that was generated by homology modeling. A schematic
representation of the steps in this approach is given in
Fig. 2, which describes optimization of the protein backbone
and side-chain positions, identification of conformers, and
docking of the NAMFIS-derived solution structures into the
model. This multi-step approach allows determination of a
candidate bioactive pose for the receptor-ligand complex. As a
final step, a binding pose can be selected on the basis of the
known SAR of the series. Each of these steps will be describe in
more detail below.

Receptor-Based Modeling. Homology models of the
GluN1/GluN2C diheterotetramer were built using as a template
the resolved GluN1/GluN2B structures (PDB: 4TLM and 4PE5).
The target and template share 37% and 49% sequence identity
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reduce number of possible conformers
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Fig. 2. An overview of how a bioactive ligand-receptor complex was selected. (A) The receptor-based modeling highlights how homology models were
generated from low-resolution crystal structure (3.59-3.96 A) to capture possible conformations of the active site. (B) The ligand-based portion shows how
in-solution conformers were determined using NMR-derived constraints and NAMFIS. (C) The ligand-receptor complex part illustrates that various
different techniques including quantitative structure—activity relationship, molecular dynamics and docking were used to select a representative
bioactive ligand-receptor complex. (D) The PYD series highlights the SAR developed by Zimmerman et al. (2014).
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and similarity over the full-length sequence, respectively (Sup-
plemental Table S1). Previous work suggested that a cavity
within the interface between the ATD and ABD regions of the
GluN2C subunit may harbor the PYD binding site (Khatri et al.,
2014). This pocket shares between 57% and 65% sequence
identity between the GluN2 subunits, providing confidence in
our models ability to accurately represent a bio-relevant pocket
(Hillisch et al. (2004); Fig. 1, B and C; Supplemental Table S1).
Special attention was given in modeling to the LO-linker region
connecting the ATD and ABD domains, which forms an
important part of the binding pocket; more detail on this is
provide in Supplemental Fig. S4.

To identify the PYD receptor pocket conformation that
would bind the PYD series and explain the associated SAR,
we first used homology modeling to sample the phase space.
Different phase space sampling methods exist and include
molecular dynamics and Monte Carlo sampling (da Silva et al.,
2004; Burger et al., 2015; Kalas et al., 2017). The GluN2B
receptor used as template was resolved in an inhibited state
(receptor is bound by negative allosteric modulator); however,
the PYD series are positive allosteric modulators that, when
bound, modify the functions of agonist-bound receptors. The
latter therefore requires structural rearrangements of the
receptor to occur following agonist binding to accurately
capture a representative receptor-ligand complex for the
series. The interdomain movements between the ATD and
ABD were not sampled at this stage owing to the size of the
molecular system (~3200 amino acids; ~50,000 atoms) and the
additional complexity that the sampling would introduce into
evaluation of the receptor-ligand complex. Domain movement
was incorporated later using molecular dynamics. Eighty
GluN1/GluN2C homology models were generated and pro-
vided a diverse phase-space for performing ensemble docking.
Root-mean-square deviation (RMSD) were calculated for
heavy atoms (backbone and side chain) of the binding pocket
to ensure we had sufficient phase-space sampling. The
average RMSD (all heavy atoms) over the 80 models was
1.36 = 0.11 A compared with the starting structure, with a
minimum value of 1.09 A and maximum value of 1.63 A.
Likewise, the average RMSD over the 80 models of the
backbone was 0.14 = 0.03 A with a minimum value of 0.09 A
and maximum value of 0.23 A. This provided confidence that

we have sampled an adequate number of diverse binding
pocket conformations to be used in docking studies to identify
the biorelevant binding pose. The binding pocket with the side
chains is shown in Fig. 1B.

Ligand-Based Modeling. Having sampled the conforma-
tional space of the receptor (Fig. 2A), we next identified
representative solution conformers of the PYD series to be
used in docking. For this we used NAMFIS, an algorithm that
determines the solution conformers and their mole fractions
by matching experimentally determined NMR-derived geo-
metric constraints to in silico conformers by means of decon-
volution (Cicero et al., 1995). NAMFIS provides an
independent, empirical bias, which we used to determine
viable binding poses of structurally undetermined ligand-
protein complexes. We selected a representative compound of
the series, PYD-106, and experimentally identified its solution
conformers. Performing an exhaustive conformational search
generated a complete set of in silico conformers by combining
sampling methods. Moreover, implicit solvent models (water
and chloroform) with three different force fields (MMFFs,
AMBER*, and OPLS-2005) were applied. A complete set of
in silico conformers is necessary to extract the correct
conformers when using the NMR constraints. The global
minimum was observed more than 30 times for each confor-
mational sampling, ensuring complete coverage of the confor-
mational space. The conformational searches were combined,
and the duplicates removed, which resulted in a conforma-
tional pool of 1159 conformers (with a RMSD of 0.01 A; Fig.
2B). NMR experiments (NOESY) were used to extract geo-
metric constraints, which were represented by 14 NOESY
H-H distances and two 3Jy.g dihedral angles (Supplemental
Figs. S1-3). The 32 possible proton assignments or permuta-
tions of PYD-106 were generated as input constraints. The
input constraints were used by NAMFIS to deconvolute the
in silico conformation pool with the best-fit solution, resulting
in nine solution conformers with a mole fraction distribution of
1 and 28% (Fig. 2B). The results captured the measured NMR
parameters as indicated by a goodness-of-fit (sum of square
differences = 0.64).

Ligand-Receptor Complex. The identification of the so-
lution conformations of PYD-106 was followed by a rigid
ensemble docking study performed on the 80 homology models

Fig. 3. An illustration of how the SAR was used to select a binding pose. (A) First, we selected the docking pose and visually inspected it. (B) Second,
we considered substitution points on the molecule that changed the activity of the compounds. For example, it is known that an alkyl ester can be replaced
by a sulphonamide in the PYD series and the activity is retained. We envision that if the substitution could be tolerated at the position of interest, as in
this case, the receptor structure would advance to the next round. (C) Third, we selected a second substitution point and inspected the effect of

substitutions there.
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as described above (Figs. 2C and 3). As the first step of this
process, we used visual inspection as a means to identify
binding poses that would describe the SAR associated with the
binding of the PYD series. Visual inspection was performed on
all docking poses (nine poses for each of the 80 homology
models). To facilitate visual inspection, we identified SAR
features of interest observed during development of the SAR
(Fig. 2D), and these features were used to guide pose selection.
For illustrative purposes, two such features are highlighted in
Fig. 3B and are discussed below to show how the SAR was
incorporated into the selection of the potential binding modes
(Fig. 3). For example, during binding pose evaluation, we
considered whether a substitution could potentially be toler-
ated (Fig. 3). One such example observed from the SAR is an
alkyl ester (Fig. 3, magenta box) to sulfonamide substitution
on the benzyl ring (R, position; Figs. 2D and 3, B and C). If it
was apparent that a substitution was in agreement with the
experimental SAR and could be tolerated, then that binding
pose was advanced to the next round of visual inspections. A
second example is the addition of an unsaturated six-
membered ring at the R, position (cyan box; Figs. 2D and 3,
A and B). This was followed by consideration of additional
structural features important to the experimental SAR until
the final ligand-receptor complex was selected. The NAMFIS-
determined structure, NAMFIS-2, was selected as the final
binding conformer and is shown in gray (highlighted by gray
surface) in Fig. 4.

A second independent selection criterion was used in which
we docked the PYD series (79 compounds) to the ensemble of
receptors using both the standard precision and extra pre-
cision scoring functions. The docking results were evaluated
using receiver operating characteristics (ROC) plots to distin-
guish the ability of each receptor conformation to identify and
rank active compounds over inactive compounds. The ratio-
nale is that receptor conformations that distinguish between
active and inactive compounds most probably represent the
bioactive receptor-ligand complex. Both the R and S enantio-
mers of chiral PYD analogs were docked, with the average
ROC score for the R enantiomer being 0.57 * 0.05, with a
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minimum value of 0.50 (fail) and a maximum value of 0.76
(fair). The S enantiomer ROC score resulted in a similar
average of 0.57 = 0.04, with a minimum value of 0.50 (fail) and
a maximum value of 0.69 (poor), suggesting this approach
alone is insufficient to distinguish which enantiomer is active.
An ROC curve with a value of 1.0 would have the ability to
distinguish all active compounds from inactive compounds.
ROC plots with scores of 0.5 suggest that the receptor
conformations do not distinguish between active and inactive
compounds better than if compounds were randomly selected.
A limitation of the ROC curves is that they only consider the
docking scores of the PYD series and the related EC5, values,
at the same time being naive to the binding poses of PYD
series. In this study, we assume a common binding pocket with
a common binding pose from which the SAR can be extracted.
Using only the ROC curves as selection criteria is potentially
to be misleading, as compounds could be identified as tight
binders on the basis of the scoring functions alone. However,
their binding poses might not agree with the SAR of the PYD
series, which may result in a protein structure seemingly
representative of the SAR for the PYD series that is incorrect.
To exemplify this phenomenon, Fig. 4 shows the ROC curves
from our docking results to two homology models, one which is
the final ligand-receptor complex proposed within this study
for the PYD series and the other a homology model selected to
illustrate our point. The difference between the ROC scores of
the two structures is only 0.07 (Fig. 4A). However, when
taking into consideration the overall binding pattern of the
series, it is clear that one of the receptor structures (high-
lighted in blue) shows a binding pattern that emerges
compared with the other receptor structure (highlighted in
red). The two independent selection methods came up with the
same homology model as the most probable receptor structure
to have the correct bioactive binding pose. Finally, we show
the similarity of the binding poses from the first (gray) and
second selection criteria in a molecular overlay (green; Fig. 4C).
These results corroborate the selected bioactive receptor
complex, first because the selected PYD conformation is on of
the prevalent solution conformers, which have been shown

ROC score 0.74
T ROC score 0.67

0.0
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False Positive Rate (1 - specificity)

Fig. 4. ROC curves of the PYD series docked to a randomly selected homology model (red) as well as the selected homology model that represents the
bioactive binding pose (blue). (A) ROC curve and ROC scores of the PYD series docked to both modeled receptors. (B) The binding poses of the PYD series
highlighted in red (random) and blue (bioactive) correspond to the ROC curve and score in (A). The binding poses highlighted in blue clearly show a
binding pattern for the series, whereas the binding poses highlighted in red are random. (C) An overlay of the rigidly docked NAMFIS structure
highlighted by the transparent surface (NAMFIS-2; gray) and flexibly docked PYD series (green).



148

Kaiser et al.

previously to resemble closely the bioactive binding pose of
small molecules (Snyder et al., 2000; Thepchatri et al., 2005;
McCloskey et al., 2009; Danelius et al., 2016), and second the
docking poses of the PYD series are able to describe the SAR
and enrich for active over inactive compounds.

Enantiomer Selection. The PYD series has previously
been shown to have one enantiomer more biologically active
than the other (Zimmerman et al., 2014). Numerous experi-
mental efforts were made to resolve the exact stereochemistry
of the active enantiomer without success (Supplemental
Material S5). As a result, we used theoretical methods to
predict the absolute configuration for the active enantiomer.
Computational studies up to this point were performed on
both the R and S enantiomer. However, in all of our studies,
we were unable to come up with a binding pose featuring the
S enantiomer that was able to describe the SAR. Furthermore,
we were also unable to identify a pattern emerging when
docking the S PYD series to the 80 homology models
(Supplemental Fig. S6). By contrast, we could identify a
ligand-receptor complex that could explain the SAR for the R
enantiomer, and thus only studied the R enantiomer in
complex with the GluN2C receptor.

One of the caveats in this study is that the GluN2C receptor
structure was generated from a homolog (GluN2B) that was
resolved in the inhibited state of NMDA-R. However, the PYD
series are positive allosteric modulators, and therefore re-
laxation of the ligand-receptor complex was needed to give a
realistic representative conformation. To do this, we selected a
receptor-ligand complex of GluN2C and a docked compound,
PYD-73 (Zimmerman et al., 2014), to perform a 10-nanosecond
molecular dynamics simulation (Fig. 5). PYD-73 was selected
over PYD-106 since the pyridine ring substitution at the R,
position of PYD-73 occupies additional space within the
binding pocket (Fig. 2, C and D). Selecting PYD-73 ensured
that the receptor pocket would not be filled with surrounding
side chains during domain movements when simulated, and
thus prevented interference in further docking studies. From
the MD trajectory, four frames spaced throughout the simu-
lation were selected for the docking studies. These included
the starting structure (postequilibration run), a structure at

3.5, 7.0, and 10 nanoseconds. The frames were prepared and
subjected to docking, which showed ROC scores of 0.77 (fair),
0.86 (good), 0.85 (good), and 0.80 (good), respectively (Supple-
mental Fig. S7). Figure 5 shows the interaction of the proposed
bioactive ligand-receptor complex between PYD-73 and
GluN2C in two dimensions. The three-dimensional represen-
tation is shown in Fig. 2C for PYD-106 (Supplemental Data
Ligand-receptor complex). Hydrogen bonds are shown in
purple, i.e., a hydrogen bond was found between Thr430 and
the nitrogen of the indole ring (Fig. 5A). Hydrogen bonds were
also found between the pyrrolidinone ring and Tyr473. Ser472
and Tyr473 both made hydrogen bonds with the carbonyl
linker adjacent to the pyrrolidinone ring. Lastly, a hydrogen
bond was observed between the methyl ester and Leu475. The
use of molecular dynamics allowed for relaxation and the
shaping of the binding pocket and resulted in a 0.12 increase
in the ROC score compared with that of the homology model
(Fig. 5B). The effect on the overall binding pose is shown in
Fig. 5C with the core scaffold showing a pronounced binding
pattern when docked to the structure after MD (gray) in
comparison with that of the homology model (green). Finally a
better enrichment for the PYD series was observed for the MD
structure (Supplemental Fig. S8)

Experimental Validation of Modeling of the Bio-
active Pose. The experimentally determined solution con-
formers and in silico modeling strongly suggest that the pocket
residing between the GluN2C ABD and ATD harbors the
PYD binding site. This view is consistent with the previous
identification of three residues within this pocket (Arg194,
Lys470, and Ser472), at which mutations eliminate PYD-1
potentiation at all concentrations tested, as well as with the
identification of residues adjacent to the pocket (Ser393,
Arg401, Lys 467, Lys470), at which mutations can reduce
PYD potentiation (Khatri et al., 2014). We initiated two new
lines of investigation to better understand the nature of this
binding pocket. First, we identified an additional seven
residues from our modeling that were predicted to be involved
in the binding and downstream actions of PYD-106 (Trp162,
Ser163, Asp220, Gly249, Gly425, Val431, Tyrd473; Fig. 6). We
mutated each of these residues, and introduced additional
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Fig. 5. Molecular dynamics improves docking of bioactive pose. (A) Two-dimensional representation of the interactions between PYD-73 and GluN2C.
Hydrogen bonds are shown in purple. (B) A ROC curve for the PYD series docked against the selected homology model from Fig. 4 (red) and the MD
relaxed structure (blue). (C) Compounds in green represents the PYD series docked to the homology model. Compounds in gray represents the PYD series
docked to the relaxed homology model that was subjected to molecular dynamics.
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Fig. 6. Experimental validation of the PYD
pocket. (A) Eight residues that were interrogated
via site-directed mutagenesis are highlighted
within the PYD binding pocket. PYD-106 is
displayed within the binding pocket. Novel mu-
tations evaluated in this study are colored cyan,
whereas residues previously mutated are colored
in gray and orange. Residues colored in orange
represent charged residues at the edge of the
PYD binding pocket that have a significant effect
on PYD activity when mutated (Khatri et al.,
2014). (B) Concentration-response curve for
PYD-106 potentiation of GluN1/GluN2C re-
ceptors containing ATD-linker mutations in
GluN2C activated by 100 uM glutamate and
30 uM glycine. (C) Concentration-response curve
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substitutions for Arg194 and Tyr473 to assess the role of
the side chain in PYD potentiation. We then generated
concentration-effect curves for PYD-106 at each of these
mutations for enhancement of the response of GluN1/GluN2C
receptors activated by 100 uM glutamate and 30 uM glycine
(Fig. 6A). Figure 6 and Table 2 summarize the results of these
experiments, which identified six of seven new residues
(Trp162, Ser163, Asp220, Gly249, Tyr473; Fig. 6, cyan) in
which substitutions significantly altered the effects on PYD-
106 modulation. Two of these GluN2C mutations (W162F,
D220R) virtually eliminated the actions of PYD-106 at all
concentrations tested, and potentiation was not further in-
creased by increasing the concentration of PYD-106 to 300 uM
(n = 8, Trespectively). Figure 6 illustrates the position of these
residues in relation to the docked pose for PYD-106. The
W162F mutation most probably disrupts the formation of the
PYD binding pocket. Interestingly, mutation D220R, which
was selected to investigate the potential role it plays in
stabilizing interactions between the ABD and ATD, elimi-
nated PYD activity. This result is consistent with the finding
that mutations (Khatri et al., 2014) of charged residues (K401,
R467, and K470) at the edge of the PYD binding pocket altered
PYD activity (Fig. 6, orange). We speculate that Asp220 can
potentially interact with Lys401 and Arg467 when large
domain movements occur. Moreover, we found that substitu-
tion of Lys for Arg194 significantly enhanced the potency of

PYD-106, whereas a previous study (Khatri et al., 2014)
showed that substitution of Asp for Arg194 strongly reduced
activity, suggesting that the charge and side-chain size at this

TABLE 2

Structural determinants of PYD action within the GluN2C ATD-S1
interface pocket

ECs0 (95% CI) Maximum N
uM %

WT GluN2C 16 (15, 17) 257 = 3.8 20
GluN2C-W162F N.D. N.D. 9
GluN2C-S163Y 25 (24, 26)* 280 = 8.1 10
GluN2C-R1941 21 (20, 23)* 250 = 3.0 9
GluN2C-R194K 8.0 (7, 9)* 246 = 5.0 8
GluN2C-D220R N.D. N.D. 14
GluN2C-G249D 13 (11, 15)* 200 = 3.6 10
GluN2C-G425F 18 (17, 19) 252 = 6.7 11
GluN2C-V431F 36 (34, 39)* 258 = 9.1 9
GluN2C-Y473F 34 (32, 36)* 258 * 5.0 12
GluN2C-Y4731 39 (29, 47)* 228 = 9.5 8

*P < 0.05 for log EC5( values compared with same day controls (ANOVA,
Bonferroni post-hoc test; Fg g6 = 97.14). Power to detect an effect size of 0.5 was 0.94.

Concentration-effect curves for PYD-106 were generated for GluN2C mutations
and fitted by the Hill equation (see Materials and Methods). The mean ECs5o and
mean fitted maximum response as a percent of control (95% CI determined from log
EC50) are given. N is the number of oocytes, which were isolated from two to four
different frogs. N.D., the EC5o could not be determined because either there was no
effect of PYD-106 or the maximal potentiation was not obtained in the concentration
range tested.
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position are important for the actions of this potentiator.
However, we cannot exclude that this substitution is similar to
other observed mutations whose change of charged residues
result in a change in activity.

To further explore the nature of the PYD binding pocket, we
designed chimeric receptors that transferred either a portion
or the entire binding pocket from GluN2C (residues 158-472)
to other GluN2 subunits by replacing some or all residues
163-474 in GIluN2A, 162-475 in GluN2B, and 177-499 in
GluN2D (Fig. 7, A-C). NMDA-Rs that contained a subset of
residues were evaluated and did not render GluN2B or
GluN2D PYD-sensitive (Fig. 7, D and E). Chimeric GluN2A-
GluN2C chimeric receptors expressed poorly and were not
studied further. GluN2B-GluN2C chimeric receptors gave
robust responses but were only minimally sensitive to PYD-
106 at the highest concentrations (Fig. 7F). By contrast, we
found clear potentiation of NMDA-Rs that contained the
chimeric GluN2D-GluN2C subunit (Fig. 7E). These data
support the idea that residues hypothesized to compose the
PYD-106 pocket can introduce PYD-sensitivity to the GluN2D
subunits in GluN2C/D chimeric receptors. Moreover, the
substantially larger potentiating effect of PYD-106 for
GluN2C/D compared with GluN2B/C chimeric subunits sug-
gests that regions outside GluN2C residues 158—-472 that are
dissimilar in GluN2A and GluN2B but similar between
GluN2C and GIluN2D influence potentiation. That is, there
are unique features of GluN2C shared by GluN2D that are
permissive for potentiation.

We previously described the lack of effect of PYD-106 on
triheteromeric receptors that contain a single copy each of
GluN2A and GluN2C (Khatri et al., 2014). We tested whether
this dominant-negative action was unique to GluN2A, or a
feature of triheteromeric receptors in general. We extended
our strategy in which coiled-coil domains were used to mask
an ER-retention signal to control GluN2B/GluN2C subunit
stoichiometry (Hansen et al., 2014) (see Materials and Methods).
Evaluation of both triheteromeric GluN1/GluN2A/GluN2C and
triheteromeric GluN1/GluN2B/GluN2C receptors expressed in
Xenopus oocytes showed no effects at up to 100 M PYD-106 on
either triheteromeric receptor, suggesting that the receptors
that do not contain two GluN2C subunits are insensitive to the
effects of PYD-106 binding (Fig. 7D). To ensure that the currents
we measured reflected triheteromeric GluN1/GluN2A/GluN2C
and GluN1/GluN2A/GluN2B receptors, we evaluated the re-
sponse of oocytes injected with the modified GluN2 subunits, one
of which contained the RK/TT mutations (see Materials and
Methods) that eliminate glutamate binding. All receptors con-
taining GluN2 subunit(s) with these mutations are nonfunc-
tional, and thus any current we record must reflect surface
receptors that contain two copies of the other GluN2 subunit,
which had escaped the ER despite an unmasked ER retention
signal (Hansen et al., 2014). The summed escape currents
calculated from each combination of triheteromeric receptors
were between 3 and 10% (see Materials and Methods). Thus, the
responses we see are primarily produced by triheteromeric
receptors.

Next, we wanted to determine whether the lack of action of
PYD-106 on triheteromeric receptors with a single copy of the
GluN2C subunit reflected the requirement for two NMDA-R-
bound PYD-106 molecules. To test this hypothesis, we in-
troduced mutations (S472T or K470G) that eliminate the
effects of PYD-106 into GIuN2C¢5 to enable control of subunit

stoichiometry. This allowed evaluation of the actions of PYD-
106 on GluN1/GluN2¢,/GluN2¢; receptors that contained one
or two PYD binding sites. The results show that PYD-106
produced similar potentiation of receptors with either one or
two viable PYD-106 binding pockets, suggesting that a single
molecule of PYD-106 is capable of promoting potentiation
when only a single active PYD-106 site is present in dihetero-
meric GluN1/GluN2C receptors (Fig. 7G). These data indicate
that the lack of effect of PYD-106 on GluN1/GluN2A/GluN2C
and GluN1/GluN2B/GluN2C receptors reflects a dominant
negative action of the GluN2A and GluN2B subunits, rather
than the absence of a second PYD binding site. This result is
consistent with the conclusion from chimeric studies that
regions exist outside the immediate pocket that impact PYD-
106 sensitivity, and these are perturbed in triheteromeric
receptors.

Structure-Based Screen for GluN2C-Selective Modu-
lators. One of the goals of an atomic-level understanding of
the bioactive ligand-protein interactions is the ability to
exploit this understanding to identify novel ligands. We thus
devised a high-throughput screening strategy that used
similarity searches, docking, and a ligand-based shape and
electrostatic screen. We first performed a validation run using
ROC to determine how well the shape and electrostatic—based
method would be able to distinguish active compounds over
inactive compounds. Shape and electrostatic—based ROC
queries were generated using three different ligands [PYD-73,
-92, -159; Zimmerman et al. (2014)], which were selected
because they capture the chemical diversity in the PYD series
(Fig. 8). The queries were screened against the PYD series,
which yielded ROC scores of between 0.62 (poor) and 0.78 (fair)
(Fig. 8). We subsequently tested our screen of the best scoring
query against a library containing compounds different from
the PYD series as a control to determine how well the shape-
based screen would perform in identifying and ranking active
compounds. To do this, we generated the conformer pool of two
diverse libraries from ChemDiv and Asinex that have pre-
viously been screened in vitro against GluN1/GluN2C [57,504
compounds (Zimmerman et al., 2014)] and GluN1/GluN2D
receptors [42,660 compounds (Hansen et al. 2010; Mullasseril
et al., 2010)]. These are the libraries from which the original hit
of the PYD series was identified (Zimmerman et al., 2014). The
screen resulted in a perfect ROC score, 1.0 (excellent), consis-
tent with the in vitro screen in which only the hit with selective
potentiation of GluN2C [PYD-1; Zimmerman et al. (2014)] was
ranked as the top scoring compound (Fig. 8). Moreover, an
enrichment plot showed all active compounds were identified
within the top 0.01% of the database (Fig. 8D). This result
suggests that this approach should identify active compounds
resembling the PYD series, if present in the library.

A three-dimensional conformer library was generated from
compounds identified during similarity searches using com-
pounds PYD-73, -92, and -159 (Zimmerman et al., 2014) as
template in both Scifinder and the ZINC All Purchasable
subset (~22 million compounds). The resulting top scoring
compounds (~210,000) were kept. In addition the three-
dimensional conformers for the ZINC Drug-like Now subset
were generated and combined with the later library [Irwin and
Shoichet (2005); 2013 release; ~8 million compounds]. Each of
the five ROCS queries generated in the validation study
described above was screened against the three-dimensional
conformer database using FastROCS, a program that efficiently
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screens large three-dimensional conformational libraries
(Hawkins et al., 2007). The top 20,000 compounds were kept
on the basis of the TanimotoCombo scores (~0.25% of the
database) for each of the five shape-based queries. Duplicates
were removed, and the top scoring 20,000 compounds were
again kept. The TanimotoCombo score is a combined measure
of how well the shape and electrostatics of a molecule matches
the queries, a perfect score would be 2.0. The TanimotoCombo
scores ranged between 0.51 and 1.61 with a mean 0.65 = 0.18.
These compounds were next docked to the GluN2C structure
captured after 3.5 nanoseconds of molecular dynamics, using
first the standard precision scoring function. A second round of
docking was performed on compounds with docking scores
lower than —6.5 kcal/mol (9262 compounds) using the XP
scoring functions. The docking scores of the active compound
in the PYD series ranged from —8.5 to —10.7 kcal/mol (XP).
The resulting binding poses were visually inspected, from
which 12 compounds were selected and tested at 100 uM (or at
the solubility limit) for effects on GluN1/GluN2C currents
activated by maximal concentration of glutamate (100 uM)
and glycine (30 uM, Table 3). The 12 compounds selected for
testing included compounds closely resembling the PYD scaf-
fold as well as compounds that deviate from it. Four com-
pounds, PYD-181, PYD-182, PYD-183, and PYD-184 showed
moderate activity, whereas none of the new scaffolds showed

any activity (Table 3). This is perhaps not surprising owing to
the flat SAR, which suggested that the scaffold is intolerant to
major changes [Zimmerman et al. (2014); Fig. 1; Table 1].
Moreover, the TanimotoCombo scores of the inactive com-
pounds are suboptimal, ranging between 0.51 and 0.65
compared with the active compounds, which range from 1.41
to 1.61, making them the top four scoring compounds. From
these results we can conclude that the three-dimensional
models are able to enrich for active compounds over inactive
compounds when present in a library. The validated three-
dimensional model can therefore be used in future studies against
directed libraries to explore modification of the PYD scaffold.

Discussion

There are three important and novel findings from this
study, which built on previous work by Khatri et al. (2014) and
Zimmerman et al. (2014) to advance our knowledge of the PYD
binding pocket characteristics. First, we combined experimen-
tal data and in silico modeling to predict a bioactive ligand-
receptor complex of the PYD series of positive allosteric
modulators at the diheteromeric GluN1/GluN2C NMDA-Rs.
We built a broad range of models to sample the phase space of
the pocket, docked to the ensemble collection a series of ligand
conformers identified on the basis of solution-NMR analysis,
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and combined this data with theory to identify the bioactive
conformation. We identified a conformer that fits within the
pocket in a manner consistent with our understanding of the
SAR for this series of compounds and suggests enantiomeric
selectivity. Second, we used site-directed mutagenesis and a
chimeric strategy to provide strong support that the pocket we
modeled does indeed harbor the binding site for PYD series of
compounds. Third, we showed that we can transfer the
binding pocket from GluN2C to GluN2D and identified
additional residues that are critical for the actions of PYD. We
have also shown that the binding of a single PYD molecule is
sufficient to potentiate NMDA-Rs, suggesting that the lack of
effect of PYD on triheteromeric GluN1/GluN2A/GluN2C and
GluN1/GluN2B/GluN2C reflects dominant negative actions of
the GluN2A (Sun et al., 2017) and GluN2B subunits rather
than simply the loss of one PYD binding site. This suggests that
triheteromeric receptors will have a unique pharmacology
(Hansen et al., 2014; Stroebel et al., 2014).

In the absence of a well defined binding pocket, various
techniques can be used to determine the bioactive receptor
complex, including docking, induced-fit docking, molecular
dynamics, and metadynamics simulations (Shan et al., 2011;
Soderhjelm et al., 2012; Clark et al., 2016). The NMDA-R
system studied here does not lend itself to the use of long MD
simulations owing to its size (3200 amino acids with ~50,000
atoms). Here we describe an approach to identify the bioactive
ligand-receptor complex for a ligand series and a poorly
resolved apo binding pocket (resolution > 3 A). To increase
our chance of success, we first reduced the accessible confor-
mational space of the ligand to only the most prevalent
conformers in solution using NMR-derived geometric con-
straints and the NAMFIS algorithm. One of these solution
conformers closely represents the bioactive conformer, as
shown previously (Snyder et al., 2000; Thepchatri et al.,
2005; McCloskey et al., 2009; Danelius et al., 2016). This
reduced the possible conformers that needed to be tested
computationally for binding to the receptor by ~130-fold
(given exploration of the complete conformer pool). In addi-
tion, the solution conformers could be docked rigidly, signifi-
cantly reducing the docking time. More importantly, the
solution conformers provided confidence that the conformers
being investigated are closely representative of the bioactive
conformer, which in turn facilitates the incorporation of the
SAR into pose selection. Receptor flexibility was incorporated
next by generation of an ensemble of receptor structures that
captured a diverse set of binding pocket conformations. The
domain movements between the ATD and ABD were in-
vestigated only after the receptor complexes were identified
because of the time and geometric scale of the movements
highlighted by cryo-EM studies of a different NMDA-R subtype
(Tajima et al., 2016; Zhu et al., 2016). A 100-nanosecond full-
length MD simulation of both the apo and holo states of
diheteromeric structures showed very little change in domain
rearrangement (data not presented here), suggesting that much
longer simulations will be needed to capture the complete
domain movement. However, a comparison of the PYD GluN2C
receptor complex and cryo-EM structure of GluN1/GluN2B
bound with glutamate and glycine (PDB entry: 510U; activated
state) revealed modest changes in the PYD pocket region
(Supplemental Fig. S9). The modest changes are in contrast
to the large domain movements (~25 A) observed in the
rearrangement of the ATDs that accompany transition from the

active to inactive receptor forms, which provides confidence in
the binding pocket conformation used in this study that was
derived from an inhibited state NMDA-R (Tajima et al., 2016;
Zhu et al., 2016). The bioactive receptor complex was determined
using the above-discussed techniques and is supported by site-
directed mutagenesis. The combination of shape-based and
electrostatic models of the ligand combined with the identified
bioactive receptor complex resulted in a predictive model that
enriches for active over inactive compounds. The model was able
to identify four novel potentiators and will be used in future
studies in conjunction with specific and directed compound
libraries to identify and synthesize potent compounds within
the PYD series. Finally, there are at least six allosteric
modulation sites on the NMDA receptors, three of which do
not have resolved ligand bound (Strong et al., 2014). This method
has been shown to be informative and can therefore be used to
study and help identify the bioactive pose and to make structure-
based drug discovery possible for other compounds series.

This study is consistent with the ATD playing a modulatory
role that controls NMDA-R function (Gielen et al., 2009; Yuan
et al., 2009). Moreover, the ATD is well known to harbor a site for
a negative allosteric modulator selective for GluN1/GluN2B
(Karakas et al., 2011) and, thus, is a domain at which exogenous
compounds can impact NMDA-R function. The work described
here firmly establishes the GluN2 ATD-ABD interface as a
specific site for allosteric regulation and highlights key residues
that play an essential role in the actions of ligands binding to this
site. The ability to transfer this modulatory site to the GluN2D-
containing NMDA-R receptors suggests that the mechanisms of
action are at least partially shared for this subunit, which shows
more sequence similarity (47%) than GluN2A (37%) or GluN2B
(37%). The minimal effects of PYD on similar GluN2B/GluN2C
chimeric receptors is consistent with the importance of structural
determinants outside of the immediate pocket for the subunit-
selective actions of the PYD series of compounds. This is
supported by the finding that the presence of a different subunit
rather than the loss of one binding site eliminates the actions of
PYD-106. Other features of GlulN2C-containing receptors appear
unique, raising the question of whether NMDA-Rs that contain
this subunit have distinct structural conformations for some
domains that differ from GluN2A, GluN2B, and GluN2D. For
example, the ability of several glycine site agonists (Sheinin
et al., 2001; Dravid et al., 2010; Maolanon et al., 2017) to enhance
activity to levels above those observed for saturating glycine is
unique to the GluN2C subunit, and unrelated to the glycine
pocket, which resides within the GluN1 subunit. Thus, GluN2C
could be a unique pharmacological target for modulation of
thalamic and cerebellar circuits, where it is abundantly
expressed (Akazawa et al., 1994; Karavanova et al., 2007).

In summary, we have provided structural, pharmacological,
and functional data that all argue in support of an allosteric
modulatory pocket at the interface between the amino termi-
nal domain and the agonist binding domain on GluN2C. The
pocket is absent in GluN1, and appears to require unique
features of GluN2C to express modulation when occupied by
ligand. This modulatory site could be of therapeutic interest as
more potent positive, negative, and neutral ligands are
identified that act within this pocket.
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