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Abstract

A series of analogues based on serine as lead structure were designed, and their agonist activities
were evaluated at recombinant NMDA receptor subtypes (GIuN1/2A-D) using two-electrode
voltage-clamp (TEVC) electrophysiology. Pronounced variation in subunit-selectivity, potency,
and agonist efficacy was observed in a manner that was dependent on the GIUN2 subunit in the
NMDA receptor. In particular, compounds 15a and 16a are potent GIuN2C-specific superagonists
at the GIuN1 subunit with agonist efficacies of 398% and 308% compared to glycine. This study
demonstrates that subunit-selectivity among glycine site NMDA receptor agonists can be achieved
and suggests that glycine-site agonists can be developed as pharmacological tool compounds to
study GluN2C-specific effects in NMDA receptor-mediated neurotransmission.
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(S)-Glutamate (Glu, 1, Chart 1), the major excitatory neurotransmitter in the central nervous
system, activates a heterogeneous population of receptors comprised of G protein-coupled
metabotropic receptors as well as ionotropic Glu receptors (iGIuRs).12 These receptors are
crucial for normal brain functions,3 and dysregulation of iGIuRs has been linked to a number
of neurological and psychiatric disorders.24

The iGIuRs are ligand-gated ion channels? that can be divided into three major classes based
on sequence identity and the selective activation by the agonists A-methyl-p-aspartic acid
(NMDA), (S)-2-amino-3-(3-hydroxy-5-methyl-isoxazol-4-yl)-propionic acid (AMPA) and
kainate (KA). NMDA receptors are tetrameric assemblies of subunits®® and are assembled
from GIuN1, GIuN2A-D, and/or GIuN3A,B subunits. While GIuN2 subunits recognize Glu,
the GIuN1 and GIuN3 subunits recognize the endogenous coagonists glycine (Gly, 2) and p-
serine (p-Ser, 3). The distinct distribution of GIUN2A-D subunits in different brain regions
and at the cellular level,3 suggests different physiological roles of these subunits in normal
brain functions and disease. During the past several decades, a great number of iGIUR
ligands have been developed, but few of them are specific for a single subtype. For the
glycine site in the GIuN1 subunit of NMDA receptors, a large number of antagonists exists,
but relatively few full and partial agonists, such as compounds 4-6 (Chart 1), have been
reported. 179

In recent years, a large number of structures of isolated iGIuR agonist binding domains
(ABDs) have disclosed important information on the molecular basis for orthosteric ligand
recognition, and the mechanisms underlying activation, desensitization, and allosteric
modulation.19-14 These studies also show that structural differences exist in the dimer
interface between ABDs of GIuN1 and the different GIuUN2A-D subunits.1213 Here, we
have aimed at exploiting these structural differences to develop agonists capable of
differentiating between the glycine binding site of GIuN1 in a GluN2 subunit-dependent
manner. The glycine site agonists developed in our study display pronounced variation in
activity among GIuN1/2A-D NMDA receptor subtypes. These findings expand the
pharmacology of glycine site agonists and highlight more opportunities for the development
of subunit-selective NMDA receptor ligands than previously anticipated.
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RESULTS AND DISCUSSION

Inspection of the GIuUN1 ABD structure with bound p-Ser (PDB: 1PB819) overlaid with the
GIuN1/GluN2 ABD dimer structure with Gly and Glu (PDB: 515712) shows a cavity of
water molecules protruding from the hydroxy group of p-Ser (Figure 1). The structure
suggests that ligand substituents may be accommodated in this cavity and that glycine-site
agonists can extend into this cavity toward the GIuN1-GIluN2 ABD dimer interface where
structural variation among GIuN2 subunits exist.

For example, V783 in GIUN2A is a nonconserved residue among GIUN2A-D subunits
(phenylalanine in GIuN2B and leucine in GIuN2C-D) and has been exploited for the
development of GIuN2A-selective negative and positive allosteric modulators.1213.15 Thjs
residue is in contact with F754 in GIuN1 (Figure 1B), and site-directed mutagenesis of
GIuN2A V783 and GIuN1 F754 residues profoundly affects glycine potency, despite their
location >10 A away from the glycine ligand.13

We hypothesize that agonists with substituents extending toward the GIuN1-GIuN2 ABD
dimer interface can engage in GIuN2-specific interactions, thereby enabling variation in
activity among GIuN1/GIuN2 NMDA receptor subtypes.18:17 To evaluate this hypothesis,
we designed and synthesized a series of amino acids carrying bulky substituents and
characterized them by two-electrode voltage-clamp (TEVC) electrophysiology using
Xenopus oocytes expressing recombinant NMDA receptor subtypes. We generated
concentration—response data for the compounds in the continuous presence of a saturating
concentration of Glu (100-300 uM) at the four GIuUN1/GIuN2A-D NMDA receptor
subtypes.

In the crystal structure of p-Ser in complex with the GIuN1 ABD, the hydroxy group of b-
Ser is pointing toward the dimer interface between GIuN1 and GIuN2 (Figure 1B). We
therefore used p-Ser as a lead structure initially to obtain p-Ser analogues O-butyl 7, O-
benzyl 8a, and O-naphtyl 9a (Chart 2).

Compounds 7-9 and 10-12 were synthesized (Scheme S1 in the Supporting Information)
from Boc-protected Ser or cysteine by deprotonation with NaH or K,COg, alkylation with
the respective alkyl halides, followed by Boc-deprotection under acidic conditions.
Compounds 13-16 were synthesized by reacting Boc-protected amino alanine with the
respective acid chlorides followed by Boc-deprotection under acidic conditions.

Consistent with our rationale, compounds 7, 8a, and 9a displayed variation in agonist
efficacy among GIuN1/2A-D subtypes (Table 1 and Figure 2). Compound 7 was a partial
agonist with low agonist efficacy at GIuUN1/2A (36% compared to glycine), GIuN1/2B
(61%), and GIuN1/2D (69%), and higher agonist efficacy at GIuUN1/C (91%). Compound 8a
had a different pharmacological profile and was a partial agonist at GIUN1/2A (53%),
GIuN1/2B (54%), and GIuN1/2D (88%), but a full agonist at GIuN1/2C (108%). Compound
9a showed no activity at GIuN1/2A and GIuN1/2B, but where partial agonists at GIuN1/2C
(61%) and GIuN1/2D (55%). The L-forms 8b and 9b did not show agonist activity at any
NMDA receptor subtype.
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These differences spurred us to extent the compound series by exchanging the ether linkage
of these compounds with an amide and thioether linkage (Chart 2). Each stereoisomer (a/b)
of compounds 10-15 was characterized on the four GIuUN1/2A-D receptor subtypes.

S-Butyl L- and p-cysteine 10a and 10b did not have noticeable agonist activity, but the S
benzyl substituted L-cysteine (R-form) 11a showed significant superagonistic activity (169%
response relative to glycine) at the GIuN1/2C receptor subtype (Table 1). Although the
potency of 11a was low (87 pM) at GIuN1/2C, some selectivity was observed for NMDA
receptors containing the GluN2C subunit over the other receptor subtypes (>300 uM). The
S-benzylated p-cysteine 11b did not show marked agonist activity below 300 uM, and both
enantiomers S-naphtyl 12a and 12b showed little or no activity. The agonist efficacy at
GIuN1/2C of pentanamido analogue 13a was more than double that of glycine (223%),
whereas the enantiomer 13b showed little activity (Table 1). The agonist efficacy of
benzamido analogue 14a displayed a broad range of agonist efficacies varying from 17% at
GIuN1/2B to 98% at GIuN1/2D receptors with potencies ranging from 38 to 115 uM,
whereas the enantiomer 14b displayed little activity (Table 1). 15a displayed subunit-
specific variation in potencies spanning an order of magnitude among NMDA receptor
subtypes (Table 1 and Figure 2). Interestingly, 15a is a highly efficacious superagonist at
GIuN1/2C with maximal currents of 398% relative to glycine, but a low efficacy partial
agonist at other subtypes. Racemate 15 was previously characterized in radioligand binding
experiments without functional characterization.”

We decided to include both enantiomers of the previously reported racemate 16, to establish
the subtype profile, since it was reported to be partial agonist with low efficacy (32%) in a
membrane binding assay using the channel blocker [3H]MK-801.” Compound 16a potently
(0.32 pM) activated GluN1/GIuN2C with maximal currents of 308% relative to glycine
(Table 1 and Figure 2), while having a very low agonist efficacy (5-13%) relative to glycine
on the other subtypes.

To evaluate if the compounds without agonist activity at any receptor subtype (e.g., 10a and
12a) or on a specific subtype (e.g., 11a) can bind the glycine site and serve as competitive
antagonists, we generated concentration—inhibition data for 10a, 11a, and 12a using TEVC
recordings. The NMDA receptors were activated by 3 uM glycine plus 300 uM glutamate in
the absence and presence of increasing compound concentrations. None of the compounds
produced marked inhibition of any NMDA receptor subtype (GIuN1/2A-D), demonstrating
that these ligands are not high-affinity competitive antagonists at the glycine binding site
(Figure S1).

We have identified GIuN1 glycine site agonists with pronounced GIuN2-dependent activity
by designing ligands with large substituents predicted to interact with residues in the vicinity
of the ABD dimer interface between GIuN1 and GIuN2 subunits. To support this prediction,
we performed ligand-docking followed by molecular dynamics simulations using the crystal
structure of the GIUN1/2A ABD heterodimer (see the Supporting Information for
procedures).
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Briefly, compound 15a was docked into the glycine binding site of GIuN1 to obtain two
initial high scoring poses (Figure S2) and four molecular dynamics simulations (300 ns
each) were performed using these two poses (two simulations for each pose). In all four
simulations, compound 15a quickly adopted the same stable binding mode, where the amide
nitrogen of 15a can form a hydrogen bond with the side chain carboxylate of GIuN1 D732
and the carbonyl of 15a can from hydrogen bonds with the side chain hydroxyl of S688 and
the backbone nitrogen of VV686. Importantly, the naphtyl group of 15a protrudes into the
cavity toward the ABD dimer interface and accommodation of the naphtyl group requires
some rearrangement of residues lining this cavity. Specifically, considerable rearrangement
of GIuN1 F753, F754, and Y692 is required for 15a binding, and the position of GIuUN2A
/783 is shifted compared to glycine bound structure (Figure 3). For comparison, four
molecular dynamics simulations (300 ns each) were performed with Gly bound in the GIuN1
agonist binding site. Gly dissociated from the GIuN1 agonist binding site in one of the four
simulations, but with the exception of this simulation, binding of compound 15a did not
result in noticeable differences in the global conformation of the GIuN1 ABD compared to
binding of Gly (Figure S3). Overall, the molecular modeling therefore supports that larger
ligand substituents may be accommodated in the cavity toward the GIluN1-GluN2 ABD
dimer interface. More work is needed to determine the mechanism by which the highly
efficacious GluN2C-selective superagonists 15a and 16a may engage in GIluN2-specific
interactions, presumably at the ABD dimer interface, thereby enabling variation in activity
among GIuN1/GIuN2 NMDA receptor subtypes.

We have presented the design and synthesis of a series of Ser analogues and evaluated
whether they can discriminate between glycine binding sites in NMDA receptor complexes
with different GluN2 subunits. We predicted that activity might vary if substituents were
located in the vicinity of the dimer interface between GIuN1 and GIuN2 ABDs. Consistent
with this hypothesis, o-Ser analogues 7a and 8a show variation in agonist efficacy at GIuUN1
depending on the coexpressed GIUN2 subunit. We extended the series by exchanging the
ether linkage with amide and thioether linkers. These analogues also show varying activity.
Surprisingly, 11a and 13a showed extensive potentiation (2-fold) of maximal current at
GIuN1/2C relative to the current induced by Gly. Thus, both compounds are superagonists at
the glycine site of the GIUN1/2C receptor. This observation was even more pronounced with
15a and 16a showing remarkable enhancements of agonist efficacy (398% and 308%)
compared to the endogenous agonist glycine. These levels of superagonistic activity are
unprecedented among all NMDA receptor agonists described to date.1:816.17 The
substituents on 15a and 16a are quite bulky and molecular modeling support that steric
effects at GIUN1 F754 could be involved in the GluN2-specific agonist activity (Figure 3).

Although R-isomers generally are more active than S-isomers, it is notable that the cysteine
analogue 11a is the active enantiomer since this L-form has opposite geometry. This could
mean that substituents are pointing in opposite directions in the GIuN1 glycine binding site
if the amino acid (including the a-carbon) moiety has an overlapping binding mode.
However, the selectivity profile of L-isomers 11a, 15b, and 16b suggests that the substituents
point in the same direction toward the ABD dimer interface by overlaying of the amino acid
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moieties, but not the a-carbon, as can be observed in the cocrystal structures of p- and L-Glu
in the GIuN2D ABD.18

p-Cycloserine (4) has been intensively studied as a GIuUN1 glycine site agonist with
intriguing neuroactive properties. Administration of p-cycloserine can enhance extinction of
fear in rodents and humans, and p-cycloserine has been considered as a potential therapeutic
agent in several psychiatric disorders.1920 Until now, p-cycloserine was the only described
glycine site ligand with agonist efficacy that is highly dependent on the glutamate-binding
GIuN2 subunits and the only described superagonist at GIuN1/2C receptors.2117 Qur
identification of compounds 15a and 16a as GIuN2C-selective superagonists provides new
opportunities for in vivo biological and behavioral studies that have previously relied on p-
cycloserine for NMDA receptor modulation.

In conclusion, this study demonstrates large variation in potency and agonist efficacy of
various Ser analogues at the glycine sites in NMDA receptors, in a GIuUN2 dependent
manner. Exchanging the ether linker in Ser analoges with thioether and amide linkers
yielded a series of compounds that displayed large variation in agonist efficacy ranging from
very partial agonism (5%) to superagonism (398%) in a GIuN2-specific manner. Thus, the
results of this study suggest that differential potency, improved agonist efficacy, and
subtype-selectivity at the glycine sites in NMDA receptors can be achieved by synthesizing
novel ligands designed to exploit structural differences in the NMDA receptor ABDs.

METHODS

Chemistry

Representative experimental procedures for compound 8a, 15a, and 16a. For further
experimental details, see the Supporting Information.

O-Benzyl-p-Ser (8a)

To a dispersion of 60% NaH (204 mg, 5.1 mmol, 2.1 equiv) in anhydrous DMF (2.0 mL) at
0 °C was slowly added A~Boc-p-Ser (500 mg, 2.43 mmol) dissolved in anhydrous DMF (4
mL). The mixture was stirred for 1 h at room temperature, cooled to 0 °C, and then benzyl
bromide (0.29 mL, 416 mg, 2.43 mmol, 1 equiv) was added. The mixture was allowed to
warm to room temperature and stirred for 4 h. The reaction was quenched with sat. NH4Cl
(1 mL) and the mixture was partioned between Et,O (20 mL) and icecold 0.1 M HCI (10
mL). The aqueous phase was extracted with Et,O (3 x 50 mL), dried (MgSOy),
concentrated, and purified by column chromatography (eluent 0-100% EtOAc in hexane,
1% CH3CO»H) to afford 470 mg (66% yield). For deprotection, the product was dissolved in
dioxane (2 mL), HCI in dioxane (4 M, 1 mL) was added dropwise and the reaction stirred
overnight. The precipitate was washed with Et,0, dried (MgSOy,), and concentrated to afford
178 mg (32% yield) of 8a as white solid. TH NMR (300 MHz; methanol-aj): &7.36-7.29
(m, 5H), 4.66-4.56 (m, 2H), 4.17 (dd, J= 4.8, 3.3 Hz, 1H), 3.88 (dg, /= 11.5, 4.1 Hz,

2H). 13C NMR (75 MHz; methanol-dj): 6169.7, 138.4, 129.3, 128.91, 128.89, 74.4, 68.2,
54.4. MS calcd for C1gH13NO3H* [M + H]*: 196.1; found: 196.1. Mp: 193.3-194.3 °C.
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(R)-3-(2-Naphthamido)-2-aminopropanoic Acid (15a)
To Boc-b-3-aminopropionic acid (500 mg, 2.4 mmol) in THF (5 mL) was added DIPEA (2.1
mL, 12.2 mmol, 5 equiv) and 2-naphthoyl chloride (460 mg, 2.4 mmol, 1 equiv). The
reaction was stirred overnight, and then 1 M HCI was added (until pH = 2-3). The mixture
was extracted with EtOAc (2 x 20 mL), washed with brine (2 x 10 mL), dried (MgSQOy,), and
evaporated. Purification by column chromatography (eluent 30% EtOAc in heptane, 2%
CH3CO,H) afforded 320 mg (37% yield) as colorless oil. For deprotection, the product was
stirred in 2 M HCI in Et,O (7 mL, 20 equiv) at room temperature for 2.5 h. The precipitate
was then washed with Et,0 and dried to afford 135 mg (68% yield) of 15a as a white
solid. 1H NMR (400 MHz, DMSO-a) §13.89 (s, 1H), 8.99 (t, /= 5.8 Hz, 1H), 8.53 (s, 1H),
8.48 (brs, 3H), 8.03-7.94 (m, 4H), 7.70-7.53 (m, 2H), 4.14 (t, /= 5.8 Hz, 1H), 3.94-3.71
(m, 2H). 13C NMR (151 MHz, DMSO) §169.1, 166.9, 134.2, 132.0, 131.0, 128.8, 128.0,
127.8, 127.73 127.6, 126.8, 124.3, 52.4, 39.4. MS calcd for C14H14N,03H* [M + H]*:
259.1; found: 259.1. Mp: 226.3-232.4 °C.

(R)-2-Amino-3-(4,7-dichloro-1H-indole-2-carboxamido)-propanoic Acid (16a)

To 4,7-dichloro-1H-indole-2-carboxylic acid (0.3 g, 1.3 mmol) in THF (5 mL) was added 2
M oxalyl chloride in CH,Cl, (1.3 mL, 2.6 mmol, 2 equiv) and a drop of DMF. The reaction
was stirred at room temperature for 1 h and then concentrated. The crude material was
redissolved in THF (5 mL), and then Boc-aminopropanoic acid (0.27 g, 1.3 mmol, 1 equiv)
and DIPEA (1.1 mL, 6.5 mmol, 5 equiv) were added. The mixture was stirred at room
temperature for 1 h, then diluted with H,O (10 mL) and 1 M HCI (2 mL, to pH = 2-3), and
extracted with EtOAc (2 x 20 mL). The combined organic phases were washed with brine (2
x 10 mL), dried (MgSQy,), and concentrated. For deprotection, the purified compound was
dissolved in 2 M HCI in Et,0 and stirred for 2.5 h. The final product was obtained as a
white solid (yield: 9%, 3 steps for 16a). 1H NMR (600 MHz, DMSO-a) & 13.99 (brs, 1H),
12.22 (s, 1H), 9.04 (t, /= 5.8 Hz, 1H), 8.42 (brs, 3H), 7.32 (d, /= 8.1 Hz, 1H), 7.31 (d, J=
1.8 Hz, 1H), 7.18 (d, /= 8.1 Hz, 1H), 4.13-4.09 (m, 1H), 3.84 (dt, /= 14.3, 5.2 Hz, 1H),
3.78-3.72 (m, 1H). 13C NMR (151 MHz, DMSO0) 6 169.0, 160.5, 134.0, 133.7, 126.8,
124.4,124.0, 120.4, 115.8, 104.1, 52.3, 38.9. MS calcd for C1oH11CloN3O3H* [M + H]*:
316.0; found: 316.0. Mp: 218.7-224.8 °C.

Pharmacology

DNA Constructs and Expression in Xenopus Oocytes—cDNAs encoding
GluN1-1a (Genbank accession number U11418 and U08261), GIuN2A (D13211), GIuN2B
(U11419), GIuN2C (M91563), and GIuN2D (L31611) were generously provided by Dr. S.
Heinemann (Salk Institute, La Jolla, CA), Dr. S. Nakanishi (Osaka Bioscience Institute,
Osaka, Japan), and Dr. P. Seeburg (University of Heidelberg). Amino acid residues are
numbered based on the full-length polypeptide sequence, including the signal peptide
(initiating methionine is 1).

For expression in Xenopus laevis oocytes, CDNAs were linearized using restriction enzymes
and used as templates to synthesize cRNA using the mMessage mMachine kit (Ambion, Life
Technologies, Paisley, UK). Xenopus oocytes were obtained from Rob Weymouth (Xengpus
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1, Dexter, MI). The oocytes were injected with cRNAs encoding GIuN1 and GIuN2 in a 1:2
ratio, and maintained as previously described.22

Two-Electrode Voltage-Clamp Recordings—Two-electrode voltage-clamp (TEVC)
recordings were performed on Xenopus oocytes essentially as previously described.1®
Oocytes were perfused with extracellular recording solution comprised of 90 mM NaCl, 1
mM KCI, 10 mM HEPES, 0.5 mM BaCl,, and 0.01 mM EDTA (pH 7.4 with NaOH).
Current responses were recorded at a holding potential of —40 mV. Compounds were
dissolved in extracellular recording solution.

Data were analyzed using GraphPad Prism (GraphPad Software, La Jolla, CA). Agonist
concentration—response data for individual oocytes were fitted to the Hill equation as
previously described.22

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

ABD agonist binding domain
AMPA (8)-2-amino-3-(3-hydroxy-5-methyl-4-isoxazolyl)propionic acid

DIPEA diiso-propylethylamine

Glu glutamate

GluRs glutamate receptors

iGIuRs ionotropic glutamate receptors
KA kainic acid

mGIluRs metabotropic glutamate receptors
NMDA N-methyl-p-aspartic acid

TEVC two-electrode voltage-clamp
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(A) Crystal structure of the NMDA receptor agonist binding domain (ABD) heterodimer
(PDB: 515712) consisting of GIuN1 (yellow) with Gly and GIuN2A (orange) with Glu. The
cavity extending from the glycine binding site into the ABD dimer interface is shown in
cyan (see Supporting Information). (B) Detailed view of the GIuN1/2A ABD dimer structure
aligned with the structure of the GIuUN1 ABD (pink) with bound p-Ser (PDB: 1PB819). The
hydroxy group of p-Ser points toward the subunit dimer interface into the cavity.
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Mean concentration—response curves for compounds 8a, 15a, and 16a and representative
recordings obtained using TEVC electrophysiology with Xenopus oocytes coexpressing
GIuN1 and GIuN2A-D. The curves are normalized to the maximal current response to Gly
in the same recording. All ECsq values are listed in Table 1. Error bars (SEM) are small and
may be contained within the symbols. The vertical scale bar represents 100 nA and the
horizontal scale bar represents 30 s.

ACS Chem Neurosci. Author manuscript; available in PMC 2018 August 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Maolanon et al. Page 13

A

GIluN2A

F754 4

GIuN2A
V783

—

k -

B '1'; / 1 o
15a
glycine

Figure 3.
Ligand-docking and molecular dynamics simulations with 15a in the GIuN1/2A ABD

heterodimer structure. (A) Representative stable binding mode of 15a adopted in four
molecular dynamics simulations using two high scoring poses from ligand-docking into the
structure of the GIuN1/2A ABD dimer (see the Supporting Information for additional figures
and details on the molecular modeling). (B) Overlay of the structure from molecular
dynamics simulations with bound 15a (protein in orange; 15a in yellow) and the GIuUN1/2A
ABD crystal structure with bound Gly (protein in gray; Gly in green).
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Chart 1. Chemical Structures of Glu and Agonists for the Glycine Binding Site of NMDA
Receptors?

4Gly (2) and p-Ser (3) are endogenous agonists, and p-cycloserine (4) as well as vinyl
glycines (5) are natural products with agonist properties.! Moreover, Urwyler et al. reported
a series of glycine site agonists based on the general structure 6.7
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